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Abstract 
Disruption of myelin structure occurs with ageing and neurodegenerative 

disease, and involves myelin which is outfolding, unravelling, less compact, 

and thicker. This is associated with nerve dysfunction and cognitive decline; 

however, the mechanisms underpinning appropriate myelin structure, i.e. 

myelin integrity, are unclear.  

The central nervous system (CNS)-resident macrophages microglia are prime 

candidates, as they are considered to instruct maturation of the myelin-

producing oligodendrocytes and thus, myelin formation in development and 

following demyelination, based on studies of microglial depletion following 

loss-of-function of the pro-survival colony stimulating factor 1 receptor 

(CSF1R).  

As this approach also targets other CNS macrophages which may contribute 

to these processes, I sought to investigate the specific roles of microglia in 

regulating myelin health. To achieve this, I utilised a recently developed 

transgenic mouse model, in which deletion of the FIRE super-enhancer of the 

Csf1r gene (FIRE∆/∆) leads to an absence of microglia, while other CNS 

macrophages are present.  

FIRE∆/∆ mice had no impairment in oligodendrocyte maturation or myelin 

formation in the white matter, yet showed a loss of its integrity, with impaired 

compaction, increased thickness and outfoldings and unravelling of myelin, 

culminating in demyelination. Results were recapitulated by depleting 

microglia in adulthood, indicating a role for microglia in myelin maintenance 

rather than development. These myelin changes were associated with 

impaired cognitive flexibility. Loss of myelin integrity was also observed in a 

human condition (ALSP) where CSF1R mutations result in reduced white 

matter microglia and dementia.  

To identify the mechanism by which microglia regulate myelin integrity, single-

cell RNA sequencing of FIRE∆/∆ mice was performed, which revealed a new 

oligodendrocyte subpopulation. The genes upregulated in this oligodendrocyte 

population were predicted to be regulated by transforming growth factor β 1 

(TGFβ1), a factor primarily produced by microglia, which regulates expression 
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of its receptors e.g., TGFβR1. Accordingly, TGFβ1 levels in FIRE∆/∆ white 

matter were reduced, and oligodendroglial TGFβR1 expression was 

downregulated. Additionally, the conditional knockout of Tgfbr1 in mature 

oligodendrocytes was sufficient to cause a loss of myelin integrity, mirroring 

the results in the FIRE∆/∆ mice. Reinstating TGFβ downstream signalling via 

administration of a small molecule agonist (SRI-011381) rescued the loss of 

myelin integrity in FIRE∆/∆ mice, significantly reducing inner tongue 

enlargement and myelin thickness versus vehicle-treated mice such that these 

were comparable to wildtype controls. 

My findings reveal that microglia regulate myelin health at later stages than 

previously thought, preserving the structural integrity of myelin rather than 

driving initial myelin formation. These findings have important implications for 

understanding the pathological mechanisms underpinning loss of myelin 

integrity in ageing and neurodegenerative diseases, where dysregulated 

microglia may represent key therapeutic targets to restore CNS health. 
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Lay Summary 
In the central nervous system (CNS), which consists of the brain and spinal 

cord, myelin is the protective coating which wraps in layers around nerve fibres 

called axons. Myelin provides support and protection to axons and allows them 

to carry their signals more quickly. The structure of myelin is important for 

these functions and with age and in disease, disruption to myelin structure 

occurs, resulting in problems with learning and memory. However, it remains 

unknown how healthy myelin structure is maintained. 

Immune cells in the CNS, known as microglia, could be involved, as they are 

considered to be important for the formation of myelin in infanthood and 

following damage to myelin in disease, based on studies where microglia had 

been deleted from the brain. However, this approach also deleted other 

immune cells in the brain, which may have been contributing to these 

functions. I therefore set out to investigate the specific roles of microglia in 

controlling the health of myelin. To do this, I used a new mouse model in which 

a part of the gene needed for the microglia to survive, known as FIRE, was 

deleted. While this led to a complete deletion of microglia in the CNS from 

birth, other immune cells were not deleted and continued to survive in the 

brain.  

Although myelin formed in these mice with no microglia, its structure was 

changed, whereby it became thicker, and the layers of myelin began to unravel 

from the axon. This eventually led to complete breakdown of the protective 

myelin. When microglia were deleted from the brain later on in adult mice, the 

same results were seen, suggesting a role for microglia in the maintenance of 

healthy myelin rather than in its initial formation. These myelin structure 

changes were associated with problems with learning in the mice and were 

also seen in a human disease, where patients have dementia and less 

microglia in their brains compared to people without the condition.  

To find out how microglia are involved in maintaining healthy myelin, I looked 

at the genes and proteins that were changed in the cells that make myelin, the 

oligodendrocytes, in the mice that had no microglia. I saw that a new type of 

oligodendrocyte appeared when microglia were deleted. This was controlled 
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by a protein made by microglia, called TGFβ1. Proteins can act as messengers 

for cells to communicate with each other, and TGFβ1 usually communicates 

with the oligodendrocytes via another protein called TGFβR1. There was less 

TGFβR1 in oligodendrocytes in the mice with no microglia, and when TGFβR1 

was deleted in oligodendrocytes in another mouse, myelin structure was 

changed in a similar way to the mice with no microglia. When a drug which 

acts like the TGFβ1 protein was given to mice with no microglia, myelin health 

improved to the same level as mice that had microglia in their brains.  

My findings show that microglia control myelin health at later stages than 

previously thought, maintaining the healthy structure of myelin rather than 

controlling its initial formation. These findings may be important for 

understanding how loss of myelin health occurs in ageing and disease, where 

problems with microglia may be a key target for therapies to keep the brain 

healthy.  
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Chapter 1: Introduction 
1.1 Myelin 
The central and peripheral nervous systems consist of neuronal axons, which 

conduct electrical signals known as action potentials, forming the basis of the 

motor and cognitive functions essential for all living organisms. Invertebrates 

such as squid possess larger axons to allow for rapid conduction of their 

neuronal signals. However, nearly all vertebrates evolved to develop a special 

and unique mechanism to achieve fast conduction speeds without the need 

for very large axons: myelin. 

The myelin sheath is a lipid-rich membrane which wraps in layers, known as 

lamellae, around neuronal axons in the peripheral and central nervous 

systems. In the central nervous system (CNS), myelin is enriched in the areas 

of white matter, which primarily consist of axonal bundles, whilst the grey 

matter consists mainly of neuronal cell bodies. In humans, white matter 

accounts for approximately 40% of the dry weight of the brain, of which myelin 

comprises 50-60% (1).  

Myelin is essential for increasing the speed of signal conduction along the 

axons. For instance, the giant axon of a squid can reach up to 1 mm in calibre 

and conducts at a speed of 25 m/s. Conversely, in the mammalian nervous 

system, the largest axons are approximately 20 µm, yet because they are 

myelinated, they can conduct at speeds of 120 m/s; that is 5 times faster than 

the squid, despite being 50 times smaller (2). As well as enhancing conduction 

velocity along ensheathed axons, myelin provides trophic and metabolic 

support to the underlying axons. Myelin lamellae contain numerous channels 

which facilitate the transport and flux of ions and metabolites along the myelin 

sheath to the axon, and vice versa (3).  

Myelin is produced by Schwann cells in the peripheral nervous system (PNS), 

whereas in the CNS it is produced by a type of glial cell known as the 

oligodendrocyte. All oligodendrocyte lineage cells express oligodendrocyte 

transcription factor 2 (OLIG2) and when they differentiate into mature, myelin-

producing cells from oligodendrocyte precursor cells (OPCs), they begin to 
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express markers such as anti-adenomatous polyposis coli (APC), referred to 

as CC1 (Figure 1.1).  

 
Figure 1.1. Oligodendrocyte differentiation is required for myelin formation. 

Oligodendrocyte precursor cells (OPCs; light orange), which express OLIG2 and nuclear 
OLIG1, differentiate into mature oligodendrocytes (orange; OLIG2+ CC1+), which wrap 
myelin around axons (blue) in the central nervous system. 

 

1.1.1 Myelin formation and growth 
Myelin formation, or myelination, in development largely occurs postnatally. In 

the mouse, it begins at postnatal day 0 (P0) in the spinal cord. In the corpus 

callosum, the largest white matter tract in the brain, it begins at P7. 

Developmental myelination is generally considered to be complete by P60 in 

the mouse (4). In humans, the peak of developmental myelination occurs 

during the first year of life (1). The pattern of myelination in the brain is highly 

conserved between species, with myelination proceeding caudally to rostrally 

in both mouse and human (4, 5). 

Myelination begins when oligodendrocytes extend their processes to wrap an 

axon with a myelin sheath. The myelin sheath is formed by the inner tongue, 

which is in direct contact with the axon. The inner tongue spirals around the 

axon to form multiple layers of compact myelin, expanding laterally as it does 

so (illustrated in Figure 1.2). As an axon grows and increases in calibre, 

additional layers of myelin are added by the inner tongue, such that the myelin 

thickness is proportional to the diameter of the underlying axon, and the 
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distance between nodes (internodal distance) increases (Figure 1.3) (6). Once 

myelin membrane deposition is complete, the inner tongue halts growth and 

shrinks in size, but can be reactivated at any point to reinitiate myelin growth 

if required (7).  

 
Figure 1.2. Myelin wrapping and growth proceeding radially. 

Oligodendrocytes extend a process to wrap an axon with myelin. Myelin growth 
proceeds radially outwards from the inner tongue area of uncompact myelin. When 
growth is complete, the myelin layers compact from the outside in, with the inner 
tongue being the last area to compact. 

The oligodendrocyte cytoskeleton is central to initiating the process of myelin 

wrapping in the CNS, namely via the microfilament protein actin. 

Oligodendrocyte process extension for initial ensheathment of the axon 

depends on Arp2/3-dependent actin assembly, while actin disassembly in the 

inner tongue subsequently drives wrapping, a process which also requires 

myelin basic protein (MBP) (8). More recently, it’s been revealed that myelin 

membrane addition involves exocytosis, mediated by the vesicular SNARE 

proteins, VAMP2/3 (9). 

This process has been demonstrated to be remarkably rapid, with live imaging 

in zebrafish showing that oligodendrocytes generate new sheaths within just 

5 hours, and this time window is unchanged even when the number of sheaths 

generated is manipulated via activation/reduction of oligodendroglial Fyn 

kinase (10).  
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Figure 1.3. Myelin sheath extending laterally as it grows, increasing the internodal 
distance. 

Axon calibre is a key determinant of myelin growth and thickness. Within a 

specific region, the largest axons are the first to become myelinated (11). For 

instance, in the mouse, myelination begins at postnatal day 1 (P1) in the 

thickest fibre tracts in the spinal cord, whilst the smallest axons become 

myelinated after P20 (12). 

Interestingly, oligodendrocytes in tracts with smaller axons, such as in the 

cortex and corpus callosum, can myelinate up to 80 internodes on different 

small diameter axons, whereas in the spinal cord, oligodendrocytes 

myelinating larger axons have fewer processes but create longer internodes 

and thicker sheaths (1, 12). Some oligodendrocytes in the spinal cord generate 

myelin around a single large axon, with up to 150 lamellae and an internode 

length of 1500 µm, whereas oligodendrocytes in the corpus callosum and 

cortex form between 30 and 80 internodes ranging from 20-200 µm in length, 

with up to 60 lamellae (1, 13). One oligodendrocyte can wrap several different 

axons, of varying calibres, and individual myelin sheaths along one axon can 

be wrapped by different oligodendrocytes (11, 14). 
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During development, when the myelin sheath is growing, myelin outfoldings, 

or protrusions from the compact sheath, are abundant (6). This has been 

suggested to be due to a mismatch between radial and longitudinal growth, 

which is part of normal development and eventually resolved in adulthood (6). 

Thus, to generate mature, compact myelin, radial and longitudinal growth 

needs to be coordinated. These two processes appear to be differentially 

regulated. For example, conditional knockout of Scribble, a conserved 

regulator of cell polarity, in myelinating oligodendrocytes caused increased 

myelin thickness but reduced longitudinal myelin extension (15). 

An exciting new study has revealed a novel mechanism by which 

oligodendrocytes extend new myelin sheaths, whereby they link sheaths 

across nodes of Ranvier via thin extensions termed ‘paranodal bridges’. These 

were found in mouse, zebrafish and human, and allow longer sheaths to be 

generated along an axon. With multiple sheaths connected to one 

oligodendrocyte by a single process, this may be a conserved mechanism to 

decrease metabolic demand and fine tune conduction along an axon (16). 

Aside from axon calibre, the signals governing myelin wrapping, growth and 

length, which determine whether and when an oligodendrocyte extends a 

sheath and wraps an axon, and whether and when a sheath elongates, include 

those intrinsic to the oligodendrocyte, such as neurofascin and HCN ion 

channel expression (17, 18), and from the sheath itself, such as calcium 

activity (19). Neurons have also been demonstrated to be involved in these 

processes. For instance, the neuronal binding partner of neurofascin, the cell 

adhesion molecule Caspr, is required for myelin sheath growth, as its 

disruption in both zebrafish and mice led to significantly reduced sheath length 

(17). Neuronal activity and synaptic vesicle release and fusion also regulate 

sheath number and growth (20, 21). 

The majority of the studies to date have focussed on the axonal and 

oligodendroglial signals which govern this process. However, the contribution 

of other glial cells in the CNS remains to be fully elucidated. Astrocytes and 

the resident macrophages of the CNS, microglia, have also been implicated in 

instructing myelin formation in development (22, 23). Astrocytes can directly 
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supply oligodendrocytes with lipids, while microglia have been suggested to 

drive oligodendrocyte differentiation (24-26). What is even less understood is 

what regulates the maintenance of myelin once it is already formed.  

It’s clear that myelin formation, and its coordination, is a dynamic, highly 

complex process involving integration of signals from and between 

oligodendrocytes, axons, neurons and other glial cells. 

 

1.1.2 Myelin structure and integrity 

 
Figure 1.4. Myelin structural integrity refers to the appropriate thickness and 
compaction of the myelin lamellae. 

Myelin structural integrity involves myelin which is of an appropriate thickness 
proportional to the axon diameter and is compact, except for the small inner tongue 
region of uncompact myelin. 

Myelin structural integrity encompasses compact myelin, of an appropriate 

thickness proportional to the diameter of the underlying axon, with a small area 

of uncompact myelin, the inner tongue (Figure 1.4). The structure of myelin is 

complex and tightly regulated. 

Myelin is multilamellar membrane, comprising tightly wrapped lipid bilayers. 

The spiralling pattern of compact myelin formation leads to two distinct 

morphological features, which can be seen via high-powered electron 
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microscopy: the major dense line (MDL) and the intraperiod line (IPL). The 

MDL is the tight apposition of the intracellular, cytoplasmic leaflets, whereas 

the IPL is the apposition of the extracellular leaflets (27) (Figure 1.5).  

 
Figure 1.5. Myelin wraps in layers around the axon, leading to the formation of 
major dense lines (MDL) and intraperiod lines (IPL).  

The MDL represents the apposition of cytoplasmic leaflets, while the IPL is the 
apposition of extracellular leaflets. Adapted from Tsuge, 2020 (28). 

 

1.1.2.1 Myelin lipids 

The majority of the myelin sheath is made up of lipids, which account for 70-

85% of the dry weight of myelin. The main lipid classes found in myelin are 

cholesterol, phospholipids, such as sphingomyelin, and glycolipids, in a ratio 

of approximately 40%:40%:20%, respectively (27). In mice, it’s known that 

continuous remodelling of myelin lipids occurs, encompassing their synthesis, 

storage and trafficking, and the rate of lipid turnover varies across the lifespan 

(27). Thus, myelin lipids are dynamic and are integral to myelin formation and 

maintenance. In particular, cholesterol is known to be essential for myelination, 

as when the gene encoding the key cholesterol synthesis enzyme, squalene 

synthase, was conditionally deleted from myelinating oligodendrocytes, 

developmental myelination was impaired, with a reduced number of 

myelinated axons and thinner myelin (29). 

  



 
 

8 
 

1.1.2.2 Myelin proteins 

Protein accounts for 15-30% of myelin. Mature myelin mainly comprises 

proteolipid protein (PLP), myelin basic protein (MBP), and 2',3'-Cyclic 

nucleotide 3'-phosphodiesterase (CNP). Other myelin proteins include myelin-

associated glycoprotein (MAG) and myelin oligodendrocyte glycoprotein 

(MOG) (Figure 1.6). In mice, mass spectrometry studies have shown that the 

most abundant myelin proteins are PLP, MBP, CNP, and MOG, constituting 

38, 30, 5, and 1% of total myelin protein, respectively (30). More recently, it’s 

been demonstrated that the relative abundance of PLP, MBP and CNP in 

human white matter correlates well with that in mice (44.8%, 28.4%, 4.5%, 

respectively) (31). 

 
Figure 1.6. Myelin protein localisation in the sheath. 

Myelin proteins are listed in order of abundance, but schematic is not 
representative of actual proportions. MDL = major dense line; PLP = proteolipid 
protein; MBP = myelin basic protein; CNP = 2',3'-Cyclic nucleotide 3'-
phosphodiesterase; MOG = myelin oligodendrocyte glycoprotein; MAG = myelin-
associated glycoprotein. Adapted from Martin and Monson, 2007 (32). 

 

1.1.2.3 Cytoplasmic channels and gap junctions 

During early development, the growing myelin sheath is characterised by 

abundant cytoplasmic channels, which connect the oligodendroglial cell body, 

the major site of membrane synthesis, to the innermost layer of the myelin 

sheath, which is in contact with the axon (33). These channels largely 

disappear by adulthood (6). The mature sheath has a single cytoplasmic 

channel around the perimeter of the oligodendroglial process, which contains 
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organelles, vesicles, and elements of the cytoskeleton, such as microtubules. 

Transient openings may also appear in compact myelin, and these 

cytoplasmic spaces of uncompact myelin have been coined the “myelinic 

channel” system, important for communication and transport between the cell 

body of the oligodendrocyte and the myelin sheath, and in turn, metabolic 

support of axons (13, 34).  

For smaller molecules, such as ions, there is an alternative route for transport: 

gap junctions. These are composed of connexins and can be primarily found 

between the myelin lamellae at the paranode, the part of the sheath nearest 

the node. They couple the periaxonal space with myelin, as well as to other 

cells such as astrocytes at the paranode, creating a network of interconnected 

glial cells which can regulate the homeostasis of the axon (33). 

1.1.2.4 Myelin thickness 

The PI3K-Akt-mTOR and the ERK-MAPK signalling pathways have been 

shown to be important in regulating overall myelin thickness and growth (15, 

35). Levels of PIP3, a phospholipid that resides on the plasma membrane, 

regulate cytoplasmic channels, inner tongue size and consequently, myelin 

sheath growth (6). Conditional inactivation of Pten in mature oligodendrocytes 

(Cnp+), which leads to elevated PIP3 levels, resulted in larger inner tongues 

and an increase in cytoplasmic channels in the mouse optic nerve at P23 and 

P60. This was indicative of a myelin overgrowth, or hypermyelinating, 

phenotype, with thicker myelin and myelin outfoldings observed (6). 

Another study demonstrated that constitutively active Akt, a downstream 

target of PIP3, in oligodendrocytes (PLP+) led to hypermyelination, indicated 

by a reduced g-ratio, a measure of myelin thickness (36); g-ratio is defined as 

the ratio of the inner (axon) to the outer (axon, inner tongue and compact 

myelin) diameter of the fibre. The optimum g-ratio for maximum conduction 

speeds is 0.6-0.7. Higher g-ratios indicate thinner myelin, and lower g-ratios 

indicate thicker myelin (37, 38). 
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1.1.2.5 Myelin compaction 

Compaction occurs when the extracellular and cytoplasmic leaflets of adjacent 

myelin lamellae connect so tightly that the majority of water is removed. 

Compaction at the cytoplasmic surfaces starts in the outermost myelin layers 

and progresses inwards towards the inner tongue. This spatial segregation of 

myelin growth and compaction is thought to be a mechanism by which to 

protect the inner tongue from compacting prematurely (1). It is also plausible 

that myelin growth simply proceeds more rapidly than compaction. 

Compaction needs to be restricted to a single place within the sheath to 

achieve the “zippering” process, and to avoid pockets of cytoplasm forming 

within myelin. CNP has been suggested to act as a spacer to keep the inner 

leaflets of two myelin layers apart (39). 

MBP, a mature myelin protein, is found in the MDL and has a major role in 

compaction of the sheath. It functions to stabilise the sheath structure via 

binding to the cytoplasmic surfaces of the cell membrane (40). Shiverer mice 

possess a mutation in the gene encoding MBP, resulting in hypomyelination 

of the CNS, with any myelin present being uncompact, thinner and lacking the 

MDL (41, 42). They are characterised by a shivering tremor and abnormal gait, 

developing seizures by 1 month of age and dying by middle age (42). This 

phenotype could be rescued by transplant of oligodendrocytes or human foetal 

glial progenitor cells, reinstating extensive and thicker myelin positive for MBP 

and possessing the MDL (43, 44).  

Mbp mRNA is transported from the nucleus of the oligodendrocyte to the 

plasma membrane, where it is translated locally at the axon-glial contact site 

(45). MBP is post-translationally modified by deamination of arginyl residues 

to citrulin, leading to a reduced net charge. The positively charged residues 

are critical in stabilising cell membranes in the myelin sheath (40). In 

myelinating oligodendrocytes, MBP protein synthesis may be repressed 

during intracellular transport in order to prevent ectopic localisation of MBP, 

which could have deleterious consequences by compacting the intracellular 

membranes (45).  
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Another myelin protein important for compaction is PLP, the most abundant 

protein in the mature sheath. Pelizaeus-Merzbacher Disease (PMD), an X-

linked recessive hypomyelinating disorder, is caused by point mutations 

leading to deletions and/or duplications of the gene encoding PLP. Plp1 null 

patients have uncompact and thinner myelin and present clinically with 

quadriplegia, ataxia and developmental delay (46). 

1.1.3 Myelin maintenance 
Although previously considered to be stable and inert, it is now emerging that 

the myelin sheath is a dynamic structure which requires continuous 

maintenance. The maintenance of mature myelin is an area of research that 

has been gaining interest due to its relevance for disease and ageing; 

however, relatively little is known about the mechanisms governing it.  

Zhou et al. have shown that mature myelin lipids undergo rapid turnover, a 

process which is regulated by quaking (Qki). When Qk, the gene encoding 

Qki, was deleted from mature oligodendrocytes (Plp-CreERT2:Qkfl/fl), myelin 

breakdown occurred within 1 week due to a marked reduction in myelin lipids, 

particularly fatty acids. Importantly, oligodendrocyte death did not occur. 

Providing a high fat diet or treating the mice with lipid metabolism agonists was 

sufficient to reverse the phenotype. Overall, this study revealed that 

continuous lipid synthesis is essential for mature myelin maintenance (47).  

Another recent study has also demonstrated that myelin maintenance requires 

continuous synthesis of new myelin at the inner tongue. To temporally 

separate the study of mature myelin from developmental myelination, the 

authors created an inducible knockout mouse which allowed the elimination of 

Mbp synthesis from mature oligodendrocytes (Plp-CreERT2:Mbpfl/fl), thus 

preventing de novo formation of compact myelin, without causing 

oligodendrocyte death. This resulted in myelin breakdown, thinner myelin, 

shorter internodes and enlarged inner tongues in these mice, a phenotype 

similar to Shiverer mice (described in 1.1.2.5), exhibiting their failure to 

maintain compact myelin sheaths. Within 20 weeks of recombination, ~50% of 

myelin was lost and the presence of myelinoid bodies (or myelinosomes) at 

the inner tongue pointed to degradation of existing myelin. Using 3D electron 

microscopy, they identified that newly synthesised myelin membranes failed 
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to incorporate close to the axon and most frequently at the juxta-paranode 

(48).  

Together, these studies illustrate the high turnover and dynamic nature of 

myelin, showing that the maintenance of appropriate myelin integrity is a 

continuous process throughout the lifespan, and myelination is not restricted 

to development. 

1.1.4 Myelin plasticity 
Myelination was traditionally considered to occur primarily during 

development, ceasing in early adulthood in humans. However, there is 

building evidence that myelination continues into later adulthood, in response 

to signals such as neuronal activity (49). This has been termed adaptive or 

experience-dependent myelination, a relatively new and exciting concept 

which has emerged in recent years. 

In humans, practicing playing the piano led to an increase in a readout of 

myelin detected using diffusion tensor imaging (DTI), known as fractional 

anisotropy (FA), in certain white matter areas in adults (50). FA measures the 

degree of water diffusion anisotropy and is used to evaluate white matter 

microstructure, due to diffusion being faster along axons than perpendicularly. 

It can give a readout of features of white matter like axon calibre, fibre density 

and myelination (51). Another longitudinal study using DTI found that learning 

a novel skill, in this case juggling, induced an increase in FA within white matter 

underlying cortical areas involved in hand-eye coordination, following 6 weeks 

of training. Strikingly, compared to baseline, FA remained increased in the 

trained group even following a 4-week period without juggling, and the 

structural changes were more related to the time spent training, rather than 

the performance level attained (52).  

These studies indicate that learning can induce structural changes in the 

human white matter. However, in human magnetic resonance imaging (MRI) 

studies, it can be difficult to elucidate whether these changes are directly 

attributable to an increase in oligodendrocytes or myelin. Although it has been 

suggested that oligodendrocyte turnover is limited in human white matter (53), 
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to study the dynamics of myelination in adulthood and following learning, in 

vivo animal studies are most useful. 

Two hallmark studies utilised longitudinal two-photon imaging to live image 

oligodendrocytes in the somatosensory cortex of the mouse brain. Using this 

technique, Hill et al. showed that oligodendrogenesis occurs well into 

adulthood in the mouse somatosensory cortex (up to P650), with myelination 

peaking at this time. Remarkably, these oligodendrocytes were stable for up 

to 80 days of live imaging (54). Hughes et al. tracked oligodendrocyte lineage 

cells in adult transgenic reporter mice and found that over half of the 

oligodendrocytes present in middle-aged mice (10-14 months) were produced 

after four months of age, corroborating that oligodendrogenesis does indeed 

persist into adulthood, accompanied by a concomitant increase in myelin 

coverage. While only ~20% of these oligodendrocytes went on to produce 

myelin, these oligodendrocytes were found to be stable for up to 50 days of 

live imaging and any new myelin made was exclusively produced by them (55). 

A number of studies have now shown that new oligodendrogenesis is required 

for various types of learning in rodents. McKenzie et al. first showed that new 

oligodendrocytes are required for motor learning. A tamoxifen-inducible 

conditional knockout of myelin regulatory factor (Myrf) in OPCs in mice blocked 

new oligodendrocyte production, measured by 5-ethynyl-2′-deoxyuridine 

(EdU) which labels proliferating cells. This resulted in a reduction in speed and 

less rhythmic running on the complex wheel, a running wheel with unevenly 

spaced rungs. The differences observed persisted when retested 1 month 

later, indicating a long-term impairment in learning. Interestingly, when the 

mice were trained prior to tamoxifen treatment, no difference was observed 

either at baseline or when reintroduced to the wheel following treatment, 

indicating that new oligodendrogenesis is not required for recall of an old skill 

(56). 

A later study by the same group showed that training mice on the complex 

wheel resulted in a rapid production of new oligodendrocytes, using a newly 

identified marker Enpp6, occurring within 2.5 hours in subcortical white matter 

and within 4 hours in the motor cortex. By again blocking the production of 
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new oligodendrocytes via conditional deletion of Myrf in OPCs, learning was 

impaired within this same short timeframe. Oligodendrogenesis continued for 

another week as the mice continued to improve at the task, indicating that new 

oligodendrocyte production is important in both the early and late stages of 

learning (57).  

Keiner et al. also showed that motor learning is associated with an increase in 

generation of oligodendrocytes. They used the forelimb reach task in rats, 

which involved repetitive grasping of pellets with the dominant forelimb in a 

reaching box, whilst being food deprived to 95% of initial body weight to 

provide motivation for the task. Learning resulted in an increase in new 

CNPase+ myelinating oligodendrocytes, labelled by Bromodeoxyuridine 

(BrdU), in the sensorimotor cortex and corpus callosum (58). Sampio-Baptista 

et al. demonstrated that in the forelimb reach task, FA increased when 

reaching was successful i.e. the pellet was within reach. There was increased 

myelination (MBP+) in the white matter underlying the forelimb motor cortex, 

which was proportional to better learning (59). 

Spatial learning and memory also require new oligodendrogenesis. Following 

training in the water maze, a pool with an escape platform in the centre of one 

quadrant, Steadman et al. identified an increase in the number of EdU+ 

oligodendrocytes generated in some regions analysed, namely the prefrontal 

cortex and the corpus callosum, areas associated with long-term consolidation 

of spatial information. This translated into an increase in the number of 

myelinated axons in the corpus callosum, yet there was interestingly no 

change in myelin thickness, suggesting no remodelling of existing myelin 

occurred in this context. Preventing these learning-induced increases in 

oligodendrogenesis using the Myrf conditional knockout in OPCs (via both 

NG2 and PDGFRɑ-driven Cre) impaired memory consolidation and 

myelination following the water maze test. 

It is not only learning and memory consolidation which modulate 

oligodendrogenesis and myelination. Experience, such as sensory 

enrichment/deprivation and social isolation, is also sufficient to induce 

changes in oligodendrogenesis and myelination (55, 60).  
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The precise signals which govern adaptive myelination are relatively poorly 

understood. Swire et al. identified endothelin signalling as a mediator of 

experience-dependent myelination in mice, whereby the social isolation-

induced reduction in sheath number was mirrored in a mouse conditional 

knockout of the endothelin receptor B (EDNRB) in OPCs and in zebrafish with 

Ednrb mutations, and rescued by administration of an EDNRB agonist (60). 

Wnt signalling has also been implicated, with voluntary wheel running 

promoting myelination, increasing both the number of myelinated axons and 

their thickness, in the motor cortex in association with a decrease in Wnt3a/9a 

(61). 

Remodelling of existing myelin is also somewhat less understood. Young et 

al. suggested that adult-born oligodendrocytes in the optic nerve remodel 

myelin by replacing dying oligodendrocytes or integrating new sheaths in 

between existing ones, and showed that they extend shorter but more 

internodes than those produced in development (62). In the mouse live 

imaging study from Hughes, newly formed myelin appeared to be remarkably 

stable, with only 1% changing in length over a 7-week imaging period and no 

sheath remodelling occurring due to environmental enrichment (strings of 

beads in cages) (55). However, Bacmeister et al. recently showed that motor 

learning (forelimb reach task) is associated with remodelling of myelin sheaths, 

with a reduction in stable sheaths and an increase in retracting and growing 

sheaths compared to untrained mice (63).  

The field has also begun to look at myelin remodelling in the context of myelin 

injury and regeneration, or remyelination. Auer et al. showed in zebrafish that 

while myelin sheath length is relatively stable once formed, targeted ablation 

of individual sheaths led to remarkable and rapid remodelling of neighbouring 

sheath length and/or the formation of new sheaths, often restoring the original 

pattern of myelination (64). Bacmeister et al. found that following cuprizone-

mediated myelin degeneration (demyelination) in mice, newly generated 

oligodendrocytes more often placed myelin sheaths in previously 

unmyelinated areas, rather than ‘denuded’ ones, indicating a remodelling of 

the myelination pattern in the cortex following injury. When mice were trained 

in the forelimb reach task 10 days post-cuprizone, the degree of remodelling 
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in pre-existing myelin sheaths during remyelination was not changed. 

However, there was a marked increase in the number of pre-existing 

oligodendrocytes that generated new myelin (63). 

These live imaging and in vivo studies have considerably added to our 

knowledge of oligodendrocyte and myelin dynamics in the adult brain and in 

response to experience. However, the majority of these studies have focused 

on myelin plasticity in the cortex, owing to limitations inherent to live imaging 

in the rodent brain. How myelin is adapted to experience in the deeper white 

matter tracts, such as the corpus callosum, requires further study. Indeed, the 

studies to date have pointed to regional differences in adaptive myelination, 

largely depending on the task or experience in question and the related brain 

area (65). This warrants further exploration. 

In addition, most studies have assessed myelin sheath length; much less is 

known about the impact on myelin thickness. It is much more technically 

challenging to assess changes in myelin thickness over time, as electron 

microscopy is the gold standard method for this measurement and it requires 

fixing at discrete timepoints, thus precluding the tracking of individual 

oligodendrocytes and their myelin sheaths. However, Gibson et al. and Mitew 

et al. did find that stimulating neuronal activity both increased oligodendrocyte 

number and myelin thickness, addressing the important question of the impact 

of neuronal activity on oligodendrogenesis and adaptive myelination (66, 67). 

Moreover, Steadman et al. demonstrated that disrupting oligodendrogenesis 

can in turn modulate neuronal activity, preventing the learning-induced 

increase in coupling between spindle oscillations in the prefrontal cortex and 

sharp wave ripple oscillations in the hippocampus (ripple-spindle coupling), 

thus impairing memory consolidation (65). Although many studies have 

illustrated the role of neuronal activity in modulating myelination in 

development in both the PNS and CNS (19-21, 68), it will be critical to further 

explore this dynamic, reciprocal regulation of neuronal activity and adaptive 

myelination in future studies to fully elucidate the role of myelin in fine-tuning 

of neural circuitry into adulthood. 
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Indeed, what also remains to be fully determined is whether adaptive 

myelination and enhanced neuronal activity are always beneficial, or whether 

these can sometimes be detrimental. For instance, in zebrafish, attenuating 

neuronal activity could both prevent and rescue disrupted myelin integrity in 

an ion transporter mutant (68). Moreover, a recent study showed that in a 

mouse model of epilepsy, maladaptive myelination resulting from absence 

seizures contributed to further progression of the condition. In rats, inhibiting 

seizures pharmacologically prevented aberrant myelination which in turn, 

reduced seizure burden over time (69). This points to the possibility that 

increased myelination does not necessarily translate to improved circuit 

function. Conversely, it can be detrimental in this context. Whether this 

represents increased myelination per se or increased myelination in the wrong 

areas remains to be resolved. Nonetheless, this reinforces the concept that 

myelination must be a tightly regulated process, and even minor perturbations 

to it can lead to significant functional consequences.  

1.1.5 Myelin in ageing 
Findings from MRI studies have shown that white matter volume significantly 

decreases from approximately 45-60 years of age (70, 71). Interestingly, later 

myelinating regions like the frontal white matter are more vulnerable to this 

process (72). Age-related decline in motor speed has been shown to correlate 

with a decrease in myelin integrity with age, as measured by MRI (73). White 

matter hyperintensities also increase in prevalence with age, being seen in 

21% of those <75 years old and 65% of those >75 years old in one study (74, 

75). 

Oligodendrocyte loss occurs with increasing age. Hill et al. described a 

significant decrease in oligodendrocyte density from P650 (adulthood) through 

to ageing (P950), concurrent with reduced myelin coverage of axons in layer I 

of the cortex during this period (54). The survival of oligodendrocytes appears 

to be region-dependent, with one study which labelled myelinating 

oligodendrocytes from P60 until P605 (2-20 months) showing that survival is 

much better in the corpus callosum (>90%), compared to in the spinal cord 

and motor cortex (60-70%) (76). 
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How does loss of oligodendrocytes with age affect myelin? Perhaps 

unsurprisingly, new myelin formation has been demonstrated to be impaired 

in ageing mice. However, this interestingly occurs in association with cognitive 

impairment. The spatial memory deficit in aged mice was mimicked by 

preventing new oligodendrocyte differentiation in young mice, inducing a 

reduction in new myelin production. Increasing myelination by deleting the 

muscarinic acetylcholine receptor 1 (M1R) in OPCs or via administration of 

clemastine, a H1 histamine antagonist which enhances oligodendrocyte 

differentiation, rescued the cognitive deficit in aged mice (77).  

A recent study infused cerebrospinal fluid (CSF) from young mice into aged 

brains (22 months), which restored oligodendrogenesis, boosting both OPC 

proliferation (BrdU/EdU+) and differentiation, in the hippocampus. This 

translated into an increase in MBP staining intensity and in the number of 

myelinated axons 3 weeks later, along with improved memory in the aged 

mice, as assessed by the remote recall contextual fear conditioning test, in 

which mice are trained to associate cage context or audio-visual cues with a 

foot shock stimulus. Fibroblast growth factor 17 (FGF17) was identified as a 

novel regulator of OPC proliferation and associated memory consolidation, 

with FGF17 blockage impairing memory in young mice; however, its direct 

effect on myelin was not evaluated (78).  

As well a reduction in the amount of new myelin formed, studies have 

suggested that myelin becomes altered with age. Any new oligodendrocytes 

that are produced in older mice have been shown to establish shorter, as well 

as fewer, myelin sheaths (79). Electron microscopy studies undertaken on 

non-human primates have revealed major changes to white matter integrity 

occur during normal ageing, with alterations in the ultrastructure of myelinated 

axons. These include: i) splitting at the MDL due to cytoplasmic accumulation 

with vesicular inclusions; ii) myelin ‘balloons’, which arise from the IPL of 

myelin, causing the sheath to bulge out; iii) myelin outfoldings; iv) increased 

myelin thickness due to increased number of lamellae in some sheaths (80, 

81). Interestingly, there appears to be no concomitant loss of cortical neurons 

associated with these changes, and the myelin alterations correlated with 

cognitive decline (82, 83). In the aged rat sensorimotor system, ultrastructural 
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alterations in myelin have also been noted, with a significant increase in the 

percentage of myelinated axons with alterations in myelin structure (‘myelin 

disruption’), reaching 29-38% of axons at 26 months. These included 

decompaction of and splits between myelin lamellae, sclerosis of myelin, 

ballooning of axons, enlarged inner tongues and localised myelin breakdown 

(84). Similar structural changes have recently been observed in longitudinal in 

vivo imaging studies of aged Cnp-mEGP mice (22-24 months), with evidence 

of thinner myelin sheaths, myelin swellings/balloons and decompaction of 

myelin (85). 

Another feature observed in ageing white matter is myelin degeneration, or 

demyelination. Demyelination has been associated with deficits in verbal 

memory and executive functioning in aged humans (86). Safaiyan et al. found 

that age-related degradation of myelin occurs in mice, with evidence of myelin 

fragments from 12 months of age, increasing further at 24 months. The 

clearance of this myelin was carried out by resident macrophages, microglia, 

with the burden of clearance leading to lysosomal dysfunction mirrored 

following cuprizone-induced demyelination and in a mouse model of 

Pelizaeus-Merzbacher disease (87). Interestingly, Chapman et al. found that 

while the number of oligodendrocytes did not significantly change over a 60-

day imaging period in aged mice, myelin sheath density did significantly 

decrease, with myelin balloon formation often preceding sheath degeneration. 

Additionally, new oligodendrogenesis and new sheath formation did not occur 

in response to myelin degeneration (85). Myelin sheaths at the distal ends of 

the chains of myelin generated via paranodal bridges were more vulnerable to 

degeneration in the somatosensory cortex of aged mice (P585-P594 or ~19 

months), being almost 10 times more likely to degenerate than their non-

bridged counterparts (16). The paranodal bridge is an extension of the myelinic 

channel, through which components required for maintenance of the distal 

sheath are likely to travel. This finding raises an interesting possibility that 

being further from the metabolic support of the oligodendrocyte cell body may 

be detrimental to myelin maintenance as we age, or that oligodendrocytes 

under metabolic stress may fail to maintain myelin in the aged brain. Indeed, 

increased myelin loss shown to occur in 8-10-month-old compared to 6-week-
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old mice in response to injury was attributed to an increase in reactive oxygen 

species derived from microglia, which may have induced oxidative stress in 

oligodendrocytes (88). However, it is also known that the molecular signature 

of OPCs changes as they age, with those from older mice downregulating cell 

cycle regulatory and differentiation genes, and accordingly showing reduced 

proliferation. When OPCs isolated from older mice were cultured in a myelin-

promoting medium with neonatal neurons for 3 weeks to mimic youth, their 

differentiation potential was not improved, suggesting that it’s not just the 

environment, but inherent properties of the aged OPC that govern its 

phenotype (89). 

A reduced capacity for tissue repair is a hallmark of ageing. Myelin repair 

following demyelination, known as remyelination, is also known to fail with 

ageing (90). This has mainly been attributed to the failure of both OPC 

recruitment and their ability to differentiate into oligodendrocytes with age, 

becoming unresponsive to pro-differentiation signals accompanied by reduced 

metabolism and increased DNA damage (91, 92). Using a novel focal cortical 

demyelination tool called 2Phatal (2-Photon apoptotic targeted ablation), 

which targets single oligodendrocytes, Chapman et al. found that, in contrast 

to young mice, no remyelination or new oligodendrocyte generation occurs 

following demyelination in aged mice (85).  

Using the toxin lysolecithin (LPC) to induce a focal demyelinating injury in the 

mouse spinal cord, Ruckh et al. examined the impact of the aged environment 

on remyelination by surgically joining aged mice to young mice through 

heterochronic parabiosis. In this context, aged animals had improved 

endogenous OPC differentiation and remyelination via the recruitment of 

blood-derived monocytes from the young animals. Monocyte-derived 

macrophages participated in myelin debris clearance and when this 

recruitment was blocked by joining aged mice with young CCR2-deficient 

mice, the improvement in remyelination was partially prevented (93). The 

same group recently identified that alternate-day fasting and metformin, a 

fasting mimetic drug commonly used for the treatment of type 2 diabetes, can 

each reinstate remyelination capacity in the aged rat brain by restoring the 

ability of OPCs to differentiate (91). 
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Following LPC-mediated demyelination, defective cholesterol clearance by 

microglia and macrophages (phagocytes) has been shown to inhibit 

remyelination in the aged corpus callosum (12 months), with a reduction in key 

cholesterol transporters Apoe, Abca1 and Abcg1 in the lesions of old 

compared to young mice. Aged phagocytes accumulated excessive myelin 

debris, resulting in cholesterol crystal formation. When cholesterol 

transporters ABCA1 and ABCG1 were conditionally deleted from 

microglia/macrophages (Cx3cr1-Cre), a similar increase in cholesterol crystal 

formation and a reduction in myelinated axons was seen at the 21 day post-

LPC timepoint, by which time remyelination normally occurs. Stimulating 

reverse cholesterol transport via administration of an LXR agonist, GW3965, 

rescued the remyelination capacity of aged mice, by reducing the number of 

cholesterol crystals formed (94).   

Age is a major risk factor for many neurological diseases and it’s clear that 

demyelination coupled with the failure of remyelination with age may be critical 

contributors to disease development and progression. Rejuvenating the 

remyelinating capacity of the ageing brain may therefore be key to preventing 

the development of disease as we get older. 

1.1.6 Myelin in disease 

1.1.6.1 Demyelination and dysmyelination 

Demyelination, the process by which myelin degenerates, is a pathological 

hallmark of a number of neurological and neurodegenerative diseases. It is 

characterised by the breakdown of myelin, and subsequent accumulation of 

myelin debris. Dysmyelination, on the other hand, is a failure to form myelin 

properly (95). Demyelinating diseases are those in which myelin degradation 

is the primary insult, and any axonal pathology occurring is secondary to this. 
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1.1.6.2 Multiple sclerosis 

Multiple sclerosis (MS) is the most notable example of a chronic, 

demyelinating disease. It is the most common debilitating disease affecting 

young adults and has a complex aetiology, with risk factors including low 

Vitamin D levels, making incidence higher in the northern hemisphere, and 

infection with Epstein Barr virus, which increases the risk of developing MS by 

32-fold (96, 97). MS is more prevalent in females (3:1), but males usually 

develop more severe disease (96, 98). Its incidence is increasing worldwide 

(96). MS is classified according to the disease course. Relapsing, remitting 

multiple sclerosis (RRMS), constituting 85% of cases, is characterised by 

periods of active neurological symptoms, including fatigue and issues with 

vision and mobility, followed by periods of recovery, before relapse occurs 

again. This proceeds at irregular intervals, until eventually, typically after 10-

15 years, patients convert to secondary progressive MS (SPMS), from whence 

the disease progresses gradually with no more periods of relapse, ultimately 

leading to disability. Primary progressive MS (PPMS) patients, on the other 

hand, have a progressive disease course from the outset, with no relapses 

ever occurring. This is therefore a more severe form of the disease, but it is 

rarer, affecting 10-15% of MS patients (96). 

MS is an inflammatory, autoimmune disease, resulting from antibody-

mediated damage to myelin proteins, causing degeneration of the myelin 

sheath (99). This manifests in the formation of lesions or plaques, some of 

which are visible by MRI. In MS, there are different lesion types of varying 

severity, with an active lesion consisting of myelin breakdown and 

inflammatory cell infiltration and activation. Active lesions are predominant in 

early disease, whereas inactive lesions are found at later stages 

(100). Inactive lesions represent the classic sclerotic scars (101).  

The cellular source of the initial demyelinating insults in MS are somewhat 

controversial. It was traditionally considered to be a T cell-driven disease, but 

more recently, primary oligodendrocyte death has been shown to initiate 

immune-mediated myelin damage (102, 103). Indeed, oligodendrocyte 

dysfunction appears to occur in MS. Recent single-cell RNA sequencing 

studies have identified a reactive oligodendrocyte state, characterised by high 
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expression of C4b, a complement protein, and SERPINA3N, a serine protease 

inhibitor, both in the cuprizone demyelination model and in experimental 

autoimmune encephalomyelitis (EAE), a widely-used mouse model of MS 

(104-106).  

Shen et al. identified this upregulated Serpina3n+ C4b+ oligodendrocyte 

signature by performing single-cell RNA sequencing (scRNA-seq) of the 

wildtype mouse corpus callosum after 4 weeks of cuprizone treatment, a 

timepoint during which demyelination is underway. Although lower compared 

to at 4 weeks, oligodendrocytes also had higher expression of these genes at 

the remyelination timepoint of 4 + 3 weeks (4 weeks of cuprizone followed by 

3 weeks of regular chow) compared to baseline. Whether this indicates a 

gradual return to a non-reactive state is not clear. However, the authors were 

able to induce expression of Serpina3n in OPCs in vitro by treatment with the 

pro-inflammatory cytokines interleukin-1β (IL-1β), IL-6, and tumour necrosis 

factor alpha (TNFα) for 48 hrs, indicating this is a rapid response to 

inflammation by oligodendrocytes (105). By performing scRNA-seq of the 

spinal cord following EAE induction, Falcão et al. discovered that all 

oligodendrocytes had increased expression of Serpina3n, confirmed by 

RNAscope to be particularly highly expressed in Sox10+ cells. Many of the 

genes highly expressed by EAE oligodendrocytes were also found to be 

involved in antigen presentation via major histocompatibility complex class I 

and II (MHC-I and -II). The MHC-II+ oligodendrocyte population expressed 

several interferon responsive genes, representing an inflammatory 

oligodendrocyte signature. This population was also validated in human MS 

tissue and OPCs were shown to have phagocytic capacity in vitro, including 

uptake of myelin. Finally, using T cells isolated from the 2D2 mouse model of 

MS, which express a MOG-specific T cell receptor, they found that MHC-II+ 

OPCs could also activate memory and effector CD4+ T cells in vitro, implicating 

oligodendrocytes as active players in MS pathogenesis (104). 

Interestingly, the latest study to identify the Serpina3n+ C4b+ oligodendrocyte 

state found that the expression level of this signature was linked to the disease 

course of EAE, being highest at the peak of disease and gradually reducing 

thereafter (106). This could further implicate these reactive oligodendrocytes 

in driving or perpetuating demyelination. Indeed, the recent discovery that 
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oligodendrocytes heterogeneity is altered in MS patients could also point to 

dysfunctional oligodendrocyte states contributing to disease progression 

(107). 

Interestingly, myelin structural changes have been suggested to precede 

demyelination in MS and in animal models of demyelination. One study found 

that early myelin damage is characterised by the formation of localised myelin 

outfoldings, which they termed ‘myelinosomes’, in actively demyelinating 

lesions of MS patients, as well as in EAE. These myelinosomes appeared to 

be surrounded by phagocytes (108). Chapman et al. used their 2Phatal system 

combined with SCoRe (spectral confocal reflectance) microscopy, which 

enables direct label-free visualisation of compact myelin, to discover that 

degeneration of myelin sheaths took place over several days, with sheath 

retraction and thinning, and formation of myelin swellings occurring during this 

time. They also observed that decompaction, as measured by SCoRe signal, 

occurred gradually over the course of degeneration, but was most severe 

directly before sheath loss, indicating that myelin steadily unravels before overt 

loss (85). 

While remyelination can occur in MS, it’s inefficient and eventually fails. 

Interestingly, remyelination has been found to be inversely correlated with 

clinical disability, whereas there’s no correlation between extent of 

demyelination and disability (109). Indeed, patients with progressive disease 

exhibit a lower proportion of remyelinated lesions compared to those with 

relapsing disease, and extensive remyelination is linked to functional recovery 

in animal models of demyelination (110, 111). In recent years, research has 

thus focussed on understanding this failure of remyelination with a view to 

enhancing it for therapeutic benefit. Differentiation block of OPCs has been 

shown to occur in chronic MS lesions, and the field has concentrated on 

identifying therapies which enhance OPC differentiation for remyelination, the 

main candidate being clemastine (112, 113). Some lesions have very few 

OPCs, so enhancing OPC proliferation and migration has been another 

strategy of interest for achieving remyelination (114). One recent study 

demonstrated that the reason for remyelination failure is multi-faceted, 

including oligodendrocyte loss, lack of myelin formation despite the presence 
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of mature oligodendrocytes, and inflammatory lesion environment impeding 

remyelination, factors which depend on the lesion stage/type (115). This 

implies that remyelination therapies should be combinatorial. 

Overall, strategies for promoting remyelination have so far been relatively 

unsuccessful. A deeper understanding of the dynamics of ongoing 

demyelination/remyelination is required, especially relating to the impact of 

demyelination on the environment and thus, the future health of new myelin.  

For instance, it is well known that following remyelination, myelin is thinner and 

shorter, which likely has functional consequences for axonal health and circuit 

function (116). Yet, the reason underlying this remains poorly understood. It 

has been recently shown by Neely et al. that demyelinating injury perturbed 

the accuracy and efficiency of remyelination in both zebrafish and human MS 

tissue, whereby oligodendrocytes which survived demyelination generated 

fewer sheaths and mistargeted these to neuronal cell bodies. In contrast, 

newly generated oligodendrocytes produced >10-fold more sheaths (25 

sheaths/cell on average) and correctly targeted these to axons (117). These 

findings further suggest that progressive oligodendrocyte dysfunction could 

underly disease progression in MS.  

Chapman et al. have also begun to shed light on the dynamics of efficient 

remyelination. For sheaths attached to 2Phatal-targeted cells, 79.9% of 

degenerated sheaths remyelinated, and 99% of remyelinated sheaths were 

extended by newly differentiated, not existing, mature oligodendrocytes, 

further corroborating Neely et al.’s finding that efficient remyelination requires 

new oligodendrogenesis. They also found that the myelin patterning 

influenced both remyelination efficiency and timing, whereby sheaths that had 

1 or 2 adjacent sheaths remyelinated more successfully than isolated sheaths 

(78% and 70% versus 42%, respectively) and more rapidly as well (3.8 days 

and 4.8 days versus 8.5 days, respectively). Intriguingly, SCoRe imaging 

revealed that myelin compaction was rapidly restored during remyelination, 

within 3 days of ensheathment in the majority of cases (76.6%). Interestingly, 

in 6.5% of cases, myelin repair began before complete degeneration of the 

damaged sheath, which sped up the recovery of SCoRe signal, and in 16.8% 

of cases, SCoRe signal was never lost as the newly formed sheath gradually 
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replaced the damaged sheath (85). This study has provided valuable insights 

into the dynamics of remyelination, an area of study that will be vital in the 

search for effective remyelinating therapies.  

1.1.6.3 Alzheimer’s Disease 

Alzheimer’s Disease (AD) is a neurodegenerative disease characterised by 

progressive dementia, the aggregation of amyloid β (Aβ) protein, which forms 

from amyloid precursor protein (APP), into plaques and the formation of 

neurofibrillary tangles of tau protein. The biggest risk factor for AD 

development is age. Although not currently considered a demyelinating 

disease per se, it has been recently discovered that demyelination could be 

an early pathological hallmark of Alzheimer’s Disease. In humans, white 

matter hyperintensities evident on MRI at age 45 are already associated with 

early signs of cognitive decline and have been shown to be associated with 

amyloid deposition (but not tau) (118, 119). There is now building evidence for 

a hypothesis that AD develops as an aberrant response to age-related myelin 

breakdown, and indeed AD patients show more severe myelin breakdown on 

MRI compared to healthy aged controls (71, 120, 121).  

Recent studies in mice are also beginning to provide evidence for this 

hypothesis. Oligodendrocyte responses have been noted in mouse models of 

AD. In the 5xFAD model, Zhou et al. discovered the same reactive 

SERPINA3N+ C4B+ oligodendrocyte state identified in EAE and cuprizone-

mediated demyelination models of MS. This population was present at 7 

months of age and was increased further at 15 months, suggesting a 

progressive response to Aβ deposition and indeed, SERPINA3N+, but not 

SERPINA3N-, oligodendrocytes were mostly found in plaque-bearing regions. 

In an aggregation assay, the treatment of Aβ42 peptides with C4B, and to a 

lesser extent SERPINA3N, increased Aβ aggregation, showing that these 

reactive oligodendrocytes have the potential to contribute to AD progression.  

Indeed, oligodendroglial downregulation of myelination-related genes and 

upregulation of genes relating to lipid accumulation and oxidative stress was 

observed in human AD tissue (122).  

A recent study by Kenigsbuch et al. also identified a SERPINA3+ CC1+ 

population, encompassing oligodendrocytes and astrocytes, in human AD 
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tissue, which was enriched near Aβ plaques. Strikingly, the proportion of 

SERPINA3+ cells correlated with cognitive impairment as measured by the 

Mini-Mental State Examination (MMSE) score (106). The same study 

confirmed the presence of this population in the 5xFAD model and EAE, but 

also identified it in tauopathy mouse models (P301L and PS2/APP/P301L) and 

aged mice (28-29 months old), highlighting that this oligodendrocyte response 

is not necessarily unique to amyloidosis or AD-related pathology. Indeed, the 

recent study by Iram et al. identified C4b as one of the top differentially 

expressed genes in aged hippocampal OPCs (78). 

In the APPNL-G-F mouse model, Chen et al. identified an oligodendrocyte gene 

module, enriched for myelin-related genes, which was initially upregulated but 

later downregulated in microenvironments with the highest accumulation of 

Aβ. They also observed increased expression of C4 in oligodendrocytes close 

to plaques (123). 

Interestingly, mice which over-express APP have increased myelin thickness 

in the spinal cord, while APP knockout animals have thinner myelin (124). 

Disrupted myelin integrity in the form of splitting of the MDL, accompanied by 

accumulation of dense granular bodies, has been reported to precede the 

appearance of overt amyloid and tau pathology in the triple-transgenic AD 

(3xTg-AD) mouse model, which harbours three mutations: human presenilin-

1 M146V (PS1M146V), human amyloid precursor protein Swedish mutation 

(APPSwe), and the P301L mutation of human tau (tauP301L) (125). A reduction 

in myelinated axons, but an increase oligodendrocyte numbers, has been 

seen in the same model before AD-related pathology appears (126). 

In another mouse model of AD, the APP/PS1 model, myelin formation and 

degeneration were found to be concurrent, yet the rate of myelination could 

not keep pace with the rate of degeneration, resulting in net myelin loss (127). 

This is interesting as it shows that there is a somewhat retained capacity for 

remyelination in this context, but like in ageing and MS, it eventually fails. 

However, enhancing myelin renewal could restore cognitive function in this 

model, via either a genetic (M1R conditional knockout in OPCs) or a 

pharmacological approach (administration of M1R inhibitor clemastine). 
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Strikingly, the cognitive improvement was observed independently of amyloid 

plaque deposition, which showed no change (127).  

In fact, an exciting new study has attributed the ageing-associated myelin 

alterations to being a driver of amyloid deposition. When the 5xFAD and 

APPNL-G-F models were each cross-bred with two different myelin mutant mice, 

Cnp-/- and Plp1-/- mice, there was increased amyloid plaque load in the 

hippocampal white matter and cortex at 6 months of age. This was not seen 

at 3 months, when myelin defects are only subtle in the myelin mutant mice. 

The double mutant mice exhibited worse behavioural deficits indicative of 

disinhibition, as assessed by the Y maze and elevated plus maze tests. When 

cuprizone-mediated demyelination and EAE were each induced in the 5xFAD 

mice, an increase in amyloid aggregates was seen in the most demyelinated 

areas, indicating that myelin degeneration also induces amyloid deposition. 

Conversely, crossing 5xFAD mice with a line of forebrain-specific shiverer 

mice (Emx-Cre:Mbpfl/fl), in which cortical axons are mostly unmyelinated, led 

to a reduction in plaque load at 3 months, but not 6 months, showing that the 

absence of myelin could surprisingly delay plaque formation (128). 

The recent study by Kenigsbuch et al., however, found that the disease-

associated oligodendrocyte response (Serpina3n+ C4+) appeared much later 

than Aβ plaques, at 9-10 months old, and treating primary mouse cultures of 

mature oligodendrocytes with Aβ in various aggregation states (oligomers, 

fibrils and plaques) in vitro did not induce expression of C4 and Serpina3n, 

together suggesting that amyloid is not the direct cause of this oligodendrocyte 

response. This study did not examine the effect on myelin (106).  

It therefore remains to be determined whether oligodendrocyte dysfunction 

occurs in the first instance, leading to myelin perturbation, or whether myelin 

pathology contributes to subsequent oligodendrocyte dysfunction, and how 

these changes interact with or contribute to amyloid and tau pathology.  

A recent study identified a senescence phenotype, a state characterised by 

growth arrest, resistance to cell death, and the production of pro-inflammatory 

factors, in OPCs in association with Aβ plaques in AD tissue and the APP/PS1 

mouse model. Pharmacological depletion of senescent OPCs reduced Aβ 
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plaque load and rescued cognitive deficits, measured using the Y and water 

mazes, in the mice (129). The authors suggested senescent OPCs were 

actively contributing to inflammation and thus, damage to neurons. However, 

while myelin and oligodendrocyte differentiation were not assessed in this 

study, it is also likely that these OPCs were unable to differentiate into mature 

myelinating cells, thus perpetuating pathology by impeding remyelination.  

It has been previously suggested that the unique metabolic demands of 

oligodendrocytes, required to produce and maintain myelin sheaths, render 

them particularly vulnerable to damage, and that this could perpetuate or even 

initiate Aβ pathology through age-related build-up of cholesterol and iron 

(120). Indeed, the cholesterol transporter apolipoprotein E (APOE) 4 isoform 

is one of the strongest risk factors for development of AD, often with an earlier 

age of onset (130). Regardless, it’s becoming increasingly apparent that 

oligodendrocytes and myelin have a contributory role to play in AD 

pathogenesis and progression. 

1.1.6.4 Adult-onset leukoencephalopathy with axonal spheroids and 

pigmented glia  

Leukodystrophies are rare, genetic disorders affecting the white matter of the 

brain, generally characterised by overt degeneration of myelin, usually 

following its abnormal production, processing, or development (131). Most 

become apparent in childhood, but adult-onset leukodystrophies can also 

occur. One such leukodystrophy is known as adult-onset 

leukoencephalopathy with axonal spheroids and pigmented glia (ALSP), which 

encompasses disorders previously known as hereditary diffuse 

leukoencephalopathy with spheroids (HDLS) or pigmentary orthochromatic 

leukodystrophy (POLD). It is thought to account for 10-25% of all 

leukodystrophies (132-134). 

ALSP is a rare, autosomal dominant disease which primarily affects the 

cerebral white matter, with MRI showing white matter abnormalities with frontal 

dominance, spreading out from the periventricular and deep white matter into 

the subcortical areas. Patients present with neuropsychiatric symptoms and 

cognitive impairment progressing to dementia, developing motor dysfunction 

later in the disease course (135). The mean age of onset is 43 years old, with 
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a mean disease duration of 6.8 years. It is equally prevalent in males and 

females, but female patients have an earlier age of onset: 40 years versus 47 

years in males (136). 

While the ventricles are enlarged and the corpus callosum thins, the optic 

nerve and major fibre tracts in the diencephalon and cerebellum are relatively 

spared. The basal ganglia, thalamus, hypothalamus, hippocampus, substantia 

nigra, raphe nucleus, reticular formation and cerebellar grey matter are 

unaffected, with no obvious neuronal loss (135).  

The disease is characterised by demyelination and the presence of axonal 

spheroids, which are axonal swellings with thin, discontinuous, or absent 

myelin sheaths, often with accompanying myelin vacuolisation, 

whereby layers of myelin separate from each other. Interestingly, spheroids 

are most abundant in areas of partial, rather than extensive, demyelination, 

and are absent in the normal-appearing white matter. It is currently unknown 

whether demyelination occurs prior to the formation of axonal spheroids, but 

spheroid formation is thought to be an early event in the disease (137). In 

addition, abundant lipofuscin granules are evident in microglia, macrophages, 

and astrocytes, hence the ‘pigmented glia’ in the name of the disease; these 

are fine, yellow-brown pigmented granules consisting of lipid-containing 

residues of lysosomal digestion, likely due to the phagocytosis of myelin 

debris. There is astrocyte reactivity (GFAP+), but no change in astrocyte 

numbers (135). 

ALSP is caused by loss-of-function, heterozygous mutations in colony 

stimulating factor 1 receptor (CSF1R), which is responsible for the 

development and survival of microglia and macrophages (138). All mutations 

identified to date have been found in the tyrosine kinase domain of CSF1R 

(exons 12–21) with exons 18, 19 and 20 accounting for most of the 

mutations (132). These result in a significant loss of microglia, in the white 

matter in particular, and as such, the disease is now considered a primary 

microgliopathy (139).  

What remains elusive is why microglia are lost after ostensibly normal brain 

and white matter development. Presumably, the other intact CSF1R allele can 
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compensate for a certain period of time. Age likely plays a role, and it’s 

interesting to consider whether the loss of microglia and subsequent myelin 

damage may instigate or perpetuate a premature form of dementia, in line with 

the recent hypothesis that myelin dysfunction drives amyloid deposition (128). 

Indeed, interestingly, axonal spheroids in ALSP white matter lesions have 

been shown to be strongly immunoreactive for APP (140).   

Further, it is not known if or how the reduction in microglia directly contributes 

to demyelination; oligodendrocyte loss doesn’t occur until later in the disease, 

well after myelin degeneration is underway, and only in regions of extensive 

demyelination (137).  

The overarching question thus persists: what regulates myelin health and 

plasticity? What drives demyelination and remyelination in ageing and 

disease? The myelin changes occurring in ALSP implicate microglia as prime 

candidates. 

  

 
Figure 1.7. Myelin structural changes occur in ageing, while demyelination is 
characteristic of many neurological diseases.  

These include multiple sclerosis (MS), Alzheimer’s Disease (AD) and 
leukodystrophies such as Adult-onset leukoencephalopathy with axonal spheroids 
and pigmented glia (ALSP). Whether alterations in myelin ultrastructure occur prior 
to demyelination is unknown. 
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1.2 Microglia 
Microglia are the resident macrophages of the central nervous system. They 

arise from erythromyeloid precursor cells in the yolk sac and infiltrate the CNS 

parenchyma at approximately embryonic day (E) 9.5 in the mouse and 

gestational week 4.5 in the human (141-144). As previously mentioned in 

1.1.6.4, the colony stimulating factor 1 receptor (CSF1R) is a type III receptor 

tyrosine kinase, required for the development, proliferation and survival of 

microglia and macrophages (145). In zebrafish, Csf1r mutations led to a 

regional reduction in microglia with aberrant density and distribution of the 

remaining cells, which interestingly still had a microglia-specific gene 

expression signature, indicating that CSF1R is not required for microglial 

differentiation (146). CSF1R is highly conserved between mouse and human 

(138). There are two ligands for CSF1R: CSF1 and IL-34, which have similar 

functions but have distinct spatial and temporal expression patterns; for 

example, Il-34 is more highly expressed in the brains of adult mice compared 

to Csf1 (147, 148) yet within the brain, there is differential expression between 

the white and grey matter, with white matter microglia depending more on Csf1 

for their development/maintenance (149). The receptor dimerises upon 

activation, causing autophosphorylation of the tyrosine residues in the 

intracellular domain, activating downstream signalling (138). Transforming 

growth factor β (TGFβ) is critical for microglia development, including the 

induction of microglia signature genes (150, 151). Purine-rich Box-1 (PU.1) 

and interferon regulatory factor 8 (IRF8) are also essential for microglia 

development (141). 

Microglia have traditionally been considered the immune cells of the CNS, 

surveying the microenvironment to defend the milieu from invading pathogens 

and damaging insults. They are thus dynamic cells, ready to adapt and 

respond to stimuli. One of their primary functions is phagocytosis of cellular 

debris, apoptotic cells and pathogens (152). However, their ability to react to 

damaging stimuli can also make them vulnerable to long-term dysfunction. The 

transcriptomic signature of microglia can be altered following exposure to 

environmental stressors, even during development. For instance, in mice, 

depleting the maternal microbiome by placing the pregnant dam in a germ-
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free environment led to a distinct and rapid alteration in the microglial 

transcriptome. This was also sex- and time-dependent, with male microglia 

being more susceptible during development and female microglia in 

adulthood. In addition, increased density and ramification of embryonic 

microglia was observed, suggesting their activation, and antibiotic treatment 

of adult mice also induced microglial transcriptomic changes, including genes 

involved in stress responses (153).These findings illustrate both the sensitivity 

of microglia to environmental factors and their temporal and sex-dependent 

heterogeneity in this context. 

Indeed, the dynamic functions of microglia translate into heterogeneity in their 

morphology and expression of canonical markers, summarised in Figure 1.8. 

Pan microglia markers include ionised calcium binding adaptor molecule 1 

(Iba1) and colony stimulating factor 1 receptor (Csf1r). Under resting 

conditions, homeostatic microglia are defined by their expression of markers 

such as transmembrane protein 119 (Tmem119) and purinergic receptor 

P2Y12 (P2ry12) and have a ramified morphology. Upon activation, microglia 

become amoeboid in shape and begin to express markers such as cluster of 

differentiation 68 (Cd68) and major histocompatibility complex II (H2-Ab). In 

humans, activated microglia express human leukocyte antigen DR (HLA-DR). 

In inflammatory and disease conditions, homeostatic markers have also been 

reported to be downregulated; for example, in active white matter lesions of 

MS patients, TMEM119 and P2RY12 immunoreactivity is decreased. In ALSP, 

remaining microglia have reduced expression of IBA1 and P2RY12 in both the 

white and grey matter, and in the affected white matter, there is reduced 

P2RY12, CX3CR1 and CSF1R expression along with increased expression of 

CD68 and CD163 (139, 154). 
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In recent years, the transplantation of microglia into microglia-deficient mice 

has shown that donor cells extensively engraft and regain microglial identity in 

the CNS. However, interestingly, only macrophages originating in the yolk sac 

can fully acquire microglial identity (157). 

1.2.1 Tools for studying roles of microglia  
There are several genetic and pharmacological tools which have been 

developed to dissect the roles of microglia in the developing central nervous 

system and in response to injury and disease processes in vivo. These include 

fate-mapping tools, such as Cx3cr1-CreERTR26Reporter and newer, more 

specific iterations like Tmem119eGFP and HexbTdTomato, as well as chimeric 

models to study human microglia in vivo (158-160). One of the gold-standard 

methods to interrogate microglial functions has been inducing their depletion. 

1.2.1.1 Microglia depletion 

There are many approaches that have been taken to achieve depletion of 

microglia, of varying specificity and efficiency, and each having different 

advantages and limitations. These are summarised in Table 1. 

The main approaches to microglia depletion can be divided into two 

categories: genetic manipulation and pharmacological intervention. The 

 
Figure 1.8. Microglial markers.  

Pan markers include IBA1 and PU.1, homeostatic markers include P2RY12 and 
TMEM119, while activated microglia express CD68 and iNOS (155, 156). 
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former takes advantage of microglia-enriched surface markers such as 

Cx3cr1, Tmem119, or Sall1, to generate transgenic animals to induce 

conditional microglia depletion, while the latter involves the creation of small-

molecule compounds against microglia markers, such as CSF1R, which 

induce death of microglia (161). 

Genetic tools include knockout of the CSF1R, required for microglia and 

macrophage development and survival, Csf1r-/-. These mice have a 

congenital, complete absence of microglia and most tissue macrophage 

populations, and severe developmental abnormalities, including postnatal 

growth delay, osteopetrosis, and gross brain abnormalities such as enlarged 

ventricles and hydrocephalus. They usually die by the third postnatal week 

(26, 162). Csf1-/- (Csf1op/op) mice survive longer but have only 30% depletion 

of microglia and also exhibit developmental and fertility issues (26, 163, 164). 

Reduction in microglia numbers has also been achieved in mice where other 

microglial genes have been knocked-out, including those encoding 

transcription factors, such as Spi1 (PU.1) and Tgfb1 (141, 150). Genetic 

approaches to depletion allow the study of the developmental roles of 

microglia, without the caveat of widespread cell death and activation of 

immune responses. The main limitation to these mice is that many have 

developmental abnormalities that can hinder the investigation of independent 

effects on specific processes, and many of them die postnatally, precluding 

longitudinal study. Inducible genetic tools can help address these issues, but 

these may induce immune activation and may not deplete all microglia or 

prevent their repopulation. 

Pharmacological tools for depletion include CSF1R inhibitors PLX3397, 

PLX5622 and BLZ945, and these allow interrogation of microglial roles in 

adulthood (145, 165, 166). PLX3397, or pexidartinib, has recently been 

granted FDA approval as a treatment for tenosynovial giant cell tumours (167). 

PLX5622 is a more recently developed tool and achieves up to 99% depletion, 

depending on the dose and length of treatment (165). However, microglia 

repopulate rapidly, within 3-7 days after termination of treatment (168, 169), 

so long-term depletion is necessary. While these compounds are easy to 

administer as they cross the blood-brain barrier and can be incorporated into 
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the chow, they come with the caveat that they induce mass microglial cell 

death and activation, which could be a confounding factor when studying both 

homeostatic and disease processes, and they also deplete other CNS-

resident macrophages due to their expression of CSF1R. Clodronate 

liposomes can be used as a toxin-based method of microglia/macrophage 

depletion, which takes advantage of their phagocytic nature, allowing uptake 

of the encapsulated drug by these cells (170). However, they need to be 

injected directly into the brain as they cannot cross the blood-brain barrier, 

which can still cause some local tissue inflammation, and are also not 

microglia-specific. 

In recent years, next generation tools have been developed to achieve more 

efficient and more specific depletion of microglia. These include the FIRE∆/∆ 

mouse, which has specific depletion of microglia from embryos to an efficiency 

of ~98%. HexbCreERT2/CreERT2;Csf1rfl/fl and Sall1CreER ;Csf1rfl/fl are inducible lines, 

where the conditional Csf1r allele is deleted by tamoxifen-inducible Cre 

expressed by the Hexb or Sall1 locus (159, 171-173). Whilst these target 

microglia more specifically, recombination appears to be less efficient; for 

instance, only 60% of microglia are depleted after tamoxifen injection 

in HexbCreERT2/CreERT2;Csf1rfl/fl mice. 
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Novel adeno-associated virus (AAV) variants capable of delivering genetic 

payloads to microglia with high efficiency, and importantly without inducing 

activation, have recently been discovered, and will likely be an instrumental 

tool in future studies of microglial functions (175).  

Over the last decade or two, these depletion tools have paved the way for the 

exponential growth of our knowledge of the roles of microglia in development 

and homeostasis beyond their phagocytic functions, and we now have a much 

greater appreciation for microglia as key players in neuronal circuit 

development, synaptic pruning and of particular interest here, myelination 

(176-178).  

 
Table 1. Tools for depleting microglia in the CNS.  
Adapted from Li et al., Eme-Scolan et al., and Green et al. (166, 172, 174).  
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1.3  Microglia and myelin 
A number of studies have now been published which attributed a role to 

microglia in instructing oligodendrogenesis and oligodendrocyte differentiation 

into mature, myelinating cells, both in development and during remyelination 

(23, 179, 180). Other recent studies have characterised the role of microglia 

in phagocytosing myelin during development (181, 182). 

1.3.1 Microglia in developmental myelination 
Microglia can be found in the white matter tracts of the brain during 

development (183, 184). In mice, microglia proliferate following their 

emergence at E9.5, with a particular increase in proliferation in the white 

matter from P1, until the third postnatal week, after which levels are decreased 

to those sustained in adulthood (25, 185). Interestingly, microglia in the 

developing white matter have a distinct gene expression profile compared to 

those in the grey matter, exhibiting an activated profile defined by expression 

of genes including osteopontin (Spp1), glycoprotein non-metastatic melanoma 

protein B (Gpnmb), integrin subunit alpha X (Itgax), c-type lectin domain family 

7 member A (Clec7a) and insulin-like growth factor 1 (Igf1) (25, 186). Indeed, 

a number of studies have now identified white-matter associated microglia 

states that emerge during development, which display amoeboid morphology 

and expression of genes associated with microglial activation (25, 187, 188).  

By performing scRNA-seq of the whole brain, both Hammond et al. and Li et 

al. identified a developmental white matter microglial state, also known as the 

‘proliferative region-associated microglia’ (PAM). This state was most 

prominent in the first postnatal week, and exhibited high expression of 

Spp1, Gpnmb, Igf1, Itgax, Clec7a and Apoe (187, 188). Although the precise 

role of this state is not yet known, it appeared to be highly phagocytic as 

CLEC7A+ microglia in the corpus callosum and cerebellar white matter were 

found to phagocytose beads and nuclei, and Mbp transcripts were found in 

∼13% of Clec7a+ microglia (187). In the same study, Cx3cr1-eGFP+ microglia 

present in the developing white matter were seen to phagocytose apoptotic 

oligodendrocytes (cleaved caspase 3+ MBP+), but it remains to be resolved as 

to whether these cells represented the CLEC7A+ state (187). 
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These studies built on previous work identifying activated microglia states 

associated with the developing white matter. Hagemeyer et al. noted the 

appearance of a transient postnatal white matter-associated microglia 

population, which had a distinctly amoeboid morphology. This population was 

distinguished from microglia in the cortex by its high expression of the 

activation marker Mac3 (also known as LAMP2 or CD107b). They found that 

Mac3 was exclusively expressed by white matter microglia from P1 to P8, prior 

to the onset of myelination, and by P14, its expression was markedly 

decreased (25). Indeed, Goldmann et al. previously found that white matter 

microglia uniquely express ubiquitin specific peptidase 18 (Usp18), a regulator 

of microglia quiescence, and from P10, MAC3+ microglia were only present in 

the white matter of Usp18-deficient mice (189).  

Wlodarczyk et al. also identified a microglia state in the corpus callosum and 

cerebellar white matter of mice, peaking during the early postnatal period (P3) 

and defined by its expression of CD11c (Itgax), an integrin expressed by 

dendritic cells but also by border-associated macrophages, monocytes, 

macrophages, granulocytes and B cells (190-192). CD11c+ microglia had a 7-

fold higher expression of IGF-1, which has been implicated in regulating OPC 

survival and differentiation (193). Interestingly, CD11c-driven knockout of Igf1 

resulted in a subtle decrease in PLP staining intensity and in the number of 

myelinated axons, and thinner myelin in the corpus callosum, implicating 

CD11c+ cells in regulating developmental myelination. Interestingly, CD11c+ 

microglia also appeared following EAE induction in adult mice, yet did not 

share the same gene signature with those found in development, pointing to 

differing functions depending on the context and age (194). Whether the 

developing white matter CD11c+ and CLEC7A+ microglia are the same or 

distinct states is not yet clear.  

In recent years, work has begun to shed light on the functional roles of 

microglia in regulating developmental myelination. Microglia appear to exert 

two independent mechanisms in this context: first, by regulating 

oligodendrocyte differentiation and initial myelin ensheathment, and second, 

by pruning of myelin formed in development.  
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Humans with homozygous CSF1R mutations, resulting in a congenital 

absence of microglia, display abnormal development of the corpus callosum 

(195). In mice, depletion of microglia via either Csf1r−/− mice or administration 

of a CSF1R inhibitor has been shown to cause a reduction in OPCs 

(PDGFRα+) and mature oligodendrocytes (CC1+ or NogoA+) in the corpus 

callosum, as well as decreased levels of MBP and PLP and a subtle reduction 

in the proportion of myelinated axons (25, 26). However, Luxol Fast Blue (LFB) 

staining, which stains for lipids, of the corpus callosum in the novel microglia-

depleted FIRE∆/∆ mouse implied that there was no deficit in myelination (171). 

Other studies also point towards regional heterogeneity in this context, as 

demonstrated by myelination proceeding normally in the spinal cord of mice 

deficient in the ligand for CSF1R (Csf1), despite an >85% reduction in 

microglial number in the white matter (163). Indeed, as mentioned, there is 

differential expression of Csf1 and Il-34 between the white and grey matter, 

with microglia in white matter being more dependent on Csf1 for their 

development/maintenance (149).  

In zebrafish, Hughes and Appel showed that microglia phagocytose myelin 

sheaths, but not oligodendrocytes, during development. Using live-imaging at 

4 days post-fertilisation (dpf), they could observe that, while both engulfment 

and retraction contributed to myelin sheath elimination, microglial engulfment 

accounted for the majority (~70%) at this age and that all microglia participated 

in myelin pruning. A similar number of myelin inclusions was observed in 

microglia later in development (8 dpf), indicating this process continuously 

occurs during developmental myelination. Interestingly, phagocytosed 

sheaths were longer than those retracted. Additionally, myelin phagocytosis 

by microglia could be modulated by manipulating neuronal activity, with 

microglia being more engaged in myelin engulfment when neuronal activity 

was suppressed and less engulfment occurring when visuomotor behaviours 

were engaged. Strikingly, using three independent approaches to deplete 

microglia/macrophages, two early in development and one after myelination 

had begun (Irf8 MO, GW2580, NTR+/metronidazole; depleting 95, ~45 and 

~75% of microglia, respectively), oligodendrocytes generated both more and 

shorter sheaths. While they observed no difference in mature oligodendrocyte 
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number or distribution following any of the depletion paradigms, in the two 

more severe depletion groups, ensheathment of neuronal cell bodies 

appeared to occur, a phenomenon recently observed by Neely et al. following 

demyelinating injury, and previously shown to be a result of excess myelin 

supply (117, 196). This exciting study therefore shows that microglial pruning 

of myelin is required to refine myelin targeting during development (181). A 

very recent study has also illustrated that microglia prune myelin during 

development in the mouse optic nerve, as well as the zebrafish spinal cord, 

and expression of the phospholipid phosphatidylserine on abnormal myelin 

structures like outfoldings acted as an ‘eat-me’ signal for microglia in this 

process (182). 

Nonetheless, it is not yet fully understood how microglia regulate 

developmental myelination. Their phagocytic roles do not account for their 

effect on oligodendrogenesis, and as they do not appear to have direct 

physical contacts with OPCs during white matter development in mice, it is 

likely that microglia secrete factors to do so (25) (Figure 1.9). In accordance 

with this, in vitro studies have shown that conditioned media from primary 

neonatal microglia promote OPC survival and differentiation into mature 

oligodendrocytes, and can induce synthesis of the myelin sheath components 

MBP, PLP and lipid sulfatide by oligodendrocytes (197, 198). 

In vivo, as discussed, IGF-1 has recently been implicated as a microglial pro-

myelinating factor (194, 199). Other potential factors include microglia-derived 

IL-1β and IL-6, which appeared to stimulate oligodendrocyte differentiation in 

neonatal rats, as their reduction in response to minocycline treatment, which 

diminishes microglia activation, occurred in association with a reduction in 

immature (O1+) and mature MBP+ oligodendrocytes (200). However, a caveat 

of this study is that minocycline does not specifically act on microglia, as it also 

affects astrocytes, oligodendrocytes, T cells and neutrophils (201).  

More recently, microglia-derived transglutaminase 2 (TG2) has been reported 

to signal to the adhesion G protein-coupled receptor G1 (ADGRG1, also 

known as GPR56) on OPCs to promote their proliferation. Deletion of Tgm2, 

which encodes TG2, in mice caused a reduction in mature oligodendrocytes 

(Plp+) and hypomyelination in the corpus callosum at P14 and P28, yet had no 
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impact on g-ratio, while conditional knockout of Tgm2 in microglia and 

macrophages (Cx3cr1-Cre+;Tgm2fl/fl) also resulted in a decrease in mature 

oligodendrocytes (Plp+) at P28 to a similar extent (202). 

 
Figure 1.9. Microglial regulation of myelination in the developing white matter. 

Different microglia states have been identified in the developing white matter, such 
as CD11C+ and CLEC7A+ microglia (187, 194). Microglia have been implicated in 
driving oligodendrocyte differentiation through secretion of IL-1β and IL-6, and in 
modulating myelination by mature oligodendrocytes via IGF-1 secretion (194, 200). 

Overall, the functional roles of white matter-associated microglia have yet to 

be fully elucidated in vivo, with the nature of microglia-derived pro-myelination 

factors requiring further characterisation.  
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1.3.2 Microglia in myelin ageing 
Hammond et al. noted that microglia are most diverse in the developing brain, 

with this heterogeneity decreasing in adulthood, but increasing again in the 

aged or injured brain. For instance, Ccl4-expressing microglia peaked at P5 

but expanded again in the ageing mouse brain and following demyelination in 

both mouse and human (188). Microglia in the aged brain express 

inflammatory genes, including chemokines Ccl3 and Ccl4, Cst7 and IL-1b and 

genes related to immunoregulatory function, such as the interferon pathway 

(188, 203-205). In aged human microglia, amyloid-associated genes were 

upregulated, while genes associated with TGFβ signalling were 

downregulated, suggesting alterations in their homeostatic signature (206).  

 

Regional heterogeneity in the microglial response to ageing has been 

documented by a number of studies. Grabert et al. reported microglial 

heterogeneity in ageing mice, with the transcriptomic signature of cerebellar 

microglia showing accelerated ageing compared to other regions (204). In the 

human temporal lobe, Sankowski et al. combined scRNA-seq and multiplexed 

mass cytometry (cyTOF) to compare microglia in grey versus white matter 

across different ages. Microglia in the white matter were uniquely enriched for 

CD68, HLA-DR, and APOE, indicative of potential functions in phagocytosis, 

antigen presentation, and cholesterol transport, respectively. Interestingly, 

aged IBA1+ microglia/macrophages have increased expression of 

osteopontin (SPP1+), a pro-inflammatory cytokine, particularly in the white 

matter (203, 207). SPP1 has been reported to be upregulated by microglia in 

aged mice and mouse models of AD, but its role in this context remains unclear 

(208). Sloane et al. identified a significant increase in microglial activation 

(HLA-DR+ iNOS+) in the white, but not grey, matter of aged rhesus monkeys. 

Strikingly, the density of activated microglia in the cingulate gyrus white matter 

and in the corpus callosum was significantly increased in old monkeys with 

cognitive impairment compared to cognitively intact monkeys (209).  

A recent study investigated the microglial response to ageing specifically in 

the white matter. By using two scRNA-seq approaches, SmartSeq2 for higher 

gene depth and Drop-Seq for greater cell coverage, Safaiyan et al. identified 
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four microglia states in the aged mouse white matter (18 to 24 months). Two 

of these populations were found to be exclusive to white matter: an activated 

microglia cluster and a cluster termed ‘white matter-associated microglia’ 

(WAMs). Both these states depended on triggering receptor expressed on 

myeloid cells 2 (TREM2) for their development, in common with other 

macrophage states identified outside the CNS, such as the ‘lipid-associated 

macrophages’ (LAM) (210). While WAMs had reduced expression of microglial 

homeostatic genes, including P2ry12, Tmem119, Csf1r and Cx3cr1, they 

exhibited elevated expression of genes such as Apoe, Cd63, Clec7a, Spp1, 

and Itgax, showing significant overlap with developing white matter microglial 

genes. A WAM marker (CLEC7A, AXL, LGALS3, Itgax) was expressed by 10-

30% of IBA1+ cells in the corpus callosum, but never in the cortex, and 

interestingly, WAMs grouped together in clusters termed “nodules” of 3-5 cells, 

displaying distinct morphology with large cell bodies and thick processes. To 

elucidate the function of WAMs, the authors used Trem2−/− mice and in vitro 

studies and found that WAMs were involved in the digestion of phagocytosed 

myelin debris. This implies that WAMs exert a protective function to prevent 

the build-up of myelin debris during ageing (211).  

WAMs were also identified in other studies upon reanalysis of previously 

published scRNA-seq aged mouse microglial datasets (188, 212). While some 

questions remain, such as precisely when the WAM state emerges and what 

drives this, how many WAM markers are co-expressed by microglia and how 

many markers need to be expressed in order to term a cell a WAM, it is clear 

that white matter microglia progressively change with ageing. The question is: 

how does this impact myelin? 

With age, the number of microglia containing phagocytosed material was seen 

to increase in the optic nerve, and Sandell and Peters attributed this increase 

to age-related myelin breakdown (213). As previously mentioned in 1.1.5, 

Safaiyan et al. recently built on this work by demonstrating that microglia clear 

away the myelin fragments which accumulate in the aged mouse brain, 

resulting in the formation of lipofuscin-like, insoluble inclusions in their 

lysosomes; reminiscent of the pigmented glia characteristic of ALSP. The size 

of the lysosomes in CD68+ cells was found to steadily increase from 18 months 
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to 24 months of age and MBP purified from the microglia of 12-month-old mice 

was found to be insoluble, suggesting that it aggregates inside microglia 

attempting to clear myelin debris. Indeed, myelin uptake was found to result in 

rapid formation of lipofuscin in microglia both in organotypic hippocampal slice 

cultures and following myelin breakdown in Shiverer mice. Blocking lysosomal 

degradation in macrophages (Cx3cr1+) in young mice by conditionally 

knocking out the gene encoding Ras-related protein 7 (Rab7), involved in 

lysosomal function, led to an increase in the number of microglia accumulating 

MBP, which also occurred earlier (9 months instead of 18). This resulted in 

lipofuscin accumulation in microglia. Cuprizone-mediated demyelination 

caused a progressive increase in microglial lipofuscin accumulation up to 37 

weeks post-diet, indicating that a demyelinating event can induce premature 

age-related microglial dysfunction (87). Interestingly, lipid droplet-

accumulating microglia (LDAM) found in the aged mouse brain were recently 

shown to possess a reduced capacity for myelin phagocytosis, concomitant 

with elevated pro-inflammatory cytokine release (214). Hughes and Appel 

found that in development, microglia are distracted from phagocytosing myelin 

when neuronal activity is high, and given the transcriptomic similarities 

between white matter microglia in development and in ageing, this raises the 

possibility that this could also occur in the aged brain, thus allowing build-up 

of myelin (181).  

Taken together, these studies have introduced the concept that myelin 

degeneration and microglia dysfunction in ageing are intrinsically linked. 

However, the studies to date have suggested that microglia are merely 

responding to myelin pathology in this context; it’s unknown as to whether 

microglia are responsible for driving changes in myelin with age. 
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1.3.3 Microglia in disease, demyelination and remyelination 
Disease-associated microglia (DAM) have now been identified in numerous 

single-cell RNA sequencing studies and disease contexts, including several 

mouse models of MS and AD, as well as in human tissue of AD (122, 188, 

215, 216). Microglia have been shown to drive plaque formation in the 5xFAD 

AD mouse model, whereby long-term microglial depletion using PLX5622 

prevented plaque formation in the parenchyma where there were no remaining 

microglia, while residual microglia exhibited the DAM transcriptomic profile 

(165). DAM have a remarkably similar gene expression profile to microglia in 

the developing white matter and the WAM state (summarised in Figure 1.10), 

including high expression of genes such as Spp1, Apoe, and Lpl, and 

downregulation of homeostatic genes e.g. Tmem119 and P2ry12, raising the 

possibility that microglia have a role to play in white matter pathology (187, 

188, 211, 217).  

 
Figure 1.10. White matter-associated microglia (WAM) and disease-associated 
microglia (DAM) are similar microglial states appearing in ageing and disease, 
respectively (122, 211, 215). 
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Accordingly, microglia have been implicated as drivers of demyelination. 

Activated microglia were shown to be involved in cuprizone-mediated 

demyelination via secretion of CSF-1, and microglial depletion using PLX3397 

improved the extent of demyelination and abrogated oligodendrocyte loss in 

this context (218). In another study, prophylactic depletion of microglia via 

BLZ945 also limited demyelination following cuprizone treatment (219).  

Humans with homozygous mutations in TREM2, which is expressed by 

microglia/macrophages, rendering it inactive, develop Nasu-Hakola disease, 

characterised by subcortical white matter demyelination and early onset 

dementia, implicating dysfunctional microglia in demyelination (220). In the 

corpus callosum of Trem2-/- mice, there was an attenuation of age-dependent 

microglial expansion, as well as alterations in microglia morphology, with 

smaller cell bodies and reduced ramifications. Following cuprizone treatment, 

Trem2-/- mice exhibited failed myelin debris clearance, sustained 

oligodendrocyte loss, axonal spheroids, unresolved microgliosis and 

persistent demyelination. Interestingly, there was a reduction in DAM 

signature genes like Lpl, Apoe and Itgax in Trem2-/- mice, which remained 

relatively unchanged at all timepoints assessed following cuprizone treatment. 

In vitro, TREM2 appeared to be required for detection of myelin lipids, 

suggesting it senses these for clearance following myelin damage (221).  

Interestingly, nodules of activated microglia (HLA-DR+), displaying similar 

morphology to the WAM state, have been identified in the normal-appearing 

white matter (NAWM) of MS patients (222-224). In one study, they were 

documented in 67% of patients, irrespective of disease duration, course or sex 

(222). It is unclear whether the development of microglial nodules is reactive 

to or a driver of demyelination. It has been suggested that these may be 

initiating the lesions, as they were associated with damaged and degenerating 

axons (223). However, another study implicated oligodendrocyte stress in 

driving the development of activated microglial nodules in the MS NAWM 

(225). Others have found that most nodules are found close to demyelinated 

areas, implying they are responding to myelin degeneration (222, 224). 

Microglia nodules, however, are not specific to MS, as they were also identified 

in the NAWM of traumatic brain injury and infarct tissue, but not epilepsy (223). 
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This could suggest that they form as a generalised response to myelin injury 

or neuroinflammation. 

Microglia appear to be involved in myelin and oligodendrocyte responses in 

AD. Single-nuclei RNA sequencing studies of human AD tissue have identified 

myelin and oligodendrocyte-related transcripts as among the top altered in AD 

patients, occurring along with microglial state changes (122, 216). Mathys et 

al. found evidence of a microglial signature similar to the mouse DAM state 

(MHC-II+), showing an increase in APOE, in AD patients, along with 

perturbation of myelination-related genes that was, interestingly, sex-

dependent and not restricted in expression to oligodendrocytes (216). In the 

study by Zhou et al., expression of C4b and Serpina3n in the reactive 

oligodendrocyte population in the 5xFAD model was partially dependent on 

Trem2 in the 7-month-old, but not the 15-month-old, mice, implying that 

microglia are involved early on in this oligodendrocyte response. In human AD 

patients with TREM2 variants, an oligodendrocyte response was seen 

concomitant with a DAM signature (MHCII, TREM2, CD68, APOE), which was 

distinct from the mouse, with homeostatic microglial genes like TMEM119, 

P2RY12, and CX3CR1 upregulated, SPP1 downregulated and LPL 

undetected compared to controls (122). The spatial transcriptomics study by 

Shen et al. which identified gene changes related to myelination surrounding 

Aβ plaques in the APPNL-G-F mouse model, also documented a microglial 

response to plaques showing strong similarity to the DAM profile (Apoe, 

Trem2) (123). 

Using both bulk and single-cell transcriptomics, the recent study by Depp et 

al. documented a DAM response in the AD mice with dysfunctional myelin, 

including expression of core genes like Apoe, Spp1, Itgax, and Clec7a, which 

were further upregulated in Cnp-/- and Cnp-/-;5xFAD microglia compared to 

5xFAD microglia. Homeostatic microglia markers such as Cx3cr1, P2ry12 and 

Tmem119 were also even further decreased in Cnp-/- and Cnp-/-;5xFAD mice. 

APOE staining intensity was confirmed to be increased in the white matter and 

in cortical plaques. Surprisingly, despite expressing DAM signature genes, 

microglia failed to cluster around amyloid plaques in the cortex of Cnp-/-;5xFAD 

and Cnp-/-;APPNL-G-F mice. This was suggested to be due to microglia being 
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engaged in myelin debris clearance, distracting them from Aβ plaques and 

thus perpetuating pathology. This study did not assess the oligodendrocyte 

response in these mice. However, in the study by Kenigsbuch et al., the 

reactive oligodendrocyte population identified in the 5xFAD model was only 

evident at 9-10-months-old, long after the appearance of plaques and DAM, 

which were found to appear as early as 1-2 months of age in this model (106, 

215). This would imply that microglial responses, demyelination, and amyloid 

accumulation induce a secondary response in oligodendrocytes, perhaps 

contributing to accelerated myelin degeneration, or failed remyelination, as the 

disease progresses. 

Indeed, microglia have also been shown to be involved in remyelination. Miron 

et al. used the LPC model to illustrate that pro-regenerative microglia 

contribute to this process. A switch from pro-inflammatory (iNOS+) to pro-

regenerative (ARG1+) microglia occurred at the onset of remyelination [10 

days post-lesion (dpl)] and depleting pro-regenerative microglia via injection 

of clodronate liposomes targeting CD206+ (mannose receptor+) cells into the 

lesion site resulted in impaired oligodendrocyte differentiation and delayed 

remyelination. Conversely, depleting pro-inflammatory microglia via 

gadolinium chloride did not impair remyelination. Interestingly, examining 

tissue from LPC-demyelinated heterochronic parabiosis-paired mice [referred 

to in 1.1.5, (93)], showed that there were higher numbers of pro-regenerative 

microglia present in contexts of efficient remyelination i.e. young-young 

pairings > young-old pairings > old-old pairings. Pro-regenerative microglia 

were found to express activin-A, a member of the TGFβ family, and activin-A 

enhanced oligodendrocyte differentiation in vitro and remyelination in ex vivo 

slice cultures. Importantly, pro-regenerative microglia were also increased in 

number in MS active lesions, which have high remyelinating potential (226). 

Lloyd et al. later showed that in order for myelin regeneration to occur in the 

LPC model, pro-inflammatory microglia needed to die at the onset of 

remyelination by the process of necroptosis, a form of programmed necrosis 

whereby a necroptosome complex of RIPK1, RIPK3, and MLKL compromises 

membrane integrity. This was followed by repopulation of pro-regenerative 

microglia, which drove remyelination. In MS active lesions, there was an 
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increase in CD68+ cells undergoing necroptosis (RIPK3+ MLKL+) and PU.1+ 

cells repopulating (Nestin+). Microglial repopulation was driven by type 1 

interferon signalling, where blockade of the IFNα/β receptor subunit 2 

(IFNAR2) in ex vivo slice cultures blocked microglial repopulation and impaired 

remyelination (227). Together, these studies highlight that both the 

heterogeneity and temporal dynamics of microglial responses during 

remyelination are central to efficient and successful regeneration.  

Indeed, deficiency in Csf1, a ligand for CSF1R, caused remyelination failure, 

which was attributed to an impairment in the dynamics of the pro-

inflammatory/pro-regenerative microglial response (228). Shen et al. recently 

showed that Mertk-/- mice fail to remyelinate efficiently. Mertk is a homeostatic 

microglial signature gene and after demyelination, Mertk-/- mice showed 

decreased microglia infiltration and a more ramified microglial morphology, 

indicating reduced activation. At the demyelination and remyelination 

timepoints, excess myelin debris was observed, indicative of impaired 

clearance by microglia and suggested to be due to overactive IFNγ signalling 

impairing oligodendrocyte differentiation (105). These findings further illustrate 

the requirement for and beneficial role of microglia in remyelination. 

In contrast, other studies have shown that microglia are associated with poor 

remyelination. In mice, PLX3397 administration after 12 weeks of cuprizone 

treatment was shown to improve remyelination and motor function (229). 

Interestingly, the authors noted that cuprizone-treated mice had gaps between 

the layers of their myelin sheaths, a feature which was apparently rescued by 

PLX treatment (229).  In human, lack of remyelination in MS mixed lesions 

was associated with a relative increase in TMEM119+ microglia and 

iNOS+ myeloid cells (115). Whether or not this increase in microglia represents 

an attempt at compensation, or an active aberrant response directly inhibiting 

remyelination is not clear. The same study found that supernatants from 

primary human pro-inflammatory microglia, but not those from pro-

regenerative microglia, inhibited the differentiation of induced-pluripotent stem 

cell (iPSC)-derived oligodendrocytes into mature MBP+ cells in vitro, 

suggesting that aberrant microglial responses could impair remyelination 

(115). However, it is also likely that as microglia become dysregulated as 
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disease progresses, they could lose their pro-remyelination functions. Indeed, 

Miron et al. showed that while pro-inflammatory microglial supernatants did 

not impact oligodendrocyte differentiation, pro-regenerative microglial 

supernatants promoted this process (226). Their roles also appear to be 

region-dependent, as BLZ945-mediated depletion of microglia improved 

remyelination by increasing the number of mature oligodendrocytes in the 

cortex and striatum, but not in the corpus callosum of cuprizone-fed mice, and 

context-dependent, as treatment did not alter disease progression in the EAE 

model (219). Moreover, the study by Lloyd et al. points to the likelihood that 

microglia exert dual roles during remyelination: pro-inflammatory microglia 

have a role early in the process, likely in myelin debris clearance, after which 

pro-regenerative microglia are needed to aid myelin regeneration. Any 

perturbation to these dynamics could therefore impact the extent of 

remyelination. 

It is evident that microglial responses in and to demyelination and 

remyelination are complex. While it is not yet fully apparent whether the DAM 

are protective or detrimental, there is significant overlap between the DAM 

signature and that of developing white matter microglia. This could suggest 

that DAM emerge as an aberrant attempt to reassume a developmental role 

of microglia, to aid myelin repair. Indeed, microglia in the developing human 

foetal CNS even express the DAM signature (217). Interestingly, in several 

mouse models of AD, the WAM population was seen to appear before the 

DAM state, suggesting it could be an intermediate state. Further, while WAM 

and DAM share part of their gene signature, only the DAM rely on APOE for 

their development, potentially implicating that dysregulated lipid transport 

differentiates the two states, which could have relevance for myelin debris 

clearance (211). In any case, it is abundantly clear that understanding the 

heterogeneity in microglial functions in demyelination and remyelination and 

elucidating the mechanisms underlying microglia state conversion could be 

promising avenues by which to prevent the development and progression of 

myelin pathology in the brain.  
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1.4 Border-associated macrophages 
One key caveat of many of the studies attributing roles in myelin regulation 

throughout the lifespan to microglia is that the approaches used to target or 

study microglia often overlooked another population of CNS-resident 

macrophages, known as the border-associated macrophages (BAMs). The 

border-associated macrophages are a small population of non-parenchymal 

CNS macrophages, distinct from microglia, who comprise only ~10% of total 

leukocytes in the homeostatic murine brain (192). As their name suggests, 

they are found at the border regions of the CNS: the meninges, the ventricles, 

and the blood vessels. Accordingly, BAM is a collective term for three different 

types: meningeal, choroid plexus and perivascular macrophages. 

It was suggested that some meningeal and perivascular macrophages (PVMs) 

arose from the same erythromyeloid precursors (EMPs) as microglia, while 

choroid plexus macrophages have a dual origin, being replaced by monocytes 

in adulthood (230, 231). Utz et al. used sophisticated genetic fate-mapping 

approaches and single-cell RNA sequencing to confirm that BAMs originate 

from early EMPs, like microglia, and not from foetal monocytes (151). They 

could also subsequently identify two distinct primitive macrophage populations 

in the embryonic yolk sac (CD206+ and CD206-), which independently gave 

rise to BAMs and microglia, respectively. CD206+ macrophages emerged in 

the yolk sac and brain at E10.5, and while microglia depended on TGFβ for 

their development, BAMs did not (151). 

As illustrated in Figure 1.11, BAMs can thus be distinguished from microglia 

based on their expression of the mannose receptor Cd206, as well as Cd169 

(Siglec1), lymphatic vessel endothelial hyaluronic acid receptor 1 (Lyve1), and 

the scavenger receptor Cd163 (151, 192). Their morphology is also distinct, 

generally appearing elongated and non-ramified (232). 

Due to their spatial location, BAMs are often the first responders to anything 

entering the CNS and as such, their roles are primarily in scavenger functions, 

antigen recognition and presentation, and phagocytosis (233, 234). Like 

microglia, BAMs also express Iba1 and Cx3cr1 and depend on the CSF1R for 

their development and survival (235). This means that many of the tools used 

to attribute functions to microglia have in fact also targeted the BAMs, and 
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therefore overlooked their potential contributions. For instance, CSF1R 

inhibitors like BLZ945 and PLX3397 also reduce BAM and monocyte numbers 

in both mouse and human (236). Indeed, the homeostatic functions of BAMs, 

such as maintenance of the blood-brain barrier, are only beginning to emerge 

(232).  

 
Figure 1.11. Microglial versus border-associated macrophage (BAM) markers (155, 
237). 
 

1.5 Fms intronic regulatory element (FIRE)  
Rojo et al. recently created a novel transgenic mouse model, which specifically 

depletes microglia from the CNS, known as the Csfr1∆FIRE/∆FIRE or FIRE∆/∆ 

mouse model. It was created using CRISPR/Cas9-mediated deletion of the 

Fms intronic regulatory element (FIRE), a super-enhancer of the Csf1r 

promoter, which is found in the second intron downstream of the first coding 

exon. FIRE is a highly conserved, 337 base pair sequence, which contains 

binding sites for macrophage-expressed transcription factors, including Pu.1, 

and is thus necessary for macrophage-specific transcription of Csf1r. 

Deletion of FIRE has an organ-specific effect on Csf1r expression and 

macrophage differentiation. FIRE is required for the development and survival 

of microglia, Langerhans cells, heart, kidney, and peritoneal macrophages, 
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and as such, FIRE∆/∆ mice lack these tissue-resident macrophage populations. 

On the other hand, FIRE is redundant in lung, spleen, and liver macrophages, 

and mostly in the CNS border-associated macrophages, as FIRE∆/∆ mice 

retain all but a small subpopulation of choroid plexus macrophages (238). 

Unlike Csf1r-/- mice, FIRE∆/∆ mice do not exhibit postnatal growth delay, gross 

brain abnormalities, failure of tooth eruption or evidence of osteopetrosis. They 

are fertile and appear to be healthy, surviving into adulthood. Despite lacking 

surface CSF1R, the homeostasis of monocytes is unaffected (171).  

 

1.6 Aims and hypothesis 
Given the proximity of the choroid plexus to the corpus callosum and the high 

vascularisation of the white matter, the potential contribution of the border-

associated macrophages to myelin health cannot be discounted. As the new 

FIRE∆/∆ mouse model has the advantage that they lack microglia but largely 

retain the border-associated macrophages, it allows, for the first time, the 

question to be addressed: what are the specific roles of microglia in regulating 

myelin health in development and throughout the lifespan? 

The aims of my PhD project are therefore as follows: 

1. How does the absence of microglia affect myelin health and associated 

glia in development? 

2. How does the absence of microglia affect myelin health and associated 

glia in adulthood? 

3. What are the mechanisms by which microglia specifically regulate 

myelin? 

My hypothesis is that microglia are essential for the maintenance of myelin 

health throughout the lifespan and that they have distinct roles in this process. 
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Chapter 2: Materials & Methods 
2.1 Mice 
All experiments were performed under UK Home Office-approved project 

licenses, which were issued under the Animals (Scientific Procedures) Act  

(ASPA) 1986. Each experiment was approved by the veterinarians of the 

University of Edinburgh Bioresearch & Veterinary Services. Mice included 

Csf1r-FIREΔ/Δ and FIRE+/+ wildtype controls (171), Plp-CreERT (Jackson 

Laboratories) and Tgfbr1fl/fl (kindly provided by Prof. Stefan Karlsson, Lund 

University) (239). FIRE∆/∆ and FIRE+/+ mice were bred from Csf1r-FIRE+/∆ 

crossings and were housed in individually ventilated cages, except for during 

behaviour experiments, when they were housed in conventional cages due to 

restrictions in the behaviour rooms of the animal unit. Mice were housed in 

accordance with the ASPA code of practice, in temperatures from 19-24oC, 

humidity from 45-65%, and a 12-hour light/dark cycle. There was a maximum 

of 6 mice per cage and they had unrestricted access to food and water.  

Recombination in Plp-CreERT:Tgfbr1fl/fl mice was induced by intraperitoneal 

(i.p.) administration of 4-hydroxytamoxifen (100mg/kg; Sigma-Aldrich), which 

was dissolved in corn oil  and ethanol at ratio of 9:1. This was given for 5 

consecutive days from postnatal day (P) 14 to 18. Mice were then sacrificed 

at P28. 

For all mouse experiments, power analysis was used to determine the sample 

size. This was calculated using OpenEpi software (Openepi.com), by two-

sided 95% confidence interval via the normal approximation method. All 

experiments reached >80% power. Both males and females were included in 

the study, although not always in equal numbers due to poor FIRE+/∆ breeding 

and number of FIRE∆/∆ mice varying from litter to litter. The exceptions were 

the single-cell experiments, where only female mice were available, and the 

open field experiments, where only male mice were used. All mice were 

randomised to each timepoint or treatment group. Provision of details of 

experiments, quantifications, and reporting were done in accordance with 

ARRIVE2 guidelines.  
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2.1.1 Genotyping 
Genomic DNA was extracted from ear biopsy tissue using the Wizard SV 

genomic purification system (Promega) according to the manufacturer’s 

instructions. Csf1r-FIREΔ/Δ were genotyped using PCR strategies as 

previously described (171). Genotyping of Plp-CreERT:Tgfbr1fl/fl was 

performed with genomic DNA extracted from tail tips, as previously described 

for each Plp-CreERT  (240) and Tgfbr1fl/fl  (241).  

2.1.2 Immunofluorescent staining of mouse tissue and analysis 
Mice were culled by intracardial perfusion with 4% paraformaldehyde (PFA; 

wt/vol; Sigma) and exsanguination by severing of major vessels. Brains were 

extracted and post-fixed overnight in 4% PFA. Brains were then cryoprotected 

in sucrose (15% for 24 hours and 30% for 48 hours) prior to embedding in 

OCT (Tissue-Tech) and subsequently stored at −80°C until cryosectioning, 

after which slides of 3 coronal sections each were stored at −20°C until 

staining.  

For staining, 10 μm cryosections were air-dried, permeabilised and blocked 

for 1 h with 5% normal horse serum (GIBCO) and 0.3% Triton-X-100 (Fisher 

Scientific) in phosphate buffered saline (PBS). Primary antibodies were 

incubated in a humid chamber overnight at 4°C and are detailed in Table 2. 

For myelin protein staining (MBP, MAG, MOG, CNPase, PLP), sections were 

permeabilised in methanol at −20°C for 10 min immediately following air drying 

of sections. For staining of nuclear markers (OLIG2, SOX9), heat-induced 

antigen retrieval was performed immediately after air drying. This involved 

microwaving sections in pre-heated antigen unmasking solution (pH6 citrate 

buffer, Vector Laboratories, diluted in distilled water at 1:100) then heating at 

60 ̊C for 30 min. Sections were allowed to cool at room temperature for 10 

mins in the antigen unmasking solution before proceeding to PBS washes. 

After overnight incubation with primary antibodies, fluorescently conjugated 

secondary antibodies (Alexa 488, 555, 647) were applied to sections in a 

humid chamber for 2 h at room temperature (1:500, Life Technologies-

Molecular Probes). Following counterstaining with Hoechst, slides were 

coverslipped with Fluoromount-G (Southern Biotech) and allowed to dry 

before imaging. 
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For EdU visualisation, the AlexaFluor-555 Click-iT EdU Cell Proliferation 

Assay Kit (Invitrogen) was applied before immunostaining; sections were 

permeablised with 0.5% Triton-X-100 in PBS for 20 min at room temperature 

(20–25°C) then incubated in Click-iT® reaction cocktail in the dark at room 

temperature for 30 min, and washed in PBS.  

For SERPINA3N immunostaining, 6 µm formalin-fixed paraffin-embedded 

sections were deparaffinised, rehydrated, and then placed in a water bath at 

85°C for 30 min in a citrate-based antigen unmasking solution (H-3300-250; 

Vector Laboratories). Sections were rinsed in phosphate buffered saline (PBS) 

and blocked for 1 h in 10% donkey serum (D9663; Sigma Aldrich) and 0.2% 

triton-X 100 (T8787; Sigma Aldrich) in PBS. Sections were incubated overnight 

at 4°C with primary antibodies α-SERPINA3N (R&D Systems, 1:100; AF4709) 

and α-OLIG2 (Millipore, 1:500; AB9610) in PBS with 5% donkey serum and 

0.1% triton-X 100, then washed 3 times in PBS with 0.05% Tween-20 (P1379; 

Sigma Aldrich). Fluorescently-conjugated secondary antibodies were applied 

for 1-2 h at room temperature in a humid chamber (1:500, Life Technologies-

Molecular Probes). Following counterstaining with Hoechst or DAPI, slides 

were coverslipped with Fluoromount-G (Southern Biotech).  

For TGFβR1 immunostaining of FIRE+/+ and FIREΔ/Δ mice, following a wash in 

Tris-buffered Saline (TBS) with 0.001% Triton X-100 (Sigma), sections were 

microwaved in pre-heated antigen unmasking solution (pH6 citrate buffer, 

Vector Laboratories, diluted in distilled water at 1:100) for 10 min, then heated 

at 60 ̊C for 30 min. After cooling (10 min), sections were washed once with 

TBS and 0.001% Triton X-100, and endogenous phosphatase and peroxidase 

activity were blocked with Bloxall (Vector; 4 drops) for 10 min at room 

temperature. Blocking was performed with 10% Heat Inactivated Horse Serum 

(Gibco) and 0.5% Triton X-100 in TBS for 1 h at room temperature. Sections 

were incubated with primary antibody diluted in blocking solution overnight in 

a humid chamber at 4 ̊C. Antibodies used were α-TGFβR1 (Abcam, 1:100; 

ab31013) and α-OLIG2 (Millipore, 1:100; MABN50) (Table 2). Following 3 

washes in TBS with 0.001% Triton X-100 (5 min each), a peroxidase-

conjugated secondary antibody (Vector) was applied for 1 h at room 

temperature in a humid chamber. Following 3 x 5 min washes with TBS with 
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0.001% Triton X-100, sections were developed by using Opal 520 (Akoya) at 

1:100 in 1x Plus Amplification Diluent (Akoya) for 10 mins in a humid chamber 

at room temperature, washed 3 more times (5 min). For co-staining, residual 

peroxidase activity was quenched by applying Bloxall (Vector) for 10 mins as 

above and another primary antibody was then applied and developed using a 

peroxidase-conjugated secondary antibody and Opal 650 (Akoya) at 1:100 in 

1x Plus Amplification Diluent as described. Following a wash in TBS only, the 

sections were counterstained with Hoechst (1:10,000) and mounted with 

Fluoromount-G (Invitrogen). 

Sections were imaged on a Leica SPE or Zeiss LSM 510 confocal microscope. 

Cell counts were calculated manually and performed in a blinded manner 

using Fiji/ImageJ (Fiji.sc), with 3 regions of interest quantified per section. 

Colocalisation analysis of SOX9 and GFAP was performed using Imaris 

software v9.7. Oligodendrocyte string analysis was done by counting the 

number of strings (considered ≥3 cells in close alignment), and by measuring 

the total distance along the string. This was divided by the number of cells 

within it to obtain the average distance between oligodendrocytes (Figure 2.1). 

 
Figure 2.1. Oligodendrocyte string analysis methodology. 
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Table 2. List of antibodies used for immunofluorescent staining experiments. 

Antibody Clone Company Catalogue # Concentration 

MBP 12 AbD 
Serotec 

MCA409S 1:250 

MAG 513 Millipore MAB1567 1:100 

MOG 8-18C5 Millipore MAB5680 1:100 

CNPase CL2887 Sigma-
Aldrich 

AMAB91072 1:100 

TMEM119 28-3 Abcam ab209064 1:100 

IBA1  Abcam ab5076 1:500 

CD206  Abcam ab64693 1:100 

CD31  R&D 
Systems 

AF3628 1:100 

LYVE1  Abcam ab14917 1:100 

OLIG2 211F1.1 Millipore AB9610 1:100-500 

CC1/APC  Abcam ab16794 1:100 

SOX9  Millipore AB5535 1:500 

GFAP  Cambridge 
Bioscience 

829401 1:500 

Neurofilament  Biolegend PCK-592P 1:100,000 

PLP  Abcam ab28486 1:100 

SERPINA3N  R&D 
Systems 

AF4709 1:100 

TGFβR1  Abcam ab31013 1:100 

OLIG2  Millipore MABN50 1:100 

FDPS  Thermo 
Fisher  

PA528228 1:500 

SERPINA3/AACT EPR17088-
68 

Abcam ab205198 1:100 
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2.1.3 Flow cytometry 
This was performed by David Munro. To collect a myeloid cell-enriched cell 

suspension for analysis of CSF1R (CD115) surface protein levels, an enzyme-

free brain dissociation protocol was used. Following transcardial perfusion of 

10-11-week-old mice with ice-cold PBS, brains were minced with a 22A scalpel 

in HBSS (without Ca2+ and Mg2+; 14175-053; Gibco) with 25 mM HEPES 

(10041703; Fisher Scientific) and then homogenised using a Dounce 

homogeniser (D9938; Kimble) in the same solution. To separate the 

homogenates, they were centrifuged at 800 x g for 20 mins at 4°C with no 

braking using a 35% Percoll gradient. Pellets were then collected and washed 

in PBS (w/o Ca2+ and Mg2+; 14190-094; Gibco) with 0.1% low endotoxin BSA 

(A8806; Sigma Aldrich). Fc receptors were blocked (1:100; 101302; 

BioLegend) for 15 min at 4°C on a shaker. Following this, cells were incubated 

with primary antibodies: CD11b (PE; 1:200; 101207; BioLegend, clone M1/70), 

CD45 (PECy7; 1:200; 103114; BioLegend, clone 30-F11), and CD115 (APC; 

1:200; 135510; BioLegend, clone AFS98) for 30 min at 4°C on a shaker. 

Samples were then washed and resuspended in PBS (w/o Ca2+ and Mg2+) with 

0.1% low endotoxin BSA. Single-fluorochrome stained beads, unstained 

samples, and FMOs were used as controls and DAPI was used for cell viability 

gating. Data were acquired using a BD LSRFortessa™ Flow Cytometer and 

FCS express 7 was used for post-acquisition data analysis. 

2.1.4 Electron microscopy of mouse tissue 
Mice were intracardially perfused with 4% PFA (wt/vol) and 2% glutaraldehyde 

(vol/vol; TAAB Laboratories) in 0.1 M phosphate buffer. Whole brains were 

extracted and post-fixed overnight at 4 °C, then transferred to 1% 

glutaraldehyde (vol/vol) until embedding. The corpus callosum was dissected 

into 3 x 1 mm sections using a brain matrix with coronal slicing. 1 mm corpus 

callosum sections were then post-fixed in 1% osmium tetroxide and 

dehydrated before processing into araldite resin blocks. 1 μm microtome-cut 

sections were stained with a 1% toluidine blue/2% sodium borate solution prior 

to brightfield imaging using a Zeiss Axio microscope. Ultrathin 

sections (60 nm) were cut from the 1 mm corpus callosum tissue sections, and 
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then stained in uranyl acetate and lead citrate. Grids were then imaged on a 

JEOL Transmission Electron Microscope. 

Axon diameter, myelin and inner tongue thickness were calculated from 

measured area based on assumption of circularity using Fiji/ImageJ (Fiji.sc) 

(diameter = 2 × √[area/π]), with 100-200 axons per animal analysed.  

The measurement method is summarised in Figure 2.2. Briefly, the area of the 

axon [Area (i)], the area of the axon and inner tongue together [Area (ii)] and 

the area of the axon, inner tongue, and compact myelin [Area (iii)] were each 

determined by drawing around their outlines. The area of each region was 

calculated automatically by Fiji/ImageJ (Fiji.sc) and the diameter of each was 

then calculated based on the equation: 2 x (√[Area/π]). The axon diameter 

[d(i)], inner tongue thickness [d(ii) – d(i)] and myelin thickness [d(iii) – d(ii)] 

were subsequently calculated. 

 
Figure 2.2. Method for measuring axon diameter, myelin and inner tongue 
thickness. 
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2.1.5 Behavioural testing 
All experiments were performed in a behaviour testing room maintained at a 

constant temperature of 20ºC. Experimenters were blinded to genotype 

throughout behavioural testing and data analysis. 

2.1.5.1 Open Field test 

This was done by David Munro and Mehreen Mohammad. To assess 

locomotor activity and anxiety-associated behaviours, the Open Field test was 

performed on in FIRE+/+ and FIRE∆/∆ mice at 4-8 weeks (young) and 11-13 

months (adult) of age. Mice were handled 3-4 days prior to testing. Mice were 

placed in the open field (47 x 47 cm) and allowed to freely explore for a period 

of 10 min. To remove the scent of other mice, equipment was cleaned with 

70% ethanol between each test. The total distance travelled (m) and the time 

spent in the edges (9 cm from the wall) and centre (29 x 29 cm) were 

automatically quantified using the video tracking software, AnyMaze (Stoelting 

Europe; version 6.3).   
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2.1.5.2 Barnes Maze test 

FIRE+/+ and FIRE∆/∆ mice at 2-4 months of age underwent Barnes Maze testing 

in order to assess their spatial learning, short-term memory encoding, and 

cognitive flexibility. The median age of mice in both genotypes were 

comparable to untrained mice at the time of sacrifice for immunofluorescent or 

electron microscopy analysis: untrained FIRE+/+ and FIREΔ/Δ mice were 118 

days old, trained FIRE+/+ mice were 119 days old, and trained FIREΔ/Δ mice 

were 120 days old.  

The maze consisted of one white circular platform, 91.5 cm in diameter x 115 

cm in height, with 20 circular holes around the circumference (San Diego 

Instruments). A dark escape chamber was placed underneath one of the 

holes, referred to as the target hole. The location of the escape chamber was 

constant for each mouse but was shifted 90° clockwise between consecutive 

mice to prevent confounding olfactory cues. Aversive stimuli were used to 

motivate the mice to locate and enter the escape chamber. This included bright 

lamps and overhead lights (450 lux), which were used to light the maze, and 

once the trial began, a loud white noise stimulus (85 dB) was played and was 

only stopped once the mouse entered the escape chamber. To guide the mice, 

visual cues, consisting of signs of varying shapes and colours, were placed on 

the curtains and walls around the maze.  

At the beginning of each trial, mice were retained within a white holding 

cylinder (diameter 10.5cm). Between each trial, both the maze and the escape 

chamber were cleaned with ethanol to avoid carryover of olfactory cues 

between animals. All trials were recorded using video-based automated 

tracking software Any-Maze (Stoelting Europe; version 4.99). For 6-7 days 

immediately prior to testing, mice were handled by the experimenter for 3-5 

min per day. To allow them to acclimatise to the testing environment, mice 

were brought into the testing room and placed in the holding cylinder for 10 

seconds for 2 days prior to habituation.  

Mice were habituated to the maze and escape chamber 1 day before the start 

of the training phase. Each mouse was placed in the holding cylinder for 10 

seconds and then permitted to freely explore the maze for 3 minutes, with no 
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aversive stimuli. They were then gently guided into the escape chamber and 

remained inside for 1 minute.  

During the training phase (T1-T6), mice were trained to locate and/or enter the 

escape chamber over 6 consecutive days, undergoing 2 trials of maximum 3 

minutes each per day, to assess their spatial learning and memory (Figure 

2.3). The inter-trial interval was 1 hour. The data from the 2 trials per mouse 

were averaged for each training day. The experimenter guided mice into the 

escape chamber if the mouse failed to enter it during the 3-minute trial period. 

To assess spatial learning, the total time taken to locate the escape chamber 

in each trial (‘primary latency’; defined by head entering chamber) was 

measured. To assess spatial working memory, the number of errors made 

prior to locating the escape chamber (‘primary errors’; defined by nose 

deliberately entering a hole with some extension of the head/neck or 

hindpaws) were noted. Total distance travelled and speed during the trials 

were also measured. The exclusion criteria were defined prior to data analysis 

and included: mice must have entered a minimum of 3 quadrants of the maze 

within 2 of the first 5 trials of the training phase i.e., be mobile, and must have 

entered the escape chamber during the first 3 trials. According to these criteria, 

1 wildtype and 1 knockout mouse were excluded from analysis as they refused 

to enter the escape chamber.  
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Figure 2.3. The Barnes Maze training phase. 

Mice must locate and enter a target hole (target hole 1; orange) over six training 
days using visual cues and aversive stimuli to motivate them. 

To assess short-term memory encoding, probe tests were performed 1 h and 

3 days following the final trial (T6). This involved the mouse freely exploring 

the maze for 1 min with the escape chamber removed. To provide a measure 

of their memory of the escape chamber location, the time spent in the target 

quadrant of the maze and the number of nose pokes into each hole by each 

mouse were recorded. 

To evaluate cognitive flexibility, mice underwent the reversal learning phase 

(reversal learning days referred to as RD1-RD3) (Figure 2.4). This involved 

moving the location of the escape chamber 180° from the original target. 

Measurements were taken as above. Three days following the final reversal 

trial (RD3), a memory probe test was also performed as above to assess 

memory in this context.  
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Figure 2.4. The Barnes Maze reversal phase. 

Mice must locate and enter a new target hole (target hole 2; blue), placed 180° from 
the original target (target hole 1; orange). 

2.1.5.3 EdU incorporation 

For EdU labelling, EdU (5-ethynyl-2’-deoxyuridine; Fluorochem) was dissolved 

in the drinking water at a concentration of 0.2 mg/mL and administered to 

FIRE+/+ and FIRE∆/∆ mice for a total period of 14 days, from the end of Trial 

Day 1 until experiment end. The drinking water was changed every other day 

and for each cage, the volume was measured to ensure relatively consistent 

intake by each mouse. 

 

2.1.5.4 Nose poke analysis 

Primary errors were manually calculated by the number of nose pokes made 

by mice into each hole of the Barnes Maze. To quantify this, videos of each 

trial (n=2 per mouse per day) were viewed and when a mouse poked its nose 

into a hole, this was recorded. The criteria for this was that a significant amount 

of its upper body entered the hole it was exploring.  
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2.1.6 Microglia depletion in adulthood 
The CSF1R inhibitor PLX5622 (Chemgood; C-1521)  was formulated into 

chow at a concentration of 1200 ppm (Research Diets Inc.; D11100404i) and 

fed to 2-month-old and 5-month-old FIRE+/+ mice for a period of 1 month, after 

which they were sacrificed for immunofluorescent staining and electron 

microscopy analysis as described above (Sections 2.1.2 and 2.1.4). 

2.1.7 SRI-011381 hydrochloride administration 
 The TGFβ signalling agonist SRI-011381 hydrochloride (HY-100347A, 

Cambridge Bioscience/MedChem Express), dissolved in PBS containing 

DMSO (10%) and PEG300 (40%), was injected intraperitoneally into FIREΔ/Δ 

mice at a dose of 30 mg/kg 3 times per week for 3 weeks (9 injections in total) 

and sacrificed by perfusion. One cohort was perfused for electron microscopy 

analysis with 4% PFA (wt/vol) and 2% glutaraldehyde (vol/vol; TAAB 

Laboratories) in 0.1 M phosphate buffer as previously described (Section 

2.1.4). The other cohort was perfused with ice-cold PBS. For this, the brain 

was rapidly extracted and sliced into 2 mm coronal sections using a brain 

matrix. The slice was divided into 2 hemispheres by the midline of the 2 mm 

section, and the corpus callosum was then dissected from each of these and 

snap-frozen in liquid nitrogen. The left hemisphere section was used for 

lipidomic analysis and the right for western blotting (Figure 2.5). 

 
Figure 2.5. Corpus callosum dissection following SRI administration. 

One cohort was perfused with PBS and brains were rapidly extracted, sliced into 2 
mm sections, and further divided into 2 hemispheres before dissecting the corpus 
callosum for: 1) lipidomic analysis and 2) western blotting. 
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2.1.8 Measuring TGFβ1 levels by ELISA 
Following perfusion with ice-cold 1x PBS, the corpus callosum was dissected 

from 2 mm coronal sections of FIREΔ/Δ and wildtype brains and snap-frozen in 

liquid nitrogen, as above (Figure 2.5), with the exception that the hemispheres 

were not separated. Following homogenisation in RIPA buffer (Millipore; 20-

188) containing phosphatase and protease inhibitors (Sigma-Aldrich; 

4906845001 and 11836170001), corpus callosum lysates were activated to 

release latent TGFβ and levels of TGFβ protein were subsequently measured 

by ELISA (Biolegend; 436707), according to the manufacturer's instructions 

for serum/plasma samples, at a final dilution of 1:10. To detect the total protein 

levels in each sample, a BCA assay was performed, according to the 

manufacturer’s instructions (Thermo Fisher Scientific, 23225), and TGFβ 

protein values for each sample were normalised to this readout. 

 

2.1.9 Western blotting 
Following perfusion with ice-cold 1x PBS, the corpus callosum was dissected 

from 2 mm coronal sections of FIRE+/+ and FIRE∆/∆ brains, snap-frozen in liquid 

nitrogen and homogenised in 1x RIPA buffer containing phosphatase and 

protease inhibitors (Roche), as above. A BCA assay was performed to 

measure total protein according to the manufacturer’s instructions (Thermo 

Fisher Scientific, 23225). Total protein (15 µg) was then separated on 4–12% 

Bis-Tris gels (BioRad) and blotted onto a polyvinylidene difluoride membrane 

for fluorescence applications (PVDF-FL, IPFL 00010, Millipore). Membranes 

were fixed for 30 mins in 4% PFA in TBS and washed 3 times in TBS 

containing Tween (1:1000; 10 min each). Blocking of unspecific antibody 

binding was performed using 1% bovine serum albumin (BSA; w/v) for 1 h at 

room temperature, followed by primary antibody incubation at 4°C overnight. 

Primary antibodies included rabbit anti-phospho SMAD2/3 (pSMAD2/3, 

Abcam, 1:1000; ab272332), rabbit anti-SMAD2/3 (Cell Signalling Technology, 

1:2000; #8685), and mouse anti-GAPDH (Abcam, 1:15,000; ab8245). 

Following 3 washes in TBS containing Tween (1:1000; 10 min), membranes 

were incubated with respective fluorophore-labeled secondary antibodies for 

1 h at RT (LI-Cor Biosciences, IRDye donkey anti-mouse IgG 680, cat. 926-
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68072 and donkey anti-rabbit IgG 800, cat. 926-32213; 1:10,000), washed 3 

times again, allowed to dry in the dark and then imaged on the LI-Cor Odyssey. 

Images were processed using LI-Cor Empiria software (version 2.3) and 

Fiji/ImageJ (Fiji.sc). 

 

2.1.10 Lipidomics 
This was performed by Jeroen Bogie. FIRE+/+ and FIREΔ/Δ corpus callosum 

samples were collected as described above (Section 2.1.8), with the exception 

that the hemispheres were not dissected. The snap-frozen samples were then 

diluted in 700 μl of PBS with 800 μl 1 N HCl:CH3OH 1:8 (v/v), 900 μl ChCl3 

and 200 μg/ml of the antioxidant 2,6-di-tert-butyl-4-methylphenol (BHT; 

Sigma-Aldrich). 3 μl of SPLASH LIPIDOMIX Mass Spec Standard (Avanti 

Polar Lipids) was then added into the mix. Using the Savant Speedvac 

spd111v (Thermo Fisher), the organic fraction was evaporated at room 

temperature, and the remaining lipid pellet was then reconstituted in 100% 

ethanol. Using liquid chromatography electrospray ionization tandem mass 

spectrometry (LC-ESI-MS/MS) on a Nexera X2 UHPLC system (Shimadzu) 

coupled with hybrid triple quadrupole/linear ion trap mass spectrometer 

(6500+ QTRAP system; AB SCIEX), lipid species were analysed. 

Chromatographic separation was performed on a XBridge amide column (150 

mm x 4.6 mm, 3x5 μm; Waters) maintained at 35°C using mobile phase A [1 

mM ammonium acetate in water-acetonitrile 5:95 (v/v)] and mobile phase B [1 

mM ammonium acetate in water-acetonitrile 50:50 (v/v)] in the following 

gradient: (0-6 min: 0% B; 6% B; 6-10 min: 6% B; 25% B; 10-11 min: 25% B; 

98% B; 11-13 min: 98% B;  100% B; 13-19 min: 100% B; 19-24 min: 0% B) at 

a flow rate of 0.7 ml/min, which was subsequently increased to 1.5 ml/min from 

13 minutes onwards. Sphingomyelin (SM) and cholesteryl esters (CE) were 

measured in positive ion mode with a precursor scan of 184.1, 369.4. 

Triglycerides (TG), diglycerides (DG) and monoglycerides were measured in 

positive ion mode with a neutral loss scan for one of the fatty acyl moieties. 

Phosphatidylcholine (PC), phosphatidylethanolamine (PE), 

phosphatidylglycerol (PG), phosphatidylinositides (PI), and 

phosphatidylserines (PS) were measured in negative ion mode by fatty acyl 
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fragment ions. Quantification of lipids was done by scheduled multiple 

reactions monitoring, with the transitions based on the neutral losses or the 

typical product ions as described above. The instrument parameters were as 

follows: Curtain Gas = 35 psi; Collision Gas = 8 a.u. (medium); IonSpray 16 

Voltage = 5500 V and -4500 V; Temperature = 550 °C; Ion Source Gas 1 = 50 

psi; Ion Source Gas 2 = 60 psi; Declustering Potential = 60 V and -80 V; 

Entrance Potential = 10 V and -10 V; Collision Cell Exit Potential = 15 V and -

15 V. Peak integration was performed with the Multiquant TM software version 

3.0.3. Lipid species signals were corrected for isotopic contributions 

(calculated with Python Molmass 2019.1.1) and then quantified based on 

internal standard signals, in adherence to the guidelines of the Lipidomics 

Standards Initiative.  
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2.1.11 Brain dissociation and cell sorting for single-cell RNA 
sequencing 
This was performed by David Munro and Stefan Szymkowiak. Tissue was 

collected from 6-7-week-old mice at the same time of day for each mouse. 

Mice were culled via cervical dislocation and brains were subsequently 

dissected, with removal of the olfactory bulbs and cerebellum. Hippocampi 

from both hemispheres and the remainder of the left hemisphere (without the 

hippocampus) were collected in ice-cold HBSS (w/o Ca2+ and Mg2+; 14175-

053; Gibco) with 5% trehalose (T0167; Sigma Aldrich) and 30 µM actinomycin 

D (A1410; Sigma Aldrich). Tissue was finely minced using a 22A scalpel and 

then digested using the Adult Brain Dissociation Kit (130-107-677; Miltenyi 

Biotec). Dissociation was done according to the “manual dissociation” method 

described in the Neural Tissue Dissociation Kit protocol (130-092-628; Miltenyi 

Biotec), with the exception that erythrocyte and myelin debris removal steps 

were omitted, enzymatic digestion was done at 35°C, half the concentration of 

enzyme P was used, and actinomycin D was added to limit dissociation-

induced transcriptional changes. In addition, to increase cell viability, 5% 

trehalose was added to all buffers, clumps were removed by filtering tissue 

lysates through pre-moistened 70 μm (352350; Falcon) and 40 μm (352340; 

Falcon) cell strainers. All centrifugations were performed at 200 g at 4°C. 

Following dissociation, cells were collected in PBS with 0.2% BSA and then 

sorted on a Sony SH800 cell sorter. Gates were chosen based on forward and 

side scatter to exclude myelin debris, erythrocytes, and cell doublets. Non-

viable cells were excluded based on Draq7 and/or DAPI staining (Draq7high 

and/or DAPIhigh cells were considered non-viable). The viability of cells was 

additionally confirmed via trypan blue staining and a haemocytometer, then 

single cells were processed through the Chromium Single Cell Platform using 

the Chromium Next GEM Single Cell 3’ GEM Library and Gel Bead Kit (v3.1 

chemistry, PN-1000121, 10x genomics) and the Chromium Next GEM Chip G 

kit (PN-1000120), according to the manufacturer’s instructions. Libraries were 

sequenced using the NovaSeq 6000 sequencing system (PE150 [HiSeq], 

Illumina). 
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2.1.12 Pre-processing of sequencing data and single-cell RNA 
sequencing analysis 
This was done by Nadine Bestard-Cuche. Using the 10X Genomics 

CellRanger (v5.0.0) pipeline, with the default mm10 genome supplied by 10X 

Genomics(https://cf.10xgenomics.com/supp/cell-exp/refdata-gex-mm10-

2020-A.tar.gz), alignment to the reference genome, feature counting and cell 

calling was performed. From this, the filtered matrices were then used for 

downstream analyses. Pre-processing was performed on the University of 

Edinburgh's computer cluster Eddie and analyses were performed using R 

version 4.1.1, with SingleCellEXperiment v1.14.1 being used to handle the 

single-cell data in R. Full details to replicate the analysis pipelines described 

below can be found in code scripts available on GitHub 

(https://github.com/Anna-Williams/Veronique-Firemice).  

Cells were filtered using dataset-specific parameters on the basis of genes 

and unique molecular identifiers (UMIs) per cell, the ratio between these two 

parameters, as well as the percentage of mitochondrial gene reads per cell. 

Using the isOutlier function from scater(v1.20.1), thresholds were computed 

as batch 6 was poorer quality compared to other batches, and with outlier 

values, the subset argument was used. Only genes that were detected in at 

least two cells were retained. The data were normalised by deconvolution with 

scran (v1.20.1), and the top 15% highly variable genes were selected. 

Following principal component analysis (PCA), 25 principal components (PCs) 

were selected for downstream analysis, with the cut-off determined using an 

Elbowplot. Batch correction was required, as revealed by non-linear 

dimensionality reduction via Uniform manifold approximation and projection 

(UMAP) and t-distributed stochastic neighbour embedding (t-SNE) and 

variability in gene expression in different batches (computed with scater). This 

was done by mutual nearest neighbours with fastMNN, batchelor (v1.8.0). 

Lastly, a graph-based clustering approach was used to cluster the cells using 

the clusterCells function from scran, with k=60. Clusters with the highest 

expression of mature oligodendrocyte markers (Plp1, Mog, Mag and Mbp) 

which did not express markers of other cell types (for example, astrocyte, 

OPCs or microglia) were subsetted to be analysed separately. Further quality 
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control of cells and genes was then performed by setting a stricter minimum 

UMI count threshold (5000 UMIs) and maximum percentage of mitochondrial 

gene reads per cell (10%). These new thresholds led to the exclusion of a 

small cluster of cells of lower quality and a total of 19,506 genes and 13,583 

cells were taken forward for analysis. The normalisation, feature selection, 

dimensional reduction and batch correction were repeated as described above 

with this subsetted oligodendrocyte dataset. Clustering was performed at 

different resolutions, and after examination with clustree (v0.4.4), k = 100 was 

selected, then merged into four final clusters. Using FindMarkers from Seurat 

(v4.1.0), differential gene expression between cluster 1, which was enriched 

in FIRE∆/∆ mice, and the mean expression of all other cells was performed. 

ShinyCell v2.1.0 was used to produce an interactive app 

(https://annawilliams.shinyapps.io/shinyApp oligos VM/), org.Mm.eg.db 

v3.13.0 was used to annotate genes, ggplot2 v3.3.5 was used to create 

custom plots, here v1.0.1 was used to ensure reproducible paths, and Matrix 

v1.3.4 was used for handling sparse matrices. 

2.2 Human 

2.2.1 Patient information 
Adult-onset Leukoencephalopathy with axonal Spheroids and Pigmented glia 

(ALSP) patient and control (who died of non-neurological causes) tissue 

(Table 3) were acquired with full ethical approval from the Queen Square Brain 

Bank for Neurological Disorders, UCL Queen Square Institute of Neurology, 

from the Department of Neuropathology at Charité-Universitätsmedizin Berlin 

(ALSP only) and from the Medical Research Council Edinburgh Brain and 

Tissue Bank  (EBTB) (control only). The use of the tissue was in agreement 

with the terms of the informed consents for use of donor tissue and 

information. The National Health Service Health Research Authority, through 

the London Central Research Ethics Committee, gave ethical approval to the 

Queen Square Brain Bank for the use of the tissue and use also approved by 

the respective ethical review boards in Berlin and Edinburgh. ALSP diagnosis 

was established via identification of CSF1R mutations combined with 

neuropathology analyses, and clinical history was provided by Dr Zane 

Jaunmuktane (University College London).  



 
 

74 
 

 

 
Table 3. ALSP patient and age-matched control clinical information. 

IHC: Immunohistochemistry; EM: electron microscopy; ALSP: Adult-onset 
Leukoencephalopathy with axonal Spheroids and Pigmented glia; N/A: not 
applicable; M: male; F: female. 

2.2.2 Immunofluorescent staining of human tissue 
Following cutting of formalin-fixed paraffin embedded (FFPE) tissue blocks, 10 

μm frontal white matter sections were placed in the oven at 60°C for 10 min. 

Deparaffinisation was achieved by a series of washes in HistoClear solution 

(2x 10 mins) and ethanol (100% 2x, 95%, 70%, 50%) for 5 mins each. 

Following PBS washes for 3x 5 min, slides were placed in Vector unmasking 

solution in a pressure cooker for 20 min, cooled and washed in PBS once. 

Slides were blocked with 5% normal horse serum (GIBCO) and 0.3% Triton-

X-100 (Fisher Scientific) in PBS for 1 h at room temperature, then incubated 

with primary antibodies diluted in blocking solution in a humid chamber 

overnight at 4°C. The next day, following 3x 5 min PBS washes, sections were 

incubated with fluorescently conjugated secondary antibodies diluted in 

blocking solution (1:500, Life Technologies-Molecular Probes) in a humid 

chamber for 2 h at room temperature. After washes in PBS and then distilled 

water (5 min each), the sections were counterstained with Hoechst (10 min) 

then washed again with distilled water (20 min). Slides were coverslipped with 

Fluoromount-G (Southern Biotech). Primary antibodies included α-IBA1 
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(Abcam, 1:500; ab5076) and α-LYVE1 (Abcam, 1:100; ab14917) (Table 2). A 

Zeiss AxioScan Z.1 SlideScanner was used to image the entire tissue 

sections, which were then analysed using Zeiss Zen2 software (blue edition). 

Per region of interest (n=3) in each case, three imaging fields of 150 μm × 150 

μm were counted. These were then multiplied to obtain density of positive cells 

per mm2.  

For staining of TGFβR1, OLIG2 and SERPINA3 in human tissue, sections 

were washed in Tris-buffered Saline (TBS) with 0.001% Triton X-100 (Sigma), 

then microwaved in pre-heated antigen unmasking solution (pH6 citrate buffer, 

Vector Laboratories, diluted in distilled water at 1:100) for 10 min and heated 

in the oven at 60 ̊C for 30 min. After cooling for 10 min, sections were washed 

once with TBS and 0.001% Triton X-100 for 5 min, and endogenous 

phosphatase and peroxidase activity was blocked with Bloxall (Vector) for 10 

min (6 drops). Sections were then blocked for 1 h with 10% Heat Inactivated 

Normal Horse Serum (Gibco) and 0.5% Triton X-100 in TBS at room 

temperature. Primary antibody diluted in blocking solution was applied 

overnight in a humid chamber at 4 C̊. Antibodies were α-TGFβR1 (Abcam, 

1:100; ab31013), α-OLIG2 (Millipore, 1:100; MABN50) and SERPINA3/AACT 

(Abcam, 1:100; ab205198) (Table 2). Following 3 washes (5 min each) in TBS 

with 0.001% Triton X-100, sections were incubated with a peroxidase-

conjugated secondary antibody (Vector; 6 drops) in a humid chamber for 1 h 

at room temperature. Following 3 further washes (5 min), sections were 

incubated with Opal 520, 570 or 650 (Akoya) at 1:100 in 1x Plus Amplification 

Diluent (Akoya) for 10 mins in a humid chamber at room temperature, washed 

3 times (5 min each) with TBS with 0.001% Triton X-100. For co-staining, and 

residual peroxidase activity was quenched by again applying Bloxall (Vector) 

for 10 mins, sections were washed 3 times in TBS with 0.001% Triton X-100 

and another primary antibody was then applied and developed using a 

peroxidase-conjugated secondary antibody and Opal 520, 570 or 650 (Akoya) 

at 1:100 in 1x Plus Amplification Diluent as described above. This was 

repeated again for the final primary antibody application. Following a wash in 

TBS only, the sections were counterstained with Hoechst (1:10,000) for 10 

min, washed in TBS 3x 5min and then mounted with Fluoromount-G 
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(Invitrogen). Sections were imaged using a Zeiss AxioScan Z.1 SlideScanner 

and  Leica SPE confocal microscope. Per region of interest (n=3) in each case, 

three imaging fields of 150 μm × 150 μm were counted. These were then 

multiplied to determine density of positive cells per mm2. 

 

2.2.3 Electron microscopy of human tissue 
ALSP samples were processed by Carsten Dittmayer and control tissue 

processed by Jamie Rose. As previously described (242), ALSP frontal white 

matter tissue samples were fixed in 2.5% glutaraldehyde and 0.1M sodium 

cacodylate buffer for 48 h at 4°C, then post-fixed in 1% osmium tetroxide in 

0.05M sodium cacodylate buffer for 3 h. Sections were subsequently 

dehydrated in a graded acetone series including en bloc staining with 1% 

uranyl acetate and 0.1% phosphotungstic acid in the 70% acetone step for 60 

min, then embedded in araldite resin. Ultrathin sections with virtual absence 

of limiting artefacts were prepared and entirely digitised using a Zeiss Gemini 

300 scanning electron microscope with a scanning transmission electron 

microscopy (STEM) (243). Briefly, 29 kV acceleration voltage, 5 nm pixel size 

and 1.5 µs beam dwell time were used for digitisation and Fiji/TrakEM2 was 

used for stitching to allow for in-depth analysis via QuPath 0.3.0. For control 

tissue, ultrathin sections were processed as above (Section 2.1.4); these were 

stained with uranyl acetate and lead citrate and imaged with a JEOL 

Transmission Electron Microscope.  
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2.3 Statistics 
All manual cell counts were performed in a blinded manner. Data are 

represented as mean ± s.e.m., unless otherwise stated. All images are 

representative of the data and all experiments which were independently 

repeated 3 times; precise sample sizes are described in the figure legends of 

the respective graphs of quantification. Before running statistical tests, data 

were assessed for normality of distribution using the Shapiro-Wilk test. 

Statistical tests used included the 2-tailed Student’s t-test for normally 

distributed data or the Mann–Whitney test for non-parametric data, 2-way 

ANOVA with Sidak’s multiple comparisons test for comparing more than 2 

groups, and one-sample t-test for comparison of Log2 fold change to a value 

of 0. For all proportion graphs, a 1-way ANOVA with Tukey’s multiple 

comparisons test was used. Repeated measures 2-way ANOVA with Sidak’s 

multiple comparisons test was used for the Barnes Maze analysis of primary 

latency and primary errors. Prior to testing for inter-group differences in the 

probe tests data from the Barnes Maze, each genotype was tested against 

chance (25%) using a one-sample t-test. Slopes of myelin and inner tongue 

thickness versus axon diameter were compared using simple linear regression 

analysis and the Kruskal-Wallis with Dunn’s multiple comparisons test when 

comparing more than 2 groups. P < 0.05 was considered to be statistically 

significant. Data handling and statistical analyses were performed using 

Microsoft Excel and GraphPad Prism Software. 
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Chapter 3: The effects of the absence of microglia on 
glia, oligodendrogenesis and myelination 
3.1 Introduction 
Microglia have been recently implicated in instructing oligodendrogenesis and 

developmental myelination. A number of studies have identified microglial 

states that appeared in the white matter during development (25, 187, 188, 

194). Wlodarczyk et al. discovered a transient white matter-associated 

microglia state defined by its expression of the integrin CD11c (Itgax), which 

peaked at postnatal day 3 (P3) (194). Hagemeyer et al. also found that a 

transient microglial population with an amoeboid morphology appeared in the 

white matter during the postnatal period from P1 to P8, characterised by its 

expression of Mac3 (LAMP2, CD107b), an activation marker (25). Hammond 

et al. and Li et al. also later identified white matter microglial states 

predominant during the first postnatal week, characterised by their expression 

of genes such as Spp1, Gpnmb, Igf1, Itgax, Clec7a and Apoe (187, 188). 

The attribution of functional roles in myelination to microglia were largely 

based on studies where loss of function of the CSF1R, responsible for 

microglia/macrophage development and survival, induced depletion of 

microglia, either congenitally or conditionally. 

Erblich et al. showed that in 3-week-old Csfr1-/- mice, which had >99% 

depletion of microglia/macrophages, brain development was severely 

perturbed, with enlarged ventricles and an absence of the corpus callosum 

and consequently, a reduction in MBP+ staining. The number of NogoA+ 

oligodendrocytes was also reduced by ∼50% in the cerebral cortex, while 

there was an increase in GFAP+ astrocytes in the same region. Interestingly, 

no neuronal loss, as assessed by NeuN staining, was observed (26). 

Hagemeyer et al. also used the Csfr1-/- mice and the CSF1R inhibitor BLZ945 

to show that microglia/macrophages are required for OPC maintenance, 

oligodendrogenesis and myelination, in a region- and age-dependent manner. 

OPCs (PDGFRα+) and mature oligodendrocytes (CC1+) were significantly 

decreased in the corpus callosum at P20 in Csfr1-/- mice, and in mice treated 

with BLZ945 during the first postnatal week, an almost complete depletion of 
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microglia/macrophages (CX3CR1+) led to a reduction in OPC number at P8, 

but not P20, in the corpus callosum and cerebellum, and in mature 

oligodendrocytes in both areas at P20. There were regional differences at play 

as OPC numbers were intact in the cortex of Csfr1-/- mice and 

microglia/macrophage numbers didn’t recover in the cerebellar white matter 

by P20 following BLZ945 treatment, unlike those in the corpus callosum. 

However, myelination was perturbed in both the cerebellum and corpus 

callosum, with a reduction in myelin protein levels (PLP and MBP) and in the 

number of myelinated axons in the corpus callosum. There was no difference 

in myelin thickness (as assessed by g-ratio) and interestingly, myelination 

recovered by P40-42. In contrast to the findings of Erblich et al., no changes 

in astrocyte number (SOX9+) were observed, but similar to this study, there 

was no neuronal loss in the cortex. Strikingly, a 7-day depletion of 

microglia/macrophages in young adult mice (6-10 weeks old) caused a 

significant reduction in OPCs but had no impact on mature oligodendrocytes 

or myelin protein levels in the corpus callosum (25), implying that 

microglia/macrophages do not regulate myelin health in adulthood. 

Together, these studies indicated that microglia/macrophages are active 

players in oligodendrogenesis and developmental myelination and suggested 

that they are not involved in the maintenance of myelin in adulthood. 

However, the impact of the specific depletion of microglia, without potentially 

confounding depletion of other CNS-resident macrophages, on myelin health 

in development and adulthood is unknown. 
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3.2 Aims 
Preliminary data from the FIRE∆/∆ mice in the study by Rojo et al. surprisingly 

indicated that myelin does form in the corpus callosum of young mice, as 

staining for Luxol Fast Blue (LFB) showed no difference between wildtype and 

FIRE∆/∆ mice. However, oligodendrogenesis and oligodendrocyte 

differentiation were not assessed in this study. In addition, although showing 

no differences, astrocyte numbers (GFAP+) were only assessed in the 

hippocampus, striatum, olfactory bulbs, and cerebellum, and border-

associated macrophages were only assessed in whole brain homogenates 

(CD45hi CD11b+) and in the choroid plexus and meninges (CD169+ IBA1+). 

Microglia (P2RY12+ IBA1+) were shown to be absent in the hippocampus and 

border regions. Finally, most of the analyses were undertaken in adult mice 

(≥2 months), which would miss any potential developmental differences which 

could have resolved by this time (171). Rojo et al. thus performed a gross 

analysis of brain health in adult FIRE∆/∆ mice deficient in microglia.  

As perivascular macrophages (PVMs) are present in FIRE∆/∆ mice and the 

white matter is highly vascularised, these cells could conceivably be involved 

in myelination. I therefore sought to examine white matter health in FIRE∆/∆ 

mice in more detail, focussing the majority of my analysis on the largest white 

matter tract in the brain, the corpus callosum. My hypothesis was that 

myelination and oligodendrogenesis would be impaired in the specific absence 

of microglia. 

My main objectives were: 

1. To confirm the absence of microglia and retention of perivascular 

macrophages in the developing corpus callosum. 

2. To assess astrocyte numbers and overt axonal health in the absence 

of microglia in the developing corpus callosum. 

3. To determine the impact of microglial absence on oligodendrogenesis 

and myelination in the developing white matter. 
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3.3 Results  

3.3.1 Microglia are not present in the developing corpus callosum of the 
FIRE∆/∆ mice, but perivascular macrophages remain 
To confirm the absence of microglia in the FIRE∆/∆ white matter, I first 

immunostained for the microglial marker TMEM119 (green) in the corpus 

callosum of 1-month-old mice, the time by which developmental myelination is 

well underway (Figure 3.1). While TMEM119+ cells (HOECHST+) were 

abundant in the FIRE+/+ corpus callosum, there was a complete absence of 

these cells in the FIRE∆/∆ mice. Next, I assessed the presence of all CNS 

macrophages, encompassing both microglia and border-associated 

macrophages (BAMs), by staining for IBA1 (magenta). Again, this revealed an 

abundance of IBA1+ cells (HOECHST+) in the corpus callosum of FIRE+/+ mice, 

whilst there were only two positive cells present in that of FIRE∆/∆ mice, which 

likely represented perivascular macrophages. 

 
Figure 3.1. Microglia are absent in the corpus callosum of FIRE∆/∆ mice at 1 month. 

Representative images of microglia (TMEM119+; green and IBA1+; magenta) in the 
corpus callosum of FIRE+/+ and lack of microglia in FIRE∆/∆ mice at 1 month of age, 
counterstained with HOECHST (blue). n=5 mice per group. Scale bar, 25 µm. 
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Next, I examined the presence of perivascular macrophages in the corpus 

callosum more specifically. I first stained for CD206, a marker expressed by 

perivascular macrophages and astrocytes (151, 192, 244, 245), but usually 

not by microglia under homeostatic conditions (246). Perivascular 

macrophages, as their name indicates, are found in association with blood 

vessels, so I co-stained for CD31, an endothelial cell marker (Figure 3.2). 

Although astrocytes are also often found in proximity to blood vessels, 

perivascular macrophages have a distinct morphology, being small cells with 

an elongated morphology, indicated by the blue arrows (Figure 3.2A and B). 

Quantifying the number of CD206+ cells (Figure 3.2C) indicated there was no 

difference between FIRE+/+ and FIRE∆/∆.  

 
Figure 3.2. CD206+ cells are present in the corpus callosum of FIRE∆/∆ mice at 1 
month of age. 

A. Representative images of CD206+ cells (magenta), encompassing perivascular 
macrophages, in association with blood vessels (CD31+; white), indicated by the 
blue arrows, in FIRE+/+ and FIREΔ/Δ mouse corpus callosum at 1 month of age. Scale 
bar, 25 μm.  
B. Magnified images from dotted outline in (A) of CD206+ cells (magenta) in 
association with blood vessels (CD31+; white) in FIRE+/+ and FIRE∆/∆ mice. Scale bar, 
25 µm. 
C. Mean CD206+ cells per mm2 ± s.e.m. in FIRE+/+ mice (green) and FIREΔ/Δ mice 
(magenta). n=5 mice per group. Non-significant, P=0.9841, Mann Whitney test. 
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However, as this could be confounded by astroglial expression of CD206, I 

next looked at a more specific perivascular macrophage marker, LYVE1, co-

stained with the pan-macrophage marker IBA1 (Figure 3.3). IBA1 staining 

again revealed a high presence of these cells in the corpus callosum of FIRE+/+ 

mice, but only a few were evident in the corpus callosum of FIRE∆/∆ mice 

(Figure 3.3A). Importantly, all IBA1+ cells in FIRE∆/∆ mice co-expressed LYVE1 

(Figure 3.3A and B). Quantification of the number of LYVE1+ IBA1+ cells 

revealed no differences between FIRE+/+ and FIRE∆/∆ mice (Figure 3.3C), 

confirming that perivascular macrophages were present in equal numbers in 

FIRE∆/∆ mice at 1 month of age. 

 
Figure 3.3. Perivascular macrophages are present in the corpus callosum of FIRE∆/∆ 

mice at 1 month of age. 

A. Representative images of all CNS macrophages (IBA1+; magenta) and 
perivascular (PV) macrophages (LYVE1+; white) in FIRE+/+ and FIRE∆/∆ mice. Scale 
bar, 75 µm.  
B. Magnified images from dotted outline in (A) of IBA1+ LYVE1+ perivascular 
macrophages in FIRE+/+ and FIRE∆/∆ mice. Scale bar, 25 µm. 
C. Mean LYVE1+ IBA1+ cells per mm2 ± s.e.m. in FIRE+/+ mice (green) and FIREΔ/Δ 

mice (magenta). n=7 mice per group. Non-significant, P=0.1411, 2-tailed unpaired 
Student’s t-test. 
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3.3.2 Perivascular macrophages are sustained into adulthood despite 
reduced expression of CSF1R 
While the numbers of perivascular macrophages were unchanged in the 

FIRE∆/∆ corpus callosum, it is possible that their function was impacted. CSF1R 

is a homeostatic marker of macrophages and responsible for their proliferation 

and survival (145). As FIRE is a super-enhancer of the Csf1r gene, its deletion 

could impact CSF1R levels in vivo. Indeed, Rojo et al. demonstrated that FIRE 

was required for CSF1R expression in the RAW 264.7 macrophage cell line 

(171).  

To assess CSF1R expression on non-microglial myeloid cells, which includes 

BAMs, in the brain at ~2 months of age, flow cytometry analysis was performed 

by David Munro in Josef Priller’s lab. Non-microglial myeloid cells were sorted 

based on their expression of CD11b and CD45 (CD11b+ CD45hi) (Figure 

3.4A). The mean fluorescence intensity (MFI) of CSF1R in non-microglial 

myeloid cells was significantly reduced in FIRE∆/∆ mice compared to FIRE+/+ 

mice (mean ± s.e.m.: 597.2 ± 64.76 versus 5593 ± 554.5) (Figure 3.4B and C). 

This indicates there was a reduction in CSF1R expression in other myeloid 

cells in the FIRE∆/∆ mice. However, given this was assessed in whole brain 

homogenates, it is difficult to conclude the specific impact on the BAMs in the 

white matter. 
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Figure 3.4. CSF1R expression is reduced in non-microglial myeloid cells, including 
BAMs. 

Experiment and analysis performed by David Munro. 
A. Flow cytometry gating strategy for assessment of non-microglial myeloid cells 
(including BAMs; CD11b+ CD45hi) from whole brain at 10-11 weeks of age. 
B. Intensity of expression of CSF1R in FIRE+/+ and FIREΔ/Δ mice in CD11b+CD45lo 
microglia (MG) versus CD11b+CD45hi myeloid cells. 
C. Mean Fluorescence Intensity (MFI) of CSF1R ± s.e.m. in non-microglial myeloid 
cells (including BAMs) in FIRE+/+ mice (green) and FIREΔ/Δ mice (magenta). n=4-5 
mice per group. ****P<0.0001, 2-tailed unpaired Student’s t-test.  

Nevertheless, to determine whether reduced CSF1R expression at 2 months 

of age would impact PVM number and/or function in the corpus callosum later 

in adulthood, I next stained for LYVE1 and CD68, a lysosomal marker which 

is highly expressed by PVMs due to their phagocytic function (247) (Figure 

3.5). At both 3-4 months and 6 months of age, there was no difference in the 

number of LYVE1+ CD68+ cells between FIRE+/+ and FIRE∆/∆ mice (Figure 3.5A 

and B). However, the density of PVMs may decrease slightly with age, as there 

were less cells present at 6 months compared to 3-4 months in both 

genotypes.  
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Figure 3.5. Perivascular macrophages remain in the corpus callosum of adult 
FIRE∆/∆ mice. 

A. Representative images of perivascular macrophages (LYVE1+ CD68+) at 3-4 
months of age in FIRE+/+ and FIREΔ/Δ mouse corpus callosum. Scale bar, 75 µm. 
Mean density of LYVE1+ CD68+ cells per mm2 ± s.e.m. in FIRE+/+ mice (green) and 
FIREΔ/Δ mice (magenta). n=4-5 mice per group. Non-significant, P>0.9999, 2-tailed 
unpaired Student’s t-test.  
B. Representative images of perivascular macrophages (LYVE1+ CD68+) at 6 
months of age in FIRE+/+ and FIREΔ/Δ mouse corpus callosum. Scale bar, 25 µm. 
Mean density of LYVE1+ CD68+ cells per mm2 ± s.e.m. in FIRE+/+ mice (green) and 
FIREΔ/Δ mice (magenta). n=3-5 mice per group. Non-significant, P=0.7698, 2-tailed 
unpaired Student’s t-test.  
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3.3.3 The absence of microglia does not impact astrocyte numbers and 
overt axonal integrity in development 
As one previous study observed an increase in astrocytes in the absence of 

microglia in Csf1r-/- mice (26), yet astrocytes were not increased in number in 

the hippocampus, striatum, olfactory bulbs, and cerebellum of FIRE∆/∆ mice 

(171), I sought to examine astrocyte numbers in the FIRE∆/∆ white matter. By 

co-staining for the astrocyte markers SOX9 and GFAP, I observed no 

difference in astrocyte densities in the FIRE∆/∆ corpus callosum at 1 month of 

age (Figure 3.6A-B). This shows that astrocytes did not change in number in 

the absence of microglia. 

 
Figure 3.6. No change in astrocyte numbers in the absence of microglia. 

A. Representative images of astrocytes (SOX9+; green; GFAP+; magenta) in FIRE+/+ 
and FIREΔ/Δ mice at 1 month of age in the corpus callosum. Scale bar, 75 μm. Inset 
shows magnified view of double positive cells. Scale bar, 25 μm.  
B. Mean SOX9+ GFAP+ cells per mm2 ± s.e.m. in FIRE+/+ mice (green) and FIREΔ/Δ 

mice (magenta). n=5 mice per group. Non-significant, P=0.4799, 2-tailed unpaired 
Student’s t-test.  

Next, I investigated gross axonal integrity by immunostaining for neurofilament 

(NF), an axonal protein (Figure 3.7A). While some FIRE∆/∆ mice had an 

increase in the mean pixel intensity of NF staining, there was overall no 

significant difference in the level of staining between FIRE+/+ and FIRE∆/∆ mice 

(Figure 3.7B), suggesting no obvious disruption to axonal health in the 

absence of microglia. 
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Figure 3.7. Overt axonal integrity is unperturbed in the absence of microglia. 

A. Representative images of neurofilament (NF; green) in FIRE+/+ and FIREΔ/Δ corpus 
callosum at 1 month of age. Scale bar, 75 μm.  
B. Mean pixel intensity of NF ± s.e.m. in FIRE+/+ mice (green) and FIREΔ/Δ mice 
(magenta). n=5-6 mice per group. Non-significant, P=0.4623, 2-tailed unpaired 
Student’s t-test.  

 

3.3.4 Oligodendrogenesis and oligodendrocyte differentiation proceed 
in the absence of microglia 
The key question to address was the impact of microglial deficiency on 

oligodendrogenesis and oligodendrocyte differentiation, given that previous 

studies showed a deficit in these processes following microglia/macrophage 

depletion (25, 26). To assess this, I stained for OLIG2, a pan oligodendrocyte 

lineage marker, and CC1, a mature oligodendrocyte marker, in the corpus 

callosum of FIRE+/+ and FIRE∆/∆ mice (Figure 3.8A). Surprisingly, there was no 

difference in either the number of OLIG2+ CC1+ cells (Figure 3.8B) nor the 

proportion of oligodendrocytes (OLIG2+) expressing CC1 (Figure 3.8C) in the 

FIRE∆/∆ corpus callosum compared to FIRE+/+. This indicates that there is no 

deficit in either oligodendrogenesis or oligodendrocyte differentiation in the 

specific absence of microglia. 



 
 

89 
 

 
Figure 3.8. Microglia are not required for oligodendrocyte maturation. 

A. Representative images of mature oligodendrocytes (OLIG2+; green; CC1+; white) 
in FIRE+/+ and FIRE∆/∆ corpus callosum at 1 month of age. Inset shows magnified 
view of double-positive cells. Scale bar, 75 µm. 
B. Mean OLIG2+ CC1+ cells per mm2 ± s.e.m. in FIRE+/+ mice (green) and FIREΔ/Δ 

mice (magenta). n=7 mice per group. Non-significant, P=0.1990, 2-tailed unpaired 
Student’s t-test. 
C. Mean proportion of cells of the oligodendrocyte lineage (OLIG2+) which are 
mature (CC1+; black) or immature (CC1-; grey) ± s.e.m. n=7 mice per group. Non-
significant, CC1+: P=0.9472; CC1-: P=0.9472, 1-way ANOVA with Tukey’s multiple 
comparisons test. 
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3.3.5 Oligodendrocyte organisation is disrupted in the absence of 
microglia 
Oligodendrocytes usually arrange into ‘strings’ along an axon; a string consists 

of several cells in alignment and in close association with each other, likely so 

they can communicate and coordinate as they extend their myelin sheaths. 

Although there was no difference in the number or proportion of mature 

oligodendrocytes in FIRE∆/∆ mice, I observed that they appeared disorganised 

(Figure 3.9A). When I quantified the number of oligodendrocyte strings (>3 

OLIG2+ CC1+ cells in alignment), there was a significant reduction in FIRE∆/∆ 

compared to FIRE+/+ mice (Figure 3.9B). Additionally, in any strings that were 

present, there was a significant increase in the average distance between 

oligodendrocytes in FIRE∆/∆ mice (Figure 3.9C). Together, these findings show 

that mature oligodendrocyte organisation is perturbed in the absence of 

microglia and may indicate a disruption in inter-oligodendrocyte 

communication in this context. 

 
Figure 3.9. Oligodendrocyte organisation is disrupted in the absence of microglia. 

A. Representative images of mature oligodendrocyte strings (OLIG2+; green; CC1+; 
white) in FIRE+/+ and FIRE∆/∆ corpus callosum at 1 month of age. Scale bar, 75 µm. 
B. Mean number of OLIG2+ CC1+ strings (>3 cells in alignment) per mm2 ± s.e.m. in 
FIRE+/+ mice (green) and FIREΔ/Δ mice (magenta). n=5 mice per group. *P=0.0317, 
Mann Whitney test. 
C. Mean distance between OLIG2+ CC1+ cells within strings (>3 cells in alignment) 
per mm2 ± s.e.m. in FIRE+/+ mice (green) and FIREΔ/Δ mice (magenta). n=5 mice per 
group. *P=0.0162, 2-tailed unpaired Student’s t-test. 
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3.3.6 Oligodendrocyte precursor cells are decreased in the absence of 
microglia 
Oligodendrocyte precursor cells (OPCs) have been shown to be reduced in 

other CSF1R depletion models (25, 26). While there was no difference in the 

number of OLIG2+ CC1- cells in FIRE∆/∆ mice, which encompasses OPCs and 

other intermediate oligodendrocyte lineage cells (Figure 3.8), I sought to 

investigate OPC number more specifically by staining for OLIG2 and OLIG1, 

which has nuclear expression in OPCs (Figure 3.10A). Quantification of the 

number OLIG2+ cells with nuclear expression of OLIG1 revealed that there 

was a significant reduction in the number of OPCs in FIRE∆/∆ corpus callosum 

at 1 month of age (Figure 3.10B). This could be due to a compensatory 

increase in oligodendrocyte differentiation in the absence of microglia. 

However, as there was no difference in the proportion of OLIG2+ CC1- cells in 

FIRE∆/∆ mice, this may also indicate an increase in intermediate 

oligodendrocyte lineage cells occurs when microglia are absent, as previously 

suggested (25).  

 
Figure 3.10. Oligodendrocyte precursor cell number reduced in the absence of 
microglia. 

A. Representative images of oligodendrocyte precursor cells (OLIG2+; white; 
OLIG1+; magenta) in FIRE+/+ and FIRE∆/∆ corpus callosum at 1 month of age. Scale 
bar, 75 µm. 
B. Mean OLIG2+ OLIG1+ cells per mm2 ± s.e.m. in FIRE+/+ mice (green) and FIREΔ/Δ 

mice (magenta). n=3 mice per group. *P=0.0488, 2-tailed unpaired Student’s t-test. 

Overall, while oligodendrogenesis and oligodendrocyte differentiation proceed 

in the corpus callosum of microglia-deficient FIRE∆/∆ mice, oligodendrocyte 
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organisation and OPC numbers are disrupted. This raises the question as to 

the impact on developmental myelination in the absence of microglia.   

3.3.7 Myelination proceeds in the absence of microglia 
To assess myelination in the FIRE∆/∆ mice, I first stained for the myelin proteins 

MAG and MBP, the latter being a mature myelin protein, in the corpus 

callosum (Figure 3.11A). Surprisingly, there was abundant MAG and MBP 

evident in both FIRE+/+ and FIRE∆/∆ mice, and quantification of the mean pixel 

intensity of both stains revealed no difference in the level of staining between 

the genotypes (Figure 3.11B and C). Interestingly, although not significant, 

there appeared to be a trend towards increased MBP staining intensity in the 

FIRE∆/∆ corpus callosum (Figure 3.11C). Together, these data show that, in 

contrast to previous studies of microglial depletion (25, 26), myelination 

proceeds in the absence of microglia. This is consistent with the lack of 

deficient oligodendrocyte differentiation I observed in FIRE∆/∆ mice (Figure 

3.8). 

To validate these findings, I stained for additional mature myelin proteins, 

CNPase, MOG and PLP (Figure 3.11D-F). Quantification of the mean pixel 

staining intensity of each of these myelin proteins showed that there was again 

no difference between FIRE+/+ and FIRE∆/∆ mice, confirming that 

developmental myelination proceeds in the absence of microglia (Figure 

3.11D-F). 
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Figure 3.11. Myelination proceeds in the corpus callosum in the absence of 
microglia. 

A. Representative images of myelin proteins MAG (green) and MBP (magenta) in 
FIRE+/+ and FIREΔ/Δ corpus callosum at 1 month of age. Scale bar, 25 µm. 
B. Mean pixel intensity of MAG ± s.e.m. in FIRE+/+ mice (green) and FIREΔ/Δ mice 
(magenta). n=5 mice per group. Non-significant, P=0.6482, 2-tailed unpaired 
Student’s t-test.  
C. Mean pixel intensity of MBP ± s.e.m. in FIRE+/+ mice (green) and FIREΔ/Δ mice 
(magenta). n=5 mice per group. Non-significant, P=0.1097, 2-tailed unpaired 
Student’s t-test. 
D. Representative images of myelin protein CNPase (white) in FIRE+/+ and FIREΔ/Δ 

corpus callosum at 1 month of age. Scale bar, 75 µm. Mean pixel intensity of 
CNPase ± s.e.m. in FIRE+/+ mice (green) and FIREΔ/Δ mice (magenta). n=5 mice per 
group. Non-significant, P=0.9758, 2-tailed unpaired Student’s t-test.  
E. Representative images of myelin protein MOG (white) in FIRE+/+ and FIREΔ/Δ 

corpus callosum at 1 month of age. Scale bar, 75 µm. Mean pixel intensity of MOG ± 
s.e.m. in FIRE+/+ mice (green) and FIREΔ/Δ mice (magenta). n=5 mice per group. Non-
significant, P=0.5699, 2-tailed unpaired Student’s t-test. 
F. Representative images of myelin protein PLP (white) in FIRE+/+ and FIREΔ/Δ 

corpus callosum at 1 month of age. Scale bar, 75 µm. Mean pixel intensity of PLP ± 
s.e.m. in FIRE+/+ mice (green) and FIREΔ/Δ mice (magenta). n=5 mice per group. Non-
significant, P=0.4551, 2-tailed unpaired Student’s t-test. 

It is possible that any subtle differences in myelination could be missed by 

immunofluorescence analysis. To evaluate myelin in the corpus callosum at 

the ultrastructural level, I undertook electron microscopy analysis, which 

allows assessment of cross-sectioned myelinated axons (Figure 3.12A). 

Through this analysis, I observed no difference in the total number of 

myelinated axons between FIRE+/+ and FIRE∆/∆ mice (Figure 3.12B).  

The corpus callosum consists of myelinated axons of varying size or diameter, 

ranging from small (<0.3µm) to large (>1µm). When I grouped axons into ‘bins’ 

based on their diameter and quantified the number of myelinated axons in 

each bin, there was again no difference in the number of myelinated axons 

between FIRE+/+ and FIRE∆/∆ mice (Figure 3.12C). Together, these results 

indicate that there is no deficit in initial myelin ensheathment in the corpus 

callosum of mice deficient in microglia. 



 
 

95 
 

 
Figure 3.12. Number of myelinated axons in the corpus callosum unchanged in the 
absence of microglia. 

A. Representative images of the corpus callosum of FIRE+/+ and FIREΔ/Δ mice 
imaged by electron microscopy, showing cross-sections through axons 
(grey/white) surrounded by myelin (black). Scale bar, 1 µm. 
B. Mean number of myelinated axons per mm2 ± s.e.m. in the corpus callosum of 
FIRE+/+ mice (green) and FIREΔ/Δ mice (magenta). n=3-4 mice per group. Non-
significant, P=0.5216, 2-tailed unpaired Student’s t-test. 
C. Mean number of myelinated axons in the corpus callosum of FIRE+/+ mice (green) 
and FIREΔ/Δ mice (magenta) per axon diameter group (<0.3, 0.3-0.4, 0.4-0.5, 0.5-1.0, 
>1.0 µm). n=3-4 mice per group. Non-significant, from <0.3 to >1.0 µm: P>0.9999; 
P=0.9996; P>0.9999; P=0.9978; P=0.9244, respectively, 2-way ANOVA with Sidak’s 
multiple comparisons test. 

To determine whether there are any regional differences in myelination in 

FIRE∆/∆ mice, I next stained for MAG and MBP in the white matter of the 

cerebellum, an early myelinating region in the brain (Figure 3.13A). 

Quantification of mean pixel intensity showed there was also no difference in 

the level of staining between FIRE+/+ and FIRE∆/∆ mice in this region (Figure 

3.13B and C). This indicates that developmental myelin formation also 

proceeds in this region, contrary to previous findings (25). 
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Figure 3.13. Myelination proceeds in the cerebellum in the absence of microglia. 

A. Representative images of MAG (green) and MBP (magenta) in FIRE+/+ and FIREΔ/Δ 

cerebellum at 1 month of age. Scale bar, 75 μm.  
B. Mean pixel intensity of MAG ± s.e.m. in FIRE+/+ mice (green) and FIREΔ/Δ mice 
(magenta). n=5 mice per group. Non-significant, P=0.5462, 2-tailed unpaired 
Student’s t-test.  
C. Mean pixel intensity of MBP ± s.e.m. in FIRE+/+ mice (green) and FIREΔ/Δ mice 
(magenta). n=5 mice per group. Non-significant, P=0.3067, 2-tailed unpaired 
Student’s t-test. 

Finally, I assessed the myelin proteins MBP and CNPase in the upper layers 

of the cortex, a less densely myelinated region which allows visualisation of 

individual sheaths on axons and which has been previously shown to have 

deficient myelination following microglia depletion (25, 26) (Figure 3.14A). As 

this is a less densely myelinated region, I measured the percentage area of 

staining, rather than staining intensity. I found there was a significant reduction 

in the percentage area of MBP staining (Figure 3.14B), while there was a trend 

decrease in the percentage area of CNPase staining (Figure 3.14C). Sheaths 

appeared to be shorter and more disorganised. These findings indicate that 

cortical myelin ensheathment may be perturbed in the absence of microglia 

and point to the potential heterogeneity of microglial roles in developmental 
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myelination, with some brain regions more dependent on their contribution 

than others.  

 
Figure 3.14. Myelination may be perturbed in the cortex in the absence of microglia. 

A. Representative images of MBP (magenta) and CNPase (white) in the upper layers 
of the cortex of FIRE+/+ and FIREΔ/Δ mice at 1 month of age. Scale bar, 25 μm.  
B. Mean percentage area of MBP staining ± s.e.m. in FIRE+/+ mice (green) and 
FIREΔ/Δ mice (magenta). n=5 mice per group. *P=0.0138, 2-tailed unpaired Student’s 
t-test.  
C. Mean percentage area of CNPase staining ± s.e.m. in FIRE+/+ mice (green) and 
FIREΔ/Δ mice (magenta). n=5 mice per group. Non-significant, P=0.2169, 2-tailed 
unpaired Student’s t-test. 
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3.4 Discussion 
Previous work has shown that the congenital absence of microglia and 

macrophages or their depletion during the postnatal period impairs OPC 

development, oligodendrocyte maturation and developmental myelination, the 

former resulting in astrocyte reactivity and neither causing neuronal loss (25, 

26). 

Having confirmed the absence of microglia and retention of perivascular 

macrophages in the major white matter tract, the corpus callosum, of FIRE∆/∆ 

mice, I showed that there was no evidence of astrogliosis nor overt axonal 

damage. For the first time, I demonstrated that oligodendrocytes mature in the 

absence of microglia, despite a decrease in OPC number. Finally, I showed 

that, contrary to previous findings, there is no deficit in initial myelin formation 

in the white matter in the absence of microglia. These findings indicate that 

microglia are not required for oligodendrocyte differentiation and 

developmental myelin ensheathment in the CNS white matter.  

Given that CNS macrophages are required for developmental myelination, yet 

microglia are not involved, the PVMs are, by process of elimination, a 

macrophage population of interest in this context. 

3.4.1 Perivascular macrophages are retained despite reduced 
expression of CSF1R 
Rojo et al. showed that microglia (IBA1+ P2RY12+) were absent in the 

hippocampus of adult brains, while border-associated macrophages (BAMs) 

were present in the choroid plexus and meninges (CD169+). This was 

confirmed by flow cytometry analysis of whole adult brain, with microglia 

(CD45low CD11b+) absent and BAMs present in equal numbers (CD45hi 

CD11b+) up to 9 months of age (171). However, these parameters had not 

been assessed in the white matter, nor earlier in postnatal development. 

For the first time, I have shown that microglia are absent in the major white 

matter tract, the corpus callosum, using the additional microglia marker 

TMEM119, as well as confirming this with IBA1 staining. I also demonstrated 

that perivascular macrophages are present in this region in equal numbers 

when compared to FIRE+/+ littermates, by using two different BAM markers, 

CD206 and LYVE1. This shows that PVMs are retained in the white matter in 
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the absence of FIRE. Munro et al. have recently shown that a small population 

of choroid plexus macrophages are absent in FIRE∆/∆ mice, suggesting 

regional heterogeneity in BAM requirement for FIRE (238). The roles of 

choroid plexus macrophages in regulating white matter development, 

however, are unknown. 

Rojo et al. also analysed the gene expression profiles of FIRE+/+ and FIRE∆/∆ 

hippocampi and found that, of the 85 significantly downregulated genes, 77 

were genes known to be expressed by both mouse and human microglia, while 

genes expressed by BAMs, such as Mrc1 (encodes CD206), Cd163 and 

Siglec1 were not changed in FIRE∆/∆ mice. However, there was no detectable 

Csf1r expression of FIRE∆/∆ mice, indicating that BAMs have lost their 

expression of Csf1r (171). We found that CSF1R protein expression was 

reduced in non-microglial myeloid cells, including BAMs, isolated from whole 

FIRE∆/∆ brain at 2 months of age. The reason for the discrepancy between 

complete abolishment of Csf1r mRNA but retention of some CSF1R protein 

expression in FIRE∆/∆ mice is not clear. It could be due to the fact that Rojo et 

al. examined hippocampal gene expression only, whereas flow cytometry 

analysis of CSF1R was undertaken on the whole brain, pointing to potential 

regional differences in CSF1R expression. Peripheral macrophages are also 

CD11b+CD45hi, so it is also possible that these are infiltrating the FIRE∆/∆ brain 

at 2 months, although I didn’t observe any evidence for this at either 3-4 or 6 

months of age by immunostaining. As BAMs are a very small population, it’s 

difficult to assess their CSF1R expression specifically in the white matter, as 

the yield would be too low for reliable detection. As such, it’s unclear whether 

this reduction is a global effect or specific to some brain regions. For instance, 

perhaps the missing population of choroid plexus macrophages could 

contribute to and explain this reduction in surface CSF1R expression. 

Nevertheless, I found that this does not impact the long-term retention of 

perivascular macrophages in the FIRE∆/∆ corpus callosum, as these were 

present in equal numbers to FIRE+/+ mice up to 6 months of age. This indicates 

that while FIRE is required for microglia development, it is redundant in most 

BAMs, including PVMs. The reasons for this remain unclear and require further 

investigation. Rojo et al. suggested that this may be a result of tissue-specific 
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expression of transcription factors that bind selectively to the FIRE region of 

the Csf1r locus. For instance, in the brain, microglia depend on transcriptional 

regulators encoded by Sall1 and Irf8 (173, 248), whereas BAMs do not. 

Indeed, IRF8 has been found to bind exclusively to FIRE (249). 

3.4.2 Astrocyte numbers and axonal health are unperturbed by 
microglial absence 
Csf1r-/- mice display astrogliosis, a process typically seen as a response to 

injury, in the absence of microglia (26). As these mice also display severely 

perturbed brain structure that could cause this response, I sought to examine 

this in the FIRE∆/∆ mice, who have grossly normal brain architecture. In 

contrast to Csf1r-/- mice, there was no evidence of astrogliosis in FIRE∆/∆ 

corpus callosum. This discrepancy indicates that BAMs and/or peripheral 

macrophages normally suppress astrogliosis. Indeed, there was no disruption 

to overt axonal health in FIRE∆/∆ mice either, as evidenced by neurofilament 

staining. While these findings surprisingly indicate that the congenital absence 

of microglia does not impact astrogliosis, their functions may be perturbed, 

which needs further study.  

3.4.3 Oligodendrocytes mature despite their disorganisation and 
reduced OPC number  
It was previously thought that microglia are responsible for instructing 

oligodendrogenesis and oligodendrocyte differentiation during early postnatal 

development, due to both Csf1r-/- mice and mice treated with a CSF1R inhibitor 

during this period showing deficits in these processes (25, 26). My finding that 

oligodendrocytes mature in the microglia-deficient FIRE∆/∆ mice challenges 

this notion. This raises the possibility that either BAMs, most likely the 

perivascular macrophages due to their presence in the white matter, are 

responsible for this process or compensate for it in the absence of microglia. 

For instance, OPCs are known to migrate along blood vessels in early 

development, which could suggest that their interaction with PVMs during this 

time could prime them for subsequent differentiation (250). This could place 

PVMs as potent drivers of myelination, despite their small numbers.  

It is also possible that PVM interactions with astrocytes, which are also found 

in close proximity to the brain vasculature, could facilitate OPC differentiation. 
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Indeed, astrocytes have been shown to enhance oligodendrocyte 

differentiation in in vitro and in vivo studies (22). For example, astrocytes 

promoted oligodendrocyte differentiation and myelination via secretion of 

chemokine ligand 1 (CXCL1), which acted on oligodendroglial chemokine 

receptor type 2 (CXCR2) (251).  

However, despite oligodendrocyte differentiation proceeding, there was a 

decrease in the number of OPCs in the FIRE∆/∆ mice. This does suggest that 

some degree of compensation is occurring to account for the loss of microglia, 

with remaining OPCs accelerating their differentiation into mature 

oligodendrocytes. There was no change in the proportion of OLIG2+ CC1- 

cells, which points to an increase in intermediate oligodendrocyte lineage 

cells. Hagemeyer et al. used adult Sox10-iCreERT2 × CAG-eGFP mice to trace 

the oligodendrocyte lineage via labelling OPCs and oligodendrocytes with the 

enhanced green fluorescent protein (eGFP) after induction with tamoxifen. 

BLZ945-mediated depletion of microglia/macrophages one week after 

tamoxifen injection caused a reduction in the absolute numbers of OPCs in the 

corpus callosum, yet there was an increase in GFP+ NG2- cells, indicating 

these could be intermediate precursors (25), consistent with my hypothesis.  

In addition, the normal organisation of oligodendrocytes along axon tracts in 

the corpus callosum was perturbed, with both a reduction in the number of 

oligodendrocyte strings and impairment of the close alignment of cells within 

these strings. As staining for neurofilament did not reveal any overt disruption 

to axonal organisation, this oligodendrocyte disorganisation is likely due to 

another factor. Is it possible that microglia are required to coordinate 

oligodendrocyte communication? Oligodendrocytes normally communicate 

with each other via gap junctions, largely composed of connexins, in particular 

connexin47 (Cx47) and connexin32 (Cx32) (252). Their disorganisation may 

therefore be suggestive of a lack of gap junction coupling between cells, 

impacting cell-cell communication, which may in turn affect normal 

myelination. Indeed, both Cx47 and Cx32 knockout mice show ultrastructural 

abnormalities of myelin, the former showing vacuolisation of myelin in the optic 

nerve and mice with double-knockout of these proteins having more severe 

vacuolisation and a tremor phenotype similar to Shiverer mice (253, 254). 
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Interestingly, another study found that the elimination of gap junctions coupling 

oligodendrocytes (Cx47) to astrocytes (Cx30) resulted in thinner myelin 

(higher g-ratio) in the cerebellum and corpus callosum of these mice (255), 

suggesting that connexin coupling can influence myelin thickness. The next 

key question to address was therefore the impact of FIRE deletion on 

myelination. 

3.4.4 Myelin forms in the white matter in the absence of microglia  
Previous studies using the Csf1r-/- mouse model have implicated microglia in 

oligodendrocyte differentiation and myelination (25, 26). However, this mouse 

model has a confounding reduction in BAMs and increased astrogliosis. To 

ascertain the specific contribution of microglia to white matter development, I 

characterised myelin in the corpus callosum and cerebellum of FIRE∆/∆ mice. 

In contrast to the previous studies which observed hypomyelination in Csf1r-/- 

mice (26) and a significant reduction in the percentage of myelinated axons in 

BLZ945-mediated microglia/macrophage-depleted mice (25), I found there 

was no difference in staining of 5 different myelin proteins, nor in the total 

number of myelinated axons in FIRE∆/∆ corpus callosum. In the cerebellar 

white matter, myelin staining was also intact. 

These results seem to overturn the dogma that microglia are involved in the 

earliest stages of developmental myelination, mediating oligodendrocyte 

differentiation leading to initial ensheathment of axons. This again points to the 

possibility that it may in fact be the BAMs that are central in the initial stages 

of myelination, or that these cells compensate in the absence of microglia, 

allowing myelination and oligodendrocyte differentiation to occur in the FIRE∆/∆ 

mice. Indeed, a very recent study showed that PVMs are established in the 

brain postnatally, originating from meningeal macrophages after P5 and by 

P14 (256). This interestingly coincides with the time-window of 

oligodendrocyte differentiation in the developing brain (257). Further, Igf1, 

previously implicated in regulating OPC differentiation and myelination (193, 

194), has been shown to be expressed by border-associated macrophages 

(230). Moreover, the developing white matter microglial state expressing 

CD11c, from which the pro-myelinating IGF-1 was derived, may have included 

BAMs, as they also express CD11c (247).  
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Nrros−/− mice, which lack normal microglia but show no detectable 

hypomyelination, have an increase in perivascular macrophage-like cells 

evident in their CNS (258). This may also explain why my results differ from 

those in the Csf1r-/- mouse, in which are there are no perivascular 

macrophages present, and further implicates PVMs in driving initial 

myelination. While the dynamics and roles of perivascular macrophages in the 

developing white matter are relatively unknown, the advent of BAM-specific 

markers along with the recent development of novel fate-mapping and 

transgenic tools (151, 256) will now facilitate their specific investigation in this 

context. 

Finally, unlike in the corpus callosum and cerebellum, less myelin staining was 

observed in the cortex of FIRE∆/∆ mice, with myelin sheaths also appearing 

shorter and less organised. This may be indicative of regional differences in 

the roles of microglia in the white versus grey matter, which has been 

previously suggested (25). Indeed, microglia in the white matter are highly 

activated during developmental myelination and show increased immune 

vigilance compared to grey matter microglia (204). Perhaps cortical 

oligodendrocytes are not functioning normally and are producing less and/or 

shorter sheaths. To assess this, analysis of individual cortical oligodendrocyte 

morphologies by measuring their sheath number and length could be 

undertaken, as has been done previously (60). On the other hand, there are 

inherently more oligodendrocytes present in the white matter than in the 

cortex, which could potentially compensate for the poor myelinating capacity 

of some oligodendrocytes.  
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3.5 Summary 
Overall, in contrast to previous studies, I have shown that microglia do not 

appear to regulate the initial stages of myelination by controlling 

oligodendrocyte differentiation and initial ensheathment. These findings could 

implicate the BAMs either as drivers of initial myelination, or the source of 

compensation in the absence of microglia. Elucidating the differential 

involvement of microglia and other CNS-resident macrophages in normal 

myelin development will be critical to understanding their dysregulation in 

ageing and disease. Although microglia do not appear to be involved in initial 

myelin formation, their described roles in the regulation of myelin health in 

adulthood (180) may implicate them as players in myelin maintenance. I aimed 

to address this question in the next chapter. 
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Chapter 4: Hypermyelination, cognitive deficits and 
demyelination occur in the absence of microglia 
4.1  Introduction 
A number of studies have investigated the roles of microglia in developmental 

myelination (25, 26); however, the potential differential requirement for 

microglia versus other CNS macrophages in the regulation of myelin and 

oligodendrocytes in adulthood has not been well studied. Hagemeyer et al. 

observed that depletion of microglia/macrophages in young adult mice (6-10 

weeks) resulted in a significant reduction in OPCs, but not mature 

oligodendrocytes or myelin, in contrast to their findings in 3-week-old mice, 

where they saw the opposite effect (25). Although I did not observe the same 

results in the microglia-deficient FIRE∆/∆ mice in development, these findings 

suggest that microglial regulation of myelin health may differ in adulthood. 

The discrepancy between myelin pathology in patients with homozygous 

CSF1R mutations and those with ALSP (Adult-onset Leukoencephalopathy 

with axonal Spheroids and Pigmented glia), who have heterozygous CSF1R 

mutations, further points to this possibility. Homozygous mutations in CSF1R, 

causing a congenital absence of microglia and macrophages, results in 

severe, abnormal development of the corpus callosum (195), whereas ALSP 

patients appear to develop relatively normally until adulthood, when they begin 

to develop cognitive deficits, likely due to the onset of demyelination, 

progressing to dementia (136). This suggests a level of compensation by the 

remaining microglia/macrophages in ALSP patients, up until a certain point. 

Nevertheless, the eventual demyelination occurring in ALSP implies that 

microglia could have a crucial role to play in myelin maintenance.  

Indeed, the maintenance of healthy myelin in adulthood and the cellular 

mechanisms underpinning this process remain largely unknown. As discussed 

in Section 1.1.3, a recent paper showed that myelin maintenance requires 

continuous myelin synthesis at the inner tongue (48), the area of uncompact 

myelin closest to the axon, yet it is unclear whether the signals underlying 

myelin production are intrinsic to the oligodendrocyte, or whether they are 

influenced by other cell types in this context. Relatedly, the cellular networks 

involved in the coordination of myelin growth are also poorly characterised. 
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Overall, the specific roles of microglia in regulating myelin health throughout 

the lifespan have not been investigated. 

Many recent studies have documented myelin plasticity (49, 54, 55, 62-64) 

and the requirement for new oligodendrogenesis following learning, and for 

new myelin formation for memory consolidation (56-58, 65). Gibson et al. 

showed that microglia/macrophage activation (IBA1+ CD68+) in response to 

chemotherapy was associated with deficits in cognition, OPC and mature 

oligodendrocyte number, and myelin integrity (reduced sheath thickness), 

which were rescued by microglia/macrophage depletion via PLX5622. Others 

have noted a role for microglia/macrophage activation in cognition in aged 

white matter and Alzheimer’s Disease (AD) post-mortem tissue (259, 260), 

with cognitive deficits in AD mouse models being attenuated or delayed by 

CSF1R inhibition or deletion (260). These studies thus raise the question as 

to whether homeostatic microglia are involved in regulating myelin plasticity at 

the steady state and following learning. Although I found that microglia are not 

required for developmental oligodendrogenesis, OPCs appeared to be 

reduced in number in the absence of microglia. This suggests a level of 

compensation which may not be sufficient for post-learning 

oligodendrogenesis and may in turn impair learning itself, in addition to new 

myelin formation and memory consolidation. The roles of microglia in adaptive 

myelination and associated cognition have not been studied.   

Taken together, the potential roles of microglia in modulating myelin 

maintenance and plasticity in adulthood are unknown.  
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4.2 Aims 
Given that I found initial myelin ensheathment was intact in the absence of 

microglia, I next sought to investigate the long-term health of this myelin, 

specifically addressing the question as to whether myelin maintenance is 

perturbed in microglia-deficient mice. As I also observed a trend increase in 

the level of MBP staining in the corpus callosum in the absence of microglia, I 

wondered whether myelin ultrastructure, such as sheath thickness, was 

impacted in this context, and how this might influence myelin and 

oligodendrocyte health into adulthood and in response to learning. 

My main objectives were: 

1. To assess myelin health and oligodendrocytes in the white matter of 

adult microglia-deficient mice 

2. To determine whether microglial absence impacts cognitive 

performance, post-learning oligodendrogenesis and myelination 

3. To examine myelin health in the white matter of humans deficient in 

microglia 
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4.3 Results 

4.3.1 Early evidence of hypermyelination in the developing corpus 
callosum in the absence of microglia 
Firstly, I sought to characterise the myelin ultrastructure in the absence of 

microglia in development. At 1 month of age, I noted features indicative of 

myelin overgrowth, or hypermyelination, in the FIRE∆/∆ corpus callosum. 

These included outfoldings of myelin, bleb-like structures which protrude from 

the compact sheath, and unravelling of myelin, characterised by separation of 

the myelin layers (Figure 4.1A). Although these features can be observed in 

normal myelin development, they are usually resolved by postnatal day 21 (6), 

so for the sake of simplicity here and as I examined myelin after this timepoint, 

I have termed myelinated axons without these features “normally myelinated 

axons”. Accordingly, I saw a significant reduction in the number of normally 

myelinated axons in FIRE∆/∆ corpus callosum (Figure 4.1B), with unravelling 

and outfolding sheaths being much more abundant, documented in 44% of 

sheaths compared to only 15% in FIRE+/+ mice (Figure 4.1C).  
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Figure 4.1. Features of hypermyelination evident in the FIRE∆/∆ corpus callosum at 1 
month of age. 

A. Representative images of myelin abnormalities (outfoldings and unravelling; 
pink arrows) in FIRE∆/∆ mice. Scale bars, 1 µm. 
B. Mean number of normally myelinated axons per mm2 ± s.e.m. in FIRE+/+ mice 
(green) and FIRE∆/∆ mice (magenta). n=3-4 mice per group. **P=0.008, 2-tailed 
unpaired Student’s t-test. 
C. Mean proportion of axons without outfoldings/unravelling (black) or with 
outfoldings/unravelling (grey) per mm2 ± s.e.m in FIRE+/+ and FIRE∆/∆ mice. n=3-4 
mice per group. With: ***P=0.0006; Without: ***P=0.0006, 1-way ANOVA with 
Tukey’s multiple comparisons test. 

Next, I observed that the inner tongue area (uncompact myelin) appeared to 

be enlarged in some myelinated axons in FIRE∆/∆ mice (Figure 4.2A). When I 

quantified this, I found that small diameter axons (<0.3 µm) had a significant 

increase in the thickness of the inner tongue (Figure 4.2B,C). As the inner 

tongue is where the myelin grows, preceding its compaction into sheaths (6), 

this could indicate actively growing myelin on smaller calibre axons in the 

absence of microglia. 
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Figure 4.2. Enlarged inner tongues on small diameter axons in the FIRE∆/∆ corpus 
callosum at 1 month of age. 

A. Representative images of inner tongues (orange) in FIRE+/+ and FIREΔ/Δ mice. 
Scale bar, 1 µm. 
B. Inner tongue thickness versus axon diameter (µm) in FIRE+/+ mice (green) and 
FIREΔ/Δ mice (magenta). n=200 axons per mouse and n=3-4 mice per group. 
C. Mean inner tongue thickness per axon diameter bin in FIRE+/+ mice (green) and 
FIREΔ/Δ mice (magenta). n=3-4 mice per group. Axons of <0.3 µm diameter: 
*P=0.0417, 2-way ANOVA with Sidak’s multiple comparisons test. 

The presence of enlarged inner tongues on some axons precluded 

conventional g-ratio analysis, a commonly used method to measure myelin 

thickness which assumes that inner tongue size is standard across all axons. 

To avoid conflating enlarged inner tongues with an increase in the thickness 

of compact myelin, I measured myelin thickness directly (Figure 2.2), as has 

been done previously (261). Contrary to the inner tongues, there was a 

significant increase in myelin thickness on large diameter axons (Figure 

4.3A,B). As large diameter axons are generally the first to become myelinated 

(12), this finding suggests that increased myelin growth is proceeding in the 

absence of microglia, with the larger diameter axons which were myelinated 

earlier compacting first and the small diameter axons not yet compact. 
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Figure 4.3. Increased myelin thickness on large diameter axons in the FIRE∆/∆ 

corpus callosum at 1 month of age. 

A. Representative images of increased myelin thickness on large diameter axons 
(asterisks indicate axons of similar size). Scale bar, 1 µm. 
B. Myelin thickness versus axon diameter (µm) in FIRE+/+ mice (green) and FIREΔ/Δ 

mice (magenta). n=200 axons per mouse and n=3-4 mice per group. ***P<0.0001, 
simple linear regression of slopes. 

Taken together, these findings indicate early signs of hypermyelination 

occurring in the absence of microglia, contrary to previous findings showing 

hypomyelination following depletion of microglia/macrophages in development 

(25, 26). 
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4.3.2 Hypermyelination persists and is exacerbated in adulthood in the 
absence of microglia 
To determine whether the features of hypermyelination observed at 1 month 

of age persist, are exacerbated or resolved due to compensatory mechanisms 

in adulthood, I assessed myelin ultrastructure in FIRE∆/∆ mice at 3-4 months 

of age, a timepoint by which developmental myelination has completed in mice 

(4). 

Myelin outfoldings and unravelling remained evident in the corpus callosum of 

FIRE∆/∆ mice at 3-4 months, and accordingly, the number of normally 

myelinated axons was decreased compared to FIRE+/+ littermates, to a similar 

degree to that at 1 month of age (Figure 4.4A,B). There was a significant 

increase in the proportion of myelinated axons displaying these features in 

FIRE∆/∆ compared to FIRE+/+ mice (Figure 4.4C). While the proportion of myelin 

sheaths which were unravelling or outfolding was decreased in FIRE+/+ mice 

at 3-4 months compared to FIRE+/+ at 1 month (7% versus 15%), the proportion 

was similar in FIRE∆/∆ mice at both ages (42% versus 44%). This indicates 

that, while these features are resolved in normal myelin development, 

consistent with previous findings (6), hypermyelination persisted into 

adulthood in the absence of microglia. 

Although not quantified, I observed that axonal morphology also seemed to be 

disrupted in FIRE∆/∆ mice at this timepoint, with evidence of elongated and 

misshapen axons, in contrast to the axons of round morphology in the wildtype 

mice (Figure 4.4A).  
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Figure 4.4. Hypermyelination persists in the FIRE∆/∆ corpus callosum at 3-4 months 
of age. 

A. Representative images of corpus callosum in FIRE+/+ and FIREΔ/Δ mice, with 
abnormally myelinated axons in FIREΔ/Δ mice indicated with pink arrows. Scale bar, 
1 µm. 
B. Mean number of normally myelinated axons per mm2 ± s.e.m. in FIRE+/+ mice 
(green) and FIREΔ/Δ mice (magenta). n=3 mice per group. *P=0.0372, 2-tailed 
unpaired Student’s t-test. 
C. Mean proportion of axons without outfoldings/unravelling (black) or with 
outfoldings/unravelling (grey) per mm2 ± s.e.m. in FIRE+/+ and FIREΔ/Δ mice. n=3 
mice per group. With: ****P<0.0001; Without: ****P<0.0001, 1-way ANOVA with 
Tukey’s multiple comparisons test. 

Next, I measured inner tongue thickness at 3-4 months of age and found there 

was a significant increase in FIRE∆/∆ corpus callosum versus FIRE+/+, now 

observed not only on small diameter axons, but across all axon diameters 

(Figure 4.5A,B). This shows that hypermyelination not only persisted but was 

exacerbated in adulthood in the absence of microglia, with active myelin 

growth occurring on axons of all calibres. 
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Figure 4.5. Enlarged inner tongues persist in the FIRE∆/∆ corpus callosum at 3-4 
months of age. 

A. Representative images of inner tongues (orange) in FIRE+/+ and FIREΔ/Δ mice. 
Scale bar, 1 µm. 
B. Inner tongue thickness versus axon diameter (µm) in FIRE+/+ mice (green) and 
FIREΔ/Δ mice (magenta). n=100 axons per mouse and n=3 mice per group. 
***P<0.0001, simple linear regression of intercepts. 

Significantly increased myelin thickness was also now observed on axons of 

smaller calibres, with medium size axons (>0.6 µm) showing an increase and 

the effect becoming more pronounced on the largest axons compared to at 1 

month of age (Figure 4.6A,B).  

Overall, these data show that hypermyelination not only persists, but is 

exacerbated in adulthood in the absence of microglia, suggesting that 

microglia are required for the maintenance of healthy myelin. 
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Figure 4.6. Increased myelin thickness persists in the FIRE∆/∆ corpus callosum at 3-4 
months of age. 

A. Representative images of increased myelin thickness on large diameter axons 
(asterisks indicate axons of similar size). Scale bar, 1 µm. 
B. Myelin thickness versus axon diameter (µm) in FIRE+/+ mice (green) and FIREΔ/Δ 

mice (magenta). n=100 axons per mouse and n=3 mice per group. ***P<0.0001, 
simple linear regression of slopes. 

 

  



 
 

116 
 

4.3.3 Hypermyelination is not due to increased number of 
oligodendrocytes 
The hypermyelination arising in the absence of microglia led me to ask 

whether there were more oligodendrocytes present in adult FIRE∆/∆ mice, 

leading to overproduction of myelin. Indeed, oligodendrocytes are known to be 

overproduced in development, with ~50% undergoing cell death (262), a 

process which could potentially be disrupted in the absence of microglia, who 

have been implicated in inducing oligodendrocyte death in vitro (263, 264).  

By staining for OLIG2 and CC1 in the corpus callosum of 3–4-month-old 

FIRE+/+ and FIRE∆/∆ mice, I found no difference in the number of mature 

oligodendrocytes (OLIG2+ CC1+) (Figure 4.7A), nor in the proportion of these 

cells amongst the oligodendrocyte lineage (Figure 4.7B).  

These findings show that there was not an increase in mature myelin-

producing oligodendrocytes in adult mice lacking microglia, and this is likely 

not the reason for hypermyelination occurring in this context. 
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Figure 4.7. Oligodendrocyte numbers unchanged at 3-4 months of age. 

A. Representative images of mature oligodendrocytes co-expressing OLIG2 (white) 
and CC1 (magenta) in FIRE+/+ and FIREΔ/Δ corpus callosum at 3-4 months of age. 
Scale bar, 75 µm.  
B. Mean OLIG2+ CC1+ cells per mm2 ± s.e.m. in FIRE+/+ mice (green) and FIREΔ/Δ 
mice (magenta). n=5 mice per group. Non-significant, P=0.9825, 2-tailed unpaired 
Student’s t-test.  
C. Mean proportion of cells of the oligodendrocyte lineage (OLIG2+) which are 
mature (CC1+; black) or immature (CC1-; grey) ± s.e.m. n=5 mice per group. Non-
significant, CC1+: P=0.7076; CC1-: P=0.7076, 1-way ANOVA with Tukey’s multiple 
comparisons test. 

4.3.4 No difference in learning and memory encoding in the absence of 
microglia 
Enlarged inner tongues are indicative of deficient myelin compaction. The 

presence of uncompact myelin is likely to have functional consequences for 

axonal health and function, as the insulation that myelin provides to axons for 

efficient saltatory conduction would be perturbed. Perturbations to the tightly 

controlled thickness of myelin can also impact axonal conduction speeds 

(265). Myelin thickness is typically proportional to the size of the ensheathed 
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axon, with the optimal g-ratio being in the range of 0.6-0.7 for an axon of any 

given diameter (38, 266). g-ratios outside this range signify myelin which is 

thinner or thicker than the norm. Given the observed increase in inner tongue 

and myelin thickness in the corpus callosum of FIRE∆/∆ mice and that 

compromised myelin structural integrity has been associated with cognitive 

deficits (81, 83, 267, 268), I next aimed to determine whether cognition was 

impaired in FIRE∆/∆ mice at ages at which myelin was disrupted (2-4 months 

of age). 

To do so, I used the Barnes Maze, a spatial learning and memory task that 

sensitively measures the impact of myelin structure on cognition (269-272). 

The maze consisted of a platform of 20 holes around its circumference with 1 

target hole harbouring an underlying escape chamber (Figure 4.8A).  

The test involved three phases. First, following habituation to the maze, mice 

learned to locate the escape chamber over six training days, motivated by 

aversive stimuli and guided by visual cues. Although FIRE∆/∆ mice were 

significantly slower to locate the target hole on Day 1 of the task, both FIRE+/+ 

and FIRE∆/∆ mice became similarly progressively faster over the following five 

training days, measured by ‘primary latency’ i.e., time taken to reach the target. 

This indicates relatively intact spatial learning in FIRE∆/∆ mice (Figure 4.8B). 

Next, short-term memory encoding was tested by removing the escape 

chamber and performing probe tests 1 hour and 3 days later, during which 

mice were allowed to explore the maze for 1 minute. The mean percentage of 

time spent in the target quadrant of the maze was significantly above chance 

(25%) in both genotypes at both timepoints (FIRE+/+: 54.87%, 53.33%; 

FIRE∆/∆: 65.74%, 55.19%, respectively), with two mice in each group spending 

<25% in the target quadrant at the 3-day probe (Figure 4.8C). There was no 

difference in the percentage of time spent in the target quadrant between 

genotypes, indicating no memory encoding deficit in the absence of microglia. 
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Figure 4.8. Learning and memory encoding are unperturbed in the absence of 
microglia. 

A. Training phase: Barnes maze platform consisting of 20 holes, one of which 
harbours an underlying escape chamber (Target hole 1; orange) which the mice 
learn to locate in spatial learning and memory retrieval trials. Mice tested were 2-4 
months of age, with a median age of 119 days old (FIRE+/+) and 120 days old 
(FIREΔ/Δ) at the time of sacrifice. 
B. Mean primary latency (sec) ± s.e.m. in FIRE+/+ mice (green) and FIREΔ/Δ mice 
(magenta) over 6 training days. n=13 FIRE+/+ mice and 9 FIREΔ/Δ mice. Day 1: 
**P=0.0011; Day 2: P=0.9287; Day 3: P=0.9627; Day 4: P=0.9574; Day 5: P=0.9990; 
Day 6: P>0.9999, repeated measures 2-way ANOVA with Sidak’s multiple 
comparisons test. 
C. Mean percentage of time spent in the target quadrant by FIRE+/+ mice (green) and 
FIREΔ/Δ mice (magenta). n=13 FIRE+/+ mice and 9 FIREΔ/Δ mice. Dotted line indicates 
25% chance: 1hr probe: ****P<0.0001 for both genotypes; 3d probe: ***P=0.0006 for 
FIRE+/+ and **P=0.0077 for FIRE∆/∆, one-sample t-test against a value of 25. 
Between genotype comparisons: 1hr probe: P=0.7337; 3d probe: P>0.9999, 2-way 
ANOVA with Sidak’s multiple comparisons test.  
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To assess the accuracy of learning and memory encoding, I measured the 

number of nose pokes made by the mice into each hole during training and 

probe tests. During the training phase, the number of nose pokes into incorrect 

holes prior to reaching the target were termed ‘primary errors’. Although there 

was a trend increase in the number of primary errors made by FIREΔ/Δ mice 

when attempting to locate the target hole during training (Figure 4.9A), the 

number of nose pokes in and around the target hole were similar between 

genotypes in both the probe tests (Figure 4.9B-C); FIREΔ/Δ mice even explored 

the target more than FIRE+/+ mice during the 1 hour probe (Figure 4.9B), 

although this did not lead to significance for time spent in the target quadrant 

(Figure 4.8C). This suggests a transient increase in spatial reference memory 

only at 1 hour, which is then resolved at 3 days; nonetheless, both FIRE+/+ and 

FIRE∆/∆ showed high accuracy for the target hole and these findings further 

indicate no deficit in learning or memory encoding in the absence of microglia. 
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Figure 4.9. Learning and memory encoding accuracy is not altered in the Barnes 
Maze training phase. 

A. Mean number of primary errors ± s.e.m. in FIRE+/+ mice (green) and FIREΔ/Δ mice 
(magenta) during training phase. n=13 FIRE+/+ mice and 9 FIREΔ/Δ mice. Day 1: 
P=0.9649; Day 2: P=0.5968; Day 3: P=0.8884; Day 4: P=0.6028; Day 5: P=0.9215; Day 
6: P=0.9437, repeated measures 2-way ANOVA with Sidak’s multiple comparisons 
test. 
B. Mean number of nose pokes into holes by FIRE+/+mice (green) and FIREΔ/Δ mice 
(magenta) during 1hr probe test. n=13 FIRE+/+mice and 9 FIREΔ/Δ mice. Target: 
**P=0.0019, 2-way ANOVA with Sidak’s multiple comparisons test.  
C. Mean number of nose pokes into holes by FIRE+/+ mice (green) and FIREΔ/Δ mice 
(magenta) during 3d probe test. n=13 FIRE+/+mice and 9 FIREΔ/Δ mice. Non-
significant, 2-way ANOVA with Sidak’s multiple comparisons test.  
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4.3.5 Cognitive flexibility is impaired in the absence of microglia 
Next, I tested cognitive flexibility, which is learning to adapt from an old to a 

new situation; this higher order cognitive function is highly dependent on the 

structural integrity of myelin (269, 272, 273). To assess this in the FIRE∆/∆ 

mice, I placed the escape chamber 180° from the original target hole and 

tested their ability to find the new target over 3 training days (Figure 4.10A), 

then removed the chamber for reversal probe testing 3 days later. The time 

taken to locate the new target (primary latency) was unimpaired in FIREΔ/Δ 

mice (Figure 4.10B), and the mean percentage of time spent in the new target 

quadrant was similar to FIRE+/+ mice (Figure 4.10C). Compared to time spent 

in the original target quadrant in the 1 hour and 3-day probe tests, both 

genotypes spent less time in the new target quadrant (36.15% and 38.52% for 

FIRE+/+ and FIRE∆/∆, respectively), with two to three mice in each group 

spending <25% in the target quadrant, consistent with this being a more 

difficult cognitive task (274). 

However, significantly more primary errors were made by FIRE∆/∆ mice prior to 

reaching the new target hole (Figure 4.11A) on Days 1 and 2 of the reversal 

phase. While this was resolved by Day 3 of the task, this indicates poor 

accuracy in locating the new target and a slower adaptation to the new 

situation. During the probe test, accuracy of FIRE∆/∆ memory encoding also 

appeared to be impaired, with a trend decrease in the number of nose pokes 

in the target hole compared to FIRE+/+ mice (Figure 4.11B).  

Overall, these findings show that cognitive flexibility was impaired in the 

absence of microglia, in association with myelin ultrastructural alterations. 
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Figure 4.10. Reversal learning and memory encoding are unperturbed in the 
absence of microglia. 

A. Reversal phase: Barnes maze where new target hole (Target hole 2; blue) is 180° 
from the original target hole (Target hole 1; orange), and mice require cognitive 
flexibility to adapt to the new target. 
B. Mean primary latency (sec) ± s.e.m. in FIRE+/+ mice (green) and FIREΔ/Δ mice 
(magenta) over 3 training days. n=13 FIRE+/+ mice and 9 FIREΔ/Δ mice. Day 1: 
P=0.9999; Day 2: P=0.5186; Day 3: P=0.9622, repeated measures 2-way ANOVA with 
Sidak’s multiple comparisons test. 
C. Mean percentage of time spent in the target quadrant by FIRE+/+ mice (green) and 
FIREΔ/Δ mice (magenta) during reversal probe test. n=13 FIRE+/+ mice and 9 FIREΔ/Δ 

mice. Dotted line indicates 25% chance: **P=0.0044 for FIRE+/+ and *P=0.038 for 
FIRE∆/∆, one-sample t-test against a value of 25. 
Between genotype comparisons: P=0.6933, 2-tailed unpaired Student’s t-test.  
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Figure 4.11. Learning and memory encoding accuracy is reduced in the Barnes 
Maze reversal phase. 

A. Mean number of primary errors ± s.e.m. in FIRE+/+ mice (green) and FIREΔ/Δ mice 
(magenta) during reversal phase. n=13 FIRE+/+ mice and 9 FIREΔ/Δ mice. Day 1: 
*P=0.0488, Day 2: *P=0.0142, Day 3: P=0.6727, repeated measures 2-way ANOVA 
with Sidak’s multiple comparisons test. 
B. Mean number of nose pokes into holes by FIRE+/+ mice (green) and FIREΔ/Δ mice 
(magenta) during reversal probe test. n=13 FIRE+/+ mice and 9 FIREΔ/Δ mice. Non-
significant, 2-way ANOVA with Sidak’s multiple comparisons test. 

Importantly, FIREΔ/Δ mice did not have confounding motor deficits, as distance 

travelled and speed were not different between genotypes in both phases of 

the test (Figure 4.12). Both FIRE+/+ and FIRE∆/∆ mice progressively covered 

less distance (Figure 4.12A,B) and generally became faster over the training 

and reversal days (Figure 4.12C,D), with the exception that speed on the final 

reversal day, although not significant, was reduced in FIRE∆/∆ mice. However, 

this did not translate into a difference in either distance travelled (Figure 4.12B) 

or time taken to reach the target (Figure 4.10B).  

This lack of motor impairment in FIRE∆/∆ mice was confirmed using the Open 

Field test, carried out by David Munro and Mehreen Mohammad, to assess 

general locomotor activity, exploratory behaviour, and anxiety (Figure 4.13A). 

Neither 1-month-old (‘young’) nor 11-13-month-old (‘adult’) FIRE∆/∆ mice 

showed any difference in the total distance travelled during the test (Figure 

4.13B), indicating no change in their general activity or exploration. Spending 

less time in the centre and more time around the edges of the field is 

considered to be indicative of anxious behaviour (275). Compared to FIRE+/+ 

mice, there was no significant difference in the percentage of time spent in the 
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centre by FIRE∆/∆ mice at either age (Figure 4.13C), showing FIRE∆/∆ mice did 

not have confounding anxiety either. 

 
Figure 4.12. No difference in the distance travelled and speed during the Barnes 
Maze training and reversal phases. 

A. Mean distance travelled (m) by FIRE+/+ mice (green) and FIREΔ/Δ mice (magenta) 
during training days. n=13 FIRE+/+ mice and 9 FIREΔ/Δ mice. Non-significant, 
repeated measures 2-way ANOVA with Sidak’s multiple comparisons test.  
B. Mean distance travelled (m) by FIRE+/+ mice (green) and FIREΔ/Δ mice (magenta) 
during reversal days. n=13 FIRE+/+ mice and 9 FIREΔ/Δ mice. Non-significant, 
repeated measures 2-way ANOVA with Sidak’s multiple comparisons test.  
C. Mean speed (m/s) of FIRE+/+ mice (green) and FIREΔ/Δ mice (magenta) during 
training days. n=13 FIRE+/+ mice and 9 FIREΔ/Δ mice. Non-significant, repeated 
measures 2-way ANOVA with Sidak’s multiple comparisons test.  
D. Mean speed (m/s) of FIRE+/+ mice (green) and FIREΔ/Δ mice (magenta) during 
reversal days. n=13 FIRE+/+ mice and 9 FIREΔ/Δ mice. Non-significant, repeated 
measures 2-way ANOVA with Sidak’s multiple comparisons test. 
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Figure 4.13. No difference in general activity and anxiety in the absence of 
microglia. 

A. Schematic of Open Field test, which assesses general locomotor activity and 
anxiety of mice. 
B. Total distance travelled (m) by FIRE+/+ mice (green) and FIREΔ/Δ mice (magenta) 
during 10-minute Open Field test. n=37 mice: n=15 FIRE+/+ mice (7 young, 8 adult); 
n=22 FIREΔ/Δ mice (12 young, 10 adult). Young mice were 4-8 weeks of age, adult 
mice were 11-13 months of age. Non-significant; 2-way ANOVA with Sidak’s 
multiple comparisons test.  
C. Percentage (%) of time spent in the centre of the arena by FIRE+/+ mice (green) 
and FIREΔ/Δ mice (magenta) during Open Field test. n=37 mice: n=15 FIRE+/+ mice (7 
young, 8 adult); n=22 FIREΔ/Δ mice (12 young, 10 adult). Young mice were 4-8 weeks 
of age, adult mice were 11-13 months of age. Non-significant; 2-way ANOVA with 
Sidak’s multiple comparisons test. 

4.3.6 Oligodendrogenesis occurs following learning in the absence of 
microglia 
Considering recent studies indicating that learning and memory encoding 

require new oligodendrogenesis, and long-term memory consolidation 

involves increased myelination (56, 57, 65, 268), I assessed whether these 

processes occur in the absence of microglia.  

To track the generation of new oligodendrocytes from proliferating 

oligodendrocyte progenitor cells, I provided EdU to the mice during the Barnes 

Maze testing, from the end of the first training day until sacrifice one day after 

completion of testing (Figure 4.14A,B). I found that a similar number of 

oligodendrocyte lineage cells (OLIG2+) were generated (EdU+) in FIREΔ/Δ mice 

and FIRE+/+ mice during this period (Figure 4.14C). This demonstrates that 

there was no deficit in OPC proliferation following learning. 
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Figure 4.14. New oligodendrogenesis proceeds following learning in FIRE∆/∆ corpus 
callosum. 

A + B. Representative images of EdU (magenta) and OLIG2 (white) double-positive 
cells (arrows), with magnified view of dotted outline In B. Scale bars, 25 µm. 
C. Mean OLIG2+ EdU+ cells per mm2 ± s.e.m. in FIRE+/+ mice (green) and FIREΔ/Δ 

mice (magenta). n=4-9 mice per group. Non-significant, P=0.9696, 2-tailed unpaired 
Student’s t-test. 

Next, I investigated whether newly generated oligodendrocytes were able to 

mature following cognitive testing in the absence of microglia, by staining for 

CC1 along with OLIG2 and EdU (Figure 4.15A). There was a similar proportion 

of OLIG2+ EdU+ cells which expressed CC1 between FIRE+/+ and FIRE∆/∆ 

mice, showing that oligodendrocyte maturation was not impaired in this context 

(Figure 4.15B). This highlights the retained capacity of microglia-deficient mice 

to form new oligodendrocytes during learning and memory encoding.  
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Together, these findings are consistent with my observations of largely 

unimpaired learning and memory encoding, and developmental 

oligodendrogenesis in FIREΔ/Δ mice. 

 

 
Figure 4.15. New oligodendrocytes generated following learning mature in the 
absence of microglia. 

A. Representative images of EdU+ (magenta) CC1+ (green) OLIG2+ (white) triple-
positive cells (arrows). Scale bar, 25 µm. 
B. Mean proportion of OLIG2+ EdU+ cells which are mature oligodendrocytes (CC1+; 
black) or immature lineage cells (CC1-; grey) ± s.e.m. n=4-9 mice per group. CC1+: 
P>0.9999; CC1-: P>0.9999, 1-way ANOVA with Tukey’s multiple comparisons test. 
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4.3.7 Myelination following learning is attenuated in the absence of 
microglia 
As it has been previously shown that memory consolidation requires de novo 

myelination occurring 1 month after cognitive testing (65), I sought to assess 

this in the FIRE∆/∆ mice. Whereas FIRE+/+ mice showed a significant increase 

in the number of myelinated axons in the corpus callosum 6 weeks after 

cognitive task completion compared to FIRE+/+ mice who had not undergone 

Barnes maze training (‘untrained’), this did not differ between untrained and 

trained FIREΔ/Δ mice (Figure 4.16A,B). FIRE+/+ mice had an average of a 23% 

increase in myelinated axons following training, while FIRE∆/∆ only had a 3% 

increase. These data suggest that the absence of microglia prevents the 

increase in de novo myelination that normally occurs with consolidation of new 

spatial information and may indicate that long-term memory could be 

perturbed in FIRE∆/∆ mice, which warrants further investigation. 
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Figure 4.16. De novo myelination following learning is impaired in the absence of 
microglia. 

A. Representative images of FIRE+/+ and FIRE∆/∆ corpus callosum 6 weeks post-
Barnes Maze testing. Scale bar, 1 µm. 
B. Mean number of myelinated axons per mm2 ± s.e.m. in untrained (blue) vs. 
trained (purple) mice. Untrained: n=3 mice per group; Trained: n=4-6 mice per 
group. FIRE+/+ mice: *P=0.0364, FIREΔ/Δ mice: P=0.8537, 2-tailed unpaired Student’s 
t-test. 
C. Mean percentage increase in myelinated axons in FIRE+/+ (black) and FIREΔ/Δ 

(grey) mice. n=4-6 mice per group. 
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However, there was no correlation between the number of myelinated axons 

in a given mouse and its cognitive performance in the reversal phase (Figure 

4.17), where I observed an increase in the number of primary errors (Figure 

4.11A). This could suggest that there is a threshold number of myelinated 

axons required for intact cognitive flexibility, or alternatively, that myelin 

structural changes may be more relevant for this function, as previously 

demonstrated (269, 272, 273).   

 

 
Figure 4.17. No correlation between number of myelinated axons and number of 
reversal primary errors. 

A. Correlation between mean number of myelinated axons per mm2 and reversal 
day 1 (RD1) primary errors in FIRE+/+ mice (green) and FIREΔ/Δ mice (magenta). Each 
data point represents an individual mouse. n=4-6 mice per group. 
B. Correlation between mean number of myelinated axons per mm2 and average 
primary errors (across 3 reversal days) in FIRE+/+ mice (green) and FIREΔ/Δ mice 
(magenta). Each data point represents an individual mouse. n=4-6 mice per group. 
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4.3.8 Demyelination occurs in adult mice lacking microglia 
As changes in myelin structure are suggested to precede myelin degeneration 

(85, 108, 276), I next wondered whether hypermyelination could render axons 

vulnerable to demyelination. To address this question, I performed electron 

microscopy analysis of FIREΔ/Δ mice at 6 months of age, which is mature 

adulthood in mice. I observed areas of robust demyelination in the corpus 

callosum (Figure 4.18A), in addition to areas of patchy demyelination (Figure 

4.18B). In these areas of patchy myelin degeneration, there was a significant 

reduction in both the number and the proportion of myelinated axons 

compared to FIRE+/+ mice (Figure 4.18C,D).  

In addition, in the areas of patchy demyelination, the axons that had retained 

their myelin had a significant reduction in inner tongue and myelin thickness, 

compared to FIRE+/+ mice (Figure 4.19A,B). Interestingly, this effect was most 

pronounced on large diameter axons (Figure 4.20A,B), suggesting that large 

diameter axons are most vulnerable to demyelination. 
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Figure 4.18. Demyelination occurs in FIRE∆/∆ corpus callosum by 6 months of age. 

A. Representative images of robust demyelination in the corpus callosum of 6-
month-old FIREΔ/Δ mice compared to age-matched FIRE+/+ mice. Scale bar, 5 µm. 
B. Representative images of patchy demyelination in FIREΔ/Δ mice compared to age 
matched FIRE+/+ mice. Asterisks indicate axons of similar size. Scale bar, 1 µm. 
C. Mean number of myelinated axons per mm2 ± s.e.m. in FIRE+/+ mice (green) and 
FIREΔ/Δ mice (magenta). n=3-4 mice per group. *P=0.0170, 2-tailed unpaired 
Student’s t-test. 
D. Mean proportion of axons which are myelinated (black) and unmyelinated (grey) 
per mm2 ± s.e.m. in FIRE+/+ mice and FIREΔ/Δ mice. n=3-4 mice per group. 
Myelinated: **P=0.0051; Unmyelinated: **P=0.0051, 1-way ANOVA with Tukey’s 
multiple comparisons test. 
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Figure 4.19. Reduction in inner tongue and myelin thickness in the FIRE∆/∆ corpus 
callosum at 6 months of age. 

A. Inner tongue thickness versus axon diameter (µm) in FIRE+/+ mice (green) and 
FIREΔ/Δ mice (magenta). n=100 axons per mouse and n=3-4 mice per group. 
*P=0.0332, simple linear regression of slopes. 
B. Myelin thickness versus axon diameter (µm) in FIRE+/+ mice (green) and FIREΔ/Δ 

mice (magenta). n=100 axons per mouse and n=3-4 mice per group. **P=0.0062, 
simple linear regression of slopes. 

 

 
Figure 4.20. Large diameter axons are most susceptible to demyelination. 

A. Mean inner tongue thickness per axon diameter bin ± s.e.m. in FIRE+/+ mice 
(green) and FIREΔ/Δ mice (magenta) at 6 months of age. n=3-4 mice per group.  
B. Mean myelin thickness per axon diameter bin ± s.e.m. in FIRE+/+ mice (green) and 
FIREΔ/Δ mice (magenta) at 6 months of age. n=3-4 mice per group. *P=0.0263, 2-
tailed unpaired Student’s t-test.  

To ensure this was not an effect related to ageing, rather than the deficiency 

in microglia, I compared myelin thickness across all three timepoints: 1 month, 

3-4 months, and 6 months in both FIRE+/+ and FIREΔ/Δ mice (Figure 4.21).  

In FIRE+/+ mice, myelin thickness increased from 1 month to 3-4 months, and 

from 3-4 months to 6 months of age (Figure 4.21A), as the mice and the brain 

grew, as has been suggested to occur (6).  
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Conversely, in FIRE∆/∆ mice, this pattern was not observed, with myelin 

thickness increasing dramatically from 1 month to 3-4 months, but decreasing 

significantly from 3-4 months to 6 months (Figure 4.21B). This illustrates that 

the reduction in myelin thickness in FIRE∆/∆ mice at 6 months of age is not 

attributable to a normal age-related process, but a result of microglial absence. 

 
Figure 4.21. Comparison of myelin thickness across timepoints. 

A. Myelin thickness per axon diameter (µm) in FIRE+/+ mice at 1, 3-4, and 6 months 
of age. n=3 mice/group. ****P<0.0001, Kruskal-Wallis with Dunn's multiple 
comparisons test.  
B. Myelin thickness per axon diameter (µm) in FIREΔ/Δ mice at 1, 3-4, and 6 months 
of age. 1 month: n=3 FIRE+/+ and 4 FIREΔ/Δ mice; 3-4 months: n=3 mice/group; 6 
months: n=3 FIRE+/+ and 4 FIREΔ/Δ mice. ****P<0.0001; ns P=0.9232, Kruskal-Wallis 
with Dunn's multiple comparisons test.  
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However, demyelination was not detectable by immunofluorescence staining 

for myelin proteins, as MAG and PLP staining intensity were unchanged 

between FIRE+/+ and FIRE∆/∆ at this timepoint (Figure 4.22).  

Therefore, the patchy nature of demyelination did not translate into overt, 

widespread loss of myelin proteins across the corpus callosum, suggesting 

these demyelinated areas are small, localised regions, perhaps akin to a 

lesion.  

Nonetheless, these findings overall show that the prolonged absence of 

microglia is sufficient to cause demyelination. 

 
Figure 4.22. Demyelination is not widespread or detectable by immunostaining for 
myelin proteins. 

A. Representative images of MAG (green) and PLP (magenta) in FIRE+/+ and FIREΔ/Δ 
corpus callosum at 6 months of age. Scale bar, 75 µm.  
B. Mean pixel intensity of MAG ± s.e.m. in FIRE+/+ (green) and FIREΔ/Δ (magenta) 
mice. n=3-5 mice per group. P=0.4335, 2-tailed unpaired Student’s t-test. 
C. Mean pixel intensity of PLP ± s.e.m. in FIRE+/+ (green) and FIREΔ/Δ (magenta) 
mice. n=3-5 mice per group. P=0.3471, 2-tailed unpaired Student’s t-test. 
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4.3.9 Oligodendrocyte numbers are unaffected by demyelination  
To determine whether demyelination occurs as a result of a reduction in 

mature oligodendrocyte number, perhaps due to their death, I stained for 

OLIG2 and CC1 at 6 months of age (Figure 4.23A). There was no difference 

in OLIG2+ CC1+ cell number or proportion between FIRE+/+ and FIRE∆/∆ mice, 

suggesting that this was not the cause for demyelination (Figure 4.23B,C). 

 
Figure 4.23. Oligodendrocyte numbers unchanged at 6 months of age. 

A. Representative images of mature oligodendrocytes co-expressing OLIG2 (white) 
and CC1 (magenta) in FIRE+/+ and FIREΔ/Δ corpus callosum at 6 months of age. 
Scale bar, 75 µm.  
B. Mean OLIG2+ CC1+ cells per mm2 ± s.e.m. in FIRE+/+ (green) and FIREΔ/Δ mice 
(magenta). n=3-5 mice per group. P=0.6400, 2-tailed unpaired Student’s t-test.  
C. Mean proportion of OLIG2+ cells which are mature (CC1+; black) or immature 
(CC1-; grey) ± s.e.m. n=3-5 mice per group. CC1+: P=0.9938; CC1-: P=0.9938, 1-way 
ANOVA with Tukey’s multiple comparisons test.  

 

  



 
 

138 
 

4.3.10 Hypermyelination may proceed demyelination 
I next wondered i) when was demyelination initiated and ii) given that large 

diameter axons were most affected at 6 months, were the most 

hypermyelinated axons more vulnerable to demyelination? By electron 

microscopy, I found that demyelination was initiated as early as 4.5 months of 

age in FIREΔ/Δ corpus callosum (Figure 4.24A), with a significant reduction in 

the number of myelinated axons in these regions compared to FIRE+/+ mice 

(Figure 4.24B).  

 
Figure 4.24. Early demyelination evident in FIRE∆/∆ corpus callosum at 4.5 months 
of age. 

A. Representative images of FIRE+/+ and FIREΔ/Δ corpus callosum at 4.5 months of 
age, indicating onset of demyelination in the latter (magenta asterisks). Examples 
of myelinated axons of similar calibre are indicated by green asterisks. Scale bars, 
5 µm and 1 µm. 
B. Mean number of myelinated axons per mm2 ± s.e.m. in FIRE+/+ mice (green) and 
FIREΔ/Δ mice (magenta). n=3 mice per group. **P=0.0042, 2-tailed unpaired Student’s 
t-test.  
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As medium-to-large diameter axons were those that showed hypermyelination 

just prior to demyelination, at 3-4 months of age (Figure 4.25A), I sought to 

measure the diameter of de/unmyelinated axons at 4.5 months. This analysis 

revealed that these were also of a medium-to-large calibre (average 0.73 µm) 

(Figure 4.25B), showing that these axons underwent demyelination first. This 

data suggests that hypermyelination may directly precede demyelination. 

 
Figure 4.25. Hypermyelinated medium-to-large diameter axons appear to 
demyelinate first. 

A. Mean myelin thickness per small (<0.6 µm) or medium-large (>0.6 µm) axon 
diameter bin ± s.e.m. in FIRE+/+ mice (green) and FIREΔ/Δ mice (magenta) at 3-4 
months of age. n=3 mice per group. <0.6 µm: P=0.8978, >0.6 µm: *P=0.0491, 2-way 
ANOVA with Sidak’s multiple comparisons test.  
B. Mean of mean diameters (0.7290 µm) of demyelinated axons per representative 
image ± s.e.m. in FIREΔ/Δ mice at 4.5 months of age. n=3 mice. 
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4.3.11 Axonal health is eventually impaired in the absence of microglia 
While I observed no difference in neurofilament staining at 1 month of age 

(Figure 3.7), I wondered whether the worsening of myelin pathology, first 

hypermyelination followed by demyelination, would impact axonal health. I 

noted the presence of axonal spheroids, swellings indicative of impaired 

axonal transport, in FIRE∆/∆ mice from 3-4 months of age and at 6 months of 

age (Figure 4.26). Although rarely observed in FIRE∆/∆ mice (<0.1% of 

axons), these were never observed in FIRE+/+ corpus callosum. 

 
Figure 4.26. Axonal spheroids present in the FIRE∆/∆ corpus callosum from 3-4 
months of age. 

Representative images of axonal spheroids in corpus callosum of FIREΔ/Δ mice at 3-
4 months (left) and 6 months (right), indicated with purple arrows. Scale bars, 2 μm 
and 1 μm, respectively. 

To examine whether demyelination affects axonal integrity, I stained for 

neurofilament at 6 months of age and observed a significant reduction in the 

level of staining in the FIRE∆/∆ corpus callosum compared to FIRE+/+ mice 

(Figure 4.27). This finding is consistent with previous findings showing 

demyelination-mediated damage to axons (277). 
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Figure 4.27. Axonal health impaired following demyelination in FIRE∆/∆ mice at 6 
months of age. 

A. Representative images of NF (grey) in FIRE+/+ and FIREΔ/Δ corpus callosum at 6 
months of age. Scale bar, 75 µm.  
B. Mean pixel intensity of NF ± s.e.m. in FIRE+/+ (green) and FIREΔ/Δ (magenta) mice. 
n=3-5 mice per group. *P=0.0301, 2-tailed unpaired Student’s t-test. 

4.3.12 Remyelination may occur in the absence of microglia 
As microglia have roles in efficient remyelination (226, 227), I next investigated 

whether, following demyelination at 6 months, remyelination can take place in 

their absence in FIRE∆/∆ mice. To address this, I undertook electron 

microscopy analysis of the FIRE∆/∆ corpus callosum at 9 months of age. 

Interestingly, remyelination did appear to proceed, with no evidence of the 

robust patches of demyelination observed at 6 months. Some larger axons, 

those most susceptible to demyelination, exhibited thin myelin sheaths, which 

are characteristic of remyelination (116) (Figure 4.28). However, as I observed 

thinner myelin on large diameter axons at 6 months, it is unclear whether these 

axons are in the process of demyelinating or whether they are undergoing 

early remyelination.  

Myelin structural integrity also appeared to still be disrupted in FIRE∆/∆ mice, 

with evidence of myelin unravelling and outfoldings, in addition to abnormal 

axon morphology, similar to that observed at 3-4 months. It is not clear whether 

this is myelin regeneration proceeding abnormally or whether this represents 

persistence of previously existing myelin of poor integrity.  

This preliminary data indicates that remyelination can occur in the absence of 

microglia, but the efficiency of remyelination in this context requires further 

study. 
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Figure 4.28. Remyelination is evident in the FIRE∆/∆ corpus callosum at 9 months. 

Representative images of FIRE+/+ and FIREΔ/Δ corpus callosum at 9 months of age, 
indicating de/unmyelinated axons (pink asterisks). Scale bars, 5 µm and 1 µm. 
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4.3.13 Microglia depletion in adulthood causes hypermyelination 
It was unclear as to whether myelin pathology in the FIRE∆/∆ mouse was due 

to congenital absence of microglia, causing hypermyelination and subsequent 

demyelination, or whether these features would occur if microglia were present 

in development but depleted in adulthood i.e., are microglia required to prevent 

aberrant myelin formation or for active myelin maintenance in adulthood? In 

the absence of an inducible FIRE∆/∆ mouse line, and uncertainty as to whether 

this would cause microglia depletion, I attempted to address this question by 

administering the widely used pharmacological microglia/macrophage 

depletion tool, PLX5622 (PLX).  

To temporally separate a developmental versus maintenance effect, PLX5622 

was given in the diet of FIRE+/+ mice when developmental myelination is 

complete (4), from 2 months of age. It was provided for 1 month, until 3 months 

of age (Figure 4.29A), when I previously observed extensive hypermyelination 

in FIRE∆/∆ mice (Figure 4.4). This resulted in a ~65% reduction in IBA1+ cells 

at this timepoint (Figure 4.29B,C), confirming a significant decrease in 

microglia and macrophages following treatment with PLX5622, as previously 

shown (139).  
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Figure 4.29. PLX5622 treatment depletes >50% microglia/macrophages in the 
FIRE+/+ corpus callosum. 

A. Adult FIRE+/+ mice were fed the CSF1R inhibitor PLX5622 in the diet from 2 to 3 
months of age. 
B. Representative images of IBA1+ cells (magenta) in the corpus callosum of 3-
month-old FIRE+/+ mice on normal diet vs PLX5622 (PLX) diet from 2 to 3 months of 
age. Scale bar, 25 µm. 
C. Density of IBA1+ cells per mm2 ± s.e.m. in FIRE+/+ mice on normal diet (green) vs. 
PLX diet (magenta) at 3 months of age. n=3-5 mice per group. ***P=0.0004, 2-tailed 
unpaired Student’s t-test. 

Compared to FIRE+/+ mice on a normal diet, PLX5622 treatment led to 

hypermyelination (Figure 4.30A), with evidence of enlarged inner tongues and 

thicker myelin (Figure 4.30B). I observed strikingly similar results to FIRE∆/∆ 

mice, with a significant increase in inner tongue and myelin thickness, the latter 

particularly pronounced on large diameter axons (Figure 4.30C,D). Therefore, 

depletion of microglia/macrophages in adult mice mirrored the 

hypermyelination observed at the equivalent age in the FIREΔ/Δ mice.  
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Figure 4.30. Hypermyelination is evident in the corpus callosum of FIRE+/+ mice 
treated with PLX from 2 to 3 months of age. 

A. Representative images of the FIRE+/+ corpus callosum following PLX 
administration from 2 to 3 months of age compared to FIRE+/+ mice on normal diet. 
Unravelling and outfoldings are indicated by the purple arrows. Scale bar, 1 µm. 
B. Representative images of enlarged inner tongues (orange) and thicker myelin 
(pink asterisks) following PLX administration from 2 to 3 months of age compared 
to similar size axons in FIRE+/+ mice on normal diet (green asterisks). Scale bar, 1 
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µm. 
C. Inner tongue thickness versus axon diameter (µm) in FIRE+/+ mice on normal diet 
(green) or PLX diet (magenta) from 2 to 3 months of age. n=100 axons per mouse 
and n=3-5 mice per group. ***P<0.0001, simple linear regression of intercepts. 
D. Myelin thickness versus axon diameter (µm) in FIRE+/+ mice on normal diet 
(green) or PLX diet (magenta) from 2 to 3 months of age. n=100 axons per mouse 
and n=3-5 mice per group. ***P<0.0001, simple linear regression of slopes. 

 

4.3.14 Microglial depletion does not impact oligodendrocyte numbers 
To determine whether hypermyelination following PLX treatment in FIRE+/+ 

mice was due to increased oligodendrocyte numbers, I performed 

immunostaining for OLIG2 and CC1 (Figure 4.31A), which revealed no 

differences in either mature oligodendrocyte number or proportion following 

PLX treatment (Figure 4.31B,C). This shows that hypermyelination occurring 

post-PLX treatment was not a consequence of increased numbers of 

oligodendrocytes. This also implies that oligodendrocyte death did not occur 

in response to PLX treatment; although, due to the length of treatment, it is 

possible that their death was followed by rapid recovery via proliferation which 

could have been missed. Nevertheless, prolonged PLX treatment did not have 

a lasting impact on oligodendrocyte number. 
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Figure 4.31. Oligodendrocyte numbers unchanged following PLX treatment from 2 
to 3 months of age. 

A. Representative images of mature oligodendrocytes co-expressing OLIG2 (white) 
and CC1 (magenta) in the corpus callosum of FIRE+/+ mice on normal diet or PLX 
diet from 2 to 3 months of age. Scale bar, 75 µm.  
B. Mean OLIG2+ CC1+ cells per mm2 ± s.e.m. in FIRE+/+ mice on normal diet (green) 
or PLX diet (magenta) from 2 to 3 months of age. n=3-5 mice per group. P=0.3645, 2-
tailed unpaired Student’s t-test.  
C. Mean proportion of cells of the oligodendrocyte lineage (OLIG2+) which are 
mature (CC1+; black) or immature (CC1-; grey) ± s.e.m. at 3 months of age. n=3-5 
mice per group. CC1+: P=0.3779; CC1-: P=0.3779, 1-way ANOVA with Tukey’s 
multiple comparisons test.  
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4.3.15 Microglia depletion later in adulthood causes demyelination  
I next administered PLX5622 from 5 to 6 months of age (Figure 4.32A), the 

timepoint where I observed demyelination in FIRE∆/∆ mice (Figure 4.18). 

Similar to FIRE∆/∆ mice, this resulted in both robust and patchy demyelination 

(Figure 4.32B), leading to a significant reduction in the number of myelinated 

axons in the corpus callosum (Figure 4.32C). This indicates that age has a 

role to play in microglial regulation of myelin integrity, with myelin becoming 

increasingly vulnerable to degeneration with age when microglia are absent. 

It is unclear whether hypermyelination preceded demyelination in this context; 

perhaps it occurred rapidly during the 1-month treatment period. Indeed, there 

were some evident features of hypermyelination in PLX-treated mice at this 

timepoint, such as thick and unravelling myelin on larger axons (Figure 4.32B), 

suggesting that these processes can occur simultaneously.  

Although other CNS-resident macrophages are affected by PLX5622 

treatment, the similarity of the myelin pathology in PLX-treated FIRE+/+ mice to 

that observed in the FIRE∆/∆ mice implies that microglia were responsible for 

this phenotype. Overall, these data illustrate that microglia are actively 

involved in the maintenance of myelin in adulthood, once it is already formed, 

with an increasing dependence on this function as the brain ages. 
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Figure 4.32. Demyelination occurs in the FIRE+/+ corpus callosum following 
treatment with PLX from 5 to 6 months of age. 

A. Adult FIRE+/+ mice were fed the CSF1R inhibitor PLX5622 in the diet from 5 to 6 
months of age. 
B. Representative images of demyelination in the corpus callosum of 6-month-old 
PLX-treated FIRE+/+ mice. Pink asterisks indicate de/unmyelinated axons in PLX-
treated FIRE+/+ mice compared to similar size axons in FIRE+/+ mice on normal diet 
(green asterisks). Scale bar, 1 µm. 
C. Mean number of myelinated axons per mm2 ± s.e.m. in FIRE+/+ mice on normal 
diet (green) vs. PLX diet (magenta) from 5 to 6 months of age. n=3 mice per group. 
**P=0.0024, 2-tailed unpaired Student’s t-test.  
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4.3.16 Patients with ALSP have a reduction in white matter microglia 
but an increase in perivascular macrophages 
Having demonstrated that microglia are required for the maintenance of myelin 

health in adulthood in mice, I next investigated the relevance of these findings 

in humans. To do so, I assessed the rare leukoencephalopathy ALSP (Table 

3), in which heterozygous mutations in CSF1R cause a reduction in IBA1+ 

cells, especially in the frontal white matter (139). Accordingly, in comparison 

to age-matched controls who died of non-neurological causes (Table 3), there 

was a significant decrease in IBA1+ cells in the frontal white matter of ALSP 

cases (Figure 4.33), as previously described (139).  

 
Figure 4.33. Reduction of microglia/macrophages in the frontal white matter of 
ALSP patients. 

A. Representative images of IBA1+ microglia/macrophages (magenta) in human 
ALSP and age-matched control frontal white matter, counterstained with Hoechst 
(cyan). Scale bar, 50 µm. 
B. Mean IBA1+ cells per mm2 ± s.e.m. in control (green) and ALSP (magenta) frontal 
white matter. n=3 cases per group. *P=0.0197, 2-tailed unpaired Student’s t-test. 

 

To differentiate whether these cells were microglia and/or macrophages, I co-

stained for LYVE1, the perivascular macrophage marker, and IBA1 (Figure 

4.34A,B), and observed an increase in the number of perivascular 

macrophages versus control cases (Figure 4.34C), as well as a relative 
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increase in the proportion of perivascular macrophages (LYVE1+ IBA1+) 

compared to microglia in ALSP patients (Figure 4.34D). In addition, 

perivascular macrophage morphology appeared altered in ALSP cases, 

showing a more rounded morphology compared to the elongated shape 

evident in control cases (Figure 4.34B).  

Overall, these findings indicate that microglia are more affected by CSF1R 

mutations in ALSP patients, being significantly reduced in number in this 

context, while perivascular macrophages are spared.  
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Figure 4.34. Increase in perivascular macrophages in the frontal white matter of 
ALSP patients. 

A. Representative images of LYVE1+ (green; top) and IBA1+ (magenta) LYVE1+ 

macrophages (bottom) in human ALSP and age-matched control frontal white 
matter. Scale bar, 50 μm.  
B. Magnified images from dotted outlines in (A) of IBA1+ LYVE1+ perivascular 
macrophages in human ALSP and age-matched control frontal white matter. Scale 
bar, 50 μm.  
C. Mean IBA1+ LYVE1+ cells per mm2 ± s.e.m. in control (green) and ALSP (magenta) 
frontal white matter. n=3 cases per group. P=0.1000, Mann Whitney test.  
D. Mean proportion of IBA1+ cells which are perivascular macrophages (LYVE1+; 
grey) or microglia (LYVE1-; black) ± s.e.m. in control and ALSP frontal white matter. 
n=3 cases per group. *P=0.0034, 1-way ANOVA with Tukey's multiple comparisons 
test. 

 

  



 
 

153 
 

4.3.17 Hypermyelination followed by demyelination evident in patients 
with ALSP  
Next, I sought to characterise the myelin in these patients. ALSP is 

characterised by widespread demyelination in post-mortem analyses from 

patients who die from the disease (135, 137). In addition to characterisation of 

the remaining myelin in an end-stage patient (40 years old), I had access to 

tissue from a younger patient (22 years old) who died from an unrelated cause, 

which facilitated ultrastructural analysis of the white matter before extensive 

demyelination had occurred. 

At both ages, myelin in ALSP frontal white matter showed evidence of 

outfoldings and unravelling [Figure 4.35A (i) and (iv)], was significantly thicker 

[Figure 4.35A (i), B], and had significant enlargement of the inner tongue 

[Figure 4.35A (ii) and (iii), C]. Increased myelin thickness was more 

pronounced on large diameter axons (Figure 4.35B), while increased inner 

tongue thickness was seen across all axon calibres (Figure 4.35C). Larger 

axon diameters were noted in ALSP versus controls (Figure 4.35B,C), 

consistent with axonal swelling being a typical pathological feature of this 

disorder; yet myelin was still thicker than would be expected of axons of this 

size.  

These data show that a hypermyelination phenotype similar to that observed 

in both FIRE∆/∆ and PLX-treated FIRE+/+ mice (Figure 4.4; Figure 4.30) was 

evident in humans deficient in white matter microglia. Microglia are therefore 

also required for preventing overgrowth of myelin in the human white matter. 
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Figure 4.35. Hypermyelination evident in the frontal white matter of ALSP patients. 

A. Representative images of frontal white matter in control and ALSP.  
(i) Asterisks indicate axons of similar size and pink arrows indicate myelin 
unravelling. Scale bar, 1 µm.  
(ii & iii) Enlarged inner tongues in ALSP patients (orange). Scale bar, 0.5 µm.  
(iv) Myelin outfolding and unravelling in ALSP (pink arrow). Scale bar, 0.5 µm. 
B. Myelin thickness versus axon diameter (µm) in control (green) and ALSP 
(magenta). n=100 axons per case and n=2 cases per group. **P=0.002, simple linear 
regression of slopes. 
C. Inner tongue thickness versus axon diameter (µm) in control (green) and ALSP 
(magenta). n=100 axons per case and n=2 cases per group. ***P<0.0001, simple 
linear regression of intercepts. 
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As expected, demyelination was also observed in ALSP frontal white matter, 

and progressively worsened with age (Figure 4.36). Myelin unravelling was 

prominent in very thick myelin in ALSP patients [Figure 4.35A (i)], which could 

be suggestive of the early stages of a transition from hypermyelination to 

demyelination.  

Taken together, these findings reveal that a reduction in white matter microglia 

in humans is associated with hypermyelination followed by eventual 

demyelination, echoing my findings in the mouse, and further corroborating a 

role for microglia in regulating myelin growth and integrity for the maintenance 

of healthy myelin. 

 

 

  

 
Figure 4.36. Hypermyelination appears to proceed demyelination in the frontal 
white matter of ALSP patients. 

Representative images of extent of demyelination in the frontal white matter of 
ALSP cases; 22-year-old case (left) and 40-year-old case (right). Scale bar, 10 µm. 
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4.4 Discussion 
In Chapter 1, I showed that there was no deficit in developmental myelination 

in the absence of microglia, contrary to previous findings of hypomyelination 

when all CNS macrophages were depleted (25, 26). Conversely, for the first 

time, I have found that the opposite occurs: myelin was overgrowing in the 

absence of microglia. This hypermyelination phenotype was characterised by 

myelin unravelling and outfoldings, enlarged inner tongues and thicker myelin, 

which occurred in the corpus callosum of both FIRE∆/∆ mice and FIRE+/+ mice 

treated with the CSF1R inhibitor PLX5622, as well as in human ALSP patients 

deficient in white matter microglia. Hypermyelination was associated with 

impaired cognitive flexibility in FIRE∆/∆ mice yet learning and memory encoding 

were intact. Oligodendrogenesis proceeded following cognitive testing, while 

new myelin formation was attenuated. In FIRE∆/∆, PLX-treated FIRE+/+ and in 

ALSP patients, I demonstrated that demyelination occurs following 

hypermyelination, revealing a novel cellular mechanism by which 

demyelination is initiated. Neither hypermyelination nor demyelination were 

associated with oligodendrocyte loss in the mouse. These findings illustrate 

that microglia are required for healthy myelin maintenance and associated 

cognition in the CNS white matter of both mouse and human.  

4.4.1 Hypermyelination occurs in the absence of microglia 
Erblich et al. and Hagemeyer et al. both characterised hypomyelination as a 

central outcome of CNS macrophage deficiency in the developing white matter 

(25, 26). In Chapter 1, I discovered that myelin did form in the developing 

corpus callosum and in this chapter, I built on these findings to show that not 

only did myelin form, it displayed features of hypermyelination. These features 

were evident starting at 1 month of age and included unravelling and 

outfoldings, thicker myelin on large diameter axons and enlarged inner 

tongues, indicative of uncompact myelin, on small diameter axons. These 

axon-diameter specific effects are in line with the order of myelination in white 

matter tracts, with large diameter axons becoming myelinated first (12), likely 

due to physical cues to the oligodendrocytes. The presence of enlarged inner 

tongues on small calibre axons fits with a hypermyelinating phenotype, as the 
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inner tongue is typically the last area of myelin to compact, once growth is 

completed (7) (illustrated in Figure 4.37).  

 
Figure 4.37. Myelination occurs on large diameter axons first. 

Oligodendrocytes wrap larger axons preferentially during development, with myelin 
growth proceeding until the myelin lamellae and the inner tongue compact. The 
same process then occurs on smaller axons. 

These findings are in line with a previous study showing that oligodendrocytes 

generated more (but shorter) sheaths following microglial depletion during 

development in zebrafish (181). I now demonstrate that hypermyelination not 

only persisted but was exacerbated in adult FIRE∆/∆ mice, with enlarged inner 

tongues present on all axon calibres and thicker myelin now observed on 

medium calibre axons as well as larger ones. There was no evidence of 

changes in oligodendrocyte number at this timepoint. This complements the 

recent work of Hughes and Appel, who showed that microglia regulate myelin 

sheath number during myelin formation in development via pruning and 

phagocytosis, with no effect on oligodendrocyte number (181).  

Providing the CSF1R inhibitor PLX5622 to FIRE+/+ mice from 2 to 3 months of 

age, inducing a ~65% depletion of microglia/macrophages, replicated the 

findings in FIRE∆/∆ mice, indicating both that the myelin phenotype is 

independent of oligodendrocyte number and that microglia do not need to be 

absent from development for hypermyelination to occur: microglia actively 

maintain myelin health in adulthood. Human ALSP patients, who harbour 

CSF1R mutations leading to a significant reduction in white matter microglia, 
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had a strikingly similar hypermyelination profile. Taken together, these findings 

suggest that there is likely a threshold level of microglia required for healthy 

myelin integrity: a >50% reduction in microglia is sufficient to induce 

hypermyelination in both mouse and human.  

Despite the resemblance to FIRE∆/∆ mice, however, it is difficult to unpick 

whether the hypermyelination observed in the contexts of PLX treatment and 

ALSP is a result of microglia reduction and/or aberrant function of remaining 

microglia. Strikingly, Csf1r+/− mice have an increased density of 

microglia/macrophages throughout their brains (IBA1+) yet also display 

hypermyelination in the corpus callosum and cortex occurring as early as 2 

months of age and persisting up to 10 months of age. The similar phenotype 

observed between FIRE∆/∆ mice, which have no microglia, and Csf1r+/− mice, 

which have increased microglia/macrophages, may be attributed to a 

reduction in CSF1R expression and a pro-inflammatory gene expression 

profile of these microglia/macrophages (278). Therefore, it’s possible that the 

remaining microglia following PLX administration and in ALSP have lost their 

homeostatic function, perhaps becoming activated or acquiring a disease-

associated microglia (DAM) profile. A recent study showed that following PLX 

treatment, remaining microglia expressed some DAM signature genes such 

as Lgals3 and Cd63 (279). Gibson et al. showed that activated microglia and 

macrophages were responsible for perturbed myelin structure, including 

reduced thickness, following chemotherapy, which was rescued by PLX 

treatment (280). Equally, Zhan et al. found that homeostatic markers 

TMEM119 and P2RY12 were reduced in microglia following PLX treatment 

(279) and Kempthorne et al. also showed in the affected ALSP white matter 

that there was reduced expression of homeostatic markers including P2RY12, 

CX3CR1 and CSF1R (139). The latter is interesting as I found in Chapter 1 

that remaining myeloid cells, including border-associated macrophages, had 

reduced expression of CSF1R in FIRE∆/∆ mice, indicating loss of homeostasis 

in remaining microglia/macrophages could be a conserved process between 

mouse and human. Characterising these remaining microglia/macrophages 

could be a fascinating line of research in future; sequencing these could shed 

light on their expression profile and their potential functions.  
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Interestingly, Romanelli et al. observed similar features of hypermyelination 

(bulb-like myelin structures termed myelinosomes, harbouring splitting of the 

myelin lamellae or myelin inclusions) in acute EAE lesions and in actively 

demyelinating lesions of MS tissue, which were in close proximity to 

phagocytes (108). Indeed, microglia dysfunction has been noted in 

demyelinated mouse and MS lesions (188). It is also known that white-matter-

associated microglia (WAM), which have a similar profile to the DAM, appear 

in the ageing mouse white matter and that hypermyelination occurs in the 

ageing non-human primate brain (80, 81), raising the question as to whether 

these are linked. Could the WAM be a dysfunctional state, overwhelmed with 

the burdens of the ageing brain such as accumulating myelin debris, as 

suggested by Safaiyan et al. (87)? Could this then lead them to lose their ability 

to maintain myelin appropriately, thereby causing hypermyelination? However, 

it is also worth considering what makes the remaining microglia following PLX 

treatment and in ALSP resistant to depletion. Indeed, it remains unknown as 

to whether the WAM or DAM are protective or detrimental states (179). 

Nevertheless, these findings suggest that the potential off-target effects of 

CSF1R inhibitors on myelin health should be considered, given they are 

currently in clinical trials for the attenuation of microglia/macrophage activation 

in cancer and neurological conditions (50, 51). Age is another factor which 

warrants consideration, as microglia depletion could accelerate 

hypermyelination which may have already begun to occur in the ageing brain.  

ALSP patients had an increase in the proportion of perivascular macrophages 

in the frontal white matter, compared to control, an effect not observed in 

FIRE∆/∆ mice (Figure 3.5). This could be an attempt at compensation, perhaps 

due to reduced expression of CSF1R. Indeed, Kempthorne et al. observed 

increased numbers of CD163+ and CD68+ macrophages in the affected ALSP 

white matter compared to control (139). To interrogate their functions, further 

characterisation of PVM responses in ALSP, perhaps by flow cytometry or bulk 

RNA-sequencing, could be carried out in future studies, if fresh tissue is 

available. Nonetheless, a reduction in white matter microglia was associated 

with a prominent hypermyelination phenotype in humans, similar to FIRE∆/∆ 
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and PLX-treated FIRE+/+ mice, corroborating that microglia are required to limit 

hypermyelination for the maintenance of myelin structural integrity.  

4.4.2 Hypermyelination is associated with deficits in cognitive flexibility 
Microglia/macrophage activation has been associated with cognitive deficits in 

aged white matter and AD post-mortem tissue (259, 260). In APP/PS1 mice, 

who have recently been shown to have net myelin loss (127), GW2580 

treatment reduced microglia/macrophage proliferation and prevented deficits 

in short-term memory in the T-maze test, with no change in the number of 

amyloid-β plaques (260). Inhibiting the CSF1R via PLX5622 administration 

was shown to improve spatial learning and memory in aged 3xTg-AD mice in 

the Morris water maze and novel place recognition tasks, also independent of 

plaque load (168). Interestingly, microglia/macrophages no longer associated 

with plaques following PLX treatment (168). These findings suggest that 

aberrant microglia/macrophage responses can perturb cognitive function. 

However, this may mean that homeostatic microglia are required for healthy 

cognition. For instance, in aged mice (24 months), repopulation of 

microglia/macrophages following CSF1R inhibitor withdrawal induced 

improvements in cognition (spatial memory on the Morris water maze) (281), 

implying that rejuvenation of microglia function can improve cognition and may 

have therapeutic potential in this context. 

Consistent with observations in AD mouse models, loss of homeostasis and/or 

activation of CNS macrophages was associated with cognitive deficits in 

Csf1r+/− mice, who exhibited deficient spatial memory in the novel object 

recognition test at 6-8-months of age; interestingly, this was after 

hypermyelination had begun (278). I now provide evidence for a specific role 

of microglia in healthy cognitive function, as the absence of microglia was 

associated with deficits in cognitive flexibility, occurring at an age where 

hypermyelination was extensive. Hypermyelination has been observed in 

mouse models of epilepsy, while fractional anisotropy is increased in the white 

matter of children with autism spectrum disorder, indicating increased myelin 

content can exert functional impacts on circuit function (69, 282, 283). Indeed, 

previous studies have linked poor myelin integrity with deficient cognitive 

flexibility, with thinner myelin associated with disrupted cognitive flexibility in 
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rats harbouring a mutation in a risk gene for psychiatric disorders (272), while 

mice lacking large myelinated axons and exhibiting thicker myelin on medium 

calibre axons also had impaired cognitive flexibility (273). I have now 

uncovered the requirement for homeostatic microglia in preventing these 

pathologies. This builds on previous work revealing that microglia/macrophage 

dysregulation in response to chemotherapy is sufficient to disrupt myelin 

structure and cognitive function (280). 

As myelin structure and neuronal activity-mediated regulation of cognition are 

intrinsically linked (55, 60, 66, 67), my findings also point to a potential role for 

microglia in influencing adaptive myelination to modulate circuit function in this 

context. This warrants future investigation; however, characterising the impact 

of the absence of microglia on neuronal activity and synaptic health at baseline 

is first required. In addition, my findings have important implications for 

elucidating the cellular mechanisms underlying cognitive decline with ageing, 

where hypermyelination (81) and demyelination are known to occur, de novo 

myelination is impaired (77, 87), and microglia dysfunction is well established 

(206, 211, 284, 285). Indeed, cognitive flexibility has been shown to be 

impaired with ageing (286) and in the rhesus monkey, this impairment is 

observed as early as middle age, implicating it as one of the first executive 

functions to be compromised with age (287). This raises the possibility that 

hypermyelination and associated impaired cognitive flexibility are early 

features of ageing and could represent a point of early therapeutic intervention 

to preserve myelin integrity and cognition with ageing. 

In humans, cognitive flexibility is often assessed using the Wisconsin Card 

Sorting Test (WCST). This test involves two packs of cards, with 4 ‘stimulus’ 

cards and 64 ‘response cards’ in each, each having various geometric shapes 

in different colours and numbers. Participants are expected to accurately sort 

every response card with one of four stimulus cards through the feedback 

given to them (right or wrong) based on a rule. The experimenter will change 

the rule after the participant makes ten consecutive, correct classifications. A 

higher score indicates worse performance, defined by ‘perseverative errors’, 

which is when a participant persists with the same response, despite a rule 

switch and feedback indicating it is no longer correct (288). It is well 
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established that performance on the WCST declines with ageing (286), yet the 

mechanisms underlying this decline remain poorly understood. Children with 

autism also commit more perseverative errors on the WCST compared to 

children without autism (288, 289), raising the question as to whether this is 

linked to myelin integrity. Poor WCST performance has in fact been associated 

with abnormal white matter integrity, as measured by diffusion tensor imaging, 

in adolescent inhalant abusers (290) and in methamphetamine abusers (291). 

It also been shown that frontal white matter hyperintensities are predictive of 

increased perseverative errors on the WCST (292). Interestingly, patients with 

mild cognitive impairment, in whom white matter hyperintensities have 

previously been associated with increased risk for AD conversion (293), have 

exacerbated impairment in cognitive flexibility compared to healthy ageing 

adults, implicating extensively compromised cognitive flexibility as an early 

sign of conversion to AD (294). The nature of white matter hyperintensities 

remains elusive (295), but these findings indicate that compromised cognitive 

flexibility in humans is associated with poor myelin integrity. It would be 

interesting to assess whether newly diagnosed ALSP patients also exhibit 

deficits on the WCST, which may corroborate the role of microglia in regulating 

cognitive flexibility in humans via their control of myelin integrity.  

4.4.3 Microglial absence does not prevent learning-induced 
oligodendrogenesis but impairs new myelin formation 
Interestingly, there was no deficit in new oligodendrogenesis in FIRE∆/∆ corpus 

callosum following cognitive testing. This is consistent with largely unimpaired 

learning in FIRE∆/∆ mice, as previous studies have shown that 

oligodendrogenesis is involved in spatial and motor learning (56-58, 62). 

However, in contrast to FIRE+/+ mice, FIRE∆/∆ mice showed no increase in the 

number of myelinated axons following learning, a process which has been 

shown to underpin long-term memory consolidation (65, 77). Although I did not 

test long-term memory consolidation in FIRE∆/∆ mice, it would be interesting to 

perform a probe test 4-6 weeks after learning in order to assess whether this 

is perturbed. However, this could be confounded by demyelination beginning 

at 4.5 months of age. Indeed, as I tested the mice from 2-4 months of age and 

perfused them for electron microscopy analysis 6 weeks after cognitive testing, 
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it is likely that in some mice, the process of demyelination had already begun 

by the time of analysis, thus masking the effect on new myelin formation. 

Accordingly, there was no correlation between primary errors during the 

reversal phase, where the FIRE∆/∆ mice showed poor cognitive flexibility, and 

the number of myelinated axons, suggesting that this effect is likely due to 

disrupted myelin integrity as opposed to attenuated new myelin formation in 

this context. Whether remodelling of existing myelin occurred in FIRE∆/∆ mice 

is not clear; I did not assess myelin thickness following learning as any 

changes may have been conflated with ongoing hypermyelination or initiation 

of demyelination. While myelin remodelling has been shown to occur following 

motor learning (forelimb reach task), this process was limited in mice trained 

in the forelimb reach task following cuprizone-induced demyelination, 

indicating that following myelin damage, learning-induced myelin remodelling 

is attenuated (63).  

4.4.4 Demyelination occurs in the absence of microglia 
I discovered that microglia are required to prevent demyelination in the adult 

white matter, revealing a novel cellular mechanism by which demyelination is 

initiated. Whereas previous work has implicated either the peripheral immune 

system (102) or primary oligodendrocyte death (103) as inducing 

demyelination, it is clear that the contribution of microglia now also warrants 

consideration.  

The exacerbation of myelin pathology I observed with age in response to 

microglia depletion suggests an increasing dependence on healthy microglia 

for myelin integrity with ageing. Microglia dysfunction may thus initiate and 

perpetuate myelin damage with ageing and in neurodegenerative disorders. 

The FIRE∆/∆ mouse could represent an accelerated ageing model; 

hypermyelination and demyelination are both observed in the ageing brain (80, 

81, 85, 87), and my data indicates that hypermyelination may precede 

demyelination, as the largest axons, which had the most extensive 

hypermyelination, were the first to demyelinate at 4.5 months and had the 

thinnest myelin at 6 months of age. This introduces a novel potential sequence 

of events underlying myelin pathology in ageing and neurodegenerative 

disease. Indeed, recent studies of the dynamics of demyelination have 
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suggested this could be the case: Romanelli et al. noted that myelinosome 

formation was an early feature of demyelination in EAE (108), while Chapman 

et al. observed that 2Phatal-induced myelin degeneration was preceded by 

the formation of myelin swellings and characterised by progressive 

decompaction, as assessed by SCoRe signal (85).  

However, it’s unclear whether hypermyelination always precedes 

demyelination. This is difficult to test in human disease but it is known that 

myelin structural changes (108) and activated microglia nodules (222-224) 

have been observed in MS patients, the latter in normal-appearing white 

matter; whether these represent future lesions forming is as of yet 

undetermined. 

This may also be relevant to neurodegenerative disease, given that in a mouse 

model of Alzheimer’s Disease, there were opposite changes in gene modules 

primarily associated with microglia (and astrocytes) versus those related to 

oligodendrocytes and myelination (123). This study also identified that the 

oligodendrocyte-associated module was initially upregulated, followed by 

downregulation in microenvironments with the highest Aβ accumulation; 

whether this represents initial hypermyelination followed by demyelination 

remains to be determined. Depp et al. recently showed that myelin dysfunction 

is sufficient to induce amyloid pathology, and they documented a concomitant 

reduction in microglial homeostatic genes and increase in DAM signature 

genes (128), further suggesting that microglia dysfunction may underly myelin 

pathology and subsequent development of neurodegenerative disease.  

4.4.5 Remyelination may proceed in the absence of microglia 
Microglia have been demonstrated to be required for efficient remyelination 

(226, 227). Surprisingly, I observed that, in their absence, remyelination 

occurred by 9 months of age in FIRE∆/∆ corpus callosum. However, features of 

hypermyelination were also evident. Interestingly, a similar hypermyelination 

profile has been demonstrated in remaining myelin in the corpus callosum of 

cuprizone-fed Cx3cr1−/− mice, who have activated microglia, with evidence of 

unravelling, thicker myelin, and axonal spheroids. These myelin abnormalities 

also persisted after remyelination (296). This suggests that microglia 

dysfunction can impact their ability to resolve disrupted myelin integrity 
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following demyelinating insult. Interestingly, another study demonstrated that 

Cx3cr1-deficient microglia from young mice had a similar transcriptomic profile 

to those from aged wildtype mice, suggesting premature ageing of these 

microglia and again suggesting a link between microglia dysfunction, myelin 

pathology and failed remyelination in ageing (90, 205).  

In the context of disease, a retained capacity for remyelination was observed 

in an AD mouse model, yet this eventually failed to keep up with the rate of 

demyelination (127). Whether this ultimate remyelination failure coincides with 

the appearance of the DAM state, or conversion from WAM to DAM, has not 

yet been studied, but would be a fascinating line of investigation in future. My 

findings also point to potential cycles of hypermyelination, followed by 

demyelination then remyelination. This may be reminiscent of relapsing-

remitting MS. It will be interesting to assess FIRE∆/∆ mice at 12 months or older, 

considered to be the onset of ageing in the mouse brain, to observe whether 

demyelination occurs again and whether remyelination eventually fails, as it 

does in MS with age (115). If this is the case, the FIRE∆/∆ mouse could possibly 

represent a novel mouse model of MS, further pointing to the novel role that 

microglia have to play in initiating and/or driving demyelination in disease.  

4.5 Summary 
Overall, I have demonstrated that microglia are required to limit 

hypermyelination and prevent demyelination in the CNS white matter, 

preserving myelin integrity and cognitive function. The next question was: how 

do microglia prevent myelin overgrowth and subsequent demyelination? Is it 

via a direct interaction with oligodendrocytes, or are other cell types involved? 

Elucidation of the molecular mechanisms underlying microglial regulation of 

myelin integrity will be addressed in the next chapter. 
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Chapter 5: Altered oligodendrocyte lipid profile and 
disrupted TGFβ1 axis in the absence of microglia 
leads to hypermyelination 
5.1  Introduction 
It is unknown how an oligodendrocyte produces the amount of myelin 

appropriate for the calibre of the axon it’s myelinating (297). Although I 

observed no changes in the expression of myelin proteins in the absence of 

microglia (Figure 3.11), lipids are the major constituents of myelin, making up 

70-85% of its dry weight (27). It is thus possible that hypermyelination 

occurring in the FIRE∆/∆ mice is due to increased synthesis of, or reduced 

export of, lipids. Indeed, cholesterol has been shown to be required for myelin 

growth, as conditional deletion of a gene encoding the synthesis enzyme 

squalene synthase from mature oligodendrocytes impedes developmental 

myelination, resulting in reduced myelin thickness (29). Based on these 

findings, it stands to reason that excess cholesterol, or other lipids, could result 

in increased myelin thickness. 

In Chapter 2, I identified microglia as the cellular source of myelin growth 

regulation in the central nervous system. However, the mechanism by which 

they do this remains unclear. There are several pathways implicated in 

regulating myelin growth and maintenance, including the ERK-MAPK 

(extracellular signal-regulated kinase 1/2-mitogen-activated protein kinase) 

pathway (35, 298), whereby mice with gain of ERK1/2 function in 

oligodendrocytes exhibit significantly increased myelin thickness, 

independently of oligodendrocyte differentiation or initiation of myelination 

(35). In addition, mice with a conditional knockout of Scribble in myelinating 

oligodendrocytes show enhanced ERK/MAPK activation alongside increased 

myelin thickness (15). Oligodendroglial deletion of Akt, downstream of PI3K 

and mTOR and a target of the phospholipid PIP3, also causes 

hypermyelination (reduced g-ratio) (36), while conditional inactivation of Pten 

in mature oligodendrocytes leads to increased levels of PIP3 and enlarged 

inner tongues, increased myelin thickness and outfoldings (6). These latter 

findings indicate that increased phospholipid levels can underly 
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hypermyelination in mice, consistent with lipids being required for myelin 

growth.  

These studies thus suggested that transcriptional changes in the 

oligodendrocyte are sufficient to induce hypermyelination. This raised the 

question as to how microglia may influence the oligodendrocyte transcriptome, 

and thus, their ability to produce an appropriate amount of myelin. 

Oligodendrocytes have recently been shown by single-cell or single-nuclei 

RNA sequencing to have transcriptional heterogeneity in development, under 

homeostasis, and following injury (107, 299-301). Oligodendrocyte 

transcriptional state changes have been noted in models of demyelinating 

injury, including the autoimmune model of demyelination EAE (experimental 

autoimmune encephalomyelitis) (104) and the cuprizone model (105), as well 

as in the 5xFAD mouse model of AD (122) and, very recently, in the aged 

mouse white matter (302). In humans, oligodendrocyte states have been 

demonstrated to be altered in both MS and AD (106, 107). Myelin pathology 

is known to occur in tandem with microglial activation and/or loss of their 

homeostasis in these contexts (87, 105, 122, 127, 188, 207, 211, 215, 216, 

222, 223). Taken together, these data suggest that conditions where there is 

microglial dysfunction also have the appearance of a reactive oligodendrocyte 

state concurrent with myelin pathology. It is therefore plausible that the 

absence of microglia and/or disruption of their homeostasis could cause a 

similar shift in oligodendrocyte states, affecting their function and driving 

hypermyelination and eventual demyelination.  
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5.2 Aims 
Given that I observed no changes in oligodendrocyte number throughout the 

lifespan in FIRE∆/∆ mice, neither in the context of hypermyelination nor 

subsequent demyelination, I wondered whether the function of these 

oligodendrocytes was perturbed. Following on from this, I next wondered how 

the absence of microglia may be contributing to a potential change in 

oligodendrocyte function; what factors do they usually provide to 

oligodendrocytes to regulate their myelin production? 

The aims of this chapter were therefore: 

1 To determine the impact of microglial absence on oligodendrocyte 

transcriptional states 

2 To assess how oligodendrocyte changes may contribute to 

hypermyelination in the absence of microglia 

3 To identify the molecular mechanism underlying microglial regulation of 

hypermyelination 
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5.3 Results 

5.3.1 Single-cell RNA sequencing reveals new oligodendrocyte state in 
the absence of microglia 
To identify the molecular mechanisms underlying hypermyelination in the 

absence of microglia, single-cell RNA sequencing of the FIRE+/+ and FIRE∆/∆ 

mouse brains was conducted at 1.5 months of age using the 10X Genomics 

sequencing platform. Processing of tissue was carried out by David Munro and 

Stefan Szymkowiak, and bioinformatics analysis was performed by Nadine 

Bestard-Cuche. Following principal component analysis (PCA), mature 

oligodendrocytes were subsetted from other cells based on their expression 

of myelin genes Plp, Mog, Mag, and Mbp. To confirm these were mature 

oligodendrocytes, they were also subsetted based on lack of expression of 

other cell type markers. Astrocytes were identified based on their expression 

of Fgfr3 (Figure 5.1A), microglia/macrophages based on Cd68 expression 

(Figure 5.1B), oligodendrocyte precursor cells (OPCs) by Pdgfra (Figure 5.1C) 

and committed oligodendrocyte precursors by Gpr17 (Figure 5.1D). 

 



 
 

170 
 

 
Figure 5.1. Subsetting of oligodendrocytes from FIRE+/+ and FIRE∆/∆ mice for single-
cell analysis. 
t-SNE (t-distributed stochastic neighbour embedding) plots of pre-filtered dataset 
showing oligodendrocytes (Mbp) versus other cell types: A) Fgfr3 (astrocytes), B) 
Cd68 (microglia/macrophages), C) Pdgfra (OPCs) and D) Gpr17 (committed 
oligodendrocyte precursors), with outline around subsetted oligodendrocytes. 

Next, cell and gene quality control were adjusted. Cells were filtered on the 

basis of unique molecular identifier (UMI) counts per cell (minimum threshold 

of 5000 UMIs) (Figure 5.2A), the percentage of mitochondrial gene reads per 

cell (maximum 10%) (Figure 5.2B) and the number of genes per cell (Figure 

5.2C). Based on these thresholds, a small cluster of lower quality cells were 

filtered out from future analysis (Figure 5.2D). A total of 19,506 genes and 

13,583 cells were analysed. Batch correction was performed by mutual 

nearest neighbours with fastMNN (Figure 5.2E,F). 
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Figure 5.2. Processing and quality control of oligodendrocyte single-cell data from 
FIRE+/+ and FIRE∆/∆ mice. 

t-SNE plots where each point is a cell coloured according to:  
A. Sum of unique molecular identifiers (UMI) counted, 
B. Percentage of mitochondrial genes,  
C. Number of detected genes,  
D. Filtering: In blue are the cells that were kept for subsequent analysis, and in 
orange are those filtered out on the basis of UMIs and percentage of mitochondrial 
genes, see methods for thresholds. 
E. t-SNE plot without any batch correction. Each point is a cell that is coloured 
according to its batch of origin (yellow = 3, purple = 4, orange = 5, red = 6).  
F. t-SNE plot after batch correction with fastMNN. Each point is a cell that is 
coloured according to its batch of origin (yellow = 3, purple = 4, orange = 5, red = 6). 

Clustering was performed at different resolutions, by adjusting the number of 

nearest neighbours (k), and following analysis with clustree (v0.4.4), k = 100 

was selected. Subsequent merging of clusters 2 and 6, and 3 and 5, 

respectively, was performed to obtain the final clusters (Figure 5.3).  
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Figure 5.3. Clustering of oligodendrocyte single-cell data from FIRE+/+ and FIRE∆/∆. 

A. Clustering with four different resolutions, obtained by modifying the number of 
nearest neighbours (k). Each resolution is represented in a separate t-SNE plot. 
B. Clustree plot created using clustree v0.4.4. Each level in this plot denotes a 
different resolution used for clustering cells. Lines denote contributions of cells 
from previous clusters, and the size of the circles represents the number of cells. 
The final clusters were obtained by merging clusters 2 and 6 and clusters 3 and 5 
(pink boxes) from the clustering with k=100 (light blue). 

This resulted in a total of four mature oligodendrocyte clusters: Oligo1, Oligo2, 

Oligo3 and Oligo4 (Figure 5.4A). The Oligo1 cluster was unique to the FIRE∆/∆ 

mice (Figure 5.4B,C).  
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Figure 5.4. New oligodendrocyte state appeared in the absence of microglia. 

A. Oligodendrocyte clusters in FIRE+/+ and FIREΔ/Δ: Oligo1 (yellow), Oligo2 (purple), 
Oligo3 (orange) and Oligo4 (red). 
B. Distribution of oligodendrocyte clusters between FIRE+/+ (green) and FIREΔ/Δ 

(magenta). 
C. Oligodendrocyte cluster proportions between FIRE+/+ (green) and FIREΔ/Δ 

(magenta). n=4 mice/group.  

The Oligo1 cluster was defined by enriched expression of genes including 

Serpina3n and C4b (Figure 5.5A,B). Serpin family A member 3 (Serpina3n) 

encodes a serine protease inhibitor, while complement component 4B (C4b) 

is a complement protein acting as an opsonin marking the surface for removal 

(303, 304). Interestingly, these have been previously demonstrated to be 

expressed by an oligodendrocyte cluster in mouse models of ageing (302), 

demyelination and Alzheimer’s Disease (AD), as well as in AD tissue (104-

106, 122, 300). Although its function remains unknown in these contexts, this 
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indicates that a disease-associated oligodendrocyte state appears in the 

absence of microglia.  

 
Figure 5.5. New oligodendrocyte state defined by a Serpina3n and C4b signature. 

A. Bubbleplot representing the top differentially expressed genes in Oligo1 compared 
to Oligo2-4. Level of normalised expression of each gene indicated by the heatmap: 
1=red, -1=blue. Proportion of cells expressing each gene is indicated by the size of 
the circles in the plot.  
B. tSNE projection of expression of C4b and Serpina3n, indicated by the heatmap in 
the legend. 

To validate the presence of this oligodendrocyte state, immunostaining for 

OLIG2 and SERPINA3N was performed in the white matter regions of the 

corpus callosum and fimbria, and the grey matter of the interbrain and 

hippocampus at 1 month of age (Figure 5.6) (immunostaining and 

quantification was performed by David Munro). Oligodendrocyte lineage cells 

expressing SERPINA3N were found to be exclusive to the FIRE∆/∆ white 

matter, with an average of 46% of oligodendrocytes expressing it (Figure 

5.6A,B). This confirms the presence of this oligodendrocyte state in the 

absence of microglia and indicates that it is unique to the white matter.  
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Figure 5.6. Oligodendroglial SERPINA3N expression was exclusive to FIRE∆/∆ 
mouse white matter. 

A. Representative images of OLIG2+ cells (white) expressing SERPINA3N (magenta) 
and counterstained with DAPI (blue) in corpus callosum of FIRE+/+ and FIRE∆/∆ mice. 
B. Mean percentage of OLIG2+ cells expressing SERPINA3N ± s.e.m. in white matter 
[corpus callosum (CC) and fimbria] and grey matter [interbrain and hippocampus 
(Hpp)] of FIRE+/+ (green) and FIRE∆/∆ (magenta) mice. n=5 FIRE+/+ and 3 FIREΔ/Δ mice. 
CC and fimbria: ****P<0.0001; Interbrain and Hpp: P=0.9989 and P>0.9999 
respectively, 2-way ANOVA with Sidak’s multiple comparisons test. 
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5.3.2 Serpina3n+ C4b+ oligodendrocyte state has altered lipid profile 
predicted to be regulated by TGFβ1 
To elucidate the function of this unique Serpina3n+ oligodendrocyte state, I 

performed Ingenuity Pathway Analysis (IPA) and DAVID analysis on the 

Oligo1 cluster differentially expressed genes. This revealed top canonical 

pathways to be related to cholesterol and lipid biosynthesis/ metabolism (Table 

4). This implies altered cholesterol and lipids in the FIRE∆/∆ mice, consistent 

with their hypermyelination profile as cholesterol is an essential requirement 

for myelin growth (29).  

 

 
Table 4. Lipid pathways amongst the top upregulated pathways in Oligo1 cluster 
unique to FIRE∆/∆ mice at 1 month of age. 

Top canonical pathways in Oligo1 identified by Ingenuity Pathway Analysis relate 
to the cholesterol biosynthesis pathway and by DAVID analysis relate to lipid 
biosynthesis and metabolism pathways. 
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5.3.3 Altered lipid profile in the corpus callosum in the absence of 
microglia 
To validate the altered lipid profile in the FIRE∆/∆ mouse white matter, I 

collaborated with Jeroen Bogie and Jerome Hendriks (University of Hasselt) 

who undertook lipidomic analysis of dissected corpus callosum at 1 month of 

age. This revealed a relative increase in cholesterol esters (CE) and 

sphingomyelin (SM) and a decrease in triglycerides (TG) compared to FIRE+/+ 

mice, as assessed by LOG2FC, indicating a shift in the lipid profile of the white 

matter in the absence of microglia (Figure 5.7). These changes are indicative 

of cholesterol accumulation and issues with lipid export and reveal a 

dysregulated white matter lipid profile in FIRE∆/∆ mouse by 1 month, consistent 

with the early signs of hypermyelination observed at this age. 
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Figure 5.7. Lipidomics of corpus callosum reveals shift in lipid profile in the 
absence of microglia. 

Lipidomic analysis represented as Log2 fold chance (L2FC) in FIREΔ/Δ mice vs 
FIRE+/+ mice, with upregulated lipid species indicated in red and downregulated 
lipid species indicated in blue ordered based on desaturation of fatty acids (double 
bonds), and total class value (‘0-6’). Boxes indicate lipid species of interest, 
CE=cholesterol esters and TG=triglycerides. n=3 mice/group. 1-sample t-test of 
Log2FC against a value of 0, SM-0: **P=0.0058, SM-3: *P=0.0202; SM-0-6: *P=0.0347; 
CE-2: *P=0.0384, CE-6: *P=0.0474; CE-0-6: *P=0.0276; CER-1: *P=0.0171; TG-1: 
*P=0.0301, TG-2: *P=0.0116, TG-3: *P=0.0432, TG-0-6: *P=0.0412; LOC-0: *P=0.0415; 
PG-6: **P=0.0055; PS-2: *P=0.0459. 
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5.3.4 Cholesterol synthesis is not increased in the absence of microglia 
Having observed lipid changes consistent with both excess cholesterol and 

impaired lipid export, I investigated this further by immunostaining for an 

enzyme in the cholesterol biosynthesis pathway, farnesyl diphosphate 

synthase (FDPS) (305), in FIRE∆/∆ mice at 1 month of age (Figure 5.8A). 

However, there was no difference in the number or proportion of 

oligodendrocytes expressing FDPS in the corpus callosum when compared to 

FIRE+/+ mice (Figure 5.8B,C). These data imply that cholesterol synthesis is 

not increased in the absence of microglia and is therefore not the reason 

underlying increased cholesterol esters and hypermyelination in this context. 

This could implicate reduced export of cholesterol as the mechanism 

underpinning this phenotype. Consistent with this hypothesis, mature 

oligodendroglial expression of Apoe (Apolipoprotein E), which encodes the 

key lipid transporter APOE, is downregulated in the FIRE∆/∆ Oligo1 cluster 

(Figure 5.9A), appearing to be reciprocally decreased with increased 

expression of Serpina3n and C4b (Figure 5.9B,C). 
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Figure 5.8. Cholesterol synthesis was not increased in the absence of microglia. 

A. Representative images of OLIG2+ cells (green) expressing FDPS (magenta) in the 
corpus callosum at 1 month of age. Scale bar, 25 µm. 
B. Mean OLIG2+ FDPS+ cells ± s.e.m. in FIRE+/+ (green) and FIRE∆/∆ (magenta) mice. 
n=4-5 mice/group. P=0.6667, Mann Whitney test. 
C. Mean percentage of OLIG2+ cells which are FDPS+ (black) or FDPS- (grey) ± 
s.e.m. n=4-5 mice/group. P=0.7350 and 0.7350, respectively, 1-way ANOVA with 
Tukey’s multiple comparisons test. 
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Figure 5.9. Apoe gene expression reduced in Oligo1 cluster. 

A. tSNE projection of expression of Apoe, indicated by the heatmap in the legend. 
B. tSNE projection showing expression of Apoe compared to C4b, indicated by the 
heatmap in the legend. 
C. tSNE projection showing expression of Apoe compared to Serpina3n, indicated 
by the heatmap in the legend. 

5.3.5 TGFβ1 levels reduced in the corpus callosum in the absence of 
microglia  
Next, I sought to determine how the absence of microglia may be contributing 

to the appearance of the SERPINA3N+ oligodendrocyte state with a 

dysregulated lipid profile. Using IPA analysis, I identified TGFβ1 as a predicted 

upstream regulator of the differentially expressed genes in the Oligo1 cluster 

in FIRE∆/∆ mice (P=7.7 x 10-13). TGFβ1 was a prime candidate, given its 

predominant expression by microglia in both mouse and human brain 

(www.brainrnaseq.org) (285, 306), it has been previously shown to influence 

lipid metabolism (307) and its absence drives hypermyelination in the 

peripheral nervous system (PNS) (308). 

To assess TGFβ1 levels in the absence of the primary source of this cytokine,  

I dissected the FIRE∆/∆ mouse corpus callosum and performed an ELISA for 

TGFβ1 protein using the homogenates (Figure 5.10A). There was a significant 

reduction in the level of TGFβ1 protein at 1 month of age (Figure 5.10B); 

although some expression was still detected, this likely originated from other 

cell types such as CNS macrophages. 
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Figure 5.10. TGFβ1 levels decreased in the corpus callosum in the absence of 
microglia. 

A. Dissection of corpus callosum slices (2mm), snap-frozen and homogenised for 
analysis by BCA assay and ELISA.  
B. TGFβ1 protein concentration (pg/µg) ± s.e.m. in corpus callosum lysates of 
FIRE+/+ (green) and FIRE∆/∆ (magenta) mice at 1 month of age, normalised to 
respective total protein levels in each sample, detected by BCA assay. n=7 
mice/group. *P=0.0150, 2-tailed unpaired Student’s t-test. 

 

5.3.6 Oligodendrocytes have a reduction in TGFβR1 in the corpus 
callosum in the absence of microglia  
Having demonstrated a reduction in TGFβ1 levels in the white matter in the 

absence of microglia, I next wondered whether this would impact the 

expression of its receptors. TGFβR1 has been previously shown to be 

expressed by oligodendrocytes and to mediate a role in remyelination ((239), 

so I stained for this receptor in the FIRE∆/∆ corpus callosum (Figure 5.11A). I 

found there was a significant reduction in the number of oligodendrocyte 

lineage cells expressing TGFβR1 in the FIRE∆/∆ mice compared to FIRE+/+ 

mice, with a ~40% reduction in the proportion of OLIG2+ cells expressing the 

receptor (Figure 5.11B,C). This is consistent with previous findings that TGFβ 

levels regulate the expression of its receptors (309). 
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Figure 5.11. Oligodendroglial TGFβR1 expression was decreased at 1 month of age 
in the absence of microglia. 

A. Representative images of OLIG2+ cells (green) expressing TGFβR1 (white), 
indicated by pink arrows, in the corpus callosum at 1 month of age. Scale bar, 25 
µm. 
B. Mean OLIG2+ TGFβR1+ cells ± s.e.m. in FIRE+/+ (green) and FIRE∆/∆ (magenta) 
mice. n=4 mice/group. *P=0.0144, 2-tailed unpaired Student’s t-test. 
C. Mean percentage of OLIG2+ cells which are TGFβR1+ (black) or TGFβR1- (grey) ± 
s.e.m. n=4 mice/group. *P=0.0120 and 0.0120, respectively, 1-way ANOVA with 
Tukey’s multiple comparisons test. 

Next, I investigated whether this would result in a reduction in SMAD 

signalling, one of the major pathways downstream of TGFβ, in the corpus 

callosum. By western blot analysis, I found no overt reduction in total SMAD2/3 

nor in the active phosphorylated SMAD2/3 (pSMAD2/3), implying there was 

no change in active downstream SMAD signalling in the absence of microglia 

(Figure 5.12). However, this was performed on whole corpus callosum 
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homogenates, so was not specific to oligodendrocytes, and SMAD is a widely 

expressed protein. Owing to the difficulty in immunostaining for 

phosphorylated proteins, it was not possible to determine whether this was 

reduced specifically in oligodendrocytes. As TGFβ signals through a number 

of pathways, it is also possible that these could have been impacted.  

 
Figure 5.12. Total SMAD2/3 and pSMAD2/3 protein unaltered in the corpus callosum 
in the absence of microglia despite reduced TGFβ1 levels and TGFβR1 expression. 

Total SMAD2/3 and phosphorylated SMAD2/3 (pSMAD2/3) protein in corpus 
callosum lysates of FIRE+/+ and FIRE∆/∆ mice at 1 month of age. GAPDH is depicted 
as loading control showing equal amount of total protein. Molecular weight ladder 
on right (kDa). n=3 mice/group.  

5.3.7 Conditional knockout of Tgfbr1 in mature oligodendrocytes 
causes hypermyelination 
As Tgfb1 global knockout results in a confounding reduction in microglia 

number, loss of microglial homeostasis, and monocyte infiltration in the CNS 

(150), I next sought to determine whether a reduction in oligodendroglial 

TGFβR1 expression is sufficient to cause hypermyelination. To address this 

question, I used a tamoxifen-inducible conditional knockout mouse model, 

whereby Tgfbr1 was conditionally deleted from mature oligodendrocytes (Plp-

expressing) (239) via tamoxifen administration from postnatal day (P) 14 to 18 

and perfused for analysis at 1 month of age (Plp-CreERT:Tgfbr1fl/fl) (Figure 

5.13A). Breeding, genotyping, tamoxifen administration, perfusions and 

immunostaining and analysis were carried out by Akiko Uyeda and Rieko 

Muramatsu (Osaka University), and I carried out subsequent electron 
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microscopy analysis. TGFβR1 expression was significantly reduced in OLIG2+ 

cells following tamoxifen administration to Plp-CreERT:Tgfbr1fl/fl compared to 

tamoxifen-treated Tgfbr1fl/fl mice (Figure 5.13B,C). 

 
Figure 5.13. Conditional knockout of Tgfbr1 in mature oligodendrocytes. 

A. Mice were treated with tamoxifen from P14 to P18 then assessed at 1 month. 
B. Representative images of TGFβR1 expression (green) by OLIG2+ cells (magenta) 
in corpus callosum of Tgfbr1fl/fl and Plp-CreERT:Tgfbr1fl/fl mice, who received 4-
hydroxy tamoxifen (OHT; 100 mg/kg/day, P14-18) and were fixed at P28. Scale bar, 
20 µm. 
C. Mean relative TGFβR1 intensity ± s.e.m. per OLIG2+ cell in Tgfbr1fl/fl and Plp-
CreERT:Tgfbr1fl/fl mice. n=3 mice/group. *P=0.011, 2-tailed unpaired Student’s t-test.  

After confirmation of reduced TGFβR1 expression, I examined myelin 

ultrastructure by electron microscopy analysis at 1 month, which revealed 

evidence of hypermyelination, including unravelling and outfoldings of myelin, 

compared to tamoxifen-treated control (Figure 5.14). This shows that 

conditionally deleting TGFβR1 from mature oligodendrocytes results in a 
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similar hypermyelination phenotype to that observed in the FIRE∆/∆ mice, who 

had reduced oligodendroglial TGFβR1 expression (Figure 5.11). 

 
Figure 5.14. Evidence of outfoldings and unravelling in the corpus callosum 
following conditional knockout of Tgfbr1 in mature oligodendrocytes. 

Representative images of the corpus callosum of Plp-CreERT:Tgfbr1fl/fl versus 
control at 1 month of age. Scale bar, 1 µm. Unravelling and outfoldings indicated by 
pink arrows. 

Next, I measured inner tongue thickness in Plp-CreERT:Tgfbr1fl/fl corpus 

callosum and found there was a significant increase versus both wildtype and 

Tgfbr1fl/fl mice (Figure 5.15A,B). Similar to FIRE∆/∆ mice at this age, this was 

particularly evident on small diameter axons (Figure 5.15C). This indicates that 

enlargement of the inner tongue, indicative of myelin overgrowth, occurs in 

contexts of decreased oligodendroglial TGFβR1 expression.  
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Figure 5.15. Enlarged inner tongues evident following conditional knockout of 
Tgfbr1 in mature oligodendrocytes. 

A. Representative images of Plp-CreERT:Tgfbr1fl/fl mice indicating enlarged inner 
tongues (orange) in the corpus callosum compared to tamoxifen-treated control.  
Scale bar, 1 µm. 
B. Inner tongue thickness versus axon diameter (µm) in wildtype mice (green), Plp-
CreERT:Tgfbr1fl/fl mice (magenta) and Tgfbr1fl/fl mice (blue). n=100 axons/mouse, n=3 
mice/group. ***P<0.0001, simple linear regression of intercepts. Plp-CreERT:Tgfbr1fl/fl 

vs. Wildtype and vs. Tgfbr1fl/fl: ***P<0.0001; wildtype vs. Tgfbr1fl/fl: P=0.3228, 
Kruskal-Wallis with Dunn's multiple comparisons test. 
C. Mean inner tongue thickness (µm) per axon diameter bin ± s.e.m. in wildtype 
mice (WT; green), Plp-CreERT:Tgfbr1fl/fl mice (magenta) and Tgfbr1fl/fl mice (blue). n=3 
mice/group. <0.3µm WT vs. Plp-CreERT:Tgfbr1fl/fl: *P=0.0395, 2-way ANOVA with 
Sidak’s multiple comparisons test. 

There was also a significant increase in myelin thickness on large diameter 

axons in Plp-CreERT:Tgfbr1fl/fl corpus callosum compared to both wildtype and 

Tgfbr1fl/fl controls at 1 month of age (Figure 5.16A-C), mimicking my 

observations in the FIRE∆/∆ mice. Taken together, these findings reveal a 

strikingly similar hypermyelination phenotype in the white matter of Plp-

CreERT:Tgfbr1fl/fl to that in the FIRE∆/∆ mice, demonstrating that oligodendrocyte 

expression of TGFβR1 regulates myelin growth.  
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Figure 5.16. Increased myelin thickness evident following conditional knockout of 
Tgfbr1 in mature oligodendrocytes. 

A. Representative images of Plp-CreERT:Tgfbr1fl/fl mice indicating hypermyelination 
(pink asterisks) compared to control.  Scale bar, 1 µm. 
B. Myelin thickness versus axon diameter (µm) in wildtype mice (green), Plp-
CreERT:Tgfbr1fl/fl mice (magenta) and Tgfbr1fl/fl mice (blue). n=100 axons/mouse, n=3 
mice/group. ***P<0.0001, simple linear regression of slopes. Plp-CreERT:Tgfbr1fl/fl vs. 
wildtype: ***P=0.0008 and vs. Tgfbr1fl/fl: ***P=0.0001; Wildtype vs. Tgfbr1fl/fl: 
P>0.9999 Kruskal-Wallis with Dunn's multiple comparisons test. 
C. Mean myelin thickness (µm) per axon diameter bin ± s.e.m. in wildtype mice (WT; 
green), Plp-CreERT:Tgfbr1fl/fl mice (magenta) and Tgfbr1fl/fl mice (blue). n=3 
mice/group. <0.3µm WT vs. Tgfbr1fl/fl: *P=0.0291; >1µm WT vs. Plp-CreERT:Tgfbr1fl/fl: 
**P=0.0037and Plp-CreERT:Tgfbr1fl/fl vs. Tgfbr1fl/fl: ***P= 0.0003, 2-way ANOVA with 
Sidak’s multiple comparisons test.  

Importantly, no difference in the number of myelinated axons in each axon 

diameter bin was observed, indicating that reduced TGFβR1 expression on 

oligodendrocytes does not impact myelinated axon number or calibre (Figure 

5.17). 
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Figure 5.17. No change in number of myelinated axons following conditional 
knockout of Tgfbr1 in mature oligodendrocytes. 

Mean number of myelinated axons per axon diameter bin ± s.e.m. in wildtype mice 
(WT; green), Plp-CreERT:Tgfbr1fl/fl mice (magenta) and Tgfbr1fl/fl mice (blue). n=3 
mice/group. Non-significant, P=0.3001, 2-way ANOVA with Sidak’s multiple 
comparisons test.  

 

5.3.8 Activating downstream TGFβ signalling rescues hypermyelination 
in the absence of microglia 
I next asked whether stimulating TGFβR1 signalling could ameliorate myelin 

health in FIRE∆/∆ mice in the absence of microglia. As I observed a significant 

reduction in the number of oligodendrocytes expressing TGFβR1 (Figure 

5.11), I opted to administer a small molecule TGFβ signalling agonist, known 

as SRI-011381 hydrochloride, which bypasses the need for receptor 

expression by acting downstream; this has been previously shown to preserve 

myelin in the EAE model of demyelination (310).  

To attempt to rescue hypermyelination at a timepoint where it is well underway, 

I administered SRI-011381 hydrochloride (SRI) intraperitoneally to FIRE∆/∆ 

mice for 3 weeks from 2-3 months of age (Figure 5.18A). Compared to vehicle-

treated mice, an improvement in myelin ultrastructural integrity, including less 

unravelling and outfoldings, was observed (Figure 5.18B). 
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Figure 5.18. Treatment of FIRE∆/∆ mice with TGFβ signalling agonist SRI-011381 
hydrochloride attenuated hypermyelination. 

A. FIREΔ/Δ mice were treated with SRI-011381 hydrochloride (30 mg/kg) or vehicle 
from 2-3 months of age. 
B. Representative images of the corpus callosum of FIREΔ/Δ mice treated with 
vehicle or SRI-011381 (SRI). Scale bar, 1 µm. Unravelling and outfoldings indicated 
by pink arrows. 

Measuring inner tongue thickness revealed a significant reduction in inner 

tongue size in SRI-treated FIRE∆/∆ mice compared to vehicle-treated FIRE∆/∆ 

mice (Figure 5.19A,B). Strikingly, SRI-treated FIRE∆/∆ inner tongue size 

overlapped with those in FIRE+/+ mice indicating a complete rescue (Figure 

5.19B). Interestingly, the effect was particularly pronounced on the medium 

and large calibre axons, potentially indicating that SRI mediates preferential 

effects on these axons in this context (Figure 5.19C).  
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Figure 5.19. Inner tongue size reduced following treatment with SRI. 

A. Representative images of FIREΔ/Δ mice treated with vehicle or SRI-011381 
indicating restoration of inner tongue size (orange). Scale bar, 1 µm. 
B. Inner tongue thickness versus axon diameter (µm) in vehicle-treated FIRE∆/∆ mice 
(magenta), SRI-treated FIRE∆/∆ mice (blue) and FIRE+/+ mice (green). n=100 
axons/mouse, n=3 FIRE∆/∆ Vehicle-treated, n=4 FIRE∆/∆ SRI-treated and n=3 FIRE+/+ 

mice. ***P<0.0001, simple linear regression of slopes. Vehicle vs. SRI and vs. 
FIRE+/+: ***P<0.0001; SRI vs. FIRE+/+: P=0.0519, Kruskal-Wallis with Dunn's multiple 
comparisons test. 
C. Mean inner tongue thickness (µm) per axon diameter bin ± s.e.m. in 3-month-old 
FIREΔ/Δ mice following treatment with vehicle control or SRI-011381 hydrochloride 
from 2 to 3 months of age. n=3 Vehicle-treated and 4 SRI-treated mice. 0.5-1.0 µm: 
*P=0.0334, >1 µm: ****P<0.0001, 2-way ANOVA with Sidak’s multiple comparisons 
test.  

Myelin thickness was also significantly decreased in SRI-treated FIRE∆/∆ mice 

compared to vehicle-treated FIRE∆/∆, and similarly overlapped with that 

observed in FIRE+/+ mice (Figure 5.20A,B). This was also more overt on 

medium and large diameter axons, again pointing to a preferential effect of 

SRI on axons of this calibre (Figure 5.20C).  
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Figure 5.20. Myelin thickness reduced following treatment with SRI. 

A. Representative images of FIREΔ/Δ mice treated with vehicle or SRI-011381 
indicating restoration of myelin thickness (asterisks). Scale bar, 1 µm. 
B. Myelin thickness versus axon diameter (µm) in vehicle-treated FIRE∆/∆ mice 
(magenta), SRI-treated FIRE∆/∆ mice (blue) and FIRE+/+ mice (green). n=100 
axons/mouse, n=3 FIRE∆/∆ Vehicle-treated, n=4 FIRE∆/∆ SRI-treated and n=3 FIRE+/+ 

mice. ***P<0.0001, simple linear regression of slopes. Vehicle vs. SRI and vs. 
FIRE+/+: ***P<0.0001; SRI vs. FIRE+/+: P>0.9999, Kruskal-Wallis with Dunn's multiple 
comparisons test. 
C. Mean myelin thickness (µm) per axon diameter bin ± s.e.m. in 3-month-old 
FIREΔ/Δ mice following treatment with vehicle control or SRI-011381 hydrochloride 
from 2 to 3 months of age. n=3 Vehicle-treated and 4 SRI-treated mice. 0.5-1.0 µm: 
**P=0.0027, >1µm: ****P<0.0001, 2-way ANOVA with Sidak’s multiple comparisons 
test. 

Finally, no effect on myelinated axon number in each axon diameter bin was 

observed following SRI treatment, indicating that SRI ameliorates myelin and 

inner tongue thickness independently of these parameters (Figure 5.21).  
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Figure 5.21. No change in number of myelinated axons following treatment with 
SRI. 

Mean number of myelinated axons per axon diameter bin ± s.e.m. in 3-month-old 
FIREΔ/Δ mice following treatment with vehicle control or SRI-011381 hydrochloride 
from 2 to 3 months of age. n=3 Vehicle-treated and 4 SRI-treated mice. Non-
significant, P=0.9202, 2-way ANOVA with Sidak’s multiple comparisons test. 

Together, these findings indicate that stimulating downstream TGFβ signalling 

is sufficient to rescue hypermyelination and confirms a role for the TGFβ1-

TGFβR1 axis in regulating CNS myelin growth. It also indicates that 

maintenance of appropriate myelin structure is ongoing during adulthood and 

points to the potential for intervention even after disruption of myelin health.  

5.3.9 Activating downstream TGFβ signalling causes altered lipid 
profile in FIRE∆/∆ mice 
To attempt to shed light on the mechanism underlying SRI-mediated rescue 

of hypermyelination in the absence of microglia, I performed lipidomic analysis 

on dissected corpus callosum from SRI-treated and vehicle-treated FIRE∆/∆ 

mice in collaboration with Jeroen Bogie and Jerome Hendriks (University of 

Hasselt). Surprisingly, I did not observe a significant reduction in cholesterol 

esters, nor an increase in the triglycerides, as expected. Instead, there was a 

significant increase in ceramides (Figure 5.22). This may indicate that a shift 

in lipid profile is sufficient to rescue hypermyelination. Another possible reason 

for the discrepancy is that increased cholesterol esters and reduced 

triglycerides were observed at 1 month of age; I did not analyse whether this 

lipid profile is changed by 3 months of age in the untreated FIRE∆/∆ mouse, the 

timepoint of the rescue experiment. Myelin lipid turnover can also be rapid and 

dynamic (47), therefore any initial changes may be missed due to the 3-week 
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treatment. In addition, the potential effects of the vehicle treatment on the lipid 

profile of the white matter cannot be ruled out. Nonetheless, SRI treatment 

robustly increased ceramide levels in the corpus callosum of FIRE∆/∆ mice and 

as deficiency in galactosylceramide in mice has been associated with loss of 

myelin integrity (311), the role of ceramides in myelin maintenance could be 

an avenue of future investigations.  



 
 

195 
 

 
Figure 5.22. Lipidomics of FIRE∆/∆ corpus callosum following SRI treatment. 

Lipidomic analysis represented as Log2 fold chance (L2FC) in FIREΔ/Δ Vehicle vs 
SRI-treated mice, with upregulated lipid species indicated in red and downregulated 
lipid species indicated in blue ordered based on desaturation of fatty acids (double 
bonds), and total class value (‘0-6’). Boxes indicate lipid species of interest, 
CER=ceramides. n=3 mice/group. 1-sample t-test of Log2FC against a value of 0, 
SM-2: **P=0.0068; CER-1: *P= 0.0104; CER-2: **P=0.0192; CER-3: **P=0.0090; CER-4: 
**P=0.0088; CER-5: *P=0.0146; CER-6: *P=0.0106; CER-0-6: *P=0.0155; TG-0: 
*P=0.0263; PC-2 **P=0.0011; PC-3 ***P=0.0002; PE-O-6: ***P=0.0006 ; PG-0: 
*P=0.0360; PG-0-6: *P=0.0389; PI-5: *P=0.0369; PS-1: *P=0.0348. 
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5.3.10 SRI hydrochloride impact on the SMAD pathway  
It has been suggested that SRI acts via the SMAD pathway downstream of 

TGFβ (310); however, I observed no overt differences in SMAD signalling in 

the FIRE∆/∆ corpus callosum at 1 month of age. To elucidate whether SRI is 

mediating its effect on myelin via the SMAD pathway, I performed a western 

blot on SRI-treated and vehicle-treated FIRE∆/∆ corpus callosum lysates. I saw 

no apparent difference in total SMAD2/3 nor in the phosphorylated SMAD2/3 

(pSMAD2/3) protein (Figure 5.23). While this analysis was also performed at 

a different timepoint (3 months) to that of the untreated FIRE∆/∆ mice, SRI 

would not be expected to be specific to oligodendrocytes as other TGFβ 

receptors are expressed by other cell types, which could mask a potential 

impact on this pathway in oligodendrocytes. However, these findings could 

also imply that the TGFβ1-TGFβR1 axis signals via an alternative downstream 

pathway to regulate myelin growth.  

 
Figure 5.23. Total SMAD2/3 and pSMAD2/3 protein unaltered in the corpus callosum 
of FIRE∆/∆ mice following SRI treatment. 

Total SMAD2/3 and phosphorylated SMAD2/3 (pSMAD2/3) in corpus callosum 
lysates of vehicle-treated (FIRE∆/∆ Vehicle) and SRI-treated (FIRE∆/∆ SRI) FIRE∆/∆ mice 
at 3 months of age. GAPDH is depicted as loading control showing equal amount of 
total protein. Molecular weight ladder on right (kDa). n=3 mice/group. 
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5.3.11 Genes common to cholesterol/lipid and TGFβ1 pathways relate 
to lipid metabolism  
To try to address how TGFβ1 regulates cholesterol/lipid pathways, I examined 

the differentially expressed genes common to both pathways, as predicted by 

IPA analysis. This generated a list of 7 genes which were differentially 

expressed in the Oligo1 cluster as compared to Oligo2-4 (Figure 5.24). Of 

these genes, hexosaminidase A (Hexa) and fatty acid binding protein 5 

(Fabp5) were particularly enriched in the Oligo1 cluster, while Stearoyl-CoA 

desaturase 1 and 2 (Scd1 and Scd2) were downregulated. All of these genes 

are related to lipid metabolism: Hexa encodes a lysosomal enzyme which 

coverts ganglioside sphingolipid GM2 to GM3 (312), while Fapb5 encodes an 

intracellular protein which regulates the uptake and transportation of long-

chain fatty acids (313). Scd1 encodes an enzyme which catalyses the rate-

limiting step in the conversion of saturated into mono-unsaturated fatty acids 

(314) and has been shown to impede remyelination via inhibition of the 

regenerative properties of microglia/macrophages (314). This further points to 

lipid accumulation as the mechanism underlying hypermyelination in FIRE∆/∆ 

mice and indicates that TGFβ1 may regulate the expression of lipid 

metabolism genes, which warrants further study. 
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Figure 5.24. Genes overlapping between those predicted to be downstream of 
TGFβ1 and those related to lipid and cholesterol pathways by IPA analysis. 

Bubbleplot representing genes common to the TGFβ1 and lipid/cholesterol 
pathways and their expression in Oligo1 compared to Oligo2-4. Level of normalised 
expression of each gene indicated by the heatmap: 1=red, -1=blue. Proportion of 
cells expressing each gene is indicated by the size of the circles in the plot. Box 
around Fabp5 as a gene of interest. 

5.3.12 Oligodendrocytes expressing SERPINA3N downregulate TGFβR1 
As the proportions of oligodendrocytes expressing SERPINA3N and 

downregulating TGFβR1 were similar (46% and 40% respectively), I next 

wondered whether it was the same population of oligodendrocytes which 

expressed SERPINA3N and downregulated TGFβR1 at 1 month of age. I co-

stained for these two proteins in OLIG2+ cells and found that the majority of 

SERPINA3N+ oligodendrocytes do not express TGFβR1 in FIRE∆/∆ corpus 

callosum (Figure 5.25A,B). This data indicates that it is likely the same 

population expressing SERPINA3N which had reduced TGFβR1 expression. 
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Figure 5.25. Oligodendrocytes expressing SERPINA3N in FIRE∆/∆ mice had reduced 
expression of TGFβR1. 

A. Representative images of OLIG2+ cells (green) expressing SERPINA3N (white) 
and TGFβR1 (green), in the corpus callosum at 1 month of age. Scale bar, 25 µm. 
B. Mean percentage of OLIG2+ SERPINA3N+ cells which are TGFβR1- (purple) or 
TGFβR1+ (magenta) ± s.e.m. in FIRE∆/∆ mice. n=3 mice. P=0.0582, 2-tailed unpaired 
Student’s t-test. 
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5.3.13 Oligodendroglial TGFβR1 expression is increased in adulthood 
in FIRE∆/∆ mice 
As demyelination occurred by 6 months of age in FIRE∆/∆ mice, I wondered if 

the reduction in TGFβR1 expression is sustained into later adulthood and if 

so, whether this could also be driving the myelin degeneration observed in this 

context. Interestingly, not only was this not the case, but the opposite was 

observed: there was an increase in TGFβR1 expression in FIRE∆/∆ 

oligodendrocyte lineage cells at 3-4 months of age, with a significant increase 

in the proportion of the OLIG2+ cells expressing the receptor (Figure 5.26A-

C). As very little TGFβR1 expression was observed in FIRE+/+ mice at this 

timepoint, this may mean that TGFβR1 is normally expressed by 

oligodendrocytes early in myelin development and the timing of its expression 

is important for appropriate myelin growth. Indeed, perhaps a switch to 

increased expression is what initiates demyelination, potentially as a 

compensatory mechanism, but the poor timing of this drives the opposite 

process to hypermyelination. This is a fascinating line of study for future 

investigations of the mechanisms coupling initial hypermyelination to 

subsequent demyelination. 
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Figure 5.26. Oligodendroglial TGFβR1 expression was increased at 3-4 months of 
age in the absence of microglia. 

A. Representative images of OLIG2+ cells (green) expressing TGFβR1 (white), in the 
corpus callosum at 3-4 months of age. Scale bar, 25 µm. 
B. Mean OLIG2+ TGFβR1+ cells ± s.e.m. in FIRE+/+ (green) and FIRE∆/∆ (magenta) 
mice. n=4 mice/group. P=0.0530, 2-tailed unpaired Student’s t-test. 
C. Mean percentage of OLIG2+ cells which are TGFβR1+ (black) or TGFβR1- (grey) ± 
s.e.m. n=4 mice/group. *P=0.0367, respectively, 1-way ANOVA with Sidak’s multiple 
comparisons test. 
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5.3.14 Oligodendroglial TGFβR1 expression may be increased in ALSP 
patients while SERPINA3 expression appears unaltered 
I sought to determine whether this switch to increased oligodendroglial 

TGFβR1 expression also occurs in human ALSP patients, who are typically at 

the end-stage of disease at the time of death, characterised by extensive 

demyelination. Unfortunately, the tissue of one control case was no longer of 

sufficient quality and all immunostainings, including HOECHST, failed in this 

sample. Nevertheless, there appeared to be a potential increase in the number 

and proportion of oligodendrocytes expressing TGFβR1 in ALSP frontal white 

matter compared to control cases (Figure 5.27A-C). Additionally, the 

morphology of the cells appeared to be different in ALSP cases, with enlarged 

oligodendrocyte nuclei evident and the staining of TGFβR1 appearing more 

nuclear than its typical cytoplasmic pattern (Figure 5.27A). This may suggest 

oligodendrocyte stress or death may be ongoing in ALSP. This staining will 

need to be repeated with sufficient sample size in future, but these preliminary 

findings could implicate an association between increased oligodendroglial 

TGFβR1 expression and demyelination in humans with a reduction in white 

matter microglia. 

Finally, I wished to examine whether oligodendrocytes in ALSP also exhibited 

expression of SERPINA3, the human orthologue of SERPINA3N, also known 

as α-1-antichymotrypsin (AACT). Although lacking a sufficient sample size in 

the control group, there did not appear to be any overt differences in 

SERPINA3 expression in ALSP cases compared to control (Figure 5.28A-C). 

Oligodendrocytes again appeared enlarged in ALSP, although there was no 

apparent difference in the overall number of oligodendrocytes versus control 

(Figure 5.28A,B). These findings suggest that oligodendrocytes did not 

differentially express SERPINA3 in humans with a reduction in microglia. 

However, as it has been recently shown that oligodendrocytes express 

SERPINA3N in mouse aged white matter (302), it’s possible that 

oligodendrocytes in control had already begun to express SERPINA3, as they 

were in middle age; this requires further study. 
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Figure 5.27. Oligodendroglial TGFβR1 expression may be increased in ALSP. 

A. Representative images of OLIG2+ cells (green) expressing TGFβR1 (white), in the 
frontal white matter of control and ALSP cases. Scale bar, 25 µm. 
B. Mean OLIG2+ TGFβR1+ cells ± s.e.m. in control (green) and ALSP (magenta) 
cases. n=2 control and 3 ALSP cases.  
C. Mean percentage of OLIG2+ cells which are TGFβR1+ (black) or TGFβR1- (grey) ± 
s.e.m. n=2 control and 3 ALSP cases. 
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Figure 5.28. Oligodendroglial SERPINA3 expression in ALSP patients appears 
similar to controls. 

A. Representative images of OLIG2+ cells (green) expressing SERPINA3 (white), in 
the frontal white matter of control and ALSP cases. Scale bar, 25 µm. 
B. Mean OLIG2+ HOECHST+ cells ± s.e.m. in control (green) and ALSP (magenta) 
cases. n=2 control and 3 ALSP cases.  
C. Mean OLIG2+ SERPINA3+ cells ± s.e.m. in control (green) and ALSP (magenta) 
cases. n=2 control and 3 ALSP cases. 
D. Mean percentage of OLIG2+ cells which are SERPINA3+ (black) or SERPINA3- 

(grey) ± s.e.m. n=2 control and 3 ALSP cases.  
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5.4 Discussion 
In Chapter 2, I discovered that microglia are required to regulate myelin growth 

and integrity by limiting hypermyelination and subsequent demyelination. To 

determine the mechanisms by which they do so, single-cell RNA sequencing 

of oligodendrocytes in FIRE∆/∆ mice was performed, revealing the appearance 

of a new oligodendrocyte state in the absence of microglia. This state was 

characterised by a dysregulated lipid profile, validated by lipidomic analysis, 

and predicted to be controlled by TGFβ1, a cytokine primarily produced by 

microglia/macrophages in the CNS. Accordingly, I found that TGFβ1 levels 

and oligodendroglial TGFβR1 expression were reduced in FIRE∆/∆ white 

matter, and conditional knockout of TGFβR1 in mature oligodendrocytes 

recapitulated the hypermyelination phenotype observed in the absence of 

microglia. Finally, administration of a TGFβ signalling agonist was sufficient to 

rescue hypermyelination in FIRE∆/∆ mice. My findings thus reveal the TGFβ1-

TGFβR1 axis as a novel regulator of myelin growth in the central nervous 

system. 

5.4.1 A disease-associated oligodendrocyte state with a disrupted lipid 
profile appears in the absence of microglia 
Oligodendrocyte states have been shown to be disrupted in the contexts of 

ageing, demyelination, and disease, with a new state defined by high 

expression of C4b and Serpina3n appearing in these contexts (104-106, 122, 

300, 302). Here, I have shown what appears to be the same “disease-

associated” oligodendrocyte state in FIRE∆/∆ mice in the absence of microglia. 

This state was also defined by a C4b and Serpina3n transcriptomic signature, 

and at the protein level, SERPINA3N was found to be expressed by 

oligodendrocytes exclusively in the white matter of FIRE∆/∆ mice. Very recently, 

a SERPINA3N+ population has been identified in CC1+ cells, encompassing 

mature oligodendrocytes and potentially astrocytes (315), in the white matter 

of 24-month-old mice, considered to be old age in the mouse (302). This 

provides further support for my hypothesis that the FIRE∆/∆ mouse represents 

an advancing ageing model, as this state is observed as early as 1 month of 

age in FIRE∆/∆ corpus callosum. Strikingly, in this study, a similar proportion of 

CC1+ cells expressed SERPINA3N (41% versus 46% in FIRE∆/∆ mice) (302).  
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Shen et al. identified the Serpina3n+ C4b+ oligodendrocyte state following 

cuprizone-mediated demyelination, yet found it persisted to the remyelination 

timepoint, indicating that damage could alter oligodendrocyte states, and 

perhaps function, in the long-term (105). In vitro treatment of oligodendrocytes 

with pro-inflammatory cytokines rapidly induced Serpina3n expression (105), 

oligodendroglial Serpina3n expression was highest at the peak of disease in 

the EAE model (106), and SERPINA3N+ or C4+ oligodendrocytes were found 

to be enriched in plaque-bearing regions in AD mouse models and human 

tissue (106, 122, 123), all of which suggests this signature could be a sensitive 

response to the inflammatory milieu, typically involving microglial activation. 

Indeed, Kenigsbuch et al. found that the accumulation of Aβ plaques preceded 

the appearance of the Serpina3n+ C4+ oligodendrocyte state, potentially 

implicating dysfunction of microglia, who corral around plaques, as driving the 

appearance of this oligodendrocyte state (106). Zhou et al. found that 

oligodendroglial C4b and Serpina3n expression was partly dependent on the 

microglial gene Trem2 in 7-month-old, but not 15-month-old, 5xFAD mice, 

again suggesting early involvement of microglia in this response (122). 

Overall, these findings raised the important question as to whether this 

oligodendrocyte state is responding to or driving myelin pathology in ageing 

and disease. However, until now, there had been no interrogation of the 

function of the SERPINA3N+ oligodendrocyte state. For the first time, I have 

associated the appearance of this state with hypermyelination occurring in the 

white matter in the absence of microglia, both revealing its function and the 

role of microglia in suppressing its appearance.  

Consistent with the excessive myelin growth phenotype in FIRE∆/∆ mice, I 

uncovered dysregulation of lipid pathways in this oligodendrocyte state. 

Lipidomic analysis of the corpus callosum confirmed a shift in the lipid profile 

of the white matter in this context, with an increase in cholesterol esters and 

sphingomyelin concurrent with a decrease in triglycerides. This is likely to be 

functionally significant, given that the lipid composition of myelin is tightly 

regulated to ensure close packing and organisation of the sheath, which has 

been suggested to be required for long-term myelin maintenance and stability  

(27, 316, 317). This fits with the unravelling and separation of myelin layers I 
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observed in FIRE∆/∆ mice prior to demyelination onset. Excessive sphingolipid 

production has been demonstrated to cause an increase in redundant myelin, 

primarily outfoldings, in the PNS of mice (318). As previously mentioned, 

cholesterol is also integral for myelin growth (29), so an increase in cholesterol 

esters, the stored form of cholesterol, is consistent with surplus myelin 

formation in FIRE∆/∆ mice. Increased levels of the phospholipid PIP3 have also 

been shown to cause hypermyelination (6). This could suggest that it is not 

necessarily important which lipids are increased for hypermyelination to occur, 

but rather a disruption to the lipid composition of myelin is sufficient to cause 

pathology. Nonetheless, cholesterol esters have also been reported to be 

increased in Huntington’s disease and MS patients, implying their 

accumulation is an aberrant disease process (319, 320). It would be interesting 

to assess whether hypermyelination is also occurring prior to demyelination in 

these contexts. Indeed, increased levels of SERPINA3 in the CSF has been 

observed in progressive MS patients, suggesting a role in advanced myelin 

pathology (303).  

Dysregulation of the cholesterol and lipid pathways has also been noted in 

ALSP patients, with differentially regulated pathways including cholesterol and 

sphingolipid transport, and aberrant lipid trafficking and metabolism (139). A 

decrease in triglycerides in the FIRE∆/∆ white matter and reduced expression 

of Apoe, the major lipid and cholesterol carrier in the CNS, in the Serpina3n+ 

C4b+ oligodendrocyte cluster in FIRE∆/∆ mice are indicative of disrupted export 

and accumulation of lipids. Interestingly, one study found that Apoe knockout 

mice exhibited higher myelin density (MBP) compared to age-matched 

wildtype mice, implying hypermyelination may occur when Apoe is 

downregulated (321). APOE4, the APOE isoform associated with significantly 

increased risk for AD development, has been shown to be less efficient at 

transporting cholesterol and phospholipids compared to other isoforms, 

leading to lipid accumulation (322). In human, MRI studies revealed that 

infants carrying the APOE4 allele had higher myelin content in frontal white 

matter regions compared to non-carrier infants, suggestive of early 

hypermyelination (323). In adults and ageing, however, APOE4 status is linked 

with a reduction in myelin or disrupted myelin integrity (as measured by 
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fractional anisotropy) (324-329), likely representing demyelination, and in one 

study, this was seen to occur in association with cognitive decline (330). 

Together, these findings implicate the involvement of perturbed lipid 

metabolism in myelin pathology, from hypermyelination to demyelination. 

Indeed, the role of lipids in myelin maintenance has been recently 

demonstrated, whereby deletion of Qk, which regulates lipid turnover, in 

mature oligodendrocytes caused a reduction in fatty acids and demyelination 

(47). Additionally, a recent study showed that microglia supply OPCs with a 

lipid intermediate during remyelination (331), indicating that microglia can 

maintain myelin health by regulating the lipid metabolism of the 

oligodendrocyte lineage. This corroborates my finding that oligodendroglial 

lipid pathways are disrupted in the absence of microglia. 

5.4.2 TGFβ1-TGFβR1 axis regulates myelin growth 
The transforming growth factor β (TGFβ) superfamily are cytokines which have 

myriad roles in the CNS, including in cell survival and proliferation, dampening 

of neuroinflammation, and neuroprotection (332, 333). It includes the TGFβ 

proteins, of which there are three isoforms, TGFβ1, TGFβ2 and TGFβ3, which 

are secreted as dimers. TGFβ1 is the most abundant form and is primarily 

produced by microglia/macrophages in both the mouse and human brain 

(www.brainrnaseq.org) (285, 306). TGFβ1 is a homeostatic marker of both 

mouse and human microglia (150) and mice lacking Tgfb1 in the CNS had 

both significant depletion of microglia/macrophages (IBA1+) and a complete 

absence of P2RY12+ cells, indicating loss of homeostasis (150). Conditional 

deletion of Tgfbr2 in adult microglia/macrophages (Cx3cr1-CreERT2) resulted 

in increased expression of activation markers (Tnf, Axl, Cd74), while having 

no effect on survival or homeostatic markers (334).  

I found that FIRE∆/∆ mouse white matter had a significant decrease in TGFβ1 

protein. Given TGFβ1 is mainly expressed by microglia/macrophages, this is 

perhaps unsurprising; however, expression was not completely ablated. This 

may be due to compensation by the perivascular macrophages, which would 

be interesting to follow-up on in future.  
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TGFβ signals via a number of receptors, including TGFβR1, TGFβR2, 

TGFβR3. TGFβR1 is a transmembrane serine/threonine kinase receptor, 

which has been shown to be expressed on oligodendrocytes (239). In FIRE∆/∆ 

mice, decreased TGFβ1 in the white matter was sufficient to cause a reduction 

in TGFβR1 expression on oligodendrocytes, consistent with previous findings 

that TGFβ levels regulate their receptor expression (309), and conditional 

deletion of the receptor in mature oligodendrocyte resulted in 

hypermyelination. A previous study has shown that TGFβR1 is involved in 

remyelination by enhancing oligodendrocyte maturation; interestingly, TGFβ1 

administration promoted remyelination in the LPC-model of demyelination via 

TGFβR1, which contrasts with my findings of the TGFβ1-TGFβR1 being 

required to suppress myelin growth (239). This could suggest that in contexts 

of injury, the function of TGFβ superfamily members may differ from that in 

health. However, activin-A, another member of the TGFβ superfamily, was 

demonstrated to be expressed by a subset of microglia and to be required for 

efficient remyelination by promoting oligodendrocyte differentiation (226), 

while activin receptor signalling in oligodendrocytes was essential for 

developmental myelination and appropriate myelin compaction in this context 

(261). Activin-B and TGFβ1 have been shown to have additive effects in 

promoting oligodendrocyte maturation and myelin formation in vitro (335). 

Furthermore, TGFβ1 administration to P5 mice increased oligodendrogenesis 

and myelination, while TGFβR2 deletion in OPCs had the opposite effect 

(336). These discrepancies may be explained by timing, as this latter study 

also found that TGFβ signalling regulated the timing of CNS myelination by 

controlling OPC cell cycle exit (336). This is reminiscent of my data showing 

that while oligodendrocyte TGFβR1 expression was initially decreased in the 

absence of microglia, it later increased at a time when FIRE+/+ 

oligodendrocytes no longer highly expressed it, indicating that a disruption in 

the timing of TGFβ receptor expression is associated with progressive myelin 

pathology. It may be that microglia-derived TGFβ1 is important for myelin 

maintenance later in development, independent of its effect on 

oligodendrocyte differentiation during developmental myelination.  
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My finding that TGFβ regulates myelin growth in the central nervous system 

builds on work in the peripheral nervous system (PNS), where global knockout 

of TGFβ in mice caused strikingly similar hypermyelination in the sciatic nerve 

at 2 months of age, with evidence of splitting of myelin lamellae, outfoldings 

and increased thickness on larger axons, in the absence of any axonal 

abnormalities or effect on axon diameter. This myelin pathology was seen as 

early as 6 weeks of age (308). This shows that TGFβ-mediated regulation of 

myelin maintenance is conserved across the PNS and CNS; in the latter, I 

have identified microglia as the cellular source of this effect.  

The fact that disrupted TGFβ affects microglial homeostasis lends further 

credence to the hypothesis that microglial dysfunction is sufficient to cause 

myelin pathology in ageing and disease. Indeed, levels of TGFβ have been 

shown to increase in the ageing brain (337), yet a decrease in TGFβ signalling 

has also been observed in ageing (338), indicating an attempt at 

compensation. I observed an increase in oligodendrocyte TGFβR1 expression 

at 3-4 months in FIRE∆/∆ mice and a trend towards this in ALSP patients, 

suggesting compensation when microglia are absent/depleted long-term. 

Likewise, transcriptomic analyses of ALSP brain pointed to TGFβ pathway 

dysregulation specifically in the white matter (139), with TGFB1 being 

upregulated in the least affected white matter region (339). In AD, CSF TGFβ1 

has been reported to increase by as much as sixfold (337). It will be important 

to study whether perturbed TGFβ in ageing is sufficient to cause myelin 

pathology in this context, and whether this may be a mechanism for conversion 

to disease in the ageing brain, as has been suggested; a rapid rise in TGFβ 

levels occurs at the age of ~86, the same approximate age when there is also 

a sudden increase in annual AD incidence (337). Combining this analysis with 

assessment of microglial phenotype, such as their activation status, 

morphology or expression of the classical disease-associated microglia (DAM) 

markers, will be of particular interest. 

It is unclear whether signalling through other receptors could compensate yet 

given that administration of the TGFβ signalling agonist normalised myelin and 

inner tongue thickness back to control levels, TGFβ signalling appears to be 

the primary mechanism by which microglia regulate myelin integrity. As it also 
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appeared that the SERPINA3N+ oligodendrocytes were the same population 

downregulating TGFβR1 in the FIRE∆/∆ mice, this provides further evidence 

that alterations in the TGFβ pathway are intrinsically linked with the disrupted 

lipid profile of oligodendrocytes. However, how microglia-derived TGFβ1 

impacts oligodendrocyte lipid metabolism requires more detailed 

characterisation.   

5.4.3 TGFβ may regulate lipid metabolism 
TGFβ has been shown to influence cholesterol metabolism of human 

macrophages in vitro by inhibiting the expression of genes involved in 

cholesterol uptake and inducing those involved in cholesterol efflux, including 

ABCA1 and APOE. TGFβ suppressed the uptake of low-density lipoprotein 

(LDL) by human macrophages in vitro (307). These findings fit with my 

hypothesis that lipid efflux may be perturbed in the absence of microglia-

derived TGFβ1, where there is reduced oligodendroglial Apoe expression. 

Interestingly, in the CNS, diphtheria toxin-induced microglia depletion caused 

downregulation of homeostatic microglia genes, several of which were related 

to the TGFβ signalling pathway (Tgfbr1, Tgfb and Smad3) and this occurred 

in tandem with downregulation of Igf1, Abca2 and upregulation of Pparγ 

expression, all genes related to myelin or lipid pathways (340). Treatment with 

the TGFβ signalling agonist SRI-011381 hydrochloride increased ceramides 

in FIRE∆/∆ white matter, which may represent breakdown of sphingomyelin to 

ceramides (341); interestingly, deficiency in galactosylceramide in mice has 

been associated with redundant CNS myelin and deficient compaction (311). 

How the TGFβ1-TGFβR1 axis regulates oligodendrocyte lipid metabolism, 

and consequently myelin growth, is not entirely clear. Western blot analysis of 

phosphorylated SMAD2/3, the active form of the signalling protein 

downstream of TGFβ, in the FIRE∆/∆ corpus callosum showed no difference in 

the absence of microglia, nor was it upregulated following treatment with SRI, 

despite resolution of hypermyelination. Although difficult due to lack of mature 

oligodendrocyte surface markers, oligodendrocytes could be isolated for more 

specific western blot analysis of SMAD protein expression, to confirm whether 

this is the pathway of interest. However, these findings may also suggest that 

TGFβ is not signalling through the canonical SMAD pathway to control myelin 
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growth. Downstream TGFβ signalling is complex and mediated through a 

number of different downstream pathways, including the WNT and ERK 

pathways, both of which have been shown to mediate hypermyelination (15, 

35, 36, 298). GPR37 was identified as a negative regulator of myelination by 

suppressing ERK1/2 nuclear translocation, whereby its deletion caused 

accelerated and hyper-myelination (increased MBP and PLP staining, and 

number of myelinated axons, with reduced g-ratio) along with enhanced 

phosphorylated ERK protein expression (342). Indeed, sequencing of ALSP 

brain revealed the TGFβ-ERK pathway was differentially regulated (139), 

suggesting this could be the downstream mechanism by which TGFβ 

mediates its effects on myelin growth.  

Comparing the differentially expressed genes in the cholesterol/lipid pathways 

identified by IPA analysis to be upregulated in the unique FIRE∆/∆ Oligo1 

cluster, to those predicted to be regulated by TGFβ1, revealed a number of 

genes related to lipid metabolism, including Scd1, Hexa and Fabp5. High Scd1 

expression has been shown to impede remyelination by causing lipid 

accumulation in microglia/macrophages, while remyelination was enhanced 

by inhibiting SCD1 in LPC-treated ex vivo organotypic cerebellar slice cultures 

and in phagocyte-specific Scd1 knockout mice following cuprizone treatment 

(314); reduced Scd1 expression in FIRE∆/∆ oligodendrocytes may therefore be 

related to excess myelin formation. Hexa could also be noteworthy as the rare 

neurodegenerative order Tay-Sachs disease is caused by a deficiency in the 

HEXA enzyme, triggering accumulation of lipids and thinner myelin (343). In 

mice, HEXA overexpression led to sphingomyelin accumulation in the liver 

(312). It is therefore plausible that increased Hexa expression in the 

Serpina3n+ C4b+ oligodendrocytes could cause increased myelin thickness 

and sphingomyelin accumulation in FIRE∆/∆ mice. 

Elevated Fabp5 expression is of particular interest as knockdown of Fabp5 

induced a decrease in cellular cholesterol and increased triglyceride 

accumulation in vitro (344), the exact opposite process to that observed in 

FIRE∆/∆ white matter. FABP deficiency was shown to be protective against 

development of EAE (345) and a FABP5/FABP7 inhibitor reduced myelin loss 

and IBA1+ cell numbers in the spinal cord of EAE mice (313). 
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Autophagy, the process by which cellular components are targeted for 

lysosomal degradation (346), has been suggested to have a role in regulating 

lipid metabolism, and Scd1 was implicated as being involved in this process 

(347). Autophagy has been shown to be essential for developmental 

myelination. Autophagy markers (ATG5, LC3B) were expressed by 

oligodendrocytes at the onset of myelination (P7) and when it was well 

underway (P21). Genetic ablation of Atg5 in OPCs (Pdgfrα-CreERT2:Atg5 fl/fl) of 

mice caused a severe attenuation of myelination, with a reduction in MBP 

staining and in the number of myelinated axons. Remaining axons had higher 

g-ratios and significant myelin abnormalities such as enlarged inner tongues 

and myelin outfoldings in the P15 corpus callosum. These findings strongly 

point to autophagy being an essential requirement for appropriate myelin 

formation and structural integrity (348). These changes were attributed to a 

deficit in oligodendrocyte differentiation. In contrast, disrupting 

oligodendroglial autophagy in mature oligodendrocytes by conditionally 

deleting another autophagy gene, Atg7, via a Cnp-Cre had no effect on 

oligodendrogliogenesis or initial myelin ensheathment. Instead, this led to 

hypermyelination, encompassing increased myelin thickness and abnormal 

myelin structures, reminiscent of my observations in FIRE∆/∆ mice. 

Interestingly, this only began later in adulthood, suggesting a differential role 

of autophagy in regulating myelin in development compared to adulthood, 

and/or an increasing dependence on this process for myelin maintenance with 

age, consistent with previous assertions of the accumulating age-related 

burden of myelin clearance (87). Behavioural deficits, demyelination, axonal 

spheroids and neurodegeneration also eventually occurred in this context 

(349), and indeed, autophagy is known to be compromised in ageing and 

neurodegenerative disease (346, 350); whether declining myelin health, 

microglia dysfunction and failure of autophagy in ageing are linked will be a 

fascinating avenue of research in future.  
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5.5 Summary 
I have identified a novel mechanism by which microglia regulate myelin 

integrity, by suppressing the appearance of a disease-associated 

oligodendrocyte state with an aberrant lipid profile and thereby preventing 

hypermyelination via the TGFβ1-TGFβR1 axis. There are several remaining 

questions, not least whether this is the same mechanism by which 

demyelination is prevented, how TGFβ1 specifically regulates oligodendrocyte 

lipid metabolism, and how this changes with ageing and potentially contributes 

to disease development. Nevertheless, it is clear that microglia have a critical 

role to play in the maintenance of myelin health throughout the lifespan. 
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Chapter 6: Conclusions & Future Perspectives 
The overarching aim of my PhD was to elucidate the specific roles of microglia 

in influencing myelin health throughout the lifespan, and their associated 

functions in regulating the myelin-producing oligodendrocytes. My PhD 

research has, for the first time, shown that microglia are dispensable for 

oligodendrogenesis and initial myelin formation in the developing white matter. 

Instead, they are required to prevent hypermyelination and subsequent 

demyelination in the adult central nervous system white matter. I identified 

novel cellular and molecular mechanisms by which they do so: microglia 

prevent the appearance of an oligodendrocyte state with an aberrant lipid 

profile, and control myelin growth via TGFβ1-TGFβR1 signalling to 

oligodendrocytes. Overall, my findings have positioned microglia as central 

players in the regulation of myelin maintenance and integrity in the central 

nervous system.  

 
Figure 6.1. Summary of the main findings of my PhD. 

Microglia preserve central nervous system myelin integrity by limiting 
hypermyelination via TGFβ1 signalling, allowing preservation of cognitive 
flexibility, and preventing subsequent demyelination. 
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6.1 Microglia are not required for oligodendrogenesis and initial 
myelin ensheathment 
Contrary to previous findings (25, 26), I demonstrated that oligodendrocyte 

differentiation and initial myelin ensheathment proceed in the developing white 

matter in the absence of microglia. My findings reveal that distinct 

heterogeneity exists with regard to the functional roles of brain-resident 

macrophages in regulating myelination, with microglia not being necessary for 

the initial stages of this process. This raises an important question: if microglia 

are not driving developmental myelination, then which cells are? The clear 

candidates are the perivascular macrophages (PVMs), who will have been 

affected by the depletion methods used in the other studies (Csf1r global 

knockout and/or CSF1R pharmacological inhibitors) (25, 26) and who I have 

shown to be present in the white matter at 3 weeks of age, a key timepoint in 

developmental myelination, albeit in low numbers. Nevertheless, OPCs have 

been shown to migrate along the vasculature in development (250), implying 

that a potential interaction with PVMs could prime them for subsequent 

differentiation into myelinating oligodendrocytes. This warrants further 

investigation. Staining for PVMs in the mouse white matter tracts at postnatal 

day 7 will elucidate whether they are present at the onset of myelination and 

as there are now a number of established BAM-specific markers and novel 

fate-mapping and transgenic tools to target them specifically (151, 256), it will 

be possible to unpick their roles in myelination in future studies. 

6.2 Microglia are required for myelin maintenance and associated 
cognition 
I have shown, for the first time, that microglia limit overgrowth of myelin, known 

as hypermyelination, and prevent subsequent demyelination in both mouse 

and human white matter. In conditions of either a complete developmental 

absence or a reduction in the number of microglia in adulthood, myelin was 

characterised by overgrowth features, including increased thickness, enlarged 

inner tongues, and outfoldings and unravelling. This was followed by 

demyelination, beginning preferentially on the axons which previously had the 

thickest myelin, suggesting that hypermyelination is sufficient to render axons 

vulnerable to demyelination. Myelin ballooning and decompaction has been 
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seen to occur immediately prior to demyelination in the 2Phatal-induced focal 

cortical demyelination mode, and bulb-like myelin structures were noted in 

EAE and MS demyelinating lesions; further suggesting that these processes 

are directly linked (85, 108). In ALSP patients, I observed that the thickest 

axons also appeared to be those with the most obvious separation of myelin 

lamellae, which could represent unravelling preceding overt myelin loss. It 

remains unclear as to whether hypermyelination always precedes 

demyelination, as demyelination occurred in 6-month-old FIRE+/+ mice after 1 

month of PLX treatment. However, it is possible that hypermyelination rapidly 

occurred prior to demyelination during the course of the treatment. Further 

study of the temporal dynamics underlying initiation of demyelination is 

required, and live-imaging studies in zebrafish and the mouse cortex are 

powerful tools by which to do so.  

The fact that the same phenomenon was observed when microglia were never 

present in the brain (FIRE∆/∆), when they were depleted after developmental 

myelination was complete (FIRE+/+ PLX) and in humans with a reduction in the 

number of microglia (ALSP) illustrated that microglia are responsible for the 

active maintenance of myelin integrity from development and into adulthood. 

Demyelination similar in extent to 6-month-old FIRE∆/∆ mice was observed in 

6-month-old PLX-treated FIRE+/+ mice after one month of microglial depletion, 

strongly implying that there is an increasing dependence on microglial-

mediated myelin maintenance as the brain ages. These findings also suggest 

that a reduction in microglia is sufficient to induce hypermyelination and 

demyelination; although the remaining microglia may have also lost their 

homeostatic function, hindering their ability to maintain myelin appropriately, 

or to the same extent. This is a fascinating line of study for the future. Spatial 

transcriptomics of surviving microglia and oligodendrocytes in the white matter 

following PLX treatment could shed light on this; it would be particularly 

interesting to see whether their expression of TGFβ1 and TGFβR1, 

respectively, is altered. Indeed, Csf1r+/− mice exhibit hypermyelination in 

tandem with increased microglia/macrophage density (IBA1+) which have 

reduced expression of CSF1R and a pro-inflammatory transcriptomic profile 
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(278), and there is loss of homeostatic marker expression in remaining 

microglia following PLX treatment (279) and in ALSP (139).  

Another interesting question is whether surviving and/or repopulating microglia 

are also primed for future dysfunction following PLX treatment, which may 

perturb the microenvironment. Cuprizone-demyelination caused microglial 

lysosomal dysfunction, reminiscent of an ageing phenotype, which steadily 

increased for up to 37 weeks post-diet, showing that a damaging insult can 

induce prolonged microglial dysfunction (87). Microglia are known to be altered 

following exposure to environmental stressors, particularly in development; for 

instance, depleting the maternal microbiome led to a distinct and rapid 

alteration in the microglia transcriptomic signature, which was interestingly, 

sex- and time-dependent (153). In addition, increased density and ramification 

of embryonic microglia was observed, suggesting their activation, and in adult 

mice, antibiotic treatment induced microglial transcriptomic changes, including 

genes involved in the response to stress (153). These studies show that adult 

microglia are sensitive to environmental changes, which could conceivably 

perturb their homeostatic functions in the long-term, including their ability to 

maintain myelin. Indeed, the antibiotic minocycline, which is under 

investigation as a potential therapy for multiple sclerosis (MS), dampens 

microglial activity and yet has also been shown to impede oligodendrocyte 

maturation in vivo (200). However, repopulation of microglia/macrophages 

following CSF1R inhibitor treatment led to improved cognition in aged mice, 

indicating a potential beneficial effect of microglial rejuvenation (281). Indeed, 

CSF1R inhibitors are in clinical trials for the treatment of cancer, including 

brain tumours, with the aim to reduce microglia/macrophage 

activation/infiltration in this context (351). Microglial activation is clearly a 

complex and multi-faceted process exerting both beneficial and detrimental 

effects, which appear to be highly context- and timing-dependent and are also 

likely dependent on the microglial state in question. It is therefore essential 

that full characterisation of drugs which modify microglial activation is 

performed to avoid inadvertent impacts on myelin integrity.  

Modification of microglia/macrophage numbers and/or activation status also 

has implications for cognitive function. Enhanced microglia/macrophage 
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activation was documented (HLA-DR+ iNOS+) in the white matter of aged 

rhesus monkeys, particularly in those which had cognitive impairment (209). 

In aged human white matter, a similar effect has been observed (259). In AD 

post-mortem tissue, increased microglial numbers were documented, 

including in the white matter, and expression of several microglia/macrophage 

markers [ITGAM (CD11b), ITGAX (CD11c), CD68 , CX3CR1] correlated with 

disease severity. In the APP/PS1 mouse model, CSF1R inhibition (via 

GW2580) improved memory by abrogating microglial proliferation and 

diminishing their pro-inflammatory phenotype, interestingly without a change 

in amyloid plaque load, suggesting that modulation of microglial numbers and 

phenotype is sufficient to attenuate cognitive dysfunction (260). Conditional 

deletion of Csf1r in APP/PS1 mice prior to the onset of plaque formation 

delayed cognitive decline (352). Another study showed that chemotherapy-

induced microglial activation drove myelin ultrastructural alterations and 

cognitive deficits, which was rescued by PLX treatment, implying a role for 

microglial regulation of myelin in cognitive health (280). I have now shown that 

microglial control of myelin growth is important for the maintenance of 

cognitive function, as the specific absence of microglia caused deficient 

cognitive flexibility at the same age that extensive hypermyelination was 

observed. Interestingly, cognitive deficits have also been noted in 6-8-month-

old Csf1r+/− mice with reactive microgliosis, who show evidence of 

hypermyelination as early as 2 months of age (278). However, whereas these 

mice had deficient spatial memory, I observed no deficit in learning and short-

term memory encoding in FIRE∆/∆ mice. While mature oligodendrocytes were 

not characterised in the Csf1r+/− mice, my findings are consistent with there 

being no impact on post-learning oligodendrogenesis in FIRE∆/∆ mice, as this 

has been shown to be required for these processes (56-58, 65). 

My findings suggest that microglia modulate cognition in a more subtle 

manner, at least at the timepoint examined. It would be interesting to assess 

long-term memory in FIRE∆/∆ mice, although this may be precluded by 

demyelination beginning at 4.5 months, which is known to impair cognition 

(353). Nevertheless, my data also reinforces the emerging concept that 

increased myelination does not necessarily translate to improved circuit 
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function, but the opposite, consistent with a study showing hypermyelination 

perpetuates circuit dysfunction in the context of seizures (69). Moreover, as 

microglia modulate neuronal circuitry and activity (149, 176) and neuronal 

activity is closely linked with developmental and adaptive myelination (17, 20, 

21, 66-68), the impact on neurons and synapses in FIRE∆/∆ mice, both in 

development and following learning, needs further study.  

6.3 Microglia regulate myelin growth via the TGFβ1-TGFβR1 axis 
TGFβ1 is a cytokine known to be primarily produced by 

microglia/macrophages in the CNS (www.brainrnaseq.org) (285, 354) and to 

be required for microglia, but not border-associated macrophage, 

development (150, 151). Accordingly, I demonstrated that TGFβ1 levels were 

significantly reduced in the corpus callosum in the absence of microglia, and 

this occurred in tandem with significantly reduced oligodendrocyte expression 

of its receptor, TGFβR1. Conditionally deleting Tgfbr1 from mature 

oligodendrocytes was sufficient to cause hypermyelination already by 1 month 

of age, corroborating that this phenotype begins early in the absence of 

microglia. 

However, the roles of TGFβ in regulating myelin are contradictory and appear 

to depend on the age of manipulation and the context; while some studies 

have shown that TGFβ drives developmental myelination (335, 336), I have 

shown that developmental myelination proceeds despite reduced expression 

of TGFβ1 in the white matter. It could be that a threshold level of TGFβ is 

required for initial myelin ensheathment and thus, the residual expression in 

FIRE∆/∆ mice is sufficient for this to occur. Perhaps at higher levels of TGFβ, 

there is a switch which then causes it to limit excessive myelin growth. 

Although lack of TGFβ also caused hypermyelination in the PNS (308), 

TGFβ’s role in modulating CNS myelin health appears to be highly context-

dependent.  While some have associated a diet-induced increase in microglial 

TGFβ signalling with impaired microglial debris clearance and poor lesion 

resolution following demyelination (355) and TGFβ treatment was also shown 

to inhibit oligodendrocyte differentiation in vitro (356), others have 

demonstrated that TGFβ1 can drive remyelination in vivo (239). Remyelination 

did occur in FIRE∆/∆ mice by 9 months of age, although I did not assess TGFβ1 
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levels or oligodendrocyte TGFβR1 expression at this timepoint. A full 

characterisation of the extent and longevity of remyelination and the role of 

TGFβ in this context is needed. Indeed, whether microglia are beneficial or 

detrimental for remyelination is debated and the outcome seems to largely 

depend on microglial phenotype (227).  

The clear outstanding question is whether dysregulated TGFβ signalling is 

also responsible for the initiation of demyelination in the absence of microglia. 

Given that hypermyelination appeared to directly proceed demyelination, 

demyelination began at 4.5 months and oligodendroglial expression of 

TGFβR1 was increased by 3-4 months, it is possible that this is the case. The 

latter could also be an attempt at compensation. This will require extensive 

study in future. Assessing oligodendroglial TGFβR1 expression at 6 months of 

age and performing electron microscopy analysis of myelin integrity at 6 

months following conditional deletion of oligodendrocyte Tgfbr1 could help 

shed light on this. Indeed, the TGFβ pathway has been suggested to be 

dysregulated in ALSP white matter (139), but whether this is related to 

hypermyelination, demyelination or both is not clear. It is also unknown 

whether remyelination can occur in ALSP. Although it is evident that TGFβ 

would be a difficult pathway to target therapeutically, due to its diverse roles 

and temporal and context-dependent nature, it is possible that a more specific 

downstream target of TGFβ could be identified to modify myelin health in ALSP 

patients in future.  

This raises another major remaining question: how does TGFβ specifically 

regulate the lipid metabolism of oligodendrocytes to control myelin growth? I 

observed dysregulation of lipid and cholesterol pathways in an 

oligodendrocyte state which appeared in the absence of microglia and while a 

reduction in TGFβ1 levels in the 1-month-old FIRE∆/∆ white matter was 

associated with increased sphingomyelin and cholesterol esters, and reduced 

triglyceride levels, administration of the TGFβ signalling agonist SRI-011381 

hydrochloride induced an increase in ceramide levels in 3-month-old FIRE∆/∆ 

mice. This suggests that myelin lipids are differentially impacted by TGFβ 

depending on age. A greater understanding of the dynamics of myelin lipids, 

how this impacts myelin maintenance and the role of TGFβ in modulating this 
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is required. Depletion of microglia has been seen to cause concomitant 

downregulation of Tgfb and altered expression of lipid-related genes (340), but 

the specific impact on oligodendrocytes was not assessed in this study. Some 

candidates including Apoe, which was reduced in the FIRE∆/∆-specific 

oligodendrocyte state, and Fabp5, which was increased in this state, require 

further investigation. However, it is worth noting that in a general sense, 

regulation of CNS lipid metabolism involves a complex glial cellular network, 

including microglia, astrocytes, oligodendrocytes, as well as neurons, which 

may also need to be considered.  

6.4 Future perspectives: relevance for ageing and disease 
Overall, my research has significant implications for the loss of myelin health 

that arises in both ageing and disease.  

As discussed, myelin ultrastructural changes precede oligodendrocyte 

damage and myelin degeneration in MS, EAE and experimentally-induced 

demyelination (85, 108). Features of hypermyelination are also prevalent in 

aged non-human primates and correlate with cognitive decline (80-83). In 

humans, cognitive flexibility is known to be compromised with ageing (66), and 

abnormal white matter integrity has been associated with poor cognitive 

flexibility (290-292). Both white matter hyperintensities and deficits in cognitive 

flexibility have been suggested to be predictive of conversion from healthy 

ageing to Alzheimer’s Disease (293, 294). The potential causative link 

between impaired myelin integrity and initiation of cognitive decline has not yet 

been fully investigated in humans and requires immediate investigation. 

As mentioned, microglial activation is complex and can have both beneficial 

and harmful effects on CNS health. However, unresolved microglial activation 

has been extensively associated with CNS disease processes and 

progression (260, 357). Microglia/macrophage depletion was shown to 

diminish the extent of cuprizone-mediated demyelination (218). In MS, 

reactive microglia nodules form in the normal-appearing white matter (222-

225), and MS white matter microglia show increased lipid metabolism gene 

expression (358), indicating that these could be the sites of future lesions. In 

the ageing white matter, the white matter-associated microglia (WAM) state 

appears, exhibiting a similar morphology to MS microglial nodules (211). The 
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age-related accumulation of myelin debris has been shown to contribute to 

microglia dysfunction, similar to that seen in remaining microglia in ALSP 

patients (87, 135), defective microglia/macrophage-mediated cholesterol 

clearance impairs remyelination in ageing (94), and the WAM state is engaged 

in the digestion of phagocytosed myelin debris (211). All of these studies 

suggest that poor integrity of ageing white matter is linked to dysregulation of 

microglia. While the authors of these studies concluded that the former drives 

the latter, I hypothesise, based on my work, that microglial dysfunction could 

promote myelin pathology in the ageing white matter and may also be 

responsible for conversion to disease in the ageing brain. Indeed, the disease-

associated microglia (DAM) state, noted in numerous studies (122, 215, 216), 

has been documented during demyelination (188); yet the association 

between the appearance of this state and myelin degeneration has not yet 

been established. Both WAM and DAM downregulate microglia homeostatic 

markers (P2ry12, Tmem119, Csf1r, Cx3cr1) and share a number of 

upregulated markers, including many genes related to lipid metabolism, such 

as Apoe and Lpl. Interestingly, DAM also exhibit decreased expression of 

Tgfb1 and Tgfbr1 (156), indicating a loss of microglial TGFβ signalling. In 

affected ALSP white matter, in which demyelination is a defining hallmark, 

there is increased APOE expression and remaining microglia have also lost 

expression of classic homeostatic markers including TMEM119 and P2RY12 

(139). Most recently, a study showed that myelin dysfunction induced loss of 

microglial homeostasis (P2ry12 and Tmem119) and elevation of DAM 

signature genes (Apoe, Spp1, Itgax, and Clec7a) in AD mouse models, leading 

to the failure of microglia to corral around plaques (128). 

Oligodendrocytes are now also known to become dysregulated in ageing and 

disease. Oligodendrocytes which survive demyelination mediate poorer and 

less accurate remyelination (117) and APOE4, the strongest risk factor for AD 

development, was very recently shown to cause aberrant cholesterol 

accumulation in oligodendrocytes, along with impaired myelination (359). I 

documented the appearance of a disease-associated oligodendrocyte state in 

the absence of microglia, which also exhibited dysregulation of cholesterol and 

lipid pathways, in association with cholesterol ester accumulation in the white 
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matter. This state had a characteristic SERPINA3N and C4b signature, which 

has been noted in several studies in the setting of experimentally-induced 

demyelination, white matter ageing and in Alzheimer’s Disease (AD) mouse 

models and human tissue (104-106, 122, 300, 302). While it was unclear as 

to whether the appearance of this state is caused by or induces myelin 

pathology in these contexts, and in the case of the AD studies myelin was not 

assessed, my findings suggest that the latter is the case, and that this occurs 

secondary to microglia dysfunction. Interestingly, oligodendrocytes expressing 

C4d, a derivative of C4b, have been seen to surround MS micro-lesions in 

close association with activated microglia, again pointing to microglia-

mediated oligodendrocyte dysregulation and initiation of myelin pathology 

(360).  

Whether microglia always initiate oligodendrocyte dysfunction remains to be 

seen, but it is evident that microglia and oligodendrocyte states are intrinsically 

linked. In the absence of microglia, reduction of Apoe expression in this 

oligodendrocyte state was observed. APOE4 induces a lipid-accumulated 

state in microglia (361), so the fact that Apoe is increased in both the WAM 

and DAM states, and the DAM are dependent on APOE for their development 

(156, 211), could indicate a compensatory attempt at exporting lipids, which 

likely accumulate due to the overwhelming burden of myelin phagocytosis. Is 

it possible that oligodendrocytes are taking up these lipids and converting them 

into excess myelin? Indeed, Shen et al. noted opposite changes in 

oligodendrocyte and microglia gene modules in an AD mouse model, with an 

initial increase in the oligodendrocyte- and myelin-related genes, followed by 

a later decrease, in regions with the highest amyloid plaque load (123). This 

could represent initial hypermyelination followed by demyelination, with 

microglia-oligodendrocyte crosstalk central to these processes.  

Finally, TGFβ1 is a homeostatic microglial marker and has been demonstrated 

to become dysregulated with ageing and in disease (337, 338), its signalling 

being reduced in human microglia with age (206), while cholesterol and lipid 

metabolism are also disrupted in these settings (362). The interaction between 

disrupted myelin integrity, TGFβ and oligodendrocyte lipid metabolism in the 

context of ageing and disease will be an important avenue of research in 
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future. Electron microscopy and lipidomic analysis of, and assessment of 

oligodendroglial TGFβR1 and SERPINA3N expression in, aged FIRE∆/∆ white 

matter could be a promising line of investigation to begin to interrogate this. 

Based on all these studies and my own findings, I propose a model, whereby 

microglial dysfunction, encompassing permanent loss of homeostasis and/or 

activation, drives progressive myelin pathology occurring in the aged and 

diseased white matter. Microglia may be engaged in arduous activities such 

as plaque and myelin debris clearance, contributing to their dysregulation and 

leading to the appearance of the WAM state as a protective response. This 

may, however, inadvertently cause hypermyelination, as microglia will no 

longer have the ability to actively maintain myelin. Hypermyelination may then 

progress to demyelination, driven by WAM to DAM conversion, ultimately 

leading to the development or worsening of disease in the ageing brain, such 

as Alzheimer’s Disease or progressive MS. This may be caused by a reduction 

in microglial TGFβ1, a characteristic of disrupted microglial homeostasis, 

which then triggers dysregulation of both microglial responses and 

oligodendrocyte states, thus further perpetuating the myelin pathology (Figure 

6.2).  

The cues and signals which cause microglia to become dysfunctional in the 

first instance is still an open question. It is likely to be a combination of factors; 

environmental stressors such as invading pathogens, the age-related 

accumulation of amyloid plaques and burden of myelin debris clearance, as 

has been suggested (87).  

What is clear is that extensively characterising microglial responses and their 

impact on myelin in homeostasis, ageing and disease will be a key area of 

investigation for the search for effective therapies to resolve and maintain 

myelin health throughout the lifespan. 
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Figure 6.2. Proposed model for how age-related microglia dysfunction contributes 
to myelin pathology and disease development in the brain. 

The white matter-associated microglia (WAM) state appears in the ageing white 
matter, likely as a protective response to the burdens of the ageing brain. 
Nevertheless, because microglia are engaged in other functions, these lose their 
homeostatic signature (TGFβ1) and functions, leading to the development of 
hypermyelination. Eventually, microglia become overwhelmed by the increasing 
pathology in the ageing brain and convert to a disease-associated microglia (DAM) 
state. This ultimately leads to loss of TGFβ1 signalling and demyelination, which 
can further contribute to the development of disease in the ageing brain. 
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6.5 Final summary 
Overall, my research reveals that microglia regulate myelin health at later 

stages than previously thought, preserving the structural integrity of myelin 

rather than driving initial myelin formation. This work extends previous studies 

showing that microglia regulate developmental myelination via phagocytosis 

of myelin sheaths and outfoldings (181, 182), by now showing that they are 

required for the active maintenance of myelin health throughout the lifespan, 

preventing hypermyelination and demyelination. I have shown that microglia 

regulate myelin growth via the TGFβ1-TGFβR1 axis, suppressing the 

appearance of an oligodendrocyte state with a dysregulated lipid profile which 

has been observed in conditions of inflammation, demyelination, and amyloid 

pathology. For the first time, I have associated this oligodendrocyte state with 

hypermyelination. My findings have important implications for understanding 

the pathological mechanisms underlying loss of myelin integrity in ageing and 

neurodegenerative diseases, where microglia dysregulation, 

hypermyelination, demyelination, and cognitive dysfunction occur.  

Microglia therefore represent key therapeutic targets for the restoration of 

central nervous system white matter health in future.
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that was outfolding or unravelling in FireΔ/Δ mice (Fig. 2a–c), which 
was documented in 44% of sheaths compared with only 14% in Fire+/+ 
controls. FireΔ/Δ mice showed enlarged areas of uncompacted myelin 
(inner tongue) on smaller diameter axons (Fig. 2d–f). As enlarged 
inner tongues precluded conventional g ratio analysis, we measured 
myelin thickness directly and observed increased myelin thickness in 
FireΔ/Δ mice preferentially on large diameter axons (Fig. 2g,h). Axon 
diameter-dependent observations may reflect that myelination of 
larger diameter axons occurs before that of smaller ones, first involv-
ing growth at the inner tongue followed by compaction that thickens 
the myelin sheath. We assessed the impact of these myelin changes on 
axonal health in FireΔ/Δ mice. Although expression of phosphorylated 
neurofilament was unaffected at 1 month of age, axonal spheroids, 
which are indicative of impaired axonal transport, were occasionally 
observed at later ages in <0.1% of myelinated axons (Extended Data  
Fig. 2f–h). Myelin outfoldings and unravelling persisted in FireΔ/Δ mice at 
3–4 months of age (Fig. 2i–k), and enlarged inner tongues and increased 
myelin thickness were observed across all axon diameters compared 
with Fire+/+ mice (Fig. 2l–o) and younger FireΔ/Δ mice (Extended Data 
Fig. 3). Therefore, hypermyelination occurs in the absence of micro-
glia, which indicates that microglia are required for the regulation of 
myelin growth.

Given that these changes in myelin structure are sufficient to cause 
cognitive impairment in other models12,13, we evaluated cognition in 
FireΔ/Δ mice using the Barnes maze spatial learning and memory task 
(Extended Data Fig. 4a). Both FireΔ/Δ and Fire+/+mice became progres-
sively faster at locating the target hole with the underlying escape 
chamber (primary latency), which indicated spatial learning in these 
mice (Extended Data Fig. 4b,c). Following removal of the escape cham-
ber, probes 1 h and 3 days later indicated no memory-encoding deficit, 
as indicated by the percentage of time spent in the target quadrant 
and the number of nose pokes in and around the target hole (Extended 
Data Fig. 4d–f). Next, we tested cognitive flexibility, which is learning 
to adjust thinking from an old to a new situation and is highly depend-
ent on the structural integrity of myelin6,14,15. This experiment involves 
learning to locate an escape hole placed 180° from the original target 
(Extended Data Fig. 4g–k). Although the time taken to locate the new 
target was unimpaired in FireΔ/Δ mice, significantly more errors were 
made before reaching it (Extended Data Fig. 4h,i), which indicated 
that these mice have poor cognitive flexibility. FireΔ/Δ mice did not 
have confounding anxiety or motor deficits (Extended Data Fig. 4l–r). 
Therefore, the absence of microglia is associated with impaired cogni-
tive flexibility.

Recent studies have indicated that learning and memory encoding 
require new oligodendrogenesis, and that long-term consolidation 
of this information involves increased myelination16,17. Therefore, 
we assessed whether these processes occur in the absence of micro-
glia. The generation of new oligodendrocytes from proliferating 
progenitor cells was identified through the incorporation of 5-ethynyl-
2′-deoxyuridine (EdU) provided during the cognitive testing stage. 
There was a similar number of newly generated oligodendrocytes 
in FireΔ/Δ mice and Fire+/+ mice (Extended Data Fig. 5a–d), which was 
consistent with the largely unimpaired learning and memory encoding 
observed in FireΔ/Δ mice. However, whereas Fire+/+ mice had a signifi-
cantly increased number of myelinated axons in the corpus callo-
sum 6 weeks after completion of the cognitive task, this did not differ 
between untrained and trained FireΔ/Δ mice (Extended Data Fig. 5e–g). 
These findings suggest that the absence of microglia prevents the 
increase in myelination that normally occurs with consolidation of new 
spatial information. Of note, we did not find an association between 
the number of myelinated axons in a given mouse and its reversal 
cognitive performance (Extended Data Fig. 5h). This result suggests 
that either a threshold number of myelinated axons is required for 
cognitive flexibility or that myelin structural changes may be more 
relevant for this function.

Microglia prevent demyelination
Assessment of myelin in FireΔ/Δ mice at 6 months of age showed areas 
of substantial demyelination (Fig. 3a) and areas of patchy demyelina-
tion. This in turn resulted in a significant decrease in the number and 
proportion of myelinated axons compared with Fire+/+ mice (Fig. 3b–d). 
The patchy nature of demyelination did not result in widespread loss of 
myelin protein across the corpus callosum (Extended Data Fig. 6a–c). 
Axonal spheroids were rarely observed (<0.1% of axons). Axons retain-
ing myelin in 6-month-old FireΔ/Δ mice had reduced inner tongue size 
and thinner myelin compared with Fire+/+ mice (Fig. 3e,f and Extended 
Data Fig. 6d) and with 3–4-month-old FireΔ/Δ mice (Extended Data  
Fig. 3). Demyelination was not associated with loss of oligodendrocytes 
at this age or younger (Extended Data Fig. 6e–h). Demyelination was 
initiated at 4.5 months of age in FireΔ/Δ mice (Extended Data Fig. 6i–l), 
and unmyelinated axons were medium-to-large calibre (mean 0.73 µm 
± 0.1 s.e.m.) in size (Extended Data Fig. 6l). This result indicated that 
these axons underwent demyelination first, as medium-to-large diame-
ter axons showed hypermyelination immediately before demyelination 
at 3–4 months of age (Extended Data Fig. 6k); therefore, hypermyeli-
nation may precede demyelination. These findings demonstrate that 
the lack of microglia is sufficient to induce CNS demyelination with 
increasing age.

Microglia maintain existing myelin
We next asked whether these changes in myelin growth and integrity 
reflect disruption of myelin formation or myelin maintenance. To that 
end, we depleted microglia in mice when developmental myelination 
is complete (2 months of age onwards) by providing the CSF1R inhibi-
tor PLX5622 in the diet of adult Fire+/+ mice for 1 month. This resulted 
in >50% reduction of IBA1+ cells at 3 months of age (Extended Data 
Fig. 7a–c). Compared with mice fed the control diet, microglia deple-
tion from 2 to 3 months of age resulted in enlarged inner tongues and 
thicker myelin (Extended Data Fig. 7d–g), whereas depletion from 5 to 
6 months of age caused patchy demyelination (Extended Data Fig. 7j–l). 
Oligodendrocyte numbers were unchanged (Extended Data Fig. 7h,i).  
Therefore, microglia depletion in adult mice mirrored the hypermyeli-
nation and myelin degeneration observed at equivalent ages in FireΔ/Δ 
mice, which indicated that microglia are required for myelin mainte-
nance once it is already formed.

Microglia deficits in humans affect myelin health
After demonstrating that microglia are required for myelin health 
in mice, we investigated the relevance of these findings in humans. 
We analysed samples from individuals with the rare leukoencepha-
lopathy adult-onset leukoencephalopathy with axonal spheroids and 
pigmented glia (ALSP) (Extended Data Table 1). In ALSP, heterozygous 
CSF1R mutations lead to cognitive dysfunction in association with 
reduced IBA1+ parenchymal cells, especially in frontal white matter, 
whereas those in the grey matter are relatively preserved18. In compari-
son to age-matched individuals who died of non-neurological causes, 
there was a significant decrease in IBA1+ microglia and macrophages in 
the frontal white matter of individuals with ALSP (Fig. 4a,b). Moreover, 
there was a relative increase in the proportion of perivascular mac-
rophages (IBA1+LYVE1+) (Extended Data Fig. 8a–d). Ultrastructural anal-
ysis of ALSP white matter revealed myelin outfoldings and unravelling 
(Fig. 4c), thicker myelin (Fig. 4c,d) and enlarged inner tongues (Fig. 4c,e 
and Extended Data Fig. 8e–g). Demyelination was also observed and 
progressively worsened with age (Fig. 4f). Larger axon diameters were 
noted in ALSP samples compared with unaffected samples (Fig. 4d,e). 
This result is consistent with axonal swelling being a typical pathologi-
cal feature of this disorder; however, myelin was still thicker than would 
be expected of these axon diameters. Extra thick myelin in ALSP was 
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also identified that the oligodendrocyte-associated module is initially 
upregulated followed by a downregulation in microenvironments with 
the highest β-amyloid accumulation. Whether this represents initial 
hypermyelination followed by demyelination remains to be determined.

The worsening myelin pathology we observed with age in response 
to microglia depletion points to an increasing dependence on healthy 
microglia for myelin integrity with ageing. Microglia dysfunction may 
therefore initiate myelin damage with ageing and in neurodegenerative 
disorders. Previous work has implicated the peripheral immune system 
or primary oligodendrocyte dysregulation in inducing demyelination. 
Here we propose that the contribution of microglia now also needs to 
be considered. Our data suggest that hypermyelination may precede 
demyelination, which raises the question of whether this sequence of 
events underpins myelin damage in ageing and neurodegenerative 
disease. Notably, we identified parallels in dysregulated cellular profiles 
and molecular mechanisms between microglia-deficient mice and 
other neurological injury models. These results implicate microglia as 
crucial regulators of myelin pathology in these contexts. For instance, 
our data show that microglia normally suppress the appearance of a 
dysregulated oligodendrocyte state (expressing Serpina3n and C4b), 
similar to that recently documented in mouse models of demyelination, 
ageing and Alzheimer’s disease33–37. This implies that in pathological 
contexts, microglia dysregulation may permit these oligodendrocytes 
to appear. We have made data-mining of this (and other) oligodendro-
cyte populations in the FireΔ/Δ mouse model publicly available on the 
following website: https://annawilliams.shinyapps.io/shinyApp_oli-
gos_VM/. The functional consequences of the appearance of these oligo-
dendrocytes, and the molecular mechanisms involved in their function, 
have hitherto been unclear. Our association of these oligodendrocytes 
with an altered lipid profile (for example, increased cholesterol esters) 
is consistent with the hypermyelination in FireΔ/Δ mice. This may shed 
light on potential pathological mechanisms in human neurological con-
ditions in which cholesterol esters are increased, such as Huntington’s 
disease and multiple sclerosis38,39. The finding that microglia regulate 
the lipid profile of mature myelinating oligodendrocytes complements 
their recently discovered role in promoting oligodendrocyte progeni-
tor maturation during myelin regeneration through the supply of a 
cholesterol pathway intermediate40. Our pathway analysis of these 
oligodendrocytes identified a dysregulated TGFβ–TGFβR1 axis, which 
we showed is a mediator of myelin pathology. Transcriptomic analyses 
of ALSP brain samples has indicated dysregulation of the TGFβ pathway 
specifically in the white matter20, and an upregulation of TGFB1 in the 
least affected white matter region41. Signalling downstream of TGFβ 
receptors is also reduced in ageing and neurodegenerative disease42,43.

We previously discovered that a subset of microglia expressing a TGFβ 
superfamily member, activin-A, regulates remyelination efficiency44,45. 
Taken together with the transcriptomic heterogeneity of microglia 
during development, homeostasis, demyelination, remyelination and 
ageing30,44,46–50, we are now poised to ask whether specific microglia 
states are required to regulate myelin growth and integrity. Recently, 
studies have identified microglia states associated with white matter, 
with roles in phagocytosis of dying cells in development50 or myelin 
debris in ageing30, and we found that a shift in functional microglial 
states underpins their capacity to support remyelination44,46. Whether 
altered heterogeneity with ageing and disease is associated with a loss in 
supportive microglia states that then contributes to progressive myelin 
pathology needs to be investigated. Altogether, our study uncovered 
the role of microglia in preserving myelin health and integrity in adult-
hood, and highlights microglia as key therapeutic targets in the context 
of disrupted myelin in ageing and disease.
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Methods

Animals
All experiments were performed under project licences approved by 
the UK Home Office and issued under the Animals (Scientific Proce-
dures) Act. This study used Csf1rFireΔ/Δmice, wild-type controls from 
Csf1rFireΔ/+ crossings, PlpcreERT mice ( Jackson Laboratories) and Tgfbr1fl/fl  
mice (provided by S. Karlsson, Lund University). Recombination 
was induced in PlpcreERT;Tgfbr1fl/fl mice through the administration of 
4-hydroxytamoxifen (100 mg kg–1, intraperitoneally; Sigma-Aldrich) 
dissolved in ethanol and corn oil (1:9) mixture for 5 consecutive days 
from P14 to P18, then killed at P28. All animals were housed at a maxi-
mum number of 6 animals per cage in a 12 h light–dark cycle with unre-
stricted access to food and water. For animal experiments, the sample 
size was determined by power analysis calculated by two-sided 95% 
confidence interval through the normal approximation method using 
OpenEpi software (Openepi.com), and reached >80% power for all 
experiments. Both males and females were used throughout the study, 
except for open-field experiments, for which only male mice were used. 
Animals were randomized to time points analysed. ARRIVE2 guidelines 
were followed in providing details of experiments, quantifications 
and reporting.

Genotyping
Genomic DNA was extracted from ear biopsy tissue using a Wizard SV 
genomic purification system (Promega) according to the manufactur-
er’s instructions. Csf1rFireΔ/Δ mice were genotyped using PCR strategies 
as previously described10. Genotyping of PlpcreERT;Tgfbr1fl/fl mice was 
performed with genomic DNA extracted from the tail, as previously 
described for PlpcreERT mice51 and Tgfbr1fl/flmice52.

Immunofluorescence staining of mouse tissue
Mice were intracardially perfused with 4% paraformaldehyde (PFA; 
w/v; Sigma), and brains were post-fixed overnight and cryoprotected in 
sucrose before embedding in OCT (Tissue-Tech) and storage at −80 °C. 
Cryosections (10 µm) were air-dried, permeabilized and blocked for 
1 h with 5% normal horse serum (Gibco) and 0.3% Triton-X-100 (Fisher 
Scientific) in PBS. For myelin protein staining, sections were perme-
abilized in methanol at −20 °C for 10 min. For EdU visualization, an 
AlexaFluor-555 Click-iT EdU Cell Proliferation Assay kit (Invitrogen) 
was applied before immunostaining. Sections were permeabilized with 
0.5% Triton X-100 in PBS for 20 min at room temperature (20–25 °C) 
then incubated in Click-iT reaction cocktail in the dark at room tem-
perature for 30 min and then washed in PBS. Heat-induced antigen 
retrieval was performed before primary antibody application. Primary 
antibodies were applied overnight at 4 °C in a humid chamber and 
included the following: MBP (AbD Serotec, 1:250; MCA409S, clone 12); 
MAG (Millipore, 1:100; MAB1567, clone 513); MOG (Millipore, 1:100; 
MAB5680, clone 8-18C5); CNPase (Sigma-Aldrich, 1:100; AMAB91072, 
clone CL2887); TMEM119 (Abcam, 1:100; ab209064, clone 28-3); IBA1 
(Abcam, 1:500; ab5076); CD206 (Abcam, 1:100; ab64693); CD31 (R&D 
Systems, 1:100; AF3628); LYVE1 (Abcam, 1:100; ab14917); OLIG2 (Mil-
lipore, 1:100; AB9610, clone 211F1.1); APC/CC1 (Abcam, 1:100; ab16794, 
clone CC1); SOX9 (Millipore, 1:500; AB5535); GFAP (Cambridge Biosci-
ence, 1:500; 829401); neurofilament-H (BioLegend, 1:100,000; Cov-
ance, PCK-592P); and PLP (Abcam, 1:100; ab28486). For SERPINA3N 
immunostaining, 6 µm-thick formalin-fixed paraffin-embedded sec-
tions were deparaffinized, rehydrated and then placed in a water bath at 
85 °C for 30 min in a citrate-based antigen unmasking solution (H-3300-
250, Vector Laboratories). Sections were subsequently rinsed in PBS 
and blocked for 1 h using PBS with 10% donkey serum (D9663, Sigma 
Aldrich) and 0.2% Triton X-100 (T8787, Sigma Aldrich). Sections were 
then incubated overnight at 4 °C in anti-SERPINA3N (R&D Systems, 
1:100; AF4709) and anti-OLIG2 (Millipore, 1:500; AB9610) in PBS with 
5% donkey serum and 0.1% Triton X-100, then washed three times in PBS 

with 0.05% Tween-20 (P1379, Sigma Aldrich). Fluorescently conjugated 
secondary antibodies were applied for 1–2 h at room temperature in a 
humid chamber (1:500, Life Technologies–Molecular Probes). Follow-
ing counterstaining with Hoechst or DAPI, slides were coverslipped 
with Fluoromount-G (Southern Biotech). For TGFβR1 immunostain-
ing of FireΔ/Δ mice, following a wash in TBS with 0.001% Triton X-100 
(Sigma), sections were microwaved in antigen unmasking solution 
(pH 6 citrate buffer, Vector Laboratories) for 10 min, then heated at 
60 °C for 30 min. After cooling, sections were washed once with TBS 
and 0.001% Triton X-100, and endogenous phosphatase and peroxidase 
activity was blocked with Bloxall (Vector) for 10 min. Blocking was 
performed for 1 h with 10% heat-inactivated horse serum (Gibco) and 
0.5% Triton X-100 in TBS. Primary antibody diluted in blocking solution 
was applied overnight in a humid chamber at 4 °C. Antibodies used 
included TGFβR1 (Abcam, 1:100; ab31013) and OLIG2 (Millipore, 1:100; 
MABN50). Following three washes in TBS with 0.001% Triton X-100, 
peroxidase-conjugated secondary antibody (Vector) was applied 
for 1 h at room temperature in a humid chamber. Following further 
washes, sections were developed using Opal 520 (Akoya) at 1:100 in 
Plus Amplification Diluent (Akoya) for 10 min in a humid chamber. 
Slides were washed, and residual peroxidase activity was quenched by 
applying Bloxall (Vector) for 10 min. For co-staining, another primary 
antibody was then applied and developed using peroxidase-conjugated 
secondary antibody and Opal 650 (Akoya) at 1:100 in Plus Amplifica-
tion Diluent as described above. Following washes in TBS, the sec-
tions were counterstained with Hoechst (1:10,000) and mounted with 
Fluoromount-G (Invitrogen).

Sections were imaged on a Leica SPE or Zeiss LSM 510 confocal micro-
scope. Cell counts were calculated from a measured area based on 
assumption of circularity using Fiji/ImageJ (Fiji.sc), with three regions 
of interest quantified per section. Colocalization analysis of SOX9 and 
GFAP was performed using Imaris software v.9.7.

Flow cytometry
An enzyme-free brain dissociation protocol was used to gather a mye-
loid cell-enriched cell suspension to explore CSF1R (CD115) surface 
protein levels. After transcardially perfusing 10–11-week-old female 
mice with ice-cold PBS, brains were dissected and minced with a 22A 
scalpel in HBSS (without Ca2+ and Mg2+; 14175-053, Gibco) with 25 mM 
HEPES (10041703, Fisher Scientific). Brains were then homogenized 
using a Dounce homogenizer (D9938, Kimble) in HBSS (without Ca2+ 
and Mg2+) with 25 mM HEPES. Brain homogenates were separated using 
a 35% Percoll gradient, with centrifugation at 800g for 20 min at 4 °C 
(with no brake). Cell pellets were collected and washed in PBS (without 
Ca2+ and Mg2+; 14190-094, Gibco) with 0.1% low endotoxin BSA (A8806, 
Sigma Aldrich). Fc receptors were blocked (1:100; 101302, BioLegend) 
for 15 min at 4 °C on a shaker. Cells were then stained with primary 
antibodies directed against CD11b (PE; 1:200; 101207; BioLegend, clone 
M1/70), CD45 (PECy7; 1:200; 103114; BioLegend, clone 30-F11) and 
CD115 (APC; 1:200; 135510; BioLegend, clone AFS98) for 30 min at 4 °C 
on a shaker. Samples were then washed and resuspended in PBS (with-
out Ca2+ and Mg2+) with 0.1% low endotoxin BSA. Single-fluorochrome 
stained beads, unstained samples and fluorescence minus one samples 
were used as controls. DAPI was used for cell viability gating. Data were 
acquired using a BD LSRFortessa flow cytometer. FCS express 7 was 
used for post-acquisition data analysis.

Electron microscopy of mouse tissue
Mice were intracardially perfused with 4% PFA (w/v) and 2% glutar-
aldehyde (v/v; TAAB Laboratories) in 0.1 M phosphate buffer. Tissue 
was post-fixed overnight at 4 °C and transferred to 1% glutaraldehyde 
(v/v) until embedding. Tissue sections (1 mm) were post-fixed in 1% 
osmium tetroxide and dehydrated before processing into araldite 
resin blocks. Next, 1 µm microtome-cut sections were stained with a 1% 
toluidine blue/2% sodium borate solution before bright-field imaging 
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using a Zeiss Axio microscope. Ultrathin sections (60 nm) were cut 
from corpus callosum samples, stained with uranyl acetate and lead 
citrate, and grids imaged on a JEOL transmission electron microscope. 
Axon diameter, myelin and inner tongue thickness were calculated 
from a measured area based on assumption of circularity using Fiji/
ImageJ (Fiji.sc) (diameter = 2 × √[area/π]), with 100–200 axons per 
animal analysed.

Behavioural testing
Experimenters were blinded to genotype during behavioural testing 
and data analyses. All experiments were performed in a behaviour test-
ing room maintained at a constant temperature of 20 °C. The open-field 
test was performed on male mice at 4–8 weeks and 11–13 months of 
age to assess locomotor activity and anxiety-associated behaviours. 
Handling was carried out 3–4 days before testing. Mice were placed 
in the open field (47 × 47 cm) to freely explore the arena for 10 min. 
Equipment was cleaned with 70% ethanol between each test to remove 
odours. The total ambulatory distance travelled (in metres) and the 
time spent in the edges (9 cm from the wall) and centre (29 × 29 cm) 
were automatically quantified using the video tracking software 
Any-Maze (Stoelting Europe, v.6.3). The Barnes maze test was per-
formed in adult mice 2–4 months of age to assess spatial learning, 
memory and cognitive flexibility. The maze consisted of one white 
circular platform with 20 circular holes around the outside edge, 
91.5 cm in diameter and 115 cm in height (San Diego Instruments). A 
dark escape chamber was attached to one of the holes, and the loca-
tion of the escape chamber remained constant for each mouse but was 
shifted 90° clockwise between consecutive mice to avoid carryover of 
olfactory cues. Lamps and overhead lights (450 lux) were used to light 
the maze. Once the trial started, an aversive white noise stimulus at 
85 dB was played until the mouse entered the escape chamber. Visual 
cues were present on the curtains and walls around the maze. Animals 
were retained within a white holding cylinder (diameter of 10.5 cm) 
at the beginning of each trial. The maze and escape chamber were 
cleaned with ethanol between each trial to avoid carryover of olfactory 
cues between animals. All trials were recorded using the video-based 
automated tracking software Any-Maze (Stoelting Europe, v.4.99). 
Before testing, mice were handled for 3–5 min per day for 6–7 days 
by the experimenter. Animals were brought into the testing room and 
placed in the holding cylinder to acclimate to the testing environment 
for 10 s for 2 days before habituation. Mice were habituated to the 
maze and escape chamber 1 day before the start of the learning phase, 
whereby each mouse was placed in the holding cylinder for 10 s then 
allowed to freely explore the maze with no aversive stimuli for 3 min. 
Mice were then guided to the escape chamber and retained inside 
for 1 min. During the learning phase (T1–T6), mice were trained to 
locate the escape chamber over 6 consecutive days with 2 trials per 
day (1 h inter-trial interval); data per mouse were averaged per day. If 
the mouse failed to enter the escape chamber during the 3-min trial 
period, the experimenter guided it to the chamber. Spatial learning 
was assessed by the total time taken to locate the escape chamber in 
each trial (primary latency; defined by the head entering the chamber), 
and spatial working memory was assessed by the number of errors 
made before locating the escape chamber (primary errors; defined 
by the nose deliberately entering a hole with some extension of the 
head and neck or hindpaws). The total distance travelled and speed 
during the trials were additionally measured. Exclusion criteria were 
defined before data analysis as follows: mice must enter a minimum of 
three quadrants of the maze within two of the first five trials and must 
enter the escape chamber during the first three trials. One wild-type 
and one knockout mouse were excluded from analysis owing to refusal 
to enter the chamber. At 1 h and 3 days following the last trial, probe 
tests were performed whereby the mouse was allowed to explore the 
maze for 1 min with the escape chamber removed. The time spent in the 
target quadrant of the maze and the number of nose pokes in each hole 

were recorded to assess memory of the escape chamber location. To 
assess cognitive flexibility, mice underwent the reversal learning phase 
(R1–R3), whereby the escape box was moved to 180° from the original 
location, and measurements were taken as described above. A probe 
test was also performed 3 days after the final reversal trial. The median 
age of mice assessed that were trained and untrained were comparable 
between genotypes at the time of euthanasia for immunofluorescence 
or electron microscopy analysis: untrained Fire+/+ and FireΔ/Δ mice were 
118 days old, trained Fire+/+ mice were 119 days old and trained FireΔ/Δ 
mice were 120 days old.

EdU incorporation
EdU was dissolved in the drinking water at 0.2 mg ml–1 for a period of 
14 days from the end of trial day 1 until the end of the experiment. The 
water was exchanged every other day, and intake was monitored to 
assess whether consistent volumes were consumed.

Microglia depletion in adulthood
The CSF1R inhibitor PLX5622 (Chemgood, C-1521) was formulated into 
chow at a concentration of 1,200 ppm (Research Diets, D11100404i) 
and fed to 2-month-old and 5-month-old wild-type (Fire+/+) mice for 
1 month and euthanized as described above.

SRI-011381 hydrochloride administration
The TGFβ signalling agonist SRI-011381 hydrochloride (HY-100347A, 
Cambridge Bioscience/MedChem Express), dissolved in PBS contain-
ing DMSO (10%) and PEG300 (40%), was injected intraperitoneally 
into FireΔ/Δ mice at a dose of 30 mg kg–1 3 times per week for 3 weeks (9 
injections in total) and killed as described above.

Measuring TGFβ1 levels by ELISA
Following perfusion with PBS, the corpus callosum was dissected from 
2 mm coronal sections of FireΔ/Δ and wild-type brains and snap-frozen 
in liquid nitrogen. Samples were homogenized in RIPA buffer (Mil-
lipore, 20–188) containing phosphatase and protease inhibitors 
(Sigma-Aldrich, 4906845001 and 11836170001). Corpus callosum 
lysate samples were activated and TGFβ1 protein levels were meas-
ured by ELISA (BioLegend, 436707) according to the manufacturer’s 
instructions for serum and plasma samples at a final dilution of 1:10. 
BCA assays were performed to measure total protein according to the 
manufacturer’s instructions (Thermo Fisher Scientific, 23225), and 
values were normalized to this for each sample.

Brain dissociation and cell sorting for single-cell RNA 
sequencing
Brains were collected from 6–7-week-old female mice at the same 
time of day for each animal. Mice were culled by cervical dislocation 
and brains were dissected, with the olfactory bulbs and cerebellum 
removed. Hippocampi from both hemispheres and the remainder of the 
left hemisphere (without the hippocampus) were collected in ice-cold 
HBSS (without Ca2+ and Mg2+; 14175-053, Gibco) with 5% trehalose 
(T0167, Sigma Aldrich) and 30 µM actinomycin D (A1410, Sigma Aldrich) 
and were finely minced using a 22A scalpel. Brains were digested using 
the an Adult Brain Dissociation kit (130-107-677, Miltenyi Biotec) with 
the following modifications: (1) tissues were dissociated as described 
in the “manual dissociation” section of the Neural Tissue Dissociation 
kit protocol (130-092-628, Miltenyi Biotec); (2) enzymatic digestions 
were performed at 35 °C; (3) half the concentration of enzyme P was 
used; (4) actinomycin D was used to limit dissociation-induced tran-
scriptional changes; (5) 5% trehalose was added in all buffers to increase 
cellular viability; (6) cell clusters were removed by filtration through 
pre-moistened 70 µm (352350, Falcon) and 40 µm (352340; Falcon) 
cell strainers; (7) erythrocyte and myelin debris removal steps were 
omitted during dissociation steps; and (8) all centrifugations were 
performed at 200g at 4 °C. After dissociation, cells were collected in 



PBS with 0.2% BSA before being sorted on a Sony SH800 cell sorter. 
Gates were chosen based on forward and side scatter to exclude myelin 
debris, erythrocytes and doublets. Non-viable cells were excluded 
based on DRAQ7 and/or DAPI staining (DRAQ7high and/or DAPIhigh 
cells were classified as non-viable). After confirming the viability  
of cells after sorting, using trypan blue and a haemocytometer, single  
cells were processed through the Chromium Single Cell Platform using 
a Chromium Next GEM Single Cell 3′ GEM Library and Gel Bead kit (v.3.1 
chemistry, PN-1000121, 10x genomics) and a Chromium Next GEM 
Chip G kit (PN-1000120) and processed following the manufacturer’s 
instructions. Libraries were sequenced using a NovaSeq 6000 sequenc-
ing system (PE150 (HiSeq), Illumina).

Pre-processing of sequencing data and single-cell RNA 
sequencing analysis
Alignment to the reference genome, feature counting and cell calling 
were performed following the 10x Genomics CellRanger (v.5.0.0) 
pipeline, using the default mm10 genome supplied by 10x Genom-
ics (https://cf.10xgenomics.com/supp/cell-exp/refdata-gex-mm10-
2020-A.tar.gz). From the output, the filtered matrices were used for 
downstream analyses. Pre-processing was performed on the University 
of Edinburgh’s compute cluster Eddie. The analysis was performed 
with R v.4.1.1. Full details to replicate the analysis pipelines described 
below can be found in code scripts available on GitHub (https://github.
com/Anna-Williams/Veronique-Firemice). SingleCellEXperiment 
v.1.14.1 was used to handle the single-cell experiment objects in R. 
Cells were filtered using dataset-specific parameters on the basis 
of genes and unique molecular identifiers (UMIs) per cell, the ratio 
between these two parameters and the percentage of mitochondrial 
gene reads per cell. Thresholds were computed with the isOutlier func-
tion from scater (v.1.20.1), as batch 6 was of poorer quality than the 
other batches, with outlier values, the subset argument was used. Only 
genes that were detected in at least two cells were kept. Using scran 
(v.1.20.1), the data were normalized by deconvolution, and the top 15% 
highly variable genes were selected. Following principal component 
analysis (PCA), 25 principal components (PCs) were kept for down-
stream analysis (cut-off selected by examination of an Elbowplot). 
Nonlinear dimensional dimension representation and t-distributed 
stochastic neighbour embedding (t-SNE) and gene expression variance 
explained by batch (computed with scater) revealed the need for batch 
correction. Batch correction was performed using mutual nearest 
neighbours with fastMNN, batchelor (v.1.8.0). Finally, a graph-based 
clustering approach was used to cluster the cells using the clusterCells 
function from scran, with k = 60. Clusters with the highest expression 
of oligodendrocyte markers (Plp1, Mog, Mag and Mbp) and that did 
not express other cell type markers (for example, astrocyte, oligo-
dendrocyte progenitor cell or microglia markers) were subsetted to 
be analysed separately. Cell and gene quality control were further 
adjusted, setting a stricter minimum UMI count threshold (5,000 
UMIs) and maximum percentage of mitochondrial gene reads per 
cell (10%). A small cluster of cells of lower quality based on the new 
thresholds was also excluded from the analysis (Extended Data Fig. 
10). Ultimately, we included a total of 19,506 genes and 13,583 cells. 
The normalization, feature selection, dimensional reduction and 
batch correction were repeated with the subset dataset as described 
above. Clustering was performed at different resolutions, and after 
examination with clustree (v.0.4.4), k = 100 was selected and then 
merged into four clusters (Fig. 6a and Extended Data Fig. 10). Dif-
ferential gene expression between cluster 1 (specific to the FireΔ/Δ 
mice) and the mean expression of all other cells was performed 
using FindMarkers from Seurat (v.4.1.0) (Supplementary Table 1).  
ShinyCell v.2.1.0 was used to produce an interactive application, and 
org.Mm.eg.db v.3.13.0 was used to annotate genes. ggplot2 v.3.3.5 was 
used to perform custom plots, here v.1.0.1 was used to ensure repro-
ducible paths, and Matrix v.1.3.4 was used for handling sparse matrices.

Lipidomics
Corpus callosum samples from Fire+/+ and FireΔ/Δ mice were diluted in 
700 µl of PBS with 800 µl 1 N HCl:CH3OH 1:8 (v/v), 900 µl ChCl3 and 
200 µg ml–1 of the antioxidant 2,6-di-tert-butyl-4-methylphenol (BHT; 
Sigma-Aldrich). Splash Lipidomix Mass Spec standard (3 µl; Avanti 
Polar Lipids) was added into the extract mix. The organic fraction was 
evaporated at room temperature using a Savant Speedvac spd111v 
(Thermo Fisher), and the remaining lipid pellet was reconstituted in 
100% ethanol. Lipid species were analysed by liquid chromatography 
electrospray ionization tandem mass spectrometry (LC–ESI–MS/MS) 
on a Nexera X2 UHPLC system (Shimadzu) coupled with hybrid triple 
quadrupole/linear ion trap mass spectrometer (6500+ QTRAP system; 
AB SCIEX). Chromatographic separation was performed on a XBridge 
amide column (150 × 4.6 mm, 3 × 5 µm; Waters) maintained at 35 °C 
using mobile phase A (1 mM ammonium acetate in water and acetoni-
trile 5:95 (v/v)) and mobile phase B (1 mM ammonium acetate in water 
and acetonitrile 50:50 (v/v)) in the following gradient: 0–6 min: 0% B; 
6% B; 6–10 min: 6% B; 25% B; 10–11 min: 25% B; 98% B; 11–13 min: 98% 
B; 100% B; 13–19 min: 100% B; 19–24 min: 0% B. The flow rate was set at 
0.7 ml min–1, which was increased to 1.5 ml min–1 from 13 min onwards. 
Sphingomyelin and cholesteryl esters were measured in positive ion 
mode with a precursor scan of 184.1, 369.4. Triglycerides, diglycerides 
and monoglycerides were measured in positive ion mode with a neutral 
loss scan for one of the fatty acyl moieties. Phosphatidylcholine, phos-
phatidylethanolamine, phosphatidylglycerol, phosphatidylinositides 
and phosphatidylserines were measured in negative ion mode by fatty 
acyl fragment ions. Lipid quantification was performed by scheduled 
multiple reactions monitoring, with the transitions based on the neu-
tral losses or the typical product ions as described above. The instru-
ment parameters were set as follows: curtain gas = 35 psi; collision 
gas = 8 a.u. (medium); IonSpray 16 voltage = 5,500 V and −4,500 V; 
temperature = 550 °C; ion source gas 1 = 50 psi; ion source gas 2 = 60 
psi; declustering potential = 60 V and −80 V; entrance potential = 10 V 
and −10 V; and collision cell exit potential = 15 V and −15 V. Peak integra-
tion was performed using the Multiquant TM software v.3.0.3. Lipid 
species signals were corrected for isotopic contributions (calculated 
using Python Molmass 2019.1.1) and were quantified on the basis of 
internal standard signals and adhere to the guidelines of the Lipidom-
ics Standards Initiative.

Immunofluorescence staining of human tissue
Post-mortem tissue from individuals with ALSP and from unaffected 
individuals who had died of non-neurological causes (Extended Data 
Table 1) were obtained with full ethical approval from the Queen Square 
Brain Bank for Neurological Disorders, UCL Queen Square Institute of 
Neurology, and their use was in accord with the terms of the informed 
consents for use of donor tissue and information. Ethical approval was 
granted to the Queen Square Brain Bank for the use of tissue by the 
National Health Service Health Research Authority through the London 
Central Research Ethics Committee. Diagnosis of ALSP was confirmed 
on the basis of mutations in CSF1R and by neuropathological means, 
and clinical history was provided by Z. Jaunmuktane (University College 
London). Formalin-fixed paraffin embedded tissue blocks were cut to 
10 µm thickness. Sections were placed in the oven at 60 °C for 10 min 
and deparaffinized by a series of washes in HistoClear (2× 10 min) and 
ethanol (100% twice, 95%, 70%, 50%; 5 min each). Following washes 
in PBS, slides were placed in a pressure cooker in Vector unmasking 
solution for 20 min, cooled, washed once and blocked for 1 h with 5% 
normal horse serum (Gibco) and 0.3% Triton X-100 (Fisher Scientific) in 
PBS. Tissue was incubated with primary antibodies in a humid chamber 
overnight. Sections were then washed in PBS, and fluorescently conju-
gated secondary antibodies were applied for 2 h at room temperature 
in a humid chamber (1:500, Life Technologies–Molecular Probes). Fol-
lowing washes in PBS and then water, the sections were counterstained 
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with Hoechst and washed with distilled water for 20 min. Slides were 
then coverslipped with Fluoromount-G (Southern Biotech). Primary 
antibodies included IBA1 (Abcam, 1:500; ab5076) and LYVE1 (Abcam, 
1:100; ab14917). Entire tissue sections were imaged using a Zeiss Axi-
oScan Z.1 SlideScanner and Zeiss Zen2 software (blue edition). Three 
fields of 150 × 150 µm were counted per region of interest in each case 
and counts were multiplied to determine the density of immunoposi-
tive cells per mm2.

Electron microscopy of human tissue
ALSP tissue was acquired from the Department of Neuropathology 
at Charité-Universitätsmedizin Berlin, and tissue from unaffected 
individuals were obtained from the Medical Research Council Edin-
burgh Brain and Tissue Bank, approved by the respective ethical review 
boards. ALSP tissue samples of the white matter were fixed in 2.5% glu-
taraldehyde in 0.1 M sodium cacodylate buffer for 48 h at 4 °C. Samples 
were post-fixed in 1% osmium tetroxide in 0.05 M sodium cacodylate 
buffer for 3 h, dehydrated in graded acetone series including en bloc 
staining with 1% uranyl acetate and 0.1% phosphotungstic acid in the 
70% acetone step for 60 min and embedded in araldite resin. For tis-
sue from unaffected individuals, ultrathin sections were stained with 
uranyl acetate and lead citrate and imaged with a Zeiss P902 electron 
microscope. For ALSP tissue, ultrathin sections with virtual absence 
of limiting artefacts were prepared and entirely digitized using a Zeiss 
Gemini 300 scanning electron microscope with a scanning transmission 
electron microscopy. In brief, we used 29 kV acceleration voltage, 5 nm 
pixel size and 1.5 µs beam dwell time for digitization and Fiji/TrakEM2 
for stitching to allow for in-depth analysis with QuPath 0.3.0.

Statistics and reproducibility
All manual cell counts were performed in a blinded manner. Data are pre-
sented as the mean ± s.e.m. All micrographs are representative images 
of the result, which were independently repeated a minimum of three 
times; exact n values are presented in the corresponding graphs of quan-
tification. Before statistical testing, data were assessed for normality of 
distribution using Shapiro–Wilk test. Statistical tests included two-tailed 
Student’s t-test for normally distributed data or Mann–Whitney  
test for nonparametric data, two-way analysis of variance (ANOVA) with 
Sidak’s multiple comparisons test for comparing more than two groups, 
and a one-sample t-test for comparison of log2(fold change) to a value 
of 0. For proportion graphs, one-way ANOVA with Tukey’s multiple com-
parisons test was used. For Barnes maze analysis of primary latency and 
errors, repeated measures two-way ANOVA with Sidak’s multiple com-
parisons test was used. Before testing for inter-group differences in the 
probe test data, each genotype was tested against chance (25%) using a 
one sample t-test. Slopes of myelin and inner tongue thickness versus 
axon diameter were compared using simple linear regression analysis, 
and for comparison of more than two groups, Kruskal–Wallis with 
Dunn’s multiple comparisons test. A P value of <0.05 was considered 
significant. Data handling and statistical processing were performed 
using Microsoft Excel and GraphPad Prism Software.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Raw single-cell RNA sequence datasets have been deposited in the 
Gene Expression Omnibus with accession code GSE215440. Analysed 
oligodendrocyte sequencing data are perusable on the following shiny 
application: https://annawilliams.shinyapps.io/shinyApp_oligos_VM/. 

Full details to replicate the analysis pipelines can be found in code 
scripts available on GitHub (https://github.com/Anna-Williams/
Veronique-Firemice). Alignment to the reference genome, feature 
counting and cell calling were performed following the 10x Genomics 
CellRanger (v.5.0.0) pipeline, using the default mm10 genome sup-
plied by 10x Genomics (https://cf.10xgenomics.com/supp/cell-exp/
refdata-gex-mm10-2020-A.tar.gz). Source data are provided with this 
paper.

Code availability
Full details to replicate the analysis pipelines described below can 
be found in code scripts available on GitHub (https://github.com/
Anna-Williams/Veronique-Firemice).
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Extended Data Fig. 1 | Characterisation of FIREΔ/Δ mouse. a) Images of 
perivascular macrophages (CD206+; magenta) in association with blood 
vessels (CD31+; white)(arrows) in FIRE+/+ and FIREΔ/Δ mouse corpus callosum at  
1 month of age. Scale bar, 25 µm. b) Images of perivascular macrophages 
(LYVE1+ CD68+) at 3-4 months and 6 months of age in corpus callosum. Scale 
bar, 75 µm. c) Mean density of LYVE1+ CD68+ cells/mm2 ± s.e.m. at 3-4 months 
and 6 months of age. Non-significant, P > 0.9999 and 0.7698, Mann Whitney 
and 2-tailed unpaired Student’s t-test, respectively. At 3-4 months, n = 5 FIRE+/+ 
and 4 FIREΔ/Δ mice, at 6 months, n = 5 FIRE+/+ and 3 FIREΔ/Δ mice. d) Flow 
cytometry gating strategy for assessment of non-microglial myeloid cells 

(including BAMs; CD11b+ CD45hi) for panels (e) and (f). e) Intensity of expression 
of CSF1R in FIRE+/+ and FIREΔ/Δ mice in CD11b+CD45lo microglia (MG) versus 
CD11b+CD45hi myeloid cells. f) Mean Fluorescence Intensity (MFI) of CSF1R ± 
s.e.m. in non-microglial myeloid cells (including BAMs) in FIRE+/+ and FIREΔ/Δ 
mice. ****P < 0.0001, 2-tailed unpaired Student’s t-test. n = 4 FIRE+/+ and 5 FIREΔ/Δ 
mice g) Images of astrocytes (SOX9; green; GFAP+; magenta) at 1 month of age 
in the corpus callosum. Scale bar, 75 µm. Inset shows magnified view of double 
positive cells. Scale bar, 25 µm. h) Mean SOX9+ GFAP+ cells/mm2 ± s.e.m. at  
1 month of age in the corpus callosum. n = 5 mice per group. Non-significant, 
P = 0.4799, 2-tailed unpaired Student’s t-test.
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Extended Data Fig. 2 | Myelin protein and axonal assessment in the FIREΔ/Δ 
mouse. a) Mean pixel intensity of MAG and MBP ± s.e.m. in corpus callosum at  
1 month of age. Non-significant, P = 0.6482 and 0.1097 respectively, 2-tailed 
unpaired Student’s t-test. n = 5 mice/group. b) Images of CNPase, MOG, and  
PLP (white) in corpus callosum at 1 month of age. Scale bar, 75 µm. c) Mean pixel 
intensity of CNPase, MOG, and PLP ± s.e.m. in corpus callosum at 1 month of 
age. Non-significant, P = 0.9758, 0.5699 and 0.4551 respectively, 2-tailed 
unpaired Student’s t-test. n = 5 mice/group. d) Images of MBP (magenta) and 
MAG (green) in cerebellum at 1 month of age. Scale bar, 75 µm. e) Mean pixel 

intensity of MBP and MAG ± s.e.m. in cerebellum at 1 month of age. Non- 
significant, P = 0.3067 and 0.5462 respectively, 2-tailed unpaired Student’s 
t-test. n = 5 mice/group. f) Images of neurofilament (NF; green) in corpus 
callosum at 1 month of age. Scale bar, 75 µm. g) Mean pixel intensity of NF ± 
s.e.m. in corpus callosum at 1 month of age. Non-significant, P = 0.4623, 2-tailed 
unpaired Student’s t-test. n = 5 FIRE+/+ and 6 FIREΔ/Δ. h) Images of axonal spheroids 
in corpus callosum of FIREΔ/Δ mice at 3-4 months and 6 months, indicated with 
arrows. Scale bar, 2 µm and 1 µm, respectively.



Extended Data Fig. 3 | Comparison of myelin across time points. a) Myelin 
thickness/axon diameter (µm) in FIRE+/+ mice at 1, 3-4, and 6 months of age. 
****P < 0.0001, Kruskal-Wallis with Dunn’s multiple comparisons test. n = 3 
mice/group. b) Myelin thickness/axon diameter (µm) in FIREΔ/Δ mice at 1, 3-4, 
and 6 months of age. ****P < 0.0001, ns P = 0.9232, Kruskal-Wallis with Dunn’s 
multiple comparisons test. 1 month: n = 3 FIRE+/+ and 4 FIREΔ/Δ; 3-4 months: n = 3 
mice/group; 6 months: n = 3 FIRE+/+ and 4 FIREΔ/Δ. c) Myelin thickness/axon 
diameter (µm) in FIRE+/+ and FIREΔ/Δ mice at 1, 3-4, and 6 months of age. Table of 
P values from Kruskal-Wallis with Dunn’s multiple comparisons test, 1 month: 
n = 3 FIRE+/+ and 4 FIREΔ/Δ mice; 3-4 months: n = 3 mice/group; 6 months: n = 3 

FIRE+/+ and 4 FIREΔ/Δ. d) Inner tongue thickness/axon diameter (µm) in FIRE+/+ 
and FIREΔ/Δ mice at 1, 3-4, and 6 months of age. Table of P values from 
Kruskal-Wallis with Dunn’s multiple comparisons test,1 month: n = 3 FIRE+/+ and 
4 FIREΔ/Δ mice; 3-4 months: n = 3 mice/group; 6 months: n = 3 FIRE+/+ and 4 
FIREΔ/Δ. e) Mean myelin thickness (µm)/axon diameter bin ± s.e.m. in FIRE+/+ and 
FIREΔ/Δ mice at 1, 3-4, and 6 months of age.1 month: n = 3 FIRE+/+ and 4 FIREΔ/Δ 
mice; 3-4 months: n = 3 mice/group; 6 months: n = 3 FIRE+/+ and 4 FIREΔ/Δ.  
f) Mean inner tongue thickness (µm)/axon diameter bin ± s.e.m. in FIRE+/+ and 
FIREΔ/Δ mice at 1, 3-4, and 6 months of age. 1 month: n = 3 FIRE+/+ and 4 FIREΔ/Δ 
mice; 3-4 months: n = 3 mice/group; 6 months: n = 3 FIRE+/+ and 4 FIREΔ/Δ.
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Extended Data Fig. 4 | See next page for caption.



Extended Data Fig. 4 | Learning and memory encoding unimpaired, but 
cognitive flexibility is compromised, in the FIREΔ/Δ mouse. a) Training phase 
of Barnes maze: mice learn to locate Target hole 1 (orange) with underlying 
escape chamber in spatial learning and memory retrieval trials. Mice tested 
were 2–4 months of age, with a median age of 119 days old (FIRE+/+) and 120 days 
old (FIREΔ/Δ). b) Mean primary latency (sec) ± s.e.m. over 6 training days. n = 13 
FIRE+/+ mice and 10 FIREΔ/Δ. Non-significant between genotypes across all 
training days, Day 1: **P = 0.0011; Day 2: P = 0.9787; Day 3: P = 0.9627; Day 4: 
P = 0.9574; Day 5: P = 0.9990; Day 6: P > 0.9999, Repeated measures 2-way 
ANOVA with Sidak’s multiple comparisons test. c) Mean primary errors ± s.e.m. 
during training phase. n = 13 FIRE+/+ mice and 10 FIREΔ/Δ mice. Non-significant, 
Day 1: P = 0.9649; Day 2: P = 0.5968; Day 3: P = 0.8884; Day 4: P = 0.6028; Day 5: 
P = 0.9215; Day 6: P = 0.9437, Repeated measures 2-way ANOVA with Sidak’s 
multiple comparisons test. d) Mean percentage of time spent in the target 
quadrant± s.e.m., n = 13 FIRE+/+ and 10 FIREΔ/Δ. Dotted line indicates 25% chance. 
Non-significant between genotypes, 1hr: P = 0.7337; 3d: P > 0.9999, 2-way 
ANOVA with Sidak’s multiple comparisons test. e) Mean number of nose pokes 
into holes during 1hr probe test ± s.e.m., n = 13 FIRE+/+mice and 9 FIREΔ/Δ mice. 
Target **P = 0.0019, 2-way ANOVA with Sidak’s multiple comparisons test.  
f) Mean number of nose pokes into holes during 3d probe test ± s.e.m., n = 13 
FIRE+/+mice and 9 FIREΔ/Δ mice. Non-significant, P = 0.9329, 2-way ANOVA with 
Sidak’s multiple comparisons test. g) Reversal phase: Target hole 2 (blue) is 
180° from the original target; mice require cognitive flexibility to adapt to the 
new target. h) Mean primary latency (sec) ± s.e.m. over 3 training days. n = 13 
FIRE+/+ and 9 FIREΔ/Δ. Non-significant across all training days between 
genotypes, Day 1: P = 0.9999; Day 2: P = 0.5186; Day 3: P = 0.9622, Repeated 
measures 2-way ANOVA with Sidak’s multiple comparisons test. i) Mean 
primary errors ± s.e.m. during reversal days. n = 13 FIRE+/+ and 9 FIREΔ/Δ. Day 1: 
*P = 0.0488, Day 2: *P = 0.0142, Day 3: P = 0.6727, Repeated measures 2-way 

ANOVA with Sidak’s multiple comparisons test. j) Mean percentage of time 
spent in the target quadrant during reversal probe test ± s.e.m. n = 13 FIRE+/+ 
mice and 9 FIREΔ/Δ mice. Dotted line indicates 25% chance. Non-significant, 
P = 0.6933, 2-tailed unpaired Student’s t-test. k) Mean number of nose pokes 
into holes during reversal probe test ± s.e.m. n = 13 FIRE+/+ mice and 9 FIREΔ/Δ 
mice. Non-significant P = 0.9657, 2-way ANOVA with Sidak’s multiple 
comparisons test. l) Schematic of Open Field test. m) Total distance travelled 
(m) during 10-min Open Field test ± s.e.m. n = 37 mice: n = 15 FIRE+/+ mice  
(7 young, 8 middle-aged); n = 22 FIREΔ/Δ mice (12 young, 10 middle-aged).  
Young mice =  4–8 weeks of age, Middle aged mice = 11–13 months of age.  
Non-significant, Young: P = 0.9997; Middle-aged: P > 0.999, 2-way ANOVA.  
n) Percentage (%) of time spent in the centre of the arena during Open Field test 
± s.e.m. n = 37 mice: n = 15 FIRE+/+ mice (7 young, 8 middle-aged); n = 22 FIREΔ/Δ 
mice (12 young, 10 middle-aged). Young mice = 4–8 weeks of age, Middle aged 
mice = 11–13 months of age. Non-significant, Young: P = 0.7899; Middle-aged: 
P > 0.9995, 2-way ANOVA. o) Mean distance travelled (m) during training days ± 
s.e.m. n = 13 FIRE+/+ mice and 9 FIREΔ/Δ mice. Non-significant, P = 0.9607, 
>0.9999, >0.9999, 0.9955, 0.6583, 0.6034, Repeated measures 2-way ANOVA 
with Sidak’s multiple comparisons test. p) Mean distance travelled (m) during 
reversal days ± s.e.m. n = 13 FIRE+/+ mice and 9 FIREΔ/Δ mice. Non-significant, 
P = 0.7856, 0.9784, 0.8626, Repeated measures 2-way ANOVA with Sidak’s 
multiple comparisons test. q) Mean speed (m/s) during training days ± s.e.m. 
n = 13 FIRE+/+ mice and 9 FIREΔ/Δ mice. Non-significant, P = 0.9998, >0.9999, 
0.6667, 0.9995, 0.9831, 0.9995, Repeated measures 2-way ANOVA with Sidak’s 
multiple comparisons test. r) Mean speed (m/s) during reversal days ± s.e.m. 
n = 13 FIRE+/+ mice and 9 FIREΔ/Δ mice. Non-significant, P = > 0.9999, 0.9940, 
0.1561, Repeated measures 2-way ANOVA with Sidak’s multiple comparisons 
test.
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Extended Data Fig. 5 | Post-learning oligodendrogenesis and myelination. 
a) Representative images of EdU (magenta) and OLIG2 (white) double positive 
cells (arrows), with magnified view of dotted outline. Scale bars, 25 µm. b) Mean 
OLIG2+ EdU+ cells/mm2 ± s.e.m. n = 9 FIRE+/+ mice and 4 FIREΔ/Δ mice. Non- 
significant, P = 0.9696, 2-tailed unpaired Student’s t-test. c) Mean proportion 
of OLIG2+ EdU+ cells which are mature oligodendrocytes (CC1+; black) or 
immature lineage cells (CC1-; grey) ± s.e.m. n = 9 FIRE+/+ mice and 4 FIREΔ/Δ mice. 
Non-significant, CC1+: P > 0.9999; CC1-: P > 0.9999, 1-way ANOVA with Tukey’s 
multiple comparisons test. d) Representative images of EdU+ (magenta) CC1+ 
(green) OLIG2+ (white) triple positive cells (arrows). Scale bar, 25 µm. e) Images 

of corpus callosum 6 weeks post cognitive testing. Scale bar, 1 µm. f) Mean 
number of myelinated axons/mm2 ± s.e.m. in untrained versus trained mice. 
n = 3 mice/group in untrained category, 4 trained FIRE+/+ mice and 6 trained 
FIREΔ/Δ mice. FIRE+/+ mice *P = 0.0364, FIREΔ/Δ mice non-significant, P = 0.8537, 
2-tailed unpaired Student’s t-test. g) Mean percentage increase in myelinated 
axons in trained FIRE+/+ and FIREΔ/Δ mice. n = 3 mice per group in untrained 
category, 4 trained FIRE+/+ mice and 6 trained FIREΔ/Δ mice. h) Correlation 
between mean myelinated axons per mm2 and reversal day 1 (RD1) primary 
errors or average primary errors in FIRE+/+ and FIREΔ/Δ mice. Each data point 
represents an individual mouse. n = 4 FIRE+/+ and 6 trained FIREΔ/Δ mice.



Extended Data Fig. 6 | Demyelination in FIREΔ/Δ mice. a) Images of MAG 
(green) and PLP (magenta) at 6 months of age. Scale bar, 75 µm. b) Mean pixel 
intensity of MAG ± s.e.m. in corpus callosum at 6 months. Non-significant, 
P = 0.4335, 2-tailed unpaired Student’s t-test. n = 5 FIRE+/+ and 3 FIREΔ/Δ. c) Mean 
pixel intensity of PLP ± s.e.m. in corpus callosum at 6 months. Non-significant, 
P = 0.3471, 2-tailed unpaired Student’s t-test. n = 5 FIRE+/+ mice and 3 FIREΔ/Δ 
mice. d) Mean inner tongue thickness (µm)/axon diameter bin ± s.e.m. at 6 
months of age. n = 3 FIRE+/+ and 4 FIREΔ/Δ mice. Non-significant, P = 0.4837, 
2-tailed unpaired Student’s t-test. Mean myelin thickness (µm)/axon diameter 
bin ± s.e.m. at 6 months. n = 3 FIRE+/+ and 4 FIREΔ/Δ mice. >1 µm: *P = 0.0263, 
2-tailed unpaired Student’s t-test. e) Images of mature oligodendrocytes 
co-expressing OLIG2 (white) and CC1 (magenta) at 6 months of age. Scale bar, 
75 µm. f) Mean OLIG2+ CC1+ cells/mm2 ± s.e.m. n = 5 FIRE+/+ and 3 FIREΔ/Δ. 
Non-significant, P = 0.6400, 2-tailed unpaired Student’s t-test. Mean 
proportion of cells of the oligodendrocyte lineage (OLIG2+) which are mature 
(CC1+; black) or immature (CC1-; grey) ± s.e.m. n = 5 FIRE+/+ and 3 FIREΔ/Δ. 
Non-significant, CC1+: P = 0.9938; CC1-: ns P = 0.9938, 1-way ANOVA with 

Tukey’s multiple comparisons test. g) Images of mature oligodendrocytes 
co-expressing OLIG2 (white) and CC1 (magenta) at 3-4 months of age. Scale bar, 
75 µm. h) Mean OLIG2+ CC1+ cells/mm2 ± s.e.m. n = 5 mice/group. Non-significant, 
P = 0.9825, 2-tailed unpaired Student’s t-test. Mean proportion of cells of the 
oligodendrocyte lineage (OLIG2+) which are mature (CC1+; black) or immature 
(CC1-; grey) ± s.e.m. n = 5 mice per group. Non-significant, CC1+: P = 0.7076; 
CC1-: P = 0.7076, 1-way ANOVA with Tukey’s multiple comparisons test. i) Images 
of FIRE+/+ and FIREΔ/Δ mouse corpus callosum at 4.5 months of age indicating 
onset of demyelination in the latter (magenta asterisks), examples of myelinated 
axons of medium-large calibre indicated by green asterisks. Scale bars, 5 µm 
and 1 µm. j) Mean number of myelinated axons/mm2 ± s.e.m. n = 3 mice/group. 
**P = 0.0042, 2-tailed unpaired Student’s t-test. k) Mean myelin thickness per 
small (<0.6 µm) or medium-large (>0.6 µm) axon diameter bin ± s.e.m. at 3-4 
months of age. n = 3 mice/group. <0.6 µm: non-significant, P = 0.8978; >0.6 µm: 
*P = 0.0491, 2-way ANOVA with Sidak’s multiple comparisons test. l) Mean of 
diameters (0.7290 µm) of demyelinated axons per representative image ± 
s.e.m. in FIREΔ/Δ mice. n = 3 mice.
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Extended Data Fig. 7 | Microglia depletion in adulthood causes 
hypermyelination and demyelination. a) Adult FIRE+/+ mice were fed the 
CSF1R inhibitor PLX5622 in the diet from 2 to 3 months of age. b) Representative 
images of IBA1+ cells (magenta) in the corpus callosum of 3-month old FIRE+/+ 
mice on normal diet versus PLX5622 (PLX) diet from 2 to 3 months of age. Scale 
bar, 25 µm. c) Density of IBA1+ cells/mm2 ± s.e.m. in FIRE+/+ mice on normal diet 
versus PLX diet at 3 months of age. n = 5 mice on normal diet and 3 mice on PLX 
diet, ***P = 0.0004, 2-tailed unpaired Student’s t-test, d) Representative images 
of hypermyelination in the corpus callosum following PLX administration from 
2 to 3 months of age. Scale bar, 1 µm. e) Representative images of enlarged inner 
tongues (orange) and thicker myelin (asterisks) following PLX administration 
from 2 to 3 months of age. Scale bar, 1 µm. f) Inner tongue thickness (µm) versus 
axon diameter in FIRE+/+ mice on normal diet or PLX diet from 2 to 3 months of 
age. n = 100 axons/mouse. n = 5 mice on normal diet and 3 mice on PLX diet. 
***P < 0.0001, simple linear regression of intercepts. g) Myelin thickness (µm) 
versus axon diameter in FIRE+/+ mice on normal diet or PLX diet from 2 to  

3 months of age. n = 100 axons per mouse. n = 5 mice on normal diet and 3 mice 
on PLX diet. ***P < 0.0001, simple linear regression of slopes. h) Images of 
mature oligodendrocytes co-expressing OLIG2 (white) and CC1 (magenta) in 
FIRE+/+ mice on normal diet or PLX diet from 2 to 3 months of age. Scale bar, 
75 µm. i) Mean OLIG2+ CC1+ cells per mm2 ± s.e.m. in FIRE+/+ mice on normal  
diet or PLX diet from 2 to 3 months of age. Non-significant, P = 0.3645, 2-tailed 
unpaired Student’s t-test. Mean proportion of cells of the oligodendrocyte 
lineage (OLIG2+) which are mature (CC1+; black) or immature (CC1-; grey) ± 
s.e.m at 3 months. Non-significant, CC1+: P = 0.3779; CC1-: P = 0.3779, 1-way 
ANOVA with Tukey’s multiple comparisons test. n = 5 mice on normal diet and  
3 mice on PLX diet. j) Adult FIRE+/+ mice were fed the CSF1R inhibitor PLX5622 in 
the diet from 5 to 6-months of age. k) Images of demyelination in the corpus 
callosum of 6-month-old FIRE+/+ mice (asterisks) following PLX administration 
from 5 to 6-months of age. Scale bar, 1 µm. l) Mean number of myelinated axons 
± s.e.m. in of FIRE+/+ mice on normal diet versus PLX diet from 5 to 6-months of 
age. n = 3 mice/group. **P = 0.0024, 2-tailed unpaired Student’s t-test.



Extended Data Fig. 8 | Characterization of ALSP tissue. a) Images of LYVE1+ 
(green; top) and IBA1+ (magenta) LYVE1+ macrophages (bottom) in human 
ALSP and age-matched unaffected control frontal white matter. Scale bar, 50 µm. 
b) Magnified images from dotted outlines in (A) of IBA1+ LYVE1+ perivascular 
macrophages in human ALSP and unaffected age-matched control frontal 
white matter. Scale bar, 50 µm. c) Mean IBA1+ LYVE1+ cells/mm2 ± s.e.m. in ALSP 
and unaffected control. n = 3 cases/group. P = 0.1000, Mann Whitney test.  
d) Mean proportion of IBA1+ cells which are perivascular macrophages 

(LYVE1+; grey) or microglia (LYVE1-; black) ± s.e.m. in ALSP and unaffected 
control. n = 3 cases/group. **P = 0.0034, 1-way ANOVA with Tukey’s multiple 
comparisons test. e) Mean number of myelinated axons/axon diameter bin in 
unaffected control and ALSP patients. n = 2 cases/group. f) Mean inner tongue 
thickness (µm)/axon diameter bin in Control and ALSP patients. n = 2 cases/
group. g) Mean myelin thickness (µm)/axon diameter bin in unaffected control 
and ALSP patients. n = 2 cases/group.
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Extended Data Fig. 9 | Single-cell RNA sequencing analysis of FIREΔ/Δ mice. 
(a-d) t-SNE (t-distributed stochastic neighbour embedding) plots of pre-filtered 
dataset showing oligodendrocytes (Mbp) versus other cell types: a) Fg fr3 
(astrocytes), b) Cd68 (microglia/macrophages), c) Pdg fra (OPCs) and d) Gpr17 
(committed oligodendrocyte precursors), with outline around subsetted 
oligodendrocytes. (e-h) t-SNE plots where each point is a cell coloured according 
to: (e) Sum of unique molecular identifiers (UMI) counted, (f) Percentage of 
mitochondrial genes, (g) Number of detected genes, (h) Filtering: In blue are 
the cells that were kept for subsequent analysis, and in orange the ones filtered 
out on the basis of UMIs and percentage of mitochondrial genes, see methods 
for thresholds. (i) t-SNE plot without any batch correction. Each point is a cell 

that is coloured according to its batch of origin (yellow = 3, purple = 4, 
orange = 5, red = 6). ( j) t-SNE plot after batch correction with fastMNN. Each 
point is a cell that is coloured according to its batch of origin (yellow = 3, 
purple = 4, orange = 5, red = 6). (k) Clustering with four different resolutions, 
obtained by modifying the number of nearest neighbours (k). Each resolution 
is represented in a separate t-SNE plot. (l) Clustree plot created using clustree 
v0.4.4. Each level in this plot denotes a different resolution used for clustering 
cells. Lines denote contributions of cells from previous clusters, and the size of 
the circles represents the number of cells. The final clusters were obtained by 
merging clusters 2 and 6 and clusters 3 and 5 (pink boxes) from the clustering 
with k = 100 (light blue).



Extended Data Fig. 10 | Influence of TGFβ receptor manipulation on myelin 
health. a) Images of TGFβR1 expression (green) by OLIG2+ cells (magenta) in 
corpus callosum of Tg fbr1fl/fl and Plp-creERT;Tg fbr1fl/fl mice, who received 
4-hydroxy tamoxifen (OHT; 100 mg/kg/day, P14–18) and were sacrificed at P28. 
Scale bar, 20 µm. b) Mean relative TGFβR1 intensity ± s.e.m. per OLIG2+ cell in 
Tg fbr1fl/fl and Plp-creER;:Tg fbr1fl/fl mice. n = 3 mice/group. *P = 0.011, 2-tailed 
unpaired Student’s t-test. c) Mean number of myelinated axons/axon diameter 
bin ± s.e.m. in wildtype mice (WT; green), Plp-creERT;Tg fbr1fl/fl mice (magenta) 
and Tg fbr1fl/fl mice (blue). n = 3 mice/group. Non-significant, P = 0.3001,  
2-way ANOVA with Sidak’s multiple comparisons test. d) Mean inner tongue  
thickness (µm)/axon diameter bin ± s.e.m. in wildtype mice (WT; green), 
Plp-creERT;Tg fbr1fl/fl mice (magenta) and Tg fbr1fl/fl mice (blue). n-3 mice/group. 
<0.3 µm WT vs. Plp-creERT;Tg fbr1fl/fl: *P = 0.03950, 2-way ANOVA with Sidak’s 
multiple comparisons test. e) Mean myelin tongue thickness (µm)/axon 
diameter bin ± s.e.m. in wildtype mice (WT; green), Plp-creERT;Tg fbr1fl/fl mice 
(magenta) and Tg fbr1fl/fl mice (blue). n = 3 mice/group. <0.3 µm WT vs. Tg fbr1fl/fl: 

*P = 0.0291; >1 µm WT vs. Plp-creERT;Tg fbr1fl/fl **P = 0.0037 and Plp-creERT; 
Tg fbr1fl/fl vs. Tg fbr1fl/fl ***P = 0.0003, 2-way ANOVA with Sidak’s multiple 
comparisons test. f) Mean number of myelinated axons ± s.e.m./axon diameter 
bin in 3-month-old FIREΔ/Δ mice following treatment with vehicle control or  
SRI-011381 hydrochloride from 2 to 3 months of age. n = 3 Vehicle-treated and  
4 SRI-treated mice. Non-significant, P = 0.9202, 2-way ANOVA with Sidak’s 
multiple comparisons test. g) Mean inner tongue thickness (µm) ± s.e.m. per 
axon diameter bin in 3-month-old FIREΔ/Δ mice following treatment with vehicle 
control or SRI-011381 hydrochloride from 2 to 3 months of age. n = 3 Vehicle- 
treated and 4 SRI-treated mice. 0.5-1.0 µm: *P = 0.0334, >1 µm: ****P < 0.0001, 
2-way ANOVA with Sidak’s multiple comparisons test. h) Mean myelin thickness 
(µm) ± s.e.m./axon diameter bin in 3-month-old FIREΔ/Δ mice following 
treatment with vehicle control or SRI-011381 hydrochloride from 2 to 3 months 
of age. n = 3 Vehicle-treated and 4 SRI-treated mice. 0.5-1.0 µm: **P = 0.0027, 
>1 µm: ****P < 0.0001, 2-way ANOVA with Sidak’s multiple comparisons test.
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Extended Data Table 1 | Clinical information from human tissue analysis

EM, electron microscopy; F, female; IHC, immunohistochemistry; M, male; N/A, not applicable.












