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Summary 70 

Myelin is required for the function of neuronal axons in the central nervous system, yet the 71 

mechanisms supporting myelin health are unclear. Although central nervous system macrophages 72 

have been implicated, it is unknown which macrophage populations are involved and which aspects 73 

of myelin health they influence. Here, we show that resident microglia are critical for the maintenance 74 

of myelin health in adulthood in both mouse and human. We demonstrate that whereas microglia are 75 

dispensable for developmental myelin ensheathment, they are required for subsequent regulation of 76 

myelin growth and associated cognitive function, and for the preservation of myelin integrity by 77 

preventing its degeneration. We discovered that loss of myelin health in the absence of microglia is 78 

associated with the appearance of a myelinating oligodendrocyte state with altered lipid metabolism, 79 

and is regulated by disruption of the TGFβ1-TGFβR1 axis. Our findings highlight microglia as promising 80 

therapeutic targets for conditions where myelin growth and integrity are dysregulated, such as in 81 

ageing and neurodegenerative disease.   82 
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Main 83 

Myelin ensheaths neuronal axons to ensure their health and rapid propagation of electrical impulses, 84 

supporting central nervous system (CNS) functions such as cognition. Effective learning and memory 85 

involve new myelin formation and require myelin to be of good structural integrity, with appropriate 86 

compaction of myelin layers to a thickness proportional to axon diameter (1-3). With ageing and 87 

neurodegenerative disease, there is disruption of these myelin properties with evidence of 88 

hypermyelination, such that there are enlarged areas of uncompacted myelin (where myelin grows) 89 

leading to thicker myelin, unravelling of layers, and the formation of protrusions (‘outfoldings’); this 90 

eventually leads to loss of myelin integrity via degeneration (2, 4-6). These myelin changes impair 91 

cognition in mice and predict poor cognitive performance in aged non-human primates and humans 92 

(3, 7-10). However, the fundamental mechanisms instructing appropriate formation, growth, and 93 

integrity of CNS myelin are unclear. Recent work has implicated a population of CNS-resident 94 

macrophages, termed microglia, where myelination and the generation of myelin-forming 95 

oligodendrocytes are impaired following microglial depletion via loss-of-function of the pro-survival 96 

colony stimulating factor 1 receptor (CSF1R) (11-14). However, as this approach also targets CNS-97 

resident border-associated macrophages (BAMs; including perivascular macrophages) and blood 98 

monocytes that may contribute to these processes, it is unclear which macrophage populations 99 

regulate myelin. Therefore, the specific involvement of microglia in myelin formation and health is 100 

unknown.  101 

To address this, we utilised a recently developed transgenic model in which deletion of the 102 

FIRE super-enhancer of the Csf1r gene (FIREΔ/Δ; Fig.1A) leads to an absence of microglia from 103 

development (when they normally emerge) through to adulthood, while other CNS macrophages are 104 

present (15-17). These mice do not have many of the confounding issues observed in other microglia-105 

deficient models, such as developmental death, bone abnormalities, and absence of CNS perivascular 106 

macrophages and monocytes (15, 18-20). We confirmed microglial depletion in the brain’s largest 107 

white matter tract, the corpus callosum, using the microglia-specific marker TMEM119 (Fig.1B).  A few 108 
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IBA1+ macrophages were retained in FIREΔ/Δ mice, all of which were positive for the perivascular 109 

macrophage marker LYVE1 (Fig.1C-D); the presence of these cells was confirmed using another marker 110 

of perivascular macrophages, CD206, where positive cells were adjacent to CD31+ blood vessels 111 

(Extended Data Fig.1A). Perivascular macrophage densities were not significantly altered in FIREΔ/Δ 112 

mice at this time point (Fig.1E) nor at older ages (Extended Data Fig.1B-C), despite reduced expression 113 

of CSF1R in non-microglial brain myeloid cells, including BAMs (Extended Data Fig.1D-F). In addition, 114 

similar astrocyte numbers (GFAP+ Sox9+) were observed in the corpus callosum of FIREΔ/Δ mice and 115 

FIRE+/+ littermates (GFAP+ Sox9+ cells; Extended Data Fig.1G-H). Surprisingly, at an age when 116 

myelination is well underway [postnatal day (P) 25-30], FIREΔ/Δ mice had generated mature 117 

oligodendrocytes (OLIG2+CC1+) (Fig.1F-G), which formed a similar proportion of the oligodendrocyte 118 

lineage (OLIG2+) as in FIRE+/+ littermates (Fig.1H). Myelin was formed in FIREΔ/Δ mice, as indicated by 119 

expression of myelin proteins MBP, MAG, MOG, PLP and CNPase in the corpus callosum (Fig.1I, 120 

Extended Data Fig.2A-C) and white matter of another brain region, the cerebellum (Extended Data 121 

Fig.2D-E). Ultrastructural analysis confirmed myelination had taken place in FIREΔ/Δ mice (Fig.1I), with 122 

no significant difference in the number of myelinated axons versus FIRE+/+ control (Fig.1J) regardless 123 

of axon diameter (Fig.1K). Our results indicate that microglia are dispensable for oligodendrocyte 124 

maturation and developmental myelin ensheathment, in contrast to previous attributions of these 125 

functions to microglia following depletion of all CNS macrophage populations (11-14). 126 

However, we discovered that FIREΔ/Δ mice showed abnormal myelin structure indicative of 127 

hypermyelination. Using electron microscopy, we found that at P25-30 there was an increase in myelin 128 

which was outfolding or unravelling, such that there was a decrease in normally myelinated axons in 129 

FIREΔ/Δ mice (Fig.2A-C). Although myelin outfoldings normally occur in a small percentage of axons by 130 

P21 (21), myelin outfoldings and unravelling were documented in 44% of sheaths in FIREΔ/Δ mice versus 131 

only 14% in FIRE+/+ controls. FIREΔ/Δ mice showed enlarged areas of uncompact myelin termed the 132 

inner tongue (Fig.2D) on smaller diameter axons (Fig.2E-F). As enlarged inner tongues precluded 133 

conventional g-ratio analysis, we measured myelin thickness directly, as done previously (22). We also 134 
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observed increased myelin thickness in FIREΔ/Δ mice, preferentially on large diameter axons (Fig.2G-135 

H). Axon diameter-dependent observations may reflect that myelination of larger diameter axons 136 

occurs prior to that of smaller ones (23), first involving growth at the inner tongue followed by 137 

compaction which thickens the myelin sheath. We therefore analysed myelin ultrastructure later in 138 

adulthood, finding that myelin outfoldings and unravelling persisted in FIREΔ/Δ mice at 3-4 months of 139 

age (Fig.2I-K), and enlarged inner tongues and increased myelin thickness were now observed across 140 

all axon diameters compared to FIRE+/+ control (Fig.2L-O) and younger FIREΔ/Δ mice (Extended Data 141 

Fig.3). We assessed the impact of these myelin changes on axonal health in FIREΔ/Δ mice, and although 142 

expression of phosphorylated neurofilament was unaffected at 1 month of age, axonal spheroids - 143 

indicative of impaired axonal transport - were occasionally observed at later ages in <0.1% of 144 

myelinated axons (Extended Data Fig.4). Therefore, hypermyelination occurs in the absence of 145 

microglia, indicating that microglia are required to regulate myelin growth.  146 

Given that these changes in myelin structure are sufficient to cause cognitive impairment in 147 

other models (4, 24, 25), we next evaluated cognition in FIREΔ/Δ mice. We used the Barnes maze, a 148 

spatial learning and memory task that sensitively measures the impact of myelin structure on 149 

cognition (3, 26-30). The maze consists of a platform of 20 holes around its circumference with 1 target 150 

hole harbouring an underlying escape chamber (Fig.3A). The test involved three phases. First, 151 

following habituation to the maze, mice learned to locate the escape chamber, motivated by aversive 152 

stimuli and guided by visual cues. Over six training days, both FIRE+/+ and FIREΔ/Δ mice became 153 

progressively faster at locating the chamber (measured by ‘primary latency’) indicating spatial learning 154 

(Fig.3B), although there was a trend increase in the number of primary errors made by FIREΔ/Δ mice 155 

when attempting to locate the target hole (Extended Data Fig.5A). Second, memory encoding was 156 

tested by removing the escape chamber and probing 1 h and 3 days later. The percentage of time 157 

spent in the target quadrant (Fig.3C) and the number of nose pokes in and around the target hole 158 

were similar between genotypes (Extended Data Fig.5B-C); FIREΔ/Δ mice even explored the target hole 159 

more than FIRE+/+ mice during the 1 h probe test (Extended Data Fig.5B), although this did not lead to 160 
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significance for time spent in the target quadrant (Fig.3C). These findings suggest a transient increase 161 

in spatial reference memory only at 1 h, which is then resolved at 3 days; nonetheless, this indicates 162 

no memory encoding deficit in FIREΔ/Δ mice. Third, we tested cognitive flexibility, which is learning to 163 

adjust thinking from an old to a new situation; this higher order cognitive function is highly dependent 164 

on the structural integrity of myelin (3, 28-30). We tested the ability of mice to locate an escape hole 165 

placed 180° from the original target over 3 training days (Fig.3D), then removed the chamber for 166 

reversal probe testing 3 days later (Extended Data Fig.5D-E). Whilst the time taken to locate the new 167 

target was unimpaired in FIREΔ/Δ mice (Fig.3E), significantly more errors were made prior to reaching 168 

the new target hole (Fig.3F), indicating poor cognitive flexibility. Importantly, FIREΔ/Δ mice did not have 169 

confounding anxiety or motor deficits (Extended Data Fig.6), consistent with previous findings (31). 170 

Therefore, the absence of microglia is associated with impaired cognitive flexibility.  171 

Considering recent studies indicating that learning and memory encoding require new 172 

oligodendrogenesis, and long-term consolidation of this information involves increased myelination 173 

(25, 32-34), we assessed whether these processes occur in the absence of microglia. We tracked the 174 

generation of new oligodendrocytes from proliferating progenitor cells by incorporation of EdU 175 

provided during the cognitive testing. A similar number of oligodendrocyte lineage cells (OLIG2+) and 176 

proportion of mature oligodendrocytes (CC1+) were newly generated (EdU+) in FIREΔ/Δ mice and 177 

FIRE+/+ mice (Fig.3G-J), indicating the retained capacity of microglia-deficient mice to form new 178 

oligodendrocytes during learning and memory encoding. This finding is consistent with our 179 

observations of largely unimpaired learning, memory encoding, and developmental 180 

oligodendrogenesis in FIREΔ/Δ mice. However, we found that whereas FIRE+/+ mice had a significantly 181 

increased number of myelinated axons in the corpus callosum 6 weeks after cognitive task completion, 182 

this did not differ between untrained and trained FIREΔ/Δ mice (Extended Data Fig.6H-K). Thus, these 183 

findings suggest that the absence of microglia prevents the increase in myelination that normally 184 

occurs with consolidation of new spatial information. Of note, we did not find an association between 185 

the number of myelinated axons in a given mouse and its cognitive performance earlier on (Extended 186 
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Data Fig.6K), suggesting either a common threshold number of myelinated axons required for 187 

cognitive flexibility, or that myelin structural changes may be more relevant for this function, as 188 

previously demonstrated (3, 28-30).   189 

As changes in myelin structure have been suggested to precede myelin degeneration (5, 35, 190 

36), we next assessed myelin in FIREΔ/Δ mice at 6 months of age. We observed areas of robust 191 

demyelination (Fig.4A) as well as areas of patchy demyelination resulting in a significant decrease in 192 

the number and proportion of myelinated axons compared to FIRE+/+ controls (Fig.4B-D). The patchy 193 

nature of demyelination did not result in overt, widespread loss of myelin protein across the corpus 194 

callosum (Extended Data Fig.7A). Presence of axonal spheroids was rarely observed, in <0.1% of axons. 195 

Axons that had retained their myelin in 6 month-old FIREΔ/Δ mice had reduced inner tongue size and 196 

thinner myelin, compared to FIRE+/+ controls (Fig.4E-F; Extended Data Fig.7B-C) and to 3-4 month old 197 

FIREΔ/Δ mice (Extended Data Fig.3). Demyelination was not associated with loss of oligodendrocytes at 198 

this age, nor prior (Extended Data Fig.7D-E). We found that demyelination was initiated as early as 4.5 199 

months of age in FIREΔ/Δ mice (Extended Data Fig.7F-G) with unmyelinated axons being of a medium-200 

to-large calibre (average 0.73 ± 0.1 µm) (Extended Data Fig.7I), indicating that these axons underwent 201 

demyelination first. As medium-to-large diameter axons were the ones that showed hypermyelination 202 

just prior to demyelination, at 3-4 months of age (Extended Data Fig.7H), this suggests that 203 

hypermyelination may precede demyelination. These findings demonstrate that the lack of microglia 204 

is sufficient to induce CNS demyelination with increasing age.  205 

We next asked whether these changes in myelin growth and integrity reflected disruption of 206 

myelin formation or myelin maintenance, by depleting microglia in mice when developmental 207 

myelination is complete (2 months of age onwards). We depleted microglia by providing the CSF1R 208 

inhibitor PLX5622 (37) in the diet of adult FIRE+/+ mice for 1 month, resulting in greater than 50% 209 

reduction of IBA1+ cells at 3 months of age (Extended Data Fig.8A-C). Compared to control diet-fed 210 

mice, microglia depletion from 2 to 3 months of age resulted in enlarged inner tongues and thicker 211 

myelin (Extended Data Fig.8D-G), whereas depletion from 5 to 6 months of age caused patchy 212 
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demyelination (Extended Data Fig.8J-L). Oligodendrocyte numbers were unchanged (Extended Data 213 

Fig.8H-I). Therefore, microglia depletion in adult mice mirrored the hypermyelination and myelin 214 

degeneration observed at equivalent ages in the FIREΔ/Δ mice, indicating that microglia are required 215 

for myelin maintenance once it is already formed.  216 

Having demonstrated that microglia are required for myelin health in mice, we then 217 

investigated the relevance of these findings in humans. We assessed the rare leukoencephalopathy 218 

ALSP (‘Adult-onset Leukoencephalopathy with axonal Spheroids and Pigmented glia’; Extended Data 219 

Table 1), in which heterozygous CSF1R mutations lead to cognitive dysfunction in association with 220 

reduced IBA1+ parenchymal cells especially in frontal white matter, whereas those in the grey matter 221 

are relatively preserved (38, 39). Accordingly, in comparison to age-matched controls who died of non-222 

neurological causes, we observed a significant decrease in IBA1+ macrophages in the frontal white 223 

matter of ALSP cases (Fig.5A-B) as previously documented (40), and a relative increase in proportion 224 

of perivascular macrophages (LYVE1+ IBA1+) compared to microglia (Extended Data Fig.9A-E). 225 

Ultrastructural analysis of ALSP white matter showed evidence of myelin outfoldings and unravelling 226 

(Fig.5C), thicker myelin (Fig.5C,D), and enlarged inner tongues (Fig.5C,E) (Extended Data Fig.9E-G). 227 

Demyelination was also observed and progressively worsened with age (Fig.5F). Larger axon diameters 228 

were noted in ALSP versus controls (Fig.5D,E; Extended Data Fig.9E), consistent with axonal swelling 229 

being a typical pathological feature of this disorder, and yet myelin was still thicker than would be 230 

expected of these axon diameters. Very thick myelin in ALSP was associated with myelin unravelling 231 

(Fig.5C), suggesting early stages of a transition from hypermyelination to demyelination. These 232 

findings indicate that a reduction in white matter microglia in humans is associated with 233 

hypermyelination and eventual demyelination. 234 

 We next sought to determine the cellular and molecular mechanisms underpinning the loss 235 

of myelin health in the absence of microglia, by performing single cell RNA sequencing of FIREΔ/Δ and 236 

FIRE+/+ mouse brains at 1 month of age (Extended Data Fig.10A-J). Mature oligodendrocytes were 237 
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identified by expression of myelin genes (Plp, Mog, Mag, Mbp) and absence of expression of markers 238 

for other cell types (Extended Data Fig.10A-D). These were clustered into 4 states (Oligo1-4) (Fig.6A; 239 

Extended Data Fig.10K-L). Strikingly, we observed that cluster 1 oligodendrocytes (Oligo1) were almost 240 

exclusively found in FIREΔ/Δ mice (Fig.6B-C). The Oligo1 cluster was distinguished by high expression of 241 

genes (Extended Data Sheet 1; Fig.6D) including Serpina3n and C4b (Fig.6D-E); we confirmed the 242 

presence of SERPINA3N+ Olig2+ cells almost exclusively in FIREΔ/Δ mouse white matter, whereas these 243 

cells were undetectable in grey matter of either genotype (Fig.6F-G). Pathway analysis of the Oligo1 244 

cluster differentially expressed genes revealed significant regulation of cholesterol biosynthesis and 245 

lipid metabolism (Fig.6H-I), of interest as cholesterol is enriched in myelin and a key aspect of myelin 246 

growth (41, 42). We performed lipidomics to assess potential changes in FIREΔ/Δ mouse white matter 247 

lipid composition, and observed an increase in cholesterol esters and a decrease in triglycerides 248 

(Fig.6J) indicative of excess cholesterol and impaired lipid export, respectively; this is consistent with 249 

the surplus myelin membrane formation in FIREΔ/Δ mice and interestingly, dysregulation of genes 250 

associated with cholesterol transport has also been reported in ALSP tissue (40).  251 

To determine how the absence of microglia could contribute to these findings, we assessed 252 

predicted upstream regulators of Oligo1 genes and identified TGFβ1 as a prime candidate (Fig.7A; 253 

Extended Data Sheet 2), as it is predominantly expressed by microglia in both mouse and human brain 254 

(www.brainrnaseq.org) (43, 44), and is known to influence lipid metabolism (45). Accordingly, we 255 

found that TGFβ1 levels were significantly downregulated in FIREΔ/Δ mouse white matter (Fig.7B). We 256 

then assessed the capacity of oligodendrocytes to respond to TGFβ1, and although there were 257 

abundant TGFβR1+ OLIG2+ cells in FIRE+/+ control, the number and percentage of these cells were 258 

significantly reduced in FIREΔ/Δ mice (Fig.7C-E), consistent with TGFβ1 levels known to regulate 259 

receptor expression in other cell types (46). These findings led us to ask whether elimination of TGFβR1 260 

signalling in oligodendrocytes is sufficient to cause myelin pathology. As Tgfb1 knockout in the CNS 261 

results in a confounding decrease in microglia number, loss of microglia homeostasis, and monocyte 262 

infiltration (47), we instead opted to utilise a conditional knockout of Tgfbr1 in mature 263 

http://www.brainrnaseq.org/
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oligodendrocytes (Plp-CreERT:Tgfbr1fl/fl) (48). Following tamoxifen administration from P14-P18 264 

(Fig.7F), TGFβR1 expression by oligodendrocyte lineage cells was significantly reduced in Plp-265 

CreERT:Tgfbr1fl/fl at 1 month of age compared to controls (Extended Data Fig.11A,B). Although there 266 

was no significant impact of conditional knockout on total number of myelinated axons (Extended 267 

Data Fig.11C), by P28, conditional knockout mice had enlarged inner tongues on smaller diameter 268 

axons (Fig.7G-I; Extended Data Fig.11D) and thicker myelin on larger diameter axons (Fig.7G,H, J; 269 

Extended Data Fig.11E) relative to tamoxifen-treated floxed and wildtype controls; this mimicked the 270 

FIREΔ/Δ mouse observations at 1-2 months of age. We next asked whether stimulating TGFβR1 271 

signalling in FIREΔ/Δ mice could rescue myelin health. In the absence of sufficient TGFβR1 expression 272 

by oligodendrocytes in FIREΔ/Δ mice, we used a small molecule activator of downstream TGFβR1 273 

signalling, SRI-011381 hydrochloride, which bypasses the need to stimulate the receptor by activating 274 

the SMAD2/3 pathway; this has been previously used to preserve myelin in an autoimmune 275 

demyelinating mouse model (49). We administered SRI-011381 hydrochloride to FIREΔ/Δ mice for 1 276 

month, from 2 months of age, to observe a potential impact on the significant myelin pathology 277 

observed by 3 months of age (Fig.7K). SRI-011381 had no influence on total myelinated axon number 278 

(Extended Data Fig.12A) yet significantly reduced inner tongue thickness (Fig.7L-N; Extended Data 279 

Fig.12B) and myelin thickness (Fig.7L,M,O; Extended Data Fig.12C) compared to vehicle-treated FIREΔ/Δ 280 

mice. Following SRI-011381 hydrochloride treatment, these parameters overlapped with those in age-281 

matched FIRE+/+ control (Fig.7N,O), suggesting that TGFβR1 signalling is a primary mechanism by which 282 

myelin is dysregulated in FIREΔ/Δ mice. Altogether, these findings reveal the importance of the TGFβ1-283 

TGFβR1 axis in microglia-oligodendrocyte communication for the regulation of myelin health. 284 

 285 

  286 
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Discussion 287 

Here, we identify the requirement for microglia in maintaining healthy CNS myelin. Our use of a new 288 

transgenic model in which microglia are lacking while other CNS macrophages are present, revealed 289 

that microglia are not required for developmental oligodendrocyte maturation nor myelin 290 

ensheathment as previously thought; rather, microglia preserve the structural integrity of myelin. We 291 

now demonstrate the role of microglia in limiting hypermyelination and preventing demyelination of 292 

existing myelin sheaths in adulthood, complementing recent work implicating them in regulating 293 

myelin sheath number during myelin formation in embryonic development (50). This raises the 294 

question as to whether other macrophage populations, such as perivascular and/or peripheral 295 

macrophages, influence developmental myelination or whether other glial cell types, such as 296 

astrocytes, compensate in the absence of microglia (51). Our work suggests that a threshold number 297 

of microglia is needed to maintain myelin health, as even just a 50-60% decrease in white matter 298 

microglia in mouse or human is associated with loss of myelin integrity. Altogether, these findings 299 

suggest prudence in the current trialling of CSF1R inhibitors to deplete microglia in cancer or 300 

neurological conditions (52, 53), warranting monitoring of potential off-target effects on myelin 301 

health.  302 

We associated structural changes in myelin in the absence of microglia with poor cognitive 303 

flexibility, along with impaired de novo myelination which normally underpins long-term memory 304 

consolidation (33, 54). This builds on previous work revealing that microglia dysregulation (in response 305 

to chemotherapy) is sufficient to disrupt myelin structure and cognitive function (10, 25), as we now 306 

uncover the requirement for healthy microglia in preventing these pathologies. Given the close 307 

relationship between myelin structure and neuronal activity in regulating cognitive function (55-58), 308 

our findings also raise the possibility of a role for microglia in influencing adaptive myelination to 309 

reinforce cognitive circuits. However, understanding the impact of the absence of microglia on 310 

neuronal activity and synaptic health requires further investigation. In addition, our work has 311 
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important implications for understanding cellular networks contributing to cognitive decline with 312 

ageing – where there is prominent hypermyelination (2, 4, 24), demyelination and impaired new 313 

myelination (6, 54), alongside microglia dysfunction (43, 59-61). This may also be relevant to 314 

dementia-associated neurodegenerative disease, given that in a mouse model of Alzheimer’s disease, 315 

there are opposite changes in gene modules primarily associated with microglia (and astrocytes) vs 316 

those related to oligodendrocytes and myelination (62). This study also identified that the 317 

oligodendrocyte-associated module was initially upregulated followed by a downregulation in 318 

microenvironments with highest Aβ accumulation; whether this represents initial hypermyelination 319 

followed by demyelination remains to be determined.  320 

The worsening myelin pathology we observed with age in response to microglia depletion 321 

suggests an increasing dependence on healthy microglia for myelin integrity with ageing. Microglia 322 

dysfunction may thus initiate myelin damage with ageing and in neurodegenerative disorders. 323 

Whereas previous work has implicated either the peripheral immune system (63) or primary 324 

oligodendrocyte dysregulation (64) as inducing demyelination, we suggest that the contribution of 325 

microglia now also needs to be considered. Our data suggest that hypermyelination may precede 326 

demyelination, raising the question as to whether this sequence of events underpins myelin damage 327 

in ageing and neurodegenerative disease. Interestingly, we identify parallels in dysregulated cellular 328 

profiles and molecular mechanisms between microglia-deficient mice and other neurological injury 329 

models, strongly implicating microglia as critical regulators of myelin pathology in ageing and disease. 330 

For instance, our data suggest that microglia may normally suppress the appearance of an 331 

oligodendrocyte state (expressing Serpina3n and C4b), with similarities to that recently documented 332 

in mouse models of demyelination, ageing, and Alzheimer’s disease (65-69), suggesting that in 333 

pathological contexts, microglia dysregulation may permit these oligodendrocytes to appear. We have 334 

made data mining of this (and other) oligodendrocyte populations in the FIREΔ/Δ mouse publicly 335 

available via the following website: https://annawilliams.shinyapps.io/shinyApp_oligos_VM/. The 336 

functional consequences of the appearance of these oligodendrocytes, and the molecular 337 

https://annawilliams.shinyapps.io/shinyApp_oligos_VM/
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mechanisms involved in their function, have hitherto been unclear. Our association of these 338 

oligodendrocytes with an altered lipid profile (e.g. increased cholesterol esters) is consistent with the 339 

hypermyelination observed in FIREΔ/Δ mice. This may shed light on potential pathological mechanisms 340 

in human neurological conditions where cholesterol esters are increased, such as Huntington’s disease 341 

and multiple sclerosis (70, 71). In addition, pathway analysis of these oligodendrocytes identified a 342 

dysregulated TGFβ-TGFβR1 axis, which we revealed is a mediator of myelin pathology. Notably, 343 

transcriptomic analyses of ALSP brain has indicated a dysregulation of the TGFβ pathway specifically 344 

in the white matter (40), and an upregulation of TGFB1 in the least affected white matter region (72). 345 

Signalling downstream of TGFβ receptors is reduced in ageing and neurodegenerative disease (73, 74).   346 

We previously discovered that a subset of microglia expressing a TGFβ superfamily member 347 

activin-A regulates remyelination efficiency (22, 75). Taken together with the transcriptomic 348 

heterogeneity of microglia during development, homeostasis, demyelination, remyelination, and 349 

ageing(59, 75-80), we are now poised to ask whether specific microglia states are required to regulate 350 

myelin growth and integrity. This would complement the recent identification of microglia states 351 

associated with white matter, with roles in phagocytosis of dying cells in development (80) or myelin 352 

debris in ageing (59), and of a shift in functional microglial states underpinning their capacity to 353 

support remyelination (75, 76).  Whether the decrease of microglia heterogeneity with ageing (77) is 354 

associated with a loss in supportive states and progressive myelin pathology needs to be investigated. 355 

Altogether, our study uncovers the role of microglia in preserving myelin health and integrity in 356 

adulthood, and highlights microglia as key therapeutic targets in the context of disrupted myelin and 357 

cognition in ageing and disease.   358 
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Figure 1: Microglia are not required for oligodendrocyte maturation and myelination. 586 

A) FIREΔ/Δ microglia-deficient mice were generated using CRISPR9/Cas9 deletion of the FIRE 587 
super-enhancer located in intron 2 of the pro-survival Csf1r gene, required for microglial 588 
transcription of the gene. 589 

B) Representative images of microglia (Tmem119+; green) in the corpus callosum of FIRE+/+ and 590 
FIREΔ/Δ mice at 1 month of age, counterstained with DAPI (blue). n=5 mice per group. Scale 591 
bar, 25 µm. 592 

C) Representative images of CNS macrophages (IBA1+; magenta) and perivascular (PV) 593 
macrophages (LYVE1+; white) in FIRE+/+ and FIREΔ/Δ mice. Scale bar, 75 µm. 594 

D) Magnified images from dotted outline in (C) of IBA1+ LYVE1+ perivascular macrophages in 595 
FIRE+/+ and FIREΔ/Δ mice. Scale bar, 25 µm. 596 

E) Mean LYVE1+ IBA1+ cells per mm2 ± s.e.m. in FIRE+/+ and FIREΔ/Δ mice. n=7 mice per group. 597 
P=0.1411, 2-tailed unpaired Student’s t-test. 598 

F) Representative images of mature oligodendrocytes co-expressing Olig2 (green) and CC1 599 
(white) in FIRE+/+ and FIREΔ/Δ mice. Inset shows magnified view of double positive cells. Scale 600 
bar, 75 µm. 601 

G) Mean OLIG2+ CC1+ cells per mm2 ± s.e.m. in FIRE+/+ and FIREΔ/Δ mice. n=7 mice per group. 602 
P=0.1990, 2-tailed unpaired Student’s t-test. 603 

H) Mean proportion of cells of the oligodendrocyte lineage (OLIG2+) which are mature (CC1+; 604 
black) or immature (CC1-; grey) ± s.e.m. n=7 mice per group. CC1+: P= 0.9472; CC1-: P=0.9472, 605 
1-way ANOVA with Tukey’s multiple comparison test. 606 

I) Representative images of the corpus callosum of FIRE+/+ and FIREΔ/Δ mice stained for myelin 607 
proteins MAG (green) and MBP (magenta) (left and middle columns) and imaged by electron 608 
microscopy (right column). Scale bars, 25 µm and 1 µm, respectively. 609 

J) Mean number of myelinated axons per mm2 ± s.e.m in the corpus callosum of FIRE+/+ and 610 
FIREΔ/Δ mice. n=3-4 mice per group. P=0.5216, 2-tailed unpaired Student’s t-test. 611 

K) Mean number of myelinated axons in the corpus callosum of FIRE+/+ and FIREΔ/Δ mice per axon 612 
diameter. n=3-4 mice per group. P=0.5216, 2-way ANOVA with Sidak’s multiple comparison 613 
test.  614 
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Figure 2: Microglia regulate myelin integrity. 617 

A-H) Assessments of corpus callosum at 1 month of age in FIRE+/+ and FIREΔ/Δ mice. 618 
A) Representative images of myelin abnormalities (outfoldings and unravelling; arrows) in FIREΔ/Δ mice. 619 
Scale bar, 1 µm. 620 
B) Mean number of normally myelinated axons per mm2 ± s.e.m. in FIRE+/+ and FIREΔ/Δ mice. n=3-4 621 
mice per group. **P=0.008, 2-tailed unpaired Student t test. 622 
C) Mean proportion of axons without outfoldings/unravelling (black) or with outfoldings/unraveling 623 
(grey) per mm2 ± s.e.m in FIRE+/+ and FIREΔ/Δ mice. n=3-4 mice per group. With: ***P=0.0006; Without: 624 
***P=0.0006, 1-way ANOVA with Tukey’s multiple comparison test. 625 
D) Representative images of inner tongues (orange) in FIRE+/+ and FIREΔ/Δ mice. Scale bar, 1 µm. 626 
E) Inner tongue thickness versus axon diameter in FIRE+/+ mice (green) and FIREΔ/Δ mice (magenta). 627 
n=200 axons per animal, and n=3-4 animals per group. 628 
F) Mean inner tongue thickness per axon diameter bin in FIRE+/+ mice (green) and FIREΔ/Δ mice 629 
(magenta). n=3-4 mice per group. Axons of <0.3 µm diameter, *P=0.0417, 2-way ANOVA with Sidak’s 630 
multiple comparison test. 631 
G) Representative images of increased myelin thickness on large diameter axons (asterisks indicate 632 
axons of similar size). Scale bar, 1 µm. 633 
H) Myelin thickness versus axon diameter in FIRE+/+ mice (green) and FIREΔ/Δ mice (magenta). n=200 634 
axons per animal, and n=3-4 animals per group. ***P<0.0001, simple linear regression of slopes. 635 
I-O) Assessments of corpus callosum at 3-4 months of age in FIRE+/+ and FIREΔ/Δ mice. 636 
I) Representative images of corpus callosum in FIRE+/+ and FIREΔ/Δ mice, with abnormally myelinated 637 
axons in FIREΔ/Δ mice indicated with arrows. Scale bar, 1 µm. 638 
J) Mean number of normally myelinated axons per mm2 ± s.e.m. in FIRE+/+ and FIREΔ/Δ mice. n=3 mice 639 
per group. *P=0.0372, 2-tailed unpaired Student’s t test. 640 
K) Mean proportion of axons without outfoldings/unravelling (black) or with outfoldings/unravelling 641 
(grey) per mm2 ± s.e.m in FIRE+/+ and FIREΔ/Δ mice. n=3 mice per group. With: ****P<0.0001; Without: 642 
****P<0.0001, 1-way ANOVA with Tukey’s multiple comparison test. 643 
L) Representative images of inner tongues (orange) in FIRE+/+ and FIREΔ/Δ mice. Scale bar, 1 µm. 644 
M) Inner tongue thickness versus axon diameter in FIRE+/+ mice (green) and FIREΔ/Δ mice (magenta). 645 
n=100 axons per animal, and n=3 animals per group. ***P<0.0001, simple linear regression of 646 
intercepts. 647 
N) Representative images of increased myelin thickness on large diameter axons (asterisks indicate 648 
axons of similar size). Scale bar, 1 µm. 649 
O) Myelin thickness versus axon diameter in FIRE+/+ mice (green) and FIREΔ/Δ mice (magenta). n=100 650 
axons per animal, and n=3 animals per group. ***P<0.0001, simple linear regression of slopes.  651 
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Figure 3: Cognitive flexibility is compromised in microglia-deficient mice. 654 

A) Training phase: Barnes maze platform consisting of 20 holes, one of which harbours an 655 
underlying escape chamber (Target hole 1) which the mice learn to locate in spatial learning 656 
and memory retrieval trials. 657 

B) Mean primary latency (sec) ± s.e.m. in FIRE+/+ mice (green) and FIREΔ/Δ mice (magenta) over 6 658 
training days. n=13 FIRE+/+ mice and 10 FIREΔ/Δ mice. Non-significant between genotypes 659 
across all training days, Day 1: P=0.3875; Day 2: P=0.9756; Day 3: P=0.9665; Day 4: P=0.8534; 660 
Day 5: P=0.9514; Day 6: P>0.9999, Repeated measures 2-way ANOVA and Sidak’s multiple 661 
comparison test. 662 

C) Mean percentage of time spent in the target quadrant by FIRE+/+ mice (green) and FIREΔ/Δ mice 663 
(magenta). n=13 FIRE+/+ mice and 10 FIREΔ/Δ mice. Dotted line indicates 25% chance. Non-664 
significant between genotypes, 1hr: P=0.7337; 3d: P>0.9999, 2-way ANOVA and Sidak’s 665 
multiple comparison test.  666 

D) Reversal phase: Barnes maze where new target hole (Target hole 2; blue) is 180° from the 667 
original target hole (Target hole 1; orange), where mice require cognitive flexibility to adapt 668 
to the new target. 669 

E) Mean primary latency (sec) ± s.e.m. in FIRE+/+ mice (green) and FIREΔ/Δ mice (magenta) over 3 670 
training days. n=13 FIRE+/+ mice and 9 FIREΔ/Δ mice. Non-significant across all training days 671 
between genotypes, Day 1: P=0.9999; Day 2: P=0.5186; Day 3: P=0.9622, Repeated measures 672 
2-way ANOVA and Sidak’s multiple comparison test. 673 

F) Mean primary errors ± s.e.m. in FIRE+/+ mice (green) and FIREΔ/Δ mice (magenta) during 674 
reversal days. n=13 FIRE+/+ mice and 9 FIREΔ/Δ mice. Day 1: *P=0.0488, Day 2: *P=0.0142, Day 675 
3: P=0.6727, Repeated measures 2-way ANOVA and Sidak’s multiple comparison test. 676 

G) Representative images of EdU (magenta) and OLIG2 (white) double positive cells (arrows), 677 
with magnified view of dotted outline. Scale bars, 25 µm. 678 

H) Mean OLIG2+ EdU+ cells per mm2 ± s.e.m. in FIRE+/+ mice and FIREΔ/Δ mice. n=4-9 mice per 679 
group. Non-significant, P=0.9696, unpaired 2-tailed Student t test. 680 

I) Mean proportion of OLIG2+ EdU+ cells which are mature oligodendrocytes (CC1+; black) or 681 

immature lineage cells (CC1-; grey) ± s.e.m. n=4-9 mice per group. Non-significant, CC1+: 682 

P>0.9999; CC1-: P>0.9999, 1-way ANOVA with Tukey’s multiple comparison test.  683 

J) Representative images of EdU+ (magenta) CC1+ (green) OLIG2+ (white) triple positive cells 684 
(arrows). Scale bar, 25 µm. 685 

 686 

  687 
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 688 

Figure 4: Absence of microglia causes demyelination. 689 

A) Representative images of robust demyelination in the corpus callosum 6-month-old 690 
FIREΔ/Δ mice compared to age matched FIRE+/+ mice. Scale bar, 5 µm. 691 

B) Representative images of patchy demyelination in FIREΔ/Δ mice compared to age matched 692 
FIRE+/+ mice. Asterisks indicate axon of similar size. Scale bar, 1 µm. 693 

C) Mean number of myelinated axons per mm2 ± s.e.m. in FIRE+/+ mice and FIREΔ/Δ mice. n=3-694 
4 animals per group. *P=0.0170, unpaired 2-tailed Student t test. 695 

D) Mean proportion of axons which are myelinated (black) and unmyelinated (grey) per mm2 696 
± s.e.m. in FIRE+/+ mice and FIREΔ/Δ mice. n=3-4 animals per group. Myelinated: 697 
**P=0.0051; Unmyelinated: **P=0.0051, 1-way ANOVA with Tukey’s multiple comparison 698 
test. 699 

E) Inner tongue thickness versus axon diameter in FIRE+/+ mice (green) and FIREΔ/Δ mice 700 
(magenta). n=100 axons per animal, and n=3-4 animals per group. *P=0.0332, simple 701 
linear regression of slopes. 702 

F) Myelin thickness versus axon diameter in FIRE+/+ mice (green) and FIREΔ/Δ mice (magenta). 703 
n=100 axons per animal, and n=3-4 animals per group. **P=0.0062, simple linear 704 
regression of slopes. 705 

  706 
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Figure 5: Reduction of microglia in human white matter is associated with hypermyelination and 709 

loss of myelin integrity. 710 

A) Representative images of IBA1+ macrophages (magenta) in human ALSP and age-matched 711 
control frontal white matter, counterstained with Hoechst (cyan). Scale bar, 50 µm. 712 

B) Mean IBA1+ cells per mm2 ± s.e.m. in ALSP and control. n=3 cases per group. *P=0.0197, 713 
unpaired 2 tailed Student t test. 714 

C) Representative images of frontal white matter in control and ALSP (i). Asterisks indicate axons 715 
of similar size and arrows indicate myelin abnormalities. Scale bar, 1 µm. (ii & iii) enlarged 716 
inner tongues in ALSP (orange). Scale bar, 0.5 µm. (iv) myelin outfoldings and unravelling in 717 
ALSP (arrow). Scale bar, 0.5 µm. 718 

D) Myelin thickness versus axon diameter in control (green) and ALSP (magenta). n=100 axons 719 
per sample, and n=2 samples group. **P=0.002, simple linear regression of slopes. 720 

E) Inner tongue thickness versus axon diameter in control (green) and ALSP (magenta). n=100 721 
axons per sample, and n=2 samples per group. ***P<0.0001, simple linear regression of 722 
intercepts. 723 

F) Representative images of extent of demyelination of frontal white matter in ALSP cases; 22 724 
year old case (left) and 40 year old case (right). Scale bar, 10 µm. 725 

 726 

  727 
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Figure 6: Oligodendrocyte state enriched in FIREΔ/Δ mice. 730 

A) Oligodendrocyte clusters in FIRE+/+ and FIREΔ/Δ mice. 4 clusters in total: Oligo1 (yellow), Oligo2 731 
(purple), Oligo3 (orange) and Oligo4 (red). 732 

B) Distribution of oligodendrocyte clusters between FIRE+/+ (green) and FIREΔ/Δ mice (magenta). 733 
C) Oligodendrocyte cluster proportions in FIRE+/+ and FIREΔ/Δ mice. Oligo1 is exclusive to FIREΔ/Δ 734 

mice. 735 
D) Bubbleplot representing the top differentially expressed genes in Oligo1 cluster compared to 736 

Oligo2-4. Level of normalised expression of each gene is indicated by the heatmap in the 737 
legend: 1=red, -1=blue. Proportion of cells expressing each gene is indicated by the size of the 738 
circles in the plot.  739 

E) tSNE projection of expression of C4b and Serpina3n, indicated by heatmap in legend. 740 
F) Representative images of OLIG2+ cells (white) expressing SERPINA3N (magenta) and 741 

counterstained with DAPI in FIRE+/+ and FIREΔ/Δ mouse corpus callosum. 742 
G) Mean percentage of OLIG2+ cells expressing Serpina3n ± s.e.m. in FIRE+/+ mice (green) and 743 

FIREΔ/Δ mice (magenta) in white matter [corpus callosum (CC) and fimbria] and grey matter 744 

[interbrain and hippocampus (Hpp)]. n=3-5 animals/group. CC and fimbria: ****P<0.0001; 745 

Interbrain and Hpp: P=0.9989 and P>0.9999 respectively, 2-way ANOVA and Sidak’s multiple 746 

comparison test. 747 

H) Top Canonical Pathways in Oligo1 identified by Ingenuity Pathway Analysis relating to the 748 
cholesterol biosynthesis pathway.  749 

I) Top Canonical Pathways identified by DAVID analysis relating to lipid biosynthesis and 750 
metabolism pathways.  751 

J) Lipidomics analysis represented as Log2 fold chance (L2FC) in FIREΔ/Δ mice vs FIRE+/+ mice, with 752 
upregulated lipid species indicated in red and downregulated lipid species indicated in blue 753 
ordered based on desaturation of fatty acids (double bonds), and total class value (‘0-6’). 754 
Boxes indicate lipid species of interest, CE=cholesterol esters and TG=triglycerides. n=3 755 
animals/group. One sample t-test of Log2FC against a value of 0, SM-0: 0.0058, SM-3:0.0202; 756 
SM-0-6:0.0347; CE-2:0.0384, CE-6:0.0474; CE-0-6: 0.0276; CER-1:0.0171; LPC-0:0.0415; TG-757 
1:0.0301, TG-2: 0.0116, TG-3:0.0432, TG-0-6: 0.0412; PG-6:0.0055; PS-2: 0.0459.  758 
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Figure 7: TGFβR1 signalling is disrupted in FIREΔ/Δ mouse oligodendrocytes and regulates myelin 761 
integrity. 762 

A) TGFβ1 is a predicted upstream regulator of genes enriched in Oligo1 according to Ingenuity 763 
Pathway Analysis. 764 

B) Quantification of TGFβ1 protein concentration detected by ELISA of dissected corpus callosum 765 
lysates from FIRE+/+ (green) and FIREΔ/Δ (magenta) mice at 1 month of age, normalised to total 766 
protein loaded. Data represented as normalised to total protein levels in each sample, 767 
detected by BCA assay (pg/µg). n=7 animals/group. *P=0.0150, 2-tailed unpaired Student’s t- 768 
test. 769 

C) Representative images of oligodendrocyte lineage cells (OLIG2+; green) expressing TGFβR1 770 
(white), indicated by pink arrows, at 1 month of age in the corpus callosum of FIRE+/+ and 771 
FIREΔ/Δ mice. Scale bar, 25 µm. 772 

D) Mean density of OLIG2+ TGFβR1+ cells ± s.e.m. in FIRE+/+ mice (green) and FIREΔ/Δ mice 773 
(magenta). n=4 animals/group. *P= 0.0144, 2-tailed unpaired Student t test. 774 

E) Mean percentage of OLIG2+ cells which are TGFβR1+ (black) or TGFβR1- (grey) ± s.e.m. in 775 
FIRE+/+ mice (green) and FIREΔ/Δ mice (magenta). TGFβR1+: *P=0.0120; TGFβR1-: *P=0.0120, 776 
1-way ANOVA with Tukey’s multiple comparison test. 777 

F) Plp-CreERT:Tgfbr1fl/fl mice, Tgfbr1fl/fl mice, and wildtype controls were treated with Tamoxifen 778 
from P14 to P18 then myelin was assessed at 1 month of age. 779 

G) Representative images of Plp-CreERT:Tgfbr1fl/fl mice versus control mouse corpus callosum at 780 
1 month of age. Scale bar, 1 µm. 781 

H) Representative images of Plp-CreERT:Tgfbr1fl/fl mice versus tamoxifen-treated control mouse 782 
corpus callosum at 1 month of age indicating enlarged inner tongues (orange) and 783 
hypermyelination (pink asterisks) in the conditional knockout, compared to axons of a similar 784 
diameter in control (green asterisks).  Scale bar, 1 µm. 785 

I) Inner tongue thickness versus axon diameter in wildtype mice (green), Tgfbr1fl/fl mice (blue), 786 
and Plp-CreERT:Tgfbr1fl/fl mice (magenta). n=100 axons per animal, and n=3 animals per group. 787 
***P<0.0001, simple linear regression of intercepts. Plp-CreERT:Tgfbr1fl/fl vs. Wildtype and vs. 788 
Tgfbr1fl/fl: ***P<0.0001; wildtype vs. Tgfbr1fl/fl: P=0.3228, Kruskal-Wallis with Dunn's multiple 789 
comparisons test. 790 

J) Myelin thickness versus axon diameter in in wildtype mice (green), Tgfbr1fl.fl mice (blue), and 791 
Plp-CreERT:Tgfbr1fl/fl mice (magenta). n=100 axons per animal, and n=3 animals per group. 792 
***P<0.0001, simple linear regression of slopes. Plp-CreERT:Tgfbr1fl/fl vs. wildtype: 793 
***P=0.0008 and vs. Tgfbr1fl/fl: ***P=0.0001; Wildtype vs. Tgfbr1fl/fl: P>0.9999 Kruskal-Wallis 794 
with Dunn's multiple comparisons test. 795 

K) FIREΔ/Δ mice were treated with either SRI-011381 hydrochloride (30 mg/kg) or vehicle control 796 
from 2 to 3 months of age then myelin assessed. 797 

L) Representative images of corpus callosum of FIREΔ/Δ mice treated with vehicle or SRI-011381 798 
at 3 months of age. Scale bar, 1 µm. 799 

M) Representative images of corpus callosum of FIREΔ/Δ mice treated with vehicle or SRI-011381 800 
at 3 months of age indicating restoration of inner tongue size (orange) and myelin thickness 801 
(asterisks). Scale bar, 1 µm. 802 

N) Inner tongue thickness versus axon diameter in FIRE+/+ mice (green), vehicle-treated FIREΔ/Δ 803 
mice (magenta), and SRI-011381-treated FIREΔ/Δ mice (blue). n=100 axons per animal, and n=3-804 
4 animals per group. ***P<0.0001, simple linear regression of slopes. Vehicle vs. SRI and vs. 805 
FIRE+/+: ***P<0.0001; SRI vs. FIRE+/+: P=0.0519, Kruskal-Wallis with Dunn's multiple 806 
comparisons test. 807 

O) Myelin thickness versus axon diameter in in FIRE+/+ mice (green), vehicle-treated FIREΔ/Δ mice 808 
(magenta), and SRI-011381-treated FIREΔ/Δ mice (blue). n=100 axons per animal, and n=3-4 809 
animals per group. ***P<0.0001, simple linear regression of slopes. Vehicle vs. SRI and vs. 810 
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FIRE+/+: ***P<0.0001; SRI vs. FIRE+/+: P>0.9999, Kruskal-Wallis with Dunn's multiple 811 
comparisons test. 812 

813 
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Methods 814 

Animals 815 

All experiments were performed under UK Home Office project licenses issued under the Animals 816 

(Scientific Procedures) Act. This study used Csf1r-FIREΔ/Δ mice (15), wildtype controls from Csf1r-FIREΔ/+ 817 

crossings, Plp-CreERT mice (Jackson Laboratories) and Tgfbr1fl/fl mice (kindly provided by Prof. Stefan 818 

Karlsson, Lund University). Recombination was induced in Plp-CreERT:Tgfbr1fl/fl mice by administration 819 

of 4-hydroxytamoxifen (100mg/kg, i.p.; Sigma-Aldrich) dissolved in ethanol: corn oil [1:9] mixture for 820 

5 consecutive days from P14-P18, then sacrificed at P28. All animals were housed at maximum 6 821 

animals per cage in a 12 h light/dark cycle with unrestricted access to food and water. For animal 822 

experiments, power was calculated by two-sided 95% confidence interval via the normal 823 

approximation method using OpenEpi software, and reached > 80% power for all experiments. Both 824 

males and females were used throughout the study, excepting open field experiments where only 825 

male mice were used. ARRIVE2 guidelines were followed in providing details of experiments, 826 

quantifications, and reporting.  827 

 828 

Genotyping 829 

Genomic DNA was extracted from ear biopsy tissue using the Wizard SV genomic purification system 830 

(Promega) according to the manufacturer’s instructions. Csf1r-FIREΔ/Δ were genotyped using PCR 831 

strategies as previously described (15). Genotyping of Plp-CreERT:Tgfbr1fl/fl was performed with gDNA 832 

extracted from the tail, as previously described for Plp-CreERT(81) and Tgfbr1fl/fl(82).  833 

 834 

Immunofluorescent staining of mouse tissue 835 

Mice were intracardially perfused with 4% paraformaldehyde (wt/vol; Sigma), and brains were post-836 

fixed overnight and cryoprotected in sucrose prior to embedding in OCT (Tissue-Tech) and storage at 837 
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−80 °C. 10 μm cryosections were air-dried, permeabilised and blocked for 1 h with 5% normal horse 838 

serum (GIBCO) and 0.3% Triton-X-100 (Fisher Scientific) in phosphate buffered saline (PBS). For myelin 839 

protein staining, sections were permeabilised in methanol at −20°C for 10 min. For EdU visualisation, 840 

the AlexaFluor-555 Click-iT EdU Cell Proliferation Assay Kit (Invitrogen) was applied before 841 

immunostaining; sections were permeablised with 0.5% Triton-X-100 in PBS for 20 min at room 842 

temperature (20–25°C) then incubated in Click-iT® reaction cocktail in the dark at room temperature 843 

for 30 min, and washed in PBS. Heat-induced antigen retrieval was performed prior to primary 844 

antibody application. Primary antibodies were applied overnight at 4 °C in a humid chamber and 845 

included α-MBP (AbD Serotec, 1:250; MCA409S), α-MAG (Millipore, 1:100; MAB1567), α-MOG 846 

(Millipore, 1:100; MAB5680), α-CNPase (Sigma-Aldrich, 1:100; AMAB91072), α-TMEM119 (Abcam, 847 

1:100; ab209064), α-IBA1 (Abcam, 1:500; ab5076),  α-CD206 (Abcam, 1:100; ab64693), α-CD31 (R&D 848 

Systems, 1:100; AF3628), α-LYVE1 (Abcam, 1:100; ab14917), α-OLIG2 (Millipore, 1:100; AB960), α-CC1 849 

(Abcam, 1:100; ab16794), α-SOX9 (Millipore, 1:500; AB5535), α-GFAP (Cambridge Bioscience, 1:500; 850 

829401), α-Neurofilament-H (Biolegend, 1:100,000; Covance Catalog# PCK-592P), and α-PLP (Abcam, 851 

1:100; ab28486). For Serpina3n immunostaining, 6 µm-thick formalin-fixed paraffin-embedded 852 

sections were deparaffinized, rehydrated, and then placed in a water bath at 85°C for 30 min in a 853 

citrate-based antigen unmasking solution (H-3300-250; Vector Laboratories). Sections were 854 

subsequently rinsed in PBS and blocked for 1 hr using PBS with 10% donkey serum (D9663; Sigma 855 

Aldrich) and 0.2% triton-X 100 (T8787; Sigma Aldrich). Sections were then incubated overnight at 4°C 856 

in α-SERPINA3N (R&D Systems, 1:100; AF4709) and α-OLIG2 (Millipore, 1:500; AB9610) in PBS with 5% 857 

donkey serum and 0.1% triton-X 100, then washed thrice in PBS with 0.05% Tween-20 (P1379; Sigma 858 

Aldrich). Fluorescently conjugated secondary antibodies were applied for 1-2h at room temperature 859 

in a humid chamber (1:500, Life Technologies-Molecular Probes). Following counterstaining with 860 

Hoechst or DAPI, slides were coverslipped with Fluoromount-G (Southern Biotech). For TGFβR1 861 

immunostaining of FIREΔ/Δ mice, following a wash in Tris-buffered Saline (TBS) with 0.001% Triton X-862 

100 (Sigma), sections were microwaved in antigen unmasking solution (pH6 citrate buffer, Vector 863 
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Laboratories) for 10 min, then heated at 60 ̊C for 30 min. After cooling, sections were washed once 864 

with TBS and 0.001% Triton X-100, and endogenous phosphatase and peroxidase activity blocked with 865 

Bloxall (Vector) for 10 min. Blocking was performed for 1 h with 10% Heat Inactivated Horse Serum 866 

(Gibco) and 0.5% Triton X-100 in TBS. Primary antibody diluted in blocking solution was applied 867 

overnight in a humid chamber at 4 ̊C. Antibodies used included α-TGFβR1 (Abcam, 1:100; ab31013) 868 

and α-OLIG2 (Millipore, 1:100; MABN50). Following 3 washes in TBS with 0.001% Triton X-100, 869 

peroxidase-conjugated secondary antibody (Vector) was applied for 1 h at room temperature in a 870 

humid chamber. Following further washes, sections were developed by using Opal 520 (Akoya) at 871 

1:100 in Plus Amplification Diluent (Akoya) for 10 mins in a humid chamber, washed, and residual 872 

peroxidase activity was quenched by applying Bloxall (Vector) for 10 mins. For co-staining, another 873 

primary antibody was then applied and developed using peroxidase-conjugated secondary antibody 874 

and Opal 650 (Akoya) at 1:100 in Plus Amplification Diluent as described above. Following washes in 875 

TBS, the sections were counterstained with Hoechst (1:10,000) and mounted with Fluoromount-G 876 

(Invitrogen). 877 

Sections were imaged on a Leica SPE or Zeiss LSM 510 confocal microscope. Cell counts were 878 

calculated from measured area based on assumption of circularity using Fiji/ImageJ (Fiji.sc), with 3 879 

regions of interest quantified per section. Colocalisation analysis of Sox9 and GFAP was performed 880 

using Imaris software. 881 

 882 

Flow cytometry 883 

An enzyme-free brain dissociation protocol was used to gather a myeloid cell-enriched cell suspension 884 

to explore CSF1R (CD115) surface protein levels. After transcardially perfusing 10–11-week-old female 885 

mice with ice-cold PBS, brains were dissected and minced with a 22A scalpel in HBSS (without Ca2+ and 886 

Mg2+; 14175-053; Gibco) with 25 mM HEPES (10041703; Fisher Scientific). Brains were then 887 

homogenised using a Dounce homogeniser (D9938; Kimble) in HBSS (w/o Ca2+ and Mg2+) with 25 mM 888 
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HEPES. Brain homogenates were separated using a 35% Percoll gradient, with centrifugation at 800 g 889 

for 20 mins at 4°C (with no brake). Cell pellets were collected and washed in PBS (w/o Ca2+ and Mg2+; 890 

14190-094; Gibco) with 0.1% low endotoxin BSA (A8806; Sigma Aldrich). Fc receptors were blocked 891 

(1:100; 101302; BioLegend) for 15 min at 4°C on a shaker. Cells were then stained with primary 892 

antibodies directed against CD11b (PE; 1:200; 101207; BioLegend), CD45 (PECy7; 1:200; 103114; 893 

BioLegend), and CD115 (APC; 1:200; 135510; BioLegend) for 30 min at 4°C on a shaker. Samples were 894 

then washed and resuspended in PBS (w/o Ca2+ and Mg2+) with 0.1% low endotoxin BSA. Single-895 

fluorochrome stained beads, unstained samples, and FMOs were used as controls. DAPI was used for 896 

cell viability gating. Data were acquired using a BD LSRFortessa™ Flow Cytometer. FCS express 7 was 897 

used for post-acquisition data analysis. 898 

 899 

Electron microscopy of mouse tissue 900 

Mice were intracardially perfused with 4% PFA (wt/vol) and 2% glutaraldehyde (vol/vol; TAAB 901 

Laboratories) in 0.1 M phosphate buffer. Tissue was post-fixed overnight at 4 °C and transferred to 1% 902 

glutaraldehyde (vol/vol) until embedding. 1 mm tissue sections were post-fixed in 1% osmium 903 

tetroxide and dehydrated before being processed into araldite resin blocks. 1 μm microtome-cut 904 

sections were stained with a 1% toluidine blue/2% sodium borate solution prior to bright field imaging 905 

using a Zeiss Axio microscope. Ultrathin sections (60 nm) were cut from corpus callosum, stained in 906 

uranyl acetate and lead citrate, and grids imaged on a JEOL Transmission Electron Microscope. Axon 907 

diameter, myelin and inner tongue thickness were calculated from measured area based on 908 

assumption of circularity using Fiji/ImageJ (Fiji.sc) (diameter = 2 × √[area/π]), with 100-200 axons per 909 

animal analysed.  910 

 911 

 912 
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Behavioural testing 913 

Experimenters were blinded to genotype during behavioural testing and data analyses. All 914 

experiments were performed in a behaviour testing room maintained at a constant temperature of 915 

20ºC. The Open Field test was performed on male mice at 4-8 weeks and 11-13 months of age to 916 

assess locomotor activity and anxiety-associated behaviours. Handling was carried out 3-4 days prior 917 

to testing. Mice were placed in the open field (47 x 47 cm) to freely explore the arena for 10 min. 918 

Equipment was cleaned with 70% ethanol between each test to remove odours. The total ambulatory 919 

distance travelled (m) and the time spent in the edges (9 cm from the wall) and centre (29 x 29 cm) 920 

were automatically quantified using the video tracking software, AnyMaze (Stoelting Europe; version 921 

6.3).  The Barnes maze test was performed in adult mice 2-4 months of age to assess spatial learning, 922 

memory, and cognitive flexibility. The maze consisted of one white circular platform with 20 circular 923 

holes around the outside edge, with 91.5 cm diameter and 115 cm height (San Diego Instruments). A 924 

dark escape chamber was attached to one of the holes; the location of the escape chamber remained 925 

constant for each mouse but was shifted 90° clockwise between consecutive mice to avoid carryover 926 

of olfactory cues. Lamps and overhead lights (450 lux) were used to light the maze and once the trial 927 

started, an aversive white noise stimulus at 85 dB was played until the mouse entered the escape 928 

chamber. Visual cues were present on the curtains and walls around the maze.  Animals were retained 929 

within a white holding cylinder (diameter 10.5cm) at the beginning of each trial. The maze and escape 930 

chamber were cleaned with ethanol between each trial to avoid carryover of olfactory cues between 931 

animals. All trials were recorded by video-based automated tracking software Any-Maze (Stoelting 932 

Europe; version 4.99). Prior to testing, mice were handled for 3-5 min per day for 6-7 days by the 933 

experimenter. Animals were brought into the testing room and placed in the holding cylinder to 934 

acclimate to the testing environment for 10 seconds for 2 days before habituation. Mice were 935 

habituated to the maze and escape chamber 1 day prior to the start of the learning phase, whereby 936 

each mouse was placed in the holding cylinder for 10 seconds then allowed to freely explore the maze 937 

with no aversive stimuli for 3 minutes. Mice were then guided to the escape chamber and retained 938 
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inside for 1 minute.  During the learning phase (T1-T6), mice were trained to locate the escape 939 

chamber over 6 consecutive days with 2 trials per day (1 hour inter-trial interval); data per mouse 940 

were averaged per day. If the mouse failed to enter the escape chamber during the 3-minute trial 941 

period, the experimenter guided it to the chamber. Spatial learning was assessed by the total time 942 

taken to locate the escape chamber in each trial (‘primary latency’; defined by head entering chamber) 943 

and spatial working memory was assessed by the number of errors made prior to locating the escape 944 

chamber (‘primary errors’; defined by nose deliberately entering a hole with some extension of the 945 

head/neck or hindpaws). Total distance travelled and speed during the trials were additionally 946 

measured. Exclusion criteria were defined prior to data analysis as follows: mice must enter a 947 

minimum of 3 quadrants of the maze within 2 of the first 5 trials and must enter the escape chamber 948 

during the first three trials. 1 wildtype and 1 knockout mouse were excluded from analysis due to 949 

refusal to enter the chamber. 1 h and 3 days following the last trial, probe tests were performed 950 

whereby the mouse was allowed to explore the maze for 1 min with the escape chamber 951 

removed. Time spent in the target quadrant of the maze and the number of nose pokes in each hole 952 

were recorded to assess memory of the escape chamber location. To assess cognitive flexibility, mice 953 

underwent the reversal learning phase (R1-R3), whereby the escape box was moved to 180° from the 954 

original location, and measurements were taken as above. A probe test was also performed 3 days 955 

after the final reversal trial. The median age of mice assessed that were trained and untrained were 956 

comparable between genotypes at the time of sacrifice for immunofluorescent or electron microscopy 957 

analysis: untrained FIRE+/+ and FIREΔ/Δ mice were 118 days old, trained FIRE+/+ mice were 119 days old, 958 

and trained FIREΔ/Δ mice were 120 days old. 959 

 960 

EdU incorporation 961 

For EdU labelling, EdU (5-ethynyl-2’-deoxyuridine; Fluorochem) was dissolved in the drinking water at 962 

0.2 mg/mL, previously determined to be nontoxic (83), for a period of 14 days from the end of Trial 963 
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Day 1 until experiment end. The water was exchanged every other day and intake was monitored to 964 

assess whether consistent volumes were consumed. 965 

 966 

Microglia depletion in adulthood 967 

The CSF1R inhibitor PLX5622 (Chemgood; C-1521) was formulated into chow at a concentration of 968 

1200ppm (Research Diets Inc.; D11100404i) and fed to 2-month-old and 5-month-old wildtype 969 

(FIRE+/+) mice for 1 month and sacrificed as above. 970 

 971 

SRI-011381 hydrochloride administration 972 

The TGFβ signalling agonist SRI-011381 hydrochloride (HY-100347A, Cambridge Bioscience/MedChem 973 

Express), dissolved in PBS containing DMSO (10%) and PEG300 (40%), was injected intraperitoneally 974 

into FIREΔ/Δ mice at a dose of 30 mg/kg 3 times per week for 3 weeks (9 injections in total) and 975 

sacrificed as above. 976 

 977 

Measuring TGFβ1 levels by ELISA 978 

Following perfusion with PBS, the corpus callosum was dissected from 2 mm coronal sections of FIREΔ/Δ 979 

and wildtype brains and snap-frozen in liquid nitrogen. Samples were homogenised in RIPA buffer 980 

(Millipore; 20-188) containing phosphatase and protease inhibitors (Sigma-Aldrich; 4906845001 and 981 

11836170001). Corpus callosum lysate samples were activated and TGFβ1 protein levels were 982 

measured by ELISA (Biolegend; 436707), according to the manufacturer's instructions for 983 

serum/plasma samples, at a final dilution of 1:10. BCA assay was performed to measure total protein 984 

according to the manufacturer’s instructions (Thermo Fisher Scientific, 23225), and values were 985 

normalised to this for each sample. 986 
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Brain dissociation and cell sorting for single-cell RNA sequencing 987 

 988 

Brains were collected from 6–7-week-old female mice at the same time of day for each animal. Mice 989 

were culled via cervical dislocation and brains were dissected, with the olfactory bulbs and cerebellum 990 

being removed. Hippocampi from both hemispheres and the remainder of the left hemisphere 991 

(without the hippocampus) were collected in ice-cold HBSS (w/o Ca2+ and Mg2+; 14175-053; Gibco) 992 

with 5% trehalose (T0167; Sigma Aldrich) and 30 µM actinomycin D (A1410; Sigma Aldrich) and were 993 

finely minced using a 22A scalpel. Brains were digested using the Adult Brain Dissociation Kit (130-994 

107-677; Miltenyi Biotec), with the following modifications: (i) tissues were dissociated as described 995 

in the “manual dissociation” section of the Neural Tissue Dissociation Kit protocol (130-092-628; 996 

Miltenyi Biotec), (ii) enzymatic digestions were performed at 35°C, (iii) half the concentration of 997 

enzyme P was used, (iv) actinomycin D was used to limit dissociation-induced transcriptional changes,  998 

(v) 5% trehalose was added in all buffers to increase cellular viability, (vi) cell clusters were removed 999 

by filtration through pre-moistened 70 μm (352350; Falcon) and 40 μm (352340; Falcon) cell strainers, 1000 

(vii) erythrocyte and myelin debris removal steps were omitted during dissociation steps, and (viii) all 1001 

centrifugations were performed at 200 g at 4°C. After dissociation, cells were collected in PBS with 1002 

0.2% BSA before being sorted on a Sony SH800 cell sorter. Gates were chosen based on forward and 1003 

side scatter to exclude myelin debris, erythrocytes, and doublets. Non-viable cells were excluded 1004 

based on Draq7 and/or DAPI staining (Draq7high and/or DAPIhigh cells were classified as non-viable). 1005 

After confirming the viability of cells post-sorting, using trypan blue and a haemocytometer, single 1006 

cells were processed through the Chromium Single Cell Platform using the Chromium Next GEM Single 1007 

Cell 3’ GEM Library and Gel Bead Kit (v3.1 chemistry, PN-1000121, 10x genomics) and the Chromium 1008 

Next GEM Chip G kit (PN-1000120) and processed following manufacturer’s instructions. Libraries 1009 

were sequenced using the NovaSeq 6000 sequencing system (PE150 [HiSeq], Illumina). 1010 

 1011 

 1012 
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Pre-processing of sequencing data and single -cell RNA sequencing analysis  1013 

 1014 

Alignment to the reference genome, feature counting and cell calling was performed following the 1015 

10X Genomics CellRanger (v5.0.0) pipeline, using the default mm10 genome supplied by 10X Genomics 1016 

(refdata-gex-mm10-2020-A). From the output, the filtered matrices were used for downstream 1017 

analyses. Pre-processing was performed on the University of Edinburgh's compute cluster Eddie. The 1018 

analysis was performed with R version 4.1.1. Full details to replicate the analysis pipelines described 1019 

below can be found in code scripts available on GitHub (https://github.com/Anna-1020 

Williams/Veronique-Firemice). Cells were filtered using dataset-specific parameters on the basis of 1021 

genes and UMIs per cell, the ratio between these two parameters, and percentage of mitochondrial 1022 

gene reads per cell. Thresholds were computed with the isOutlier function from scater(v1.20.1), as 1023 

batch 6 was of poorer quality than the other batches, with outlier values, the subset argument was 1024 

used. Only genes that were detected in at least two cells were kept. With scran (v1.20.1), the data 1025 

were normalised by deconvolution and the top 15% highly variable genes were selected. Following 1026 

principal component analysis (PCA), 25 principal components (PCs) were kept for downstream analysis 1027 

(cut-off selected by examination of an Elbowplot). Non-linear dimensional dimension representation 1028 

(UMAP) and t-SNE and gene expression variance explained by batch (computed with scater) revealed 1029 

the need for batch correction. Batch correction was performed by mutual nearest neighbours with 1030 

fastMNN, batchelor (v1.8.0). Finally, a graph-based clustering approach was used to cluster the cells 1031 

using the clusterCells function from scran, with k = 60. Clusters with the highest expression of 1032 

oligodendrocyte markers (Plp1, Mog, Mag and Mbp) and that did not express other cell type markers 1033 

(for example, astrocyte, OPC or microglia markers) were subsetted to be analysed separately. Cell and 1034 

gene quality control were further adjusted setting a stricter minimum UMI count threshold (5000 1035 

UMIs) and maximum percentage of mitochondrial gene reads per cell (10%). A small cluster of cells of 1036 

lower quality based on the new thresholds was also excluded from the analysis (Extended Data Fig.10). 1037 

Ultimately, we included a total of 19506 genes and 13583 cells. The normalisation, feature selection, 1038 

dimensional reduction and batch correction were repeated with the subset dataset as described 1039 
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above. Clustering was performed at different resolutions, and after examination with clustree (v0.4.4), 1040 

k = 100 was selected, and then merged into four clusters (Fig.6A, Extended Data Fig.10). Differential 1041 

gene expression between cluster 1 (specific to the FIRE mice) and the mean expression of all other 1042 

cells was performed with FindMarkers from Seurat (v4.1.0) (Extended Data Sheet 1). 1043 

 1044 

Lipidomics  1045 

Corpus callosum from FIRE+/+ and FIREΔ/Δ mice was diluted in 700 μl of PBS with 800 μl 1 N HCl:CH3OH 1046 

1:8 (v/v), 900 μl ChCl3 and 200 μg/ml of the antioxidant 2,6-di-tert-butyl-4-methylphenol (BHT; Sigma-1047 

Aldrich). Three μl of SPLASH LIPIDOMIX Mass Spec Standard (Avanti Polar Lipids) was added into the 1048 

extract mix. The organic fraction was evaporated at room temperature using the Savant Speedvac 1049 

spd111v (Thermo Fisher), and the remaining lipid pellet was reconstituted in 100% ethanol. Lipid 1050 

species were analyzed by liquid chromatography electrospray ionization tandem mass spectrometry 1051 

(LC-ESI-MS/MS) on a Nexera X2 UHPLC system (Shimadzu) coupled with hybrid triple 1052 

quadrupole/linear ion trap mass spectrometer (6500+ QTRAP system; AB SCIEX). Chromatographic 1053 

separation was performed on a XBridge amide column (150 mm x 4.6 mm, 3x5 μm; Waters) 1054 

maintained at 35°C using mobile phase A [1 mM ammonium acetate in water-acetonitrile 5:95 (v/v)] 1055 

and mobile phase B [1 mM ammonium acetate in water-acetonitrile 50:50 (v/v)] in the following 1056 

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;  1057 

100% B; 13-19 min: 100% B; 19-24 min: 0% B) at a flow rate of 0.7 ml/min which was increased to 1.5 1058 

ml/min from 13 minutes onwards. Sphingomyelin (SM) and cholesteryl esters (CE) were measured in 1059 

positive ion mode with a precursor scan of 184.1, 369.4. Triglycerides (TG), diglycerides and 1060 

monoglycerides were measured in positive ion mode with a neutral loss scan for one of the fatty acyl 1061 

moieties. Phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylglycerol (PG), 1062 

phosphatidylinositides (PI), and phosphatidylserines (PS) were measured in negative ion mode by fatty 1063 

acyl fragment ions. Lipid quantification was performed by scheduled multiple reactions monitoring, 1064 
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the transitions being based on the neutral losses or the typical product ions as described above. The 1065 

instrument parameters were as follows: Curtain Gas = 35 psi; Collision Gas = 8 a.u. (medium); IonSpray 1066 

16 Voltage = 5500 V and -4500 V; Temperature = 550 °C; Ion Source Gas 1 = 50 psi; Ion Source Gas 2 = 1067 

60 psi; Declustering Potential = 60 V and -80 V; Entrance Potential = 10 V and -10 V; Collision Cell Exit 1068 

Potential = 15 V and -15 V. Peak integration was performed with the Multiquant TM software version 1069 

3.0.3. Lipid species signals were corrected for isotopic contributions (calculated with Python Molmass 1070 

2019.1.1) and were quantified based on internal standard signals and adhere to the guidelines of the 1071 

Lipidomics Standards Initiative.  1072 

 1073 

Immunofluorescent staining of human tissue 1074 

Post-mortem tissue from ALSP patients and controls that died of non-neurological causes (Extended 1075 

Data Table 1) were obtained with full ethical approval from the Queen Square Brain Bank for 1076 

Neurological Disorders, UCL Queen Square Institute of Neurology and their use was in accord with the 1077 

terms of the informed consents. Diagnosis of ALSP was confirmed by mutations in CSF1R and by 1078 

neuropathological means and clinical history was provided by Dr Zane Jaunmuktane (University 1079 

College London). Formalin-fixed paraffin embedded tissue blocks were cut at 10 μm. Sections were 1080 

placed in the oven at 60 °C for 10 min and deparaffinised by a series of washes in HistoClear (2x 10 1081 

mins) and ethanol (100% twice, 95%, 70%, 50%; 5 mins each). Following washes in PBS, slides were 1082 

placed in a pressure cooker in Vector unmasking solution for 20 min, cooled, washed once, and 1083 

blocked for 1 h with 5% normal horse serum (GIBCO) and 0.3% Triton-X-100 (Fisher Scientific) in 1084 

PBS. Tissue was incubated with primary antibodies in a humid chamber overnight. Sections were then 1085 

washed in PBS, and fluorescently conjugated secondary antibodies were applied for 2h at room 1086 

temperature in a humid chamber (1:500, Life Technologies-Molecular Probes). Following washes in 1087 

PBS and then water, the sections were counterstained with Hoechst and washed with distilled water 1088 

for 20 min. Slides were then coverslipped with Fluoromount-G (Southern Biotech). Primary antibodies 1089 
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included α-IBA1 (Abcam, 1:500; ab5076) and α-LYVE1 (Abcam, 1:100; ab14917). Entire tissue sections 1090 

were imaged using a Zeiss AxioScan Z.1 SlideScanner. Three fields of 150 μm × 150 μm were counted 1091 

per region of interest in each case and counts were multiplied to determine density of immunopositive 1092 

cells per mm2.  1093 

 1094 

Electron microscopy of human tissue 1095 

ALSP tissue was acquired from the Department of Neuropathology at Charité-Universitätsmedizin 1096 

Berlin (38) and control tissue from the Medical Research Council Edinburgh Brain and Tissue Bank 1097 

(EBTB), approved by the respective ethical review boards. ALSP tissue samples of the white matter 1098 

were fixed in 2.5% glutaraldehyde in 0.1M sodium cacodylate buffer for 48 h at 4 °C, afterwards post-1099 

fixed in 1% osmium tetroxide in 0.05M sodium cacodylate buffer for 3 h, dehydrated in graded acetone 1100 

series including en bloc staining with 1% uranyl acetate and 0.1% phosphotungstic acid in the 70% 1101 

acetone step for 60 min and embedded in araldite resin. For control tissue, ultrathin sections were 1102 

stained with uranyl acetate and lead citrate and imaged with a Zeiss P902 electron microscope. For 1103 

ALSP tissue, ultrathin sections with virtual absence of limiting artefacts were prepared and entirely 1104 

digitized using a Zeiss Gemini 300 scanning electron microscope with a scanning transmission electron 1105 

microscopy (STEM) detector as previously described (84). Briefly, we used 29 kV acceleration voltage, 1106 

5 nm pixel size and 1.5 µs beam dwell time for digitisation and Fiji/TrakEM2 for stitching to allow for 1107 

in-depth analysis via QuPath.  1108 

 1109 

Statistics 1110 

All manual cell counts were performed in a blinded manner. Data are represented as mean ± s.e.m. 1111 

Prior to statistical testing, data were assessed for normality of distribution using the Shapiro-Wilk test. 1112 

Statistical tests included two-tailed Student’s t test for normally distributed data or Mann–Whitney 1113 
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test for non-parametric data, 2-way ANOVA with Sidak’s multiple comparisons test for comparing 1114 

more than 2 groups, and a one-sample t-test for comparison of Log2 fold change to a value of 0. For 1115 

Barnes Maze analysis of primary latency and errors, repeated measures 2-way ANOVA with Sidak’s 1116 

multiple comparisons test was used. Before testing for inter-group differences in the probe test data, 1117 

each genotype was tested against chance (25%) using a one sample t-test. Slopes of myelin and inner 1118 

tongue thickness versus axon diameter were compared using simple linear regression analysis. A P 1119 

value of < 0.05 was considered statistically significant. Data handling and statistical processing were 1120 

performed using Microsoft Excel and GraphPad Prism Software.  1121 
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