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EXTENDED DATA TABLE 1 

 
 

Clinical information from human tissue analysis. IHC: Immunohistochemistry; EM: electron 

microscopy; ALSP: Adult-onset Leukoencephalopathy with axonal Spheroids and Pigmented glia; 

N/A: not available; M: male; F: female. 

 
  



 
 
  



Extended Data Figure 1: Characterisation of FIREΔ/Δ mouse.  
A) Representative images of perivascular macrophages (CD206+; magenta) in association with 
blood vessels (CD31+; white) in FIRE+/+ and FIREΔ/Δ mouse corpus callosum at 1 month of age. 
Scale bar, 25 μm.  
B) Representative images of perivascular macrophages (LYVE1+ CD68+) at 3-4 months and 6 
months of age in FIRE+/+ and FIREΔ/Δ mouse corpus callosum. Scale bar, 75 µm. 

 C) Mean density of LYVE1+ CD68+ cells per mm2 ± s.e.m. in FIRE+/+ mice (green) and FIREΔ/Δ mice 
(magenta) at 3-4 months and 6 months of age. Non-significant, P>0.9999 and 0.7698, Mann 
Whitney and unpaired 2-tailed Student’s t-test respectively. n=4-5 and 3-5 animals/group 
respectively. 

 D) Flow cytometry gating strategy for assessment of non-microglial myeloid cells (including 
BAMs; CD11b+ CD45hi). 

 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 in non-microglial myeloid cells (including BAMs) 
in FIRE+/+ and FIREΔ/Δ mice. ****P<0.0001, 2-tailed unpaired Student’s t-test. n=4-5 
animals/group. 
G) 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.  
H) Mean SOX9+ GFAP+ cells per mm2 ± s.e.m. in FIRE+/+ and FIREΔ/Δ mice 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.  

 

  



 

  



Extended Data Figure 2: Myelin protein expression in the FIREΔ/Δ mouse.  

 A) Mean pixel intensity of MAG and MBP ± s.e.m. in FIRE+/+ (green) and FIREΔ/Δ (magenta) corpus 
callosum at 1 month of age. Non-significant, P=0.6482 and 0.1097 respectively, unpaired 2-
tailed student’s t-test. n=5 animals/group. 

 B) Representative images of CNPase, MOG, and PLP (white) in FIRE+/+ and FIREΔ/Δ corpus 
callosum at 1 month of age. Scale bar, 75 μm.  

 C) Mean pixel intensity of CNPase, MOG, and PLP ± s.e.m. in FIRE+/+ (green) and FIREΔ/Δ 

(magenta) corpus callosum at 1 month of age. Non-significant, P=0.9758, 0.5699 and 0.4551 
respectively, unpaired 2-tailed Student’s t-test. n=5 animals/group. 

 D) Mean pixel intensity of MAG and MBP ± s.e.m. in FIRE+/+ (green) and FIREΔ/Δ (magenta) 
cerebellum at 1 month of age. Non-significant, P=0.5462 and 0.3067 respectively, unpaired 2-
tailed Student’s t-test. n=5 animals/group. 

 E) Representative images of MBP (magenta) and MAG (green) in FIRE+/+ and FIREΔ/Δ cerebellum 
at 1 month of age. Scale bar, 75 μm.  

 
  



 



Extended Data Figure 3: Comparison of myelin across time points. 

 
A) Myelin thickness per 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 animals/group. 
B) Myelin thickness per 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. n=3-4 
animals/group. 

C) Myelin thickness per 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, n=3-4 
animals/group.  

D) Inner tongue thickness per 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, 
n=3-4 animals/group. 

E) Mean myelin thickness per axon diameter bin ± s.e.m. in FIRE+/+ and FIREΔ/Δ mice at 1, 3-4, 
and 6 months of age. n=3-4 animals/group. 

F) Mean inner tongue thickness per axon diameter bin ± s.e.m. in FIRE+/+ and FIREΔ/Δ mice at 1, 
3-4, and 6 months of age. n=3-4 animals/group 

 
  



 
 
Extended Data Figure 4: Axonal health in FIREΔ/Δ mouse corpus callosum. 

 
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+/+ mouse (green) and FIREΔ/Δ mouse (magenta) 
corpus callosum at 1 month of age. Non-significant, P= 0.4623, unpaired 2-tailed Student’s t-test. 
n=5-6 animals/group. 
C) Representative image of axonal spheroid in corpus callosum of FIREΔ/Δ mice at 3-4 months, 
indicated with arrow. Scale bar, 2 μm.  
D) Representative image of axonal spheroid in corpus callosum of FIREΔ/Δ mice at 6 months, 
indicated with arrow. Scale bar, 1 μm.  

 
  



 
Extended Data Figure 5: Learning and memory encoding supplementary data. 

A) Mean 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. Mice tested were 2-4 months of age, with a median 
age of 119 days old (FIRE+/+) and 120 days old (FIREΔ/Δ). 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 and Sidak’s multiple comparison test. 
 P= repeated measures 2-way ANOVA and Sidak’s multiple comparison 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 and 
Sidak’s multiple comparison 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 and 
Sidak’s multiple comparison test.  
D) 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. Non-significant, P=0.6933, 2-tailed unpaired Student’s t-test.  
E) 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 
and Sidak’s multiple comparison test.  

 
  



  



Extended Data Figure 6: FIREΔ/Δ mouse general behaviour characterization 

A) Schematic of Open Field test.  
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 middle-aged); n=22 FIREΔ/Δ mice (12 young, 
10 middle-aged). Young mice= 4-8 weeks of age, Middle aged mice = 11-13 weeks of age. Non-
significant; 2-way ANOVA.  
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 middle-aged); n=22 
FIREΔ/Δ

 mice (12 young, 10 middle-aged). Young mice= 4-8 weeks of age, Middle aged mice = 11-13 
weeks of age. Non-significant; 2-way ANOVA.  
D) 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 and 

Sidak’s multiple comparison test.  
E) 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 and 
Sidak’s multiple comparison test.  
F) 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 and Sidak’s 

multiple comparison test.  
G) 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 and Sidak’s 
multiple comparison test.  
H) Representative images of corpus callosum 6 weeks post cognitive testing. Scale bar, 1 µm. 
I) Mean number of myelinated axons per mm2 ± s.e.m. in untrained vs trained mice. n=3 per group in 
untrained category, and n=4-6 mice per group in trained category. FIRE+/+ mice *P=0.0364, FIREΔ/Δ 

mice non-significant, P=0.8537, unpaired 2-tailed Student’s t-test. 
J) Mean percentage increase in myelinated axons in FIRE+/+ and FIREΔ/Δ mice. n=4-6 animals/group. 
K) 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=4-6 animals/group. 

 
 
 



 

  



Extended Data Figure 7: Demyelination onset in FIREΔ/Δ mice. 

A) Representative images and mean pixel intensity of MAG (green) and PLP (magenta) ± s.e.m. 
in FIRE+/+ (green) and FIREΔ/Δ (magenta) corpus callosum at 6 months of age. Scale bar, 75 
µm. Non-significant, P=0.4335 and 0.3471 respectively, unpaired 2-tailed Student’s t-test. 
n=3-5 animals/group. 

B) Mean inner tongue thickness per axon diameter bin ± s.e.m. in FIRE+/+ and FIREΔ/Δ mice at 6 
months of age. n=3-4 animals/group. 

C) Mean myelin thickness per axon diameter bin ± s.e.m. in FIRE+/+ and FIREΔ/Δ mice at 6 months 
of age. *P=0.0263, unpaired 2-tailed Student’s t-test. n=3-4 animals/group. 

D) Representative images of mature oligodendrocytes co-expressing Olig2 (white) and CC1 
(magenta) in FIRE+/+ and FIREΔ/Δ mice at 6 months of age. Scale bar, 75 µm.  
Mean OLIG2+ CC1+ cells per mm2 ± s.e.m. in FIRE+/+ and FIREΔ/Δ mice. Non-significant, 
P=0.6400, 2-tailed unpaired Student’s t-test. n=3-5 mice per group. 
Mean proportion of cells of the oligodendrocyte lineage (Olig2+) which are mature (CC1+; 
black) or immature (CC1-; grey) ± s.e.m. Non-significant, CC1+: P=0.9938; CC1-: ns P=0.9938 , 
1-way ANOVA with Tukey’s multiple comparison test. n=3-4 mice per group. 

E) Representative images of mature oligodendrocytes co-expressing OLIG2 (white) and CC1 
(magenta) in FIRE+/+ and FIREΔ/Δ mice at 3-4 months of age. Scale bar, 75 µm.  
Mean OLIG2+ CC1+ cells per mm2 ± s.e.m. in FIRE+/+ and FIREΔ/Δ mice. Non-significant, 
P=0.9825, 2-tailed unpaired Student’s t-test. n=5 mice per group. 
Mean proportion of cells of the oligodendrocyte lineage (OLIG2+) which are mature (CC1+; 
black) or immature (CC1-; grey) ± s.e.m. Non-significant, CC1+: P=0.7076; CC1-: P=0.7076, 1-
way ANOVA with Tukey’s multiple comparison test. n=5 mice per group. 

F) Representative 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, 5µm and 1µm. 

G) Mean number of myelinated axons per mm2 ± s.e.m. in FIRE+/+ mice (green) and FIREΔ/Δ mice 

(magenta). **P= 0.0042, unpaired 2-tailed Student’s t-test. n=3 animals/group. 

H) Mean myelin thickness per small (<0.6µm) or medium-large (>0.6µm) axon diameter bin ± 

s.e.m. in FIRE+/+ and FIREΔ/Δ mice at 3-4 months of age. <0.6µm: non-significant, P=0.8978, 

>0.6 µm: *P= 0.0491, 2-way ANOVA with Sidak’s multiple comparison test. n=3 

animals/group. 

I) Mean of mean diameters (0.7290µm) of demyelinated axons per representative image ± 

s.e.m. in FIREΔ/Δ mice. n=3 animals. 

 

  



 

  



Extended Data Figure. 8: 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 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. ***P=0.0004, unpaired 2-tailed Student’s t-test, n=3-5 

animals/group. 

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 per 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. n=3-5 animals/group. 

***P<0.0001, simple linear regression of intercepts. 

G) Myelin thickness per 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. n=3-5 animals/group. 

***P<0.0001, simple linear regression of slopes. 

H) Representative 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 (green) or PLX diet 

(magenta) from 2 to 3 months of age. Non-significant, P= 0.3645, 2-tailed unpaired Student’s 

t-test. n=3-5 mice per group. 

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. Non-significant, CC1+: P= 0.3779; 
CC1- 0.3779: P=, 1-way ANOVA with Tukey’s multiple comparison test. n=3-5 mice per group. 

J) Adult FIRE+/+ mice were fed the CSF1R inhibitor PLX5622 in the diet from 5 to 6 months of 

age. 

K) Representative 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 (green) vs PLX 

diet (magenta) from 5 to 6 months of age. **P=0.0024, unpaired 2-tailed student’s t-test. 

n=3 animals/group. 

 

  



 

 

 



Extended Data Figure 9: ALSP 

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 ALSP and control. 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 ALSP and control. n=3 cases per group. **P=0.0015, 2-way ANOVA and 
Sidak’s multiple comparison test.  
E) Mean number of myelinated axons per axon diameter bin ± s.e.m. in Control and ALSP patients. 
n=2/group. 
F) Mean inner tongue thickness per axon diameter bin ± s.e.m. in Control and ALSP patients. 
n=2/group. 
G) Mean myelin thickness per axon diameter bin ± s.e.m. in Control and ALSP patients. n=2/group. 

  



 

  



Extended Data Fig.10: 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) Fgfr3 (astrocytes), B) Cd68 (microglia), C) 

Pdgfra (OPCs) and D) Gpr17 (committed oligodendrocyte precursors), with circle 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 merging clusters 2 

and 6 and clusters 3 and 5 (pink boxes) from the clustering with k=100 (light blue). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

Extended Data Fig.11: Conditional knockout of Tgfbr1 in oligodendrocytes. 

A) 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. 

B) Mean relative TGFβR1 intensity ± s.e.m. per OLIG2+ cell in Tgfbr1fl/fl and Plp-CreERT:Tgfbr1fl/fl 

mice. *P=0.011, unpaired 2-tailed Student’s t-test. n=3 animals/group. 

C) 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). Non-significant, 2-

way ANOVA and Sidak’s multiple comparison test. n=3 animals/group. 

D) Mean inner tongue thickness per axon diameter bin ± s.e.m. in wildtype mice (WT; green), 

Plp-CreERT:Tgfbr1fl/fl mice (magenta) and Tgfbr1fl/fl mice (blue). <0.3µm WT vs. Plp-

CreERT:Tgfbr1fl/fl: *P=0.0346, 2-way ANOVA and Sidak’s multiple comparison test. n=3 

animals/group. 

E) Mean myelin tongue thickness per axon diameter bin ± s.e.m. in wildtype mice (WT; green), 

Plp-CreERT:Tgfbr1fl/fl mice (magenta) and Tgfbr1fl/fl mice (blue). <0.3µm WT vs. Tgfbr1fl/fl: 

*P=0.0257; >1µm WT vs. Plp-CreERT:Tgfbr1fl/fl **P= 0.0035 and Plp-CreERT:Tgfbr1fl/fl vs. 

Tgfbr1fl/fl ***P= 0.0003, 2-way ANOVA and Sidak’s multiple comparison test. n=3 

animals/group. 



 

Extended Data Fig.12: Assessment of myelin integrity in FIREΔ/Δ mice following SRI-01138 

hydrochloride treatment 

A) Mean number of myelinated axons ± s.e.m. per axon diameter (µm) in 3 month-old FIREΔ/Δ 

mice following treatment with vehicle control or SRI-01138 hydrochloride from 2 to 3 

months of age. Non-significant, 2-way ANOVA and Sidak’s multiple comparison test. n=3-4 

animals/group. 

B) Mean inner tongue thickness (µm) ± s.e.m. per axon diameter (µm) in 3 month-old FIREΔ/Δ 

mice following treatment with vehicle control or SRI-01138 hydrochloride from 2 to 3 

months of age. n=3-4 animals/group. 0.5-1.0µm: *P=0.0334, >1µm: ****P<0.0001, 2-way 

ANOVA and Sidak’s multiple comparison test. n=3-4 animals/group. 

C) Mean myelin thickness (µm) ± s.e.m. per axon diameter (µm) in 3 month-old FIREΔ/Δ mice 

following treatment with vehicle control or SRI-01138 hydrochloride from 2 to 3 months of 

age. n=3-4 animals/group. 0.5-1.0 µm: **P=0.0027, >1µm: ****P<0.0001, 2-way ANOVA and 

Sidak’s multiple comparison test. n=3-4 animals/group. 

 


