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Abstract

The molecules that constitute myelin are critical for the integrity of axon/myelin-units

and thus speed and precision of impulse propagation. In the CNS, the protein

composition of oligodendrocyte-derived myelin has evolutionarily diverged and

differs from that in the PNS. Here, we hypothesized that the CNS myelin prote-

ome also displays variations within the same species. We thus used quantitative

mass spectrometry to compare myelin purified from mouse brains at three

developmental timepoints, from brains of male and female mice, and from four

CNS regions. We find that most structural myelin proteins are of approximately

similar abundance across all tested conditions. However, the abundance of

multiple other proteins differs markedly over time, implying that the myelin

proteome matures between P18 and P75 and then remains relatively constant

until at least 6 months of age. Myelin maturation involves a decrease of

cytoskeleton-associated proteins involved in sheath growth and wrapping, along

with an increase of all subunits of the septin filament that stabilizes mature mye-

lin, and of multiple other proteins which potentially exert protective functions.

Among the latter, quinoid dihydropteridine reductase (QDPR) emerges as a

highly specific marker for mature oligodendrocytes and myelin. Conversely,

female and male mice display essentially similar myelin proteomes. Across the

four CNS regions analyzed, we note that spinal cord myelin exhibits a compara-

tively high abundance of HCN2-channels, required for particularly long sheaths.

These findings show that CNS myelination involves developmental maturation

of myelin protein composition, and regional differences, but absence of evidence

for sexual dimorphism.
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1 | INTRODUCTION

Oligodendrocytes support neuronal functions throughout the CNS.

Their cellular processes expand into myelin sheaths that enwrap and

insulate axonal segments, thereby enabling both rapid and precise prop-

agation of action potentials (Hartline & Colman, 2007; Tasaki, 1939).

They also support axonal homeostasis by providing specialized extracel-

lular vesicles (Chamberlain et al., 2021; Frühbeis et al., 2020) and energy

substrates for axonal mitochondria (Fünfschilling et al., 2012; Lee

et al., 2012; Looser et al., 2024; Späte et al., 2024), counteracting reac-

tive oxygen species (Kassmann et al., 2007; Mukherjee et al., 2020), and

maintaining ion homeostasis upon axonal activity (Kapell et al., 2023;

Marshall-Phelps et al., 2020). Indeed, oligodendroglial functions are

required to prevent the degeneration of myelinated axons. Structurally,

axons and their myelin sheaths are linked by adhesion proteins

(Djannatian et al., 2019; Elazar, Vainshtein, Golan, et al., 2019; Elazar,

Vainshtein, Rechav, et al., 2019; Nguyen et al., 2009). Together, myelin

proteins are critical for biogenesis and maintenance of the axon/myelin-

unit and the functions of oligodendrocytes in axonal support.

Systematic investigations of the molecular composition of myelin

membranes have benefitted from their comparatively high lipid con-

tent and thus low hydrated density, which allowed the development

of protocols for the biochemical isolation of highly pure myelin-

enriched fractions from nervous tissue via sucrose density gradient

ultracentrifugation and osmotic shocks (Autilio et al., 1964; Erwig,

Hesse, et al., 2019; Haley et al., 1981; Korey et al., 1958; Norton &

Poduslo, 1973). Early systematic assessment of CNS myelin proteins

involved separating myelin fractions by 1-dimensional SDS-PAGE

and protein labeling by Fast Green (Morell et al., 1972) or Coomassie

Blue (Magno-Sumbilla & Campagnoni, 1977). These approaches have

visualized 3–5 bands, which are mainly constituted by exceptionally

abundant myelin proteins that are now termed proteolipid protein

(PLP), myelin basic protein (MBP), and cyclic nucleotide phosphodies-

terase (CNP). More recently, myelin fractions have been assessed

using “omics”-techniques, including lipidomics (Gopalakrishnan et al.,

2013; Louie et al., 2023), transcriptomics (Thakurela et al., 2016), and

proteomics (Manrique-Hoyos et al., 2012; Taylor et al., 2004; Vanrobaeys

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

Since then, gel-free, label-free quantitative mass spectrometry

(Distler et al., 2016) has emerged as very powerful in the systematic

identification and simultaneous quantification of hundreds of distinct

proteins in myelin fractions, thereby allowing comprehensive profiling

of the CNS myelin proteome in mouse brains (Jahn et al., 2020). This

reflects that the dynamic range of mass spectrometry is markedly

higher compared to that of staining proteins in gels. Notwithstanding

that only about 50 among these proteins have so far been visualized

in myelin using independent, antibody-based techniques, and thus

confirmed as “known myelin proteins,” quantitative mass spectrome-

try has enabled the unbiased scrutiny of pathological myelin proteome

profiles in several mouse models (Buscham et al., 2022; Erwig, Patzig,

et al., 2019; Joseph et al., 2019; Patzig et al., 2016), and evolutionary

comparisons of CNS myelin between zebrafish and mice (Siems

et al., 2021). A recent analysis of myelin purified from the subcortical

white matter of humans (Gargareta et al., 2022) found that the

abundance of the major structural myelin proteins, including PLP,

MBP, and CNP, correlates well between humans and mice. However,

multiple other distinct myelin proteins were identified predominantly

or exclusively in human or mouse myelin, indicating species-

dependent divergence of CNS myelin protein composition across

mammalian species.

However, it is not known to which extent the CNS myelin prote-

ome varies within the same species. Here, we use quantitative mass

spectrometry to assess the proteome of myelin purified from mouse

brains at postnatal day 18 (P18), P75, and 6 months. We find that the

relative abundance of most structural myelin proteins, including MBP

and CNP, remains largely similar over time. However, the abundance

of the cytoskeleton-associated gelsolin (GSN), cofilin (CFL1, CFL2),

and sirtuin-2 (SIRT2) decreases with myelin maturation. In contrast,

the abundance of multiple other myelin proteins markedly increases

with maturation, including the subunits of myelin septin filaments

(SEPTIN2, SEPTIN4, SEPTIN7, and SEPTIN8), carbonic anhydrases

(CA2, CA14), heat shock protein crystallin-αB (CRYAB), the antioxida-

tive glutathione S-transferase-pi1 (GSTP1), and quinoid dihydropteri-

dine reductase (QDPR). QDPR emerges as a highly specific antigenic

marker for mature oligodendrocytes and myelin, thus complementing

traditional oligodendroglial markers. Maturation of the myelin prote-

ome is largely accomplished by P75. Importantly, no sex-dependent

differences were detected, as male and female mice displayed

essentially similar myelin proteomes at P75. Finally, comparing the

proteomes of myelin-enriched fractions from corpora callosa, optic

nerves, spinal cords, and cortices of male mice at P75 revealed that

hyperpolarization-activated cyclic nucleotide-gated potassium and

sodium channel 2 (HCN2), which enables the formation of particularly

long sheaths (Swire et al., 2021), is comparatively abundant in spinal

cord myelin. Together, our findings reveal that the developmental bio-

genesis of CNS myelin involves a step of maturation of its proteome.

Sexual dimorphism of myelin protein composition was not evident.

2 | RESULTS

2.1 | Purification of myelin from CNS tissue and
proteome analysis

We used an established protocol of sucrose density gradient centrifuga-

tion (Erwig, Hesse, et al., 2019) to biochemically enrich myelin as a light-

weight membrane fraction from the brains of male mice at postnatal day

18 (P18), P75, and 6 months (Figure 1a), the brains of male and female

mice at P75 (Figure 1b), and four CNS regions of male mice at P75

(Figure 1c). Myelin membranes accumulate at the interface between 0.32

and 0.85 M sucrose (Norton & Poduslo, 1973). When separating the puri-

fied myelin fractions by SDS-PAGE and staining the comprised proteins

by silver staining, we observed a high reproducibility of myelin purifica-

tion, but no signs of protein degradation (Supplemental Figure S1). The

fractions were thus considered suitable for systematic analysis of their

protein composition.
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To this aim we solubilized the myelin fractions using high urea

concentration and the zwitterionic detergent amidosulfobetain-14

(ASB-14), and subsequently subjected them to filter-aided sample

preparation (FASP) for automated in-solution tryptic digest, ultra-

performance liquid chromatography (nanoUPLC) for peptide fraction-

ation, and data-independent acquisition (DIA) of data by electrospray

F IGURE 1 Proteome analysis to address myelin heterogeneity in mice. (a–c) Schematic of the workflow. Myelin was biochemically
purified from the brains of male mice at three ages (P18, P75, 6 months) (a), brains of female and male mice at P75 (b), or four CNS regions
of male mice at P75 (cortex, corpus callosum [cc], optic nerve [opt. nerve], and spinal cord [spi. cord]) (c). The protein composition of the

myelin fractions was analyzed by quantitative mass spectrometry with n = 3 biological replicates per condition each, and two technical
replicates at the tryptic digest level for the maturation- (a) and sex-dependent sample sets (b), or four technical replicates at both the
digestion and injection level for the CNS regions sample set (c). For SDS-PAGE-separation of myelin fractions and silver staining of proteins
see Supplemental Figure S1; for entire datasets see Supplemental Tables S1–S3. (d–f ) Principal Component Analysis (PCA) of the UDMSE

proteome datasets of CNS myelin purified from the brains of male mice at P18, P75, and 6 months (d), the brains of male and female mice at
P75 (e), and four CNS regions of male mice at P75 (f ). Note that the PCA of the myelin proteome of both the three ages, and the four CNS
regions, but not of the two sexes, shows evident clustering into distinct groups. (g–i) Clustered heatmaps showing Pearson's correlation
coefficients for protein abundance, comparing the UDMSE proteome datasets of CNS myelin purified from the brains of male mice at P18,
P75, and 6 months (g), the brains of male and female mice at P75 (h), and four CNS regions of male mice at P75 (i). Note that myelin at P18
clusters away from myelin at P75 and 6 months (g), and that the CNS regions display evident clustering (i). Conversely, the proteomes of
male and female myelin do not show evident clustering (h).
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ionization quadrupole time-of-flight (ESI-QTOF) mass spectrometry

(MS). We utilized two DIA-MS modes (MSE, UDMSE; for explanation

see below), which both enable the simultaneous identification and

quantification of all peptides entering the mass spectrometer. The

correlation of peptide signal intensities with the known concentration

of a spike-in protein digest (yeast enolase 1) thus allows the quantifi-

cation of proteins (TOP3 method; Silva et al., 2006).

We then assessed the resulting datasets (Supplemental Tables S1–

S3) by principal component analysis (PCA) (Figure 1d–f) and Pearson's

correlation coefficients for protein abundance (Figure 1g–i). By both

methods, the myelin proteome dataset at P18 clustered markedly away

from those at P75 and at 6 months (Figure 1d,g). The myelin proteome at

P75 and at 6 months also clustered away from each other, although less

pronounced (Figure 1d,g). This implies that the protein composition of

CNS myelin changes considerably during its maturation up to P75, and

after that remains more similar up to an age of at least 6 months. When

using PCA and Pearson's correlation coefficients to compare the myelin

proteome of male and female mice, the datasets did not segregate into

distinct clusters (Figure 1e,h). This indicates that myelin protein compo-

sition in the brains of female and male mice is essentially similar, at least

at P75. When comparing the proteome of myelin purified from four

CNS regions (Figure 1f,i), all datasets decidedly clustered away from

each other. Yet, the proteome dataset of myelin purified from a gray

matter region (the cortex) clustered further away from that of a white

matter region (corpus callosum) or those of mixed regions (optic nerve,

spinal cord). Together these data imply that the proteome of myelin

depends on its maturation and the analyzed CNS region, but not on the

sex of mice.

2.2 | Maturation of the myelin proteome

To visualize the changes of the myelin proteome coinciding with mat-

uration, we displayed the datasets in volcano plots (Figure 2a,b). In

agreement with the PCA and Pearson's correlation coefficients

(Figure 1d,g), the volcano plot displayed considerable differences

between the myelin proteome at P18 and P75 (Figure 2a), but only

little variation between P75 and 6 months (Figure 2b).

To highlight the relative abundance of known myelin proteins we

used heatmaps (Figure 2c). The mass spectrometry mode MSE enables

the quantification of myelin proteins with a dynamic range of over

four orders of magnitude parts per million (PPM). MSE is thus suited

for reliable quantification of all identified myelin proteins (Gargareta

et al., 2022; Jahn et al., 2020), but of particular relevance for quantifi-

cation of the exceptionally abundant proteolipid protein (PLP), myelin

basic protein (MBP), cyclic nucleotide phosphodiesterase (CNP), clau-

din 11 (CLDN11), myelin-associated glycoprotein (MAG), and myelin

oligodendrocyte glycoprotein (MOG). On the other hand, the ultrade-

finition MSE mode (UDMSE), comprising an additional level of peptide

separation by ion mobility spectrometry, identifies more than two

times as many proteins in myelin compared to MSE. However, UDMSE

displays a compressed dynamic range of only about three orders of

magnitude PPM (Gargareta et al., 2022; Jahn et al., 2020). In the

following heatmaps comparing protein abundances, we will thus dis-

play PLP, MBP, CNP, CLDN11, MAG, and MOG according to data

gained by MSE, and all other myelin proteins according to UDMSE.

We found that most structural myelin proteins displayed a similar

relative abundance in myelin at all three ages, as exemplified by MBP,

CNP, MAG, MOG, plasmolipin (PLLP), and tetraspanin-2 (TSPAN2)

(Figure 2c). However, the abundance of several other myelin proteins

in myelin increased with maturation, including that of PLP, N-myc

downstream regulated-1 gene (NDRG1), contactin-2 (CNTN2), and

peptidyl arginine deiminase 2 (PADI2) (Figure 2c). The abundance of

all subunits of the myelin septin filament (SEPTIN2, SEPTIN4, SEP-

TIN7, and SEPTIN8) also increased with maturation, in agreement

with a previous report (Patzig et al., 2016), as did that of the septin-

associated cytoskeletal adaptor anillin (ANLN) (Figure 2c). Notably,

several proteins that display a markedly increased abundance coincid-

ing with myelin maturation may exert protective functions, including

the carbonic anhydrases CA2 and CA14, the immunomodulatory tet-

raspanin CD82, the antioxidative glutathione S-transferase-pi1

(GSTP1), the small heat shock protein crystallin-αB (CRYAB), and quin-

oid dihydropteridine reductase (QDPR) (Figure 2c). On the other hand,

multiple cytoskeleton-associated myelin proteins were more abundant

in myelin at P18, that is, the actin-associated gelsolin (GSN) and cofi-

lins (CFL1, CFL2), as well as the microtubule-associated sirtuin-2

(SIRT2) (Figure 2c). Importantly, these mass spectrometric compari-

sons were generally in agreement with immunoblot-based validation

of selected of these proteins (Figure 2d). Together, these results imply

that the protein composition of CNS myelin in the brains of mice

matures between P18 and P75.

To approach if maturation-dependent changes of protein

abundance in myelin (Figure 2) correlate with changes of transcript

abundance in oligodendrocytes, we utilized previously published

scRNA-seq datasets (GSE75330; Marques et al., 2016). These data

allow the comparison of mRNA abundance in mature oligodendrocytes

(MOL) of juvenile mice at age P18–P31 with those of adult mice at age

P50–P90. To this aim, we evaluated the abundance of selected tran-

scripts in all 1894 cells designated as mature oligodendrocytes (MOL)

in juvenile and all 450 cells designated as MOL in mature mice

(Supplemental Figure S2). Notably, however, only a subset of myelin-

related genes displayed a similar trend in the mRNA abundance in MOL

and protein abundance in myelin. For example, structural myelin pro-

teins Mbp/MBP and Cnp/CNP display approximately similar transcript

levels in P18–P31 versus P50–P90 MOL and protein abundance levels

in P18 versus P75 myelin. On the other hand, Plp1 transcript abun-

dance in P50–P90 MOL decreased compared to P18–P31 MOL while

the abundance of PLP in myelin increased between P18 and P75,

although moderately. It has been previously noted that the abundance

in myelin of the subunits of the septin filament that stabilizes mature

CNS myelin (SEPTIN2, SEPTIN4, SEPTIN7, and SEPTIN8) increases

coinciding with the development of the CNS, with the strongest

increase being that of SEPTIN4 and the adaptor protein ANLN (Erwig,

Patzig, et al., 2019; Patzig et al., 2016). This increase is also manifest in

the present proteome dataset (Figure 2c). However, only Septin4, Sep-

tin7, and Anln display increased transcript levels in P50–P90 compared

4 SIEMS ET AL.
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F IGURE 2 Changes of the CNS myelin proteome during postnatal brain maturation. (a, b) Volcano plots comparing the UDMSE proteome
datasets of myelin purified from the brains of mice at P18 and P75 (a), and at P75 and 6 months (b). Protein abundance is plotted as log2-
transformed fold-change (FC) on the x-axis against the �log10-transformed adjusted p-value (p.adj) on the y-axis. Stippled lines respectively
indicate a minimal log2FC of j1.0j (factor >2.0 on normal scale) and a minimal �log10-transformed p.adj-value of 1.301 (p.adj <.05 on normal scale)
as significance threshold. n = 3 biological replicates were analyzed per group with two technical replicates each. Datapoints highlighted in blue
represent known myelin proteins; gray datapoints represent other proteins mass spectrometrically quantified in myelin. Note that the myelin
proteome changes considerably between P18 and P75 but remains comparatively similar between P75 and 6 months. For entire dataset see
Supplemental Table S1. (c) Heatmap displaying selected known myelin proteins with higher (magenta) or lower (green) abundance in myelin
purified from the brains of mice at P18, P75, and 6 months compared to the averaged abundance in myelin at 6 months of age. Heatmap shows
three biological replicates per condition with two technical replicates each. Note that myelin maturation coincides with an increase in the
abundance of all subunits of the myelin septin filament (SEPTIN2, SEPTIN4, SEPTIN7, SEPTIN8, and ANLN) and multiple proteins (CA2, CA14,
CD82, GSTP1, CRYAB, and QDPR) with potentially protective functions, as well as decreased abundance of multiple proteins associated with
actin or microtubules (GSN, SIRT2, CFL1, and CFL2). (d) Immunoblot analysis of selected myelin proteins confirms mass spectrometrically
quantified abundance changes during myelin maturation. Blot shows n = 2 mice per age. Fast green protein staining as loading control.
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to P18–P31 MOL, while that of Septin2 decreased (Supplemental

Figure S2). CA2, CA14, CD82, GSTP1, CRYAB, and QDPR also dis-

played increased protein abundance in P75 versus P18 myelin; how-

ever, only Ca2, Cd82, Gstp1, Cryab, and Qdpr transcript abundance in

MOL increased at P18–P31 versus P50–P90, while that of Ca14

decreased. On the other hand, the abundance of GSN, SIRT2, CFL1,

and CFL2 decreased in P75 versus P18 myelin; however, only Gsn tran-

script abundance in MOL decreased at P18–P31 versus P50–P90,

while that of Cfl1 increased. Thus, not all maturation-dependent

changes of protein abundance in myelin correlate with a similar trend

of the respective mRNA in MOL, at least with the selected conditions.

2.3 | QDPR as a marker for oligodendrocytes and
myelin

Considering that QDPR was identified among the proteins of which

the abundance in purified myelin markedly increased with maturation

(Figure 2c,d) but that its expression has not yet been characterized

well, we aimed to confirm its expression in myelin and oligodendro-

cytes using independent methods. By immunohistochemistry, a

previous study (Miyajima et al., 2022) did not detect cells double-

immunopositive for QDPR and the astrocyte marker glial fibrillary

acidic protein (GFAP) in the corpus callosum, or the serotoninergic

neuron marker tryptophan hydroxylase (TPH) in the dorsal raphe

nucleus, or the monoaminergic neuron marker tyrosine hydroxylase

(TH) in the substantia nigra pars compacta or the locus coeruleus. On

the other hand, at least some cells in the striatum were double-

immunopositive for QDPR and the oligodendrocyte marker CNP

(Miyajima et al., 2022). Notwithstanding that these results were not

quantified, they imply that QDPR is expressed in at least some oligo-

dendrocytes in the brain.

We thus asked if expression of Qdpr mRNA in oligodendrocytes

is also evidenced by an RNA-Seq database of cell types sorted from

mouse cortices (GEO dataset GSE52564; Zhang et al., 2014). Indeed,

Qdpr mRNA was enriched in myelinating oligodendrocytes compared

to newly formed oligodendrocytes, and in both of these oligoden-

droglial stages compared to all other analyzed cell types (oligoden-

drocyte precursor cells [OPC], endothelial cells, microglia, astrocytes,

and neurons) (Figure 3a). For comparison, Car2 mRNA, encoding the

oligodendroglial marker carbonic anhydrase 2 (CA2) (Ghandour

et al., 1980), was also enriched in myelinating oligodendrocytes

(Figure 3a). However, compared to Car2 mRNA, Qdpr mRNA was

enriched to a higher extent in myelinating oligodendrocytes over

endothelial cells and astrocytes. Bcas1 mRNA, encoding brain-

enriched myelin associated protein 1 (BCAS1; previously termed

breast cancer amplified sequence 1), a marker for newly formed oli-

godendrocytes (Fard et al., 2017; Kaji et al., 2020), was enriched in

newly formed and myelinating oligodendrocytes compared to OPC,

and virtually undetectable in other brain cell types (Figure 3a).

To test if human MOL also express Qdpr mRNA, we assessed a

previously published resource (Gargareta et al., 2022) which included

and integrated MOL subset from multiple available scRNA-seq

datasets of humans (Grubman et al., 2019; Habib et al., 2017; Jäkel

et al., 2019; Lake et al., 2018; Wheeler et al., 2020; Zhou et al., 2020)

and mice (Falcão et al., 2018; Marques et al., 2016; Saunders

et al., 2018; Wheeler et al., 2020; Ximerakis et al., 2019; Zeisel

et al., 2015, 2018). The official gene name of the human ortholog of

Car2 is CA2. Indeed, MOL of both mice and humans express Qdpr

mRNA (Figure 3b). For comparison, Car2/CA2 and Bcas1 mRNA are

also expressed in MOL of both species (Figure 3b).

We then used immunohistochemistry to compare QDPR-immu-

nopositivity of cell bodies in mouse brains with immunopositivity for

either CA2 or BCAS1 (Figure 3c,d). Indeed, a very high proportion of

cells (>95%) was double-immunopositive for both QDPR and CA2 in

both corpora callosa and cortices (Figure 3c,e). In both CNS regions,

a markedly smaller proportion of cells (<5%) was QDPR+/CA2�, and

almost no cells (<0.5%) were CA2+/QDPR�. In corpora callosa, a

similarly high proportion of cells (93.9%) was double-immunopositive

for QDPR and BCAS1; 2.1% of cells were QDPR+/BCAS1�, and

4% of cells were BCAS1+/QDPR�. In cortices, however, the pro-

portion of cells double-immunopositive for both QDPR and BCAS1

was lower (69.3%) while a larger proportion of cells (29.4%)

was BCAS1+/QDPR� (Figure 3d,f), most probably newly formed

oligodendrocytes (Figure 3a); 1.3% of cells was QDPR+/BCAS1�.

Considering that CA2 and BCAS1, respectively, are established

antigenic markers for myelinating and newly formed oligodendro-

cytes (Fard et al., 2017; Ghandour et al., 1980), this indicates that

QDPR-immunohistochemistry detects oligodendrocytes, preferen-

tially at the MOL stage.

To confirm QDPR as a myelin protein with methods indepen-

dent of mass spectrometry, we first used immunoblotting to assess

its abundance in biochemically purified myelin compared to equal

amounts of mouse brain homogenate. One band was detected at

the expected molecular weight of 26 kDa (Figure 3g). Indeed,

QDPR was enriched in the myelin fraction compared to brain

lysate, though moderately, as expected for a protein that localizes

to both oligodendrocyte cell bodies and myelin sheaths. In compar-

ison, marker proteins largely confined to myelin sheaths (CNP,

MBP) were strongly enriched in purified myelin, a marker protein

for the oligodendroglial nuclear/cytoplasmic compartment (OLIG2)

was reduced in purified myelin, and a marker protein present in

both oligodendrocyte cell bodies and myelin sheaths (CA2) was

detected with approximately equal band intensity in myelin frac-

tions and brain lysate (Figure 3g).

We then co-immunolabeled QDPR on longitudinal optic nerve

sections together with the myelin marker MOG. By confocal

microscopy (Figure 3h) we found considerable proximity of the

labeling, thereby confirming QDPR as a constituent of CNS myelin.

To determine the exact localization of QDPR in myelin we used

cryo-immuno electron microscopy of optic nerves dissected from

mice. Using antibodies specific for QDPR and protein-A coupled to

10 nm gold particles (Figure 3i), QDPR was readily detectable in

the adaxonal, non-compact compartment of CNS myelin (Figure 3i).

Together, QDPR emerges as a marker for both oligodendrocyte cell

bodies and CNS myelin.
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2.4 | Comparing the CNS myelin proteome
between male and female mice

To visualize the comparison of the proteome of myelin purified from

the brains of male and female mice at P75, we displayed the entire

datasets as volcano plot (Figure 4a), as well as selected known myelin

proteins in a heatmap (Figure 4b). In agreement with the PCA and

Pearson's correlation coefficients (Figure 1e,h), the volcano plot

and heatmap did not provide evidence of substantial sex-dependent

differences (Figure 4a,b). These mass spectrometric comparisons were

F IGURE 3 Legend on next page.
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generally confirmed by immunoblotting of selected of these proteins

(Figure 4c). Together, this indicates that the myelin proteome of male

and female mice is essentially similar, at least at P75.

2.5 | Comparing the proteome of myelin-enriched
fractions from four CNS regions

Finally, we aimed to compare the proteome of myelin purified from four

different CNS regions dissected from mice at P75. While assessing the

datasets in heatmaps, we noticed that the abundance of most known

myelin proteins in the fractions across the CNS regions did not differ

extensively (Figure 5a), despite the evident separation of the datasets

according to PCA and Pearson's correlation coefficients (Figure 1f,i).

Indeed, the most consistent region-dependent difference in abundance

of a known myelin protein was the markedly higher abundance of

hyperpolarization-activated cyclic nucleotide-gated potassium and

sodium channel 2 (HCN2) in myelin purified from spinal cords compared

to that of cortices, optic nerves and corpora callosa (Figure 5a). Impor-

tantly, a comparatively high level of HCN2 mRNA has been previously

recognized (Seeker et al., 2023) as part of a gene set that defines a clus-

ter of oligodendrocytes in the spinal cord of humans (cluster Oligo_F in

Seeker et al., 2023). Thus, the comparatively high abundance of HCN2

protein in myelin purified from spinal cords, at least in mice (Figure 5a),

correlates with a comparatively high abundance of HCN2mRNA in spinal

cord oligodendrocytes, at least in humans (Seeker et al., 2023).

When further assessing the datasets, we noticed that mitochondrial

and synaptic proteins display considerably different abundances across

the myelin fractions from the four CNS regions (Figure 5b). Mitochon-

drial proteins appeared fairly enriched in myelin fractions from the gray

matter (cortex) compared to a mixed tract (spinal cord), and in both

compared to the white matter (corpus callosum, optic nerve)

(Figure 5b), including the mitochondrial-encoded mitochondrial pro-

teins (MTCO1, MTCO2, MTND1, and MTATP8) (Figure 5b). Synaptic

proteins were enriched in myelin fractions from the cortex compared

to all other CNS regions (Figure 5b). The mass spectrometric compari-

sons were generally confirmed by immunoblot-detection of myelin,

mitochondrial, and synapse marker proteins (Figure 5c,d). The separa-

tion of the proteome datasets of myelin fractions from the CNS regions

according to PCA and Pearson's correlation coefficients (Figure 1f,i) is

thus at least partially affected by a higher fraction of mitochondrial and

synaptic membranes in the gray matter, which co-purify with myelin to

some extent, most likely due to overlapping floatation properties of the

respective membranes in sucrose gradients.

To compare the degree of co-purification of membranes from other

cellular structures with myelin fractions derived from different CNS

regions we plotted the total PPM according to the UDMSE dataset of

markers for mitochondria, synapses, and known myelin proteins

(Figure 5e). Indeed, the total PPM of mitochondrial and synaptic

markers in the myelin fractions was more than double in the cortex

(42,200 PPM) compared to spinal cord (16,500 PPM), corpus callosum

(14,000 PPM) or optic nerve (8000 PPM) (turquoise bars in Figure 5e).

On the other hand, the total PPM of known myelin proteins was

approximately similar across the CNS regions (magenta bars in

Figure 5e). Together, the finding that HCN2 is comparatively abundant

in myelin purified from spinal cords implies that regional differences in

myelin protein composition exist. Yet, we cannot exclude that the partial

co-purification of mitochondrial and synaptic membranes, which display

region-dependent abundance, may have masked possible other, more

subtle differences in the relative abundance of genuine myelin proteins.

F IGURE 3 Validation of QDPR as a marker for oligodendrocytes and myelin. (a) Abundance of mRNA encoding quinoid dihydropteridine
reductase (Qdpr) in cells immunopanned from mouse cortex according to a previously published cell-type specific RNA-Seq dataset (Zhang
et al., 2014). Note that QdprmRNA is enriched in myelinating oligodendrocytes (MOL) compared to neurons (N), astrocytes (AS), microglia (MG),
endothelial cells (EC), oligodendrocyte precursor cells (OPC), and newly formed oligodendrocytes (NFO). For comparison, mRNA abundance of the
oligodendrocyte markers Carbonic anhydrase 2 (Car2/CA2) and Brain-enriched myelin-associated protein (Bcas1/BCAS1) was plotted. Mean ± SEM;
n = 2; stippled line indicates 40 FPKM (fragments per kilobase of transcript per million mapped reads). (b) Violin plot of QdprmRNA abundance in
MOL of humans and mice according to previously integrated scRNA-seq data (Gargareta et al., 2022). Each datapoint represents one MOL. Note
that QdprmRNA is expressed in both mouse and human MOL. (c) Immunohistochemical analysis of coronal brain sections of C57Bl/6N mice at P75
immunolabeled for QDPR (green) and the oligodendrocyte marker CA2 (magenta). Arrowheads point at double-immunopositive cell bodies in the
corpus callosum. Image representative of n = 3 mice. Scale bar 20 μm. (d) Immunohistochemical analysis of coronal brain sections of C57Bl/6N mice
at P17 immunolabeled for QDPR (green) and the oligodendrocyte marker BCAS1 (magenta). Arrowheads point at double-immunopositive cell bodies
in the cortex. Image representative of n = 4 mice. Scale bar 20 μm. (e) Quantitative assessment of QDPR+/CA2+ double-immunopositive cells,
QDPR+/CA2� single-immunopositive cells, and QDPR�/CA2+ single-immunopositive cells on micrographs as in (c). Mean ± SD. Datapoints
represent n = 3 individual mice. Note that most QDPR+ cells are also immunopositive for CA2. (f) Quantitative assessment of QDPR+/BCAS1+

double-immunopositive cells, QDPR+/BCAS1� single-immunopositive cells, and QDPR�/BCAS1+ single-immunopositive cells on micrographs as in
(d). Mean ± SD. Datapoints represent n = 3 individual mice. Note that most QDPR+ cells are also immunopositive for BCAS1. (g) Immunoblot
analysis of brain lysate and myelin purified from the brains of C57Bl/6N mice at P75. Note that myelin markers (MBP, CNP) are enriched in purified

myelin while markers of other cellular sources including oligodendrocyte cell bodies (OLIG2) are reduced. The moderate enrichment of QDPR with
myelin purification is thus consistent with localization in both oligodendrocyte cell bodies and myelin. Blot shows n = 3 mice per fraction.
(h) Immunohistochemical analysis of longitudinal spinal cord sections of C57Bl/6N mice at age 6 months immunolabeled for QDPR (green) and the
myelin marker MOG (magenta). Arrowheads point at double-immunopositive myelin sheaths. Image representative of n = 4 mice. Scale bar 5 μm.
(i) Immunodetection of QDPR visualized with 10 nm gold particles (white arrowheads) pointing at gold particles that appear as black puncta on cryo-
sectioned optic nerves of C57Bl/6N mice at age 8 months. Image representative of n = 3 mice. Note that QDPR labeling in axon/myelin-units was
mostly confined to the adaxonal myelin compartment. Scale bar 100 nm.
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3 | DISCUSSION

Here, we asked to which extent the CNS myelin proteome varies within

the same species. To this aim we performed label-free mass

spectrometric analysis of myelin-enriched fractions biochemically puri-

fied from the CNS of mice. The protein composition of the myelin frac-

tions was compared at three ages, between male and female mice, and

across four CNS regions. The approach facilitated the identification of

F IGURE 4 The CNS myelin
proteome of male and female
mice is essentially similar.
(a) Volcano plot comparing the
UDMSE proteome datasets of
myelin purified from the brains of
male and female C57Bl/6N mice
at P75. Protein abundance is
plotted as log2-transformed fold-

change (FC) on the x-axis against
the �log10-transformed adjusted
p-value (p.adj) on the y-axis.
Stippled lines respectively
indicate a minimal log2FC of j1.0j
(factor >2.0 on normal scale) and
a minimal �log10-transformed p.
adj-value of 1.301 (p.adj <.05 on
normal scale) as significance
threshold. Datapoints highlighted
in blue represent known myelin
proteins; gray datapoints
represent other proteins mass
spectrometrically quantified in
myelin. n = 3 biological replicates
were analyzed per group with
two technical replicates each.
Note that male and female mice
display essentially similar CNS
myelin proteomes. For entire
dataset see Supplemental
Table S2. (b) Heatmap displaying
selected known myelin proteins
with higher (magenta) or lower
(green) abundance in myelin
purified from the brains of female
or male mice compared to the
averaged abundance in myelin of
male mice. Note that the relative
abundance of known myelin
proteins is essentially similar.
Columns represent n = 3
biological replicates per group
with two technical replicates

each. (c) Immunoblot analysis of
selected myelin proteins confirms
the proteome analysis results.
Fast green protein staining as
loading control. Blot shows n = 3
mice per group.
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F IGURE 5 Legend on next page.
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hundreds of proteins and their simultaneous quantification, thereby

gaining information about their relative abundance.

Our data indicate that the abundance of multiple myelin proteins is

subject to developmental changes. For example, the abundance in mye-

lin of distinct cytoskeleton-associated proteins linked to actin (CFL1,

CFL2, and GSN) or microtubules (SIRT2) decreases during myelin matu-

ration. It is likely that their functions are particularly relevant during

active biogenesis of myelin, which involves the depolymerization of

actin filaments (Cristobal et al., 2022; Nawaz et al., 2015; Zuchero

et al., 2015). It is plausible that—after the developmental compaction of

myelin—only a low amount of these proteins remains present in the

compartments of myelin that escape compaction. It is of note, however,

that the function of oligodendroglial SIRT2 (Ji et al., 2011; Li et al., 2007;

Southwood et al., 2007; Werner et al., 2007) is not limited to removing

posttranslational modifications from substrate proteins during

myelination (Jablonska et al., 2022; Ma et al., 2022). Indeed, SIRT2 is

a cargo of oligodendroglial exosomes (Chamberlain et al., 2021;

Frühbeis et al., 2020) and upon the transcellular transfer to axons

mediates deacetylation of mitochondrial proteins in the latter

(Chamberlain et al., 2021); its deficiency in mice causes a late-onset

axonopathy (Fourcade et al., 2017). This indicates that a maturation-

dependent decrease of the abundance of a protein in myelin does

not exclude functional relevance at a later stage.

On the other hand, several proteins display an increase in their

abundance during myelin maturation. This is exemplified by QDPR,

which catalyzes the NADH-mediated reduction of quinonoid dihydro-

biopterin (Kono et al., 2023). Notably, mice lacking QDPR-expression

from all cells develop hyperphenylalaninemia and monoamine defi-

ciency in the brain, as well as enhanced fear responses, at least at an

age of over 4 months (Miyajima et al., 2022). In humans, homozygous

missense, nonsense and frameshift mutations of the QDPR gene cause

QDPR-deficiency and hyperphenylalaninemia (Howells et al., 1990;

Romstad et al., 2000). We find that QDPR is a highly specific marker

for mature oligodendrocytes and myelin. Thus, oligodendrocytes and

myelin serve an important QDPR-dependent function in monoamine

metabolism in vivo, with relevance for normal behavioral capabilities.

The maturation-dependent increase in the abundance of QDPR in

myelin is comparable to that of the subunits of septin filaments that

assemble in the adaxonal layer to stabilize mature myelin sheaths,

thereby enabling normal impulse propagation velocity (Erwig, Patzig,

et al., 2019; Patzig et al., 2016). The maturation-dependent increase

in the abundance in myelin of carbonic anhydrases (CA2, CA14) is not

surprising when considering the results of enzyme assays in the

1970s that measured the enzymatic activity of carbonic anhydrases in

myelin fractions purified from rat brains via two sucrose density gradi-

ents and two osmotic shocks (Cammer et al., 1977), essentially similar

to the moderately modified protocol used in the present study.

Indeed, carbonic anhydrase activity showed a developmental increase,

with the largest rise taking place before P60 (Cammer et al., 1977).

Together, QDPR, myelin septin filaments, carbonic anhydrases, and

other “late” myelin proteins, including the antioxidative glutathione

S-transferase-pi1 (GSTP1), the immunomodulatory tetraspanin CD82,

and the small heat shock protein crystallin-αB (CRYAB), may be

involved in the roles of oligodendrocytes and myelin in preventing

CNS pathology (Depp et al., 2023; Nave & Werner, 2014; Stadelmann

et al., 2019; van Noort et al., 2010; Wolf et al., 2020) and psychiatric

disorder (Haroutunian et al., 2014; Khelfaoui et al., 2024; Nave &

Ehrenreich, 2014; Vanes et al., 2020) upon maturation of myelin.

The biogenesis and ultrastructure of myelin require specialized mye-

lin proteins. Interestingly, the abundance of most structural myelin pro-

teins including MBP, CNP, MAG, MOG, plasmolipin (PLLP), tetraspanin-2

(TSPAN2), and chemokine-like factor-like MARVEL transmembrane

domain containing protein 5 (CMTM5) remains approximately similar

between the ages analyzed here. This may reflect that a particular abun-

dance of a protein in the myelin sheath corresponds to its function as a

molecular “building block,” independent of the maturational stage. Yet, it

is not always straightforward to correlate a protein's abundance and

structural function in myelin when considering that many myelin proteins

are also required for preserving a healthy CNS, including CNP (Edgar

et al., 2009; Lappe-Siefke et al., 2003), MAG (Nguyen et al., 2009; Steyer

et al., 2022), TSPAN2 (De Monasterio-Schrader et al., 2013), CMTM5

(Buscham et al., 2022; Zhan et al., 2023), and PLP (Griffiths et al., 1998;

Lüders et al., 2017; Saugier-Veber et al., 1994). Indeed, the cholesterol-

associated tetraspan PLP is exceptionally abundant in myelin (Gargareta

et al., 2022; Jahn et al., 2020) and critical for maintaining both myelin

ultrastructure and axonal integrity (Möbius et al., 2008). Interestingly, an

experimental reduction of PLP-abundance in myelin by 50% was suffi-

cient to cause both myelin pathology and axonopathy (Lüders

et al., 2019). This indicates that not merely the presence of a protein in

myelin but also its precise abundance is relevant for a healthy CNS.

F IGURE 5 Comparing the proteome of myelin purified from different CNS regions. (a, b) Heatmap displaying selected myelin proteins (a) as
well as mitochondrial and synaptic proteins (b) with higher (magenta) or lower (green) abundance or not detected (black) in myelin-enriched
fractions purified from cortex, optic nerve, spinal cord or corpus callosum (cc) dissected from C57Bl/6N mice at P75 compared to the averaged
abundance in corpus callosum myelin. Columns represent three biological replicates per group with four technical replicates each. For each
biological replicate, the respective CNS regions dissected from three mice were pooled before myelin purification. Note that proteins associated
with mitochondria and synapses are strongly enriched in myelin purified from the gray matter (cortex) or a mixed CNS region (spinal cord)
compared to the white matter (optic nerve, corpus callosum), indicating that mitochondrial and synaptic membranes partially co-purify with the
myelin fraction. For entire dataset see Supplemental Table S3. (c, d) Immunoblot analysis of selected myelin proteins (c) as well as mitochondrial
(MTCO1, VDAC) and synaptic proteins (SV2A, PSD95) (d) confirms the higher abundance of synaptic and mitochondrial proteins that co-purify
with cortical myelin. Fast Green protein staining as loading control. Blot shows n = 2 mice per region. (e) Quantification in parts per million (PPM)
of known myelin proteins (magenta), mitochondrial proteins (dark turquoise), synaptic proteins (light turquoise), and other proteins (gray) mass
spectrometrically quantified by UDMSE in myelin purified from the different CNS regions. Note that mitochondrial and synaptic proteins
constitute 4.2% of the total protein in myelin purified from cortex compared with 0.8%–1.7% of the total protein in myelin purified from optic
nerve, spinal cord or corpus callosum.
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In the 1970s, aiming to discern the protein composition of CNS

myelin during postnatal development, myelin was enriched from

mouse brains using cesium chloride (CsCl)-gradients, separated by

SDS-PAGE, and the comprised proteins were visualized by Fast Green

labeling (Morell et al., 1972). Considering that the major bands were

constituted by the most abundant myelin proteins (PLP, MBP, and

CNP), it was possible to assess changes of their relative abundance

(see Figure 8 in Morell et al., 1972). The bands mainly constituted by

CNP (labeled W for Wolfgram protein at that time) and two isoforms

of MBP (labeled BS and BF) remained about equally intense for myelin

purified at ages between P15 and P60. Conversely, the band mainly

constituted by PLP (labeled P) considerably increased in intensity

between P15 and P60 (Morell et al., 1972). Notwithstanding that the

present work assessed myelin at P18 and P75, mass spectrometric

quantification thus principally confirmed the earlier result. This raises

confidence that biochemical analysis of myelin is fairly reproducible

across different laboratories, even when using different methods for

purification (e.g., CsCl and sucrose gradients), separation (SDS-PAGE

and liquid chromatography), and detection (e.g., Fast Green labeling

and mass spectrometry). Yet, the mass spectrometric techniques avail-

able now are much more powerful than gels when considering that

many more proteins can be identified, and quantified with a much

higher dynamic range.

A mass spectrometric comparison of the protein composition of

female and male CNS myelin was indicated because of previously noted

sex-dependent effects, for example in myelination (Harry et al., 1985;

Mohamed et al., 2020), Multiple Sclerosis (MS) (Kalincik et al., 2013),

and experimental autoimmune encephalomyelitis (EAE) (Alvarez-

Sanchez & Dunn, 2023; Hoghooghi et al., 2020). Yet, the present analy-

sis did not reveal sex-dependent differences in the myelin proteome, at

least in mice at P75. We note that this finding is in principal agreement

with a recent comparison of the transcriptional profiles of oligodendro-

cytes in humans between females and males (Seeker et al., 2023). This

work reported the existence of only few sex-dependent differences,

which were mainly owing to X- and Y-chromosome encoded tran-

scripts, the protein products of which are not constituents of the mye-

lin proteome. To the best of our knowledge, thus, there is currently no

evidence of sexual dimorphism in myelin protein composition.

When comparing the proteome datasets of myelin purified from

different CNS regions, the high abundance of hyperpolarization-

activated cyclic nucleotide-gated potassium and sodium channel

2 (HCN2) in spinal cord myelin represented the strongest and most

coherent region-dependent difference. Notably, spinal cord oligoden-

drocytes have been previously noted to express high HCN2 transcript

levels, at least in humans (Seeker et al., 2023). Considering that Hcn2-

expression enables the formation of particularly long myelin sheaths,

at least in mouse brains (Swire et al., 2021), the formation of the espe-

cially long myelin sheaths that the spinal cord comprises corresponds

well with the high abundance of HCN2 in spinal cord myelin, possible

species- or region-dependent differences notwithstanding.

However, in this experiment it also became evident that mito-

chondrial and synaptic proteins are identified at higher abundance in

the myelin fraction from the cortex compared to those of spinal cord,

corpus callosum, and optic nerve. The identification of mitochondrial

and synaptic proteins in myelin-enriched fractions is not unexpected

because mitochondria and synaptic vesicles partly co-purify with mye-

lin membranes. Importantly, mitochondrial and synaptic membranes

are strongly reduced in the myelin fractions compared to brain lysates;

however, they are not removed completely (Jahn et al., 2013; Thakurela

et al., 2016). Vice versa, proteome datasets of mitochondria-enriched

fractions (Graham et al., 2017; Pagliarini et al., 2008) or synaptic vesi-

cles (Takamori et al., 2006; Taoufiq et al., 2020) purified from mamma-

lian CNS tissue commonly comprise canonical myelin proteins including

PLP, MBP, MOBP, and MAG. In proteomic approaches to mitochondrial

or synaptic fractions, thus, myelin membranes may be rightly viewed as

contaminants. Partial co-purification occurs probably due to floatation

properties in sucrose or Percoll gradients that are not sufficiently differ-

ent as to allow complete separation.

The identification in myelin fractions of the mitochondrial-encoded

mitochondrial proteins MTND1, MTCO1, MTCO2, and MTATP8,

respectively subunits of complexes I, IV, and V, supports the view that

entire mitochondria are not totally separated away during the proce-

dure of myelin purification and are thus comprised in the myelin-

enriched fraction as contaminant, rather than nuclear-encoded mito-

chondrial proteins expressed in oligodendrocytes being mis-routed

to be incorporated into myelin membranes. Indeed, a small number

of intact-appearing mitochondria can be observed when assessing

myelin fractions purified from whole brains by transmission electron

microscopy (Werner et al., 2007). This view is also in agreement with a

prior consideration of energy balances, which concluded that it is

very unlikely that a (hypothetical) respiratory chain localized in myelin

membranes could generate ATP similar to mitochondria (Harris &

Attwell, 2013). The enrichment of synaptic and mitochondrial proteins

in myelin fractions from the gray matter (cortex), compared to a mixed

tract (spinal cord) or white matter tracts (optic nerve, corpus callosum),

is thus probably owing to a higher fraction of synaptic and mitochon-

drial membranes in gray compared to white matter, correlating with the

presence of more synapses and synaptic mitochondria in the gray mat-

ter (Harris et al., 2012; Rangaraju et al., 2014). However, both synapse-

like components (Hughes & Appel, 2019; Marques et al., 2016; Micu

et al., 2018) and a few mitochondria (Rinholm et al., 2016) have been

observed in oligodendrocytes and mature myelin sheaths, and are also

unlikely to be entirely separated away from myelin membranes during

myelin purification. It thus remains a question for future investigation if

the mitochondrial and synaptic proteins identified in the myelin fraction

originate from mitochondria and synaptic elements derived from

neurons, oligodendrocytes, or other cell types in the CNS. Together,

potential masking effects of differentially co-purified mitochondrial and

synaptic membranes on region-dependent differences in myelin protein

abundance can only be excluded once more efficient protocols

have become available that allow the separation of myelin from

other subcellular membrane structures.

3.1 | Limitations of the study

Notwithstanding that omics analysis of individual myelin sheaths, or

of all myelin sheaths extended by the same oligodendrocyte, may
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become technically possible in the future, the methodology available

at this time only allows bulk analysis of myelin fractions biochemically

purified from tissue lysates. As for each biochemical fraction, this will

inevitably include some degree of partial co-purification of other

cellular structures, as evidenced by the myelin fraction comprising up

to 5% of mitochondrial and synaptic proteins among the total PPM.

Considering that the degree of co-purification varies between

CNS regions, it appears crucial to design each experiment using well-

controlled conditions. In the present work we have thus not compared

each condition with all other conditions. Instead, as far as technically

possible, each quantitative proteome analysis experiment was on

myelin fractions purified in the same rotor run, samples prepared and

mass spectrometry performed in parallel, all under the same condi-

tions. In consequence, we cannot formally exclude that differences in

myelin protein composition may exist that did not become evident

here, for example, a difference that depends on both sex and CNS

region exclusively at younger or older age. Future technical develop-

ments may enable the identification of such differences.

4 | CONCLUSION

Myelination of the CNS is a continuous process but has been subdi-

vided into consecutive steps, that is, the establishment of glia-axonal

contacts, polarization of oligodendroglial processes, myelin membrane

growth coinciding with the association of major myelin proteins and

lipids, longitudinal and radial sheath expansion (i.e., wrapping), spatial

segregation of sheaths at the nodes of Ranvier, and finally the com-

paction of adjacent myelin layers (Nave & Werner, 2014). Our data

imply that the protein composition of myelin matures as a late stage

of myelination. The high abundance in spinal cord myelin of HCN2,

which facilitates the formation of particularly long myelin sheaths

(Swire et al., 2021), correlates well with the presence of especially

long myelin sheaths in the spinal cord. On the other hand, sexual

dimorphism of myelin protein composition was not evident.

5 | METHODS

5.1 | Mice

For comparisons across CNS regions and development, male

C57Bl/6N mice were bred in the animal facility of the Max Planck

Institute for Multidisciplinary Sciences (MPI-NAT); CNS tissue was

dissected at the indicated ages. According to the German Animal

Welfare Law (Tierschutzgesetz der Bundesrepublik Deutschland,

TierSchG) and the regulation about animals used in experiments,

dated 11th of Aug 2021 (Tierschutz-Versuchstierverordnung,

TierSchVersV), an animal welfare officer and an animal welfare com-

mittee are established for the institute. For procedures of sacrificing

rodents for subsequent preparation of tissue, all regulations given in

the Animal Welfare Law §4 (TierSchG §4) are followed. Since sacrific-

ing of animals is not an experiment on animals according to TierSchG

§7 Abs. 2 Satz 3, no specific authorization is required. The animal

facility at the MPI-NAT is registered according to TierSchG §11 Abs.

1. For sex-dependent comparison, male and female C57Bl/6J mice

were housed at the animal facility of the Icahn School of Medicine

and bred according to approved IACUC protocols; brains were har-

vested at postnatal day 75.

5.2 | Myelin purification

A lightweight membrane fraction enriched for myelin was purified

from the CNS of C57Bl/6N mice following an established protocol

(Erwig, Hesse, et al., 2019) based on two sucrose density gradient

centrifugation steps and osmotic shocks. Myelin accumulates between

layers of 0.32 and 0.85 M sucrose.

5.3 | Proteome analysis

In-solution digestion of myelin proteins by filter-aided sample prepara-

tion (FASP) (Erwig, Hesse, et al., 2019) and LC–MS-analysis by different

MSE-type data-independent acquisition (DIA) mass spectrometry

approaches was performed as recently established for mouse PNS and

CNS (Jahn et al., 2020; Siems et al., 2020) and human CNS (Gargareta

et al., 2022) myelin. Briefly, protein fractions corresponding to 10 μg

myelin protein were dissolved in lysis buffer (1% ASB-14, 7 M urea,

2 M thiourea, 10 mM DTT, 0.1 M Tris pH 8.5) and processed according

to a CHAPS-based FASP protocol in centrifugal filter units (30 kDa

MWCO, Merck Millipore). After removal of the detergents, protein

alkylation with iodoacetamide, and buffer exchange to digestion buffer

(50 mM ammonium bicarbonate (ABC), 10% acetonitrile), proteins were

digested overnight at 37�C with 400 ng trypsin. Tryptic peptides were

recovered by centrifugation and extracted with 40 μL of 50 mM ABC

and 40 μL of 1% trifluoroacetic acid (TFA), respectively. For quantifica-

tion according to the TOP3 approach (Silva et al., 2006), combined

flow-through were spiked with 10 fmol/μL of yeast enolase-1 tryptic

digest (Waters Corporation) and directly subjected to LC–MS-analysis.

Tryptic peptides were separated by nanoscale reversed-phase UPLC

and mass spectrometrically analyzed on a quadrupole time-of-flight mass

spectrometer with ion mobility option (Synapt G2-S, Waters Corpora-

tion) as recently described in detail (Gargareta et al., 2022; Jahn

et al., 2020; Siems et al., 2020). Briefly, the samples were first analyzed

in the ion mobility-enhanced DIA mode with drift time-specific collision

energies referred to as UDMSE (Distler et al., 2014) to maximize prote-

ome coverage, and subsequently re-run in a data acquisition mode with-

out ion mobility separation of peptides (referred to as MSE) to ensure the

correct quantification of exceptionally abundant myelin proteins. Contin-

uum LC–MS data were processed using Waters ProteinLynx Global

Server (PLGS) and searched against a custom database compiled by add-

ing the sequence information for yeast enolase 1 and porcine trypsin to

the UniProtKB/Swiss-Prot mouse proteome (release 2021-03, 17,082

entries) and by appending the reversed sequence of each entry to enable

the determination of false discovery rate (FDR) set to 1% threshold.

For post-identification analysis including TOP3 quantification of

proteins and for the detection of significant changes in protein
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abundance by moderated t-statistics, the freely available software

ISOQuant (Distler et al., 2014) and the Bioconductor R package

“limma” were used as described (Jahn et al., 2020; Siems et al., 2020).

Only proteins represented by at least two peptides (minimum length

seven amino acids, score ≥5.5, identified in at least two runs) were

quantified as parts per million (PPM), that is, the relative amount

(w/w) of each protein in respect to the sum over all detected proteins.

FDR for both peptides and proteins was set to 1% threshold and at

least one unique peptide was required. Proteins identified as contami-

nants from blood (albumin, hemoglobin) or skin/hair cells (keratins)

were removed and potential outlier proteins were revised by inspect-

ing the quality of peptide identification, quantification and distribution

between protein isoforms. Filtered protein lists were subjected to sta-

tistical analysis with “limma” and correction of p-values for multiple

comparisons was performed according to Benjamini and Hochberg

(1995) using the function p.adjust built-in in R. For data visualization

of pairwise comparisons by volcano plots, corrected p-values (p.adj)

were plotted against fold-change after �log10 and log2 transforma-

tion, respectively. For visualization of entire proteome datasets,

Pearson's correlation coefficients derived from log2-transformed PPM

abundance values were clustered and visualized with the tool heat-

map.2 contained in the R package “gplots.” Only pairwise complete

observations were considered to reduce the influence of missing

values on clustering behavior. Similarly, principal component analyses

(PCA) were based on complete cases, that is, proteins quantified in

each replicate of all groups of the respective experiment to prevent

potential clustering effects of missing values. The PCA of the three

ages was calculated from 661 complete cases out of a total of 1019

proteins; the PCA of the four CNS regions was calculated from

789 complete cases out of 1164 proteins, and the PCA of the two

sexes was calculated from 779 complete cases out of 804 proteins.

Proteomic data were visualized in volcano plots and heatmaps gener-

ated using Microsoft Excel and GraphPad Prism10 as previously

described (Gargareta et al., 2022; Siems et al., 2020).

5.4 | Silver staining and immunoblotting of gels

SDS-PAGE, silver staining of gels and immunoblotting were performed

as previously described (Buscham et al., 2022; Schardt et al., 2009).

Protein concentration was determined using the DC Protein assay kit

(Bio-Rad, Hercules, CA) and samples diluted in 1� SDS buffer and 5%

dithiothreitol. After adding loading buffer, the samples were heated at

40�C for 10 min and separated on a SDS-PAGE for 50–60 min using

the Bio-Rad system. After blotting, quality of the transfer and samples

was analyses by total protein staining using Fast Green solution. Mem-

branes were briefly washed in Fast Green washing solution and incu-

bated for 5 min in 1� Fast Green solution followed by two washing

steps. Fast Green signals were detected with the deepRed excitation

Filter (670 nm) using the ChemoStar fluorescent imager (INTAS Science

Imaging Instruments GmbH, Germany). Primary antibodies were spe-

cific for proteolipid protein (PLP A431, provided by Martin Jung,

1:5000), myelin oligodendrocyte glycoprotein (MOG clone 8-18C5,

provided by Christopher Linington, 1:1000), tubulin beta-4 (TUBB4,

Sigma #SAB2102603; 1:1000), SEPTIN2 (ProteinTech

#11397-1-AP; 1:500), SEPTIN7 (IBL JP18991; 1:5000), SEPTIN8

(ProteinTech #11769-1-AP; 1:2500), carbonic anhydrase 2 (CA2,

provided by Said Ghandour, 1:1000), carbonic anhydrase 14 (CA14,

ProteinTech #13736-1-AP, 1:1000), glutathione S transferase

(GSTP1, ProteinTech #15902-1-AP, 1:1000), alpha-crystallin-b

(CRYAB, ProteinTech #15808-1-AP, 1:500), dihydropteridine reduc-

tase (QDPR, ProteinTech #14904-1-AP, 1:1000), sirtuin-2 (SIRT2,

Abcam #ab67299, 1:500), gelsolin (GSN, Cell Signaling #D9W8Y,

1:1000), cofilin (CFL1, Abcam #ab42824, 1:1000), myelin basic

protein (MBP, Meschkat et al., 2022, 1:2000), 20 ,30-cyclic-nucleotide

30-phosphodiesterase (CNP, Sigma #SAB1405637, 1:1000),

tetraspanin-2 (TSPAN2, ProteinTech #20463-1-AP, 1:500), aspar-

toacylase (ASPA, ProteinTech #13244-1-AP 1:500), synaptic vesicle

glycoprotein 2A (SV2A, Novus Biologicals #NBP1-82964, 1:1000),

post synaptic density 95 kDa (PSD95, Affinity BioReagents

#MA1-046, 1:1000), cytochrome c oxidase subunit 1 (MTCO1,

Abcam #ab14705, 1:2500), voltage-dependent anion-selective chan-

nel protein (VDAC, Rockland #600-401-882). Appropriate secondary

anti-mouse, anti-rabbit, and anti-rat antibodies conjugated to HRP

were from Dianova (HRP goat anti-mouse #115-035-003, 1:10,000,

HRP goat anti-rabbit #111-035-003, 1:10,000, HRP goat anti-rat

#112-035-167, 1:10,000). Immunoblots were developed with the

LightningR Plus-ECL solutions (Western Lightning Plus, Perkin Elmer,

Waltham, MA) or the Super Signal West Femto Maximum Sensitivity

Substrate (Thermo Fisher Scientific, Rockford, IL) and detected with

the Intas ChemoCam system (INTAS Science Imaging Instruments

GmbH, Göttingen, Germany). Exposure time was set to 1–6 min and

raw images were inverted using the ChemaStarTS software (INTAS

Science Imaging Instruments GmbH, Göttingen, Germany) and

cropped in Adobe® Illustrator 2022.

5.5 | Immunohistochemistry and analysis of
imaging data

For Immunohistochemistry, mice were transcardially perfused with

Hank's buffered salt solution (HBSS) and 4% paraformaldehyde (PFA)

in 0.1 M phosphate buffer (PB) for tissue fixation. The tissue was dis-

sected and post-fixed with 4% PFA in 0.1 M PB overnight and stored

in PBS until further processing. Fixed brain samples were dehydrated

and embedded in paraffin using an automated embedding system

(Leica Microsystems) as described (Depp et al., 2023). Samples were

embedded into paraffin blocks, cut into 5 μm coronal sections, col-

lected on microscope slides and dried overnight. Before immunolabel-

ing slides were deparaffinized and rehydrated. For antigen retrieval

the deparaffinized sections were incubated in Tris/EDTA buffer

(pH 9.0) followed by 10 min incubation in boiling Tris/EDTA buffer.

Samples were cooled to RT, rinsed with PBS (2� 5 min) and

permeabilized in 0.1% Triton X-100 in PBS (15 min). To block unspeci-

fic antibody binding sites, sections were incubated in blocking buffer

(10% goat serum in PBS; 1 h at RT) followed by incubation with
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respective primary antibodies in antibody solution (5% goat serum

with PBS; overnight at 4�C). Primary antibodies were specific for CA2

(Abcam #ab124687, 1:1000), QDPR (ProteinTech #14904-1-AP,

1:300), BCAS1 (Synaptic Systems #445003, 1:300), proteolipid protein

(PLP A431, provided by Martin Jung, 1:5000), myelin oligodendrocyte

glycoprotein (MOG clone8-18C5, provided by Christopher Linington,

1:1000). Slides were briefly rinsed in PBS (3� 5 min) followed by incu-

bation with respective fluorescent secondary antibodies and DAPI

(Thermo-Fisher, 1:50,000) diluted in 10% goat serum in PBS (1 h at RT).

Secondary antibodies were donkey anti-rat Alexa 555 (Invitrogen,

1:1000), donkey anti-rabbit Alexa 555 (Invitrogen, 1:1000), donkey

anti-rabbit DyLight 650 (Invitrogen, 1:1000), and donkey anti-guinea

pig DyLight 650 (Invitrogen, 1:1000). Sections were washed with

PBS (2� 5 min) and incubated with DAPI (1:10,000; 5 min, RT). After a

final washing step with PBS (1� 5 min) the sections were mounted in

Aqua-Poly/Mount (Polysciences) and stored at 4�C. Fluorescent sec-

tions were imaged using an Observer Z1/Z2 microscopes (Zeiss) with a

Colibri 5 LED light source (630, 555, 475, 385 nm excitation) the Zeiss

Filter sets: 96 HE BFP, 90 HE DAPI/GFP/Cy3/Cy5, 38 GFP, 43 DsRed,

50 Cy5, and an Axiocam MrM at 20� or 40� magnification or using a

Leica SP8 Lightning confocal microscope with an adjustable white-light

laser at 63� magnification. If required, stitching of single images was

performed post acquisition using ZEN. To display the images, channels

were assigned pseudo-colors and adjusted using FIJI. Numbers of

oligodendrocytes immunopositive for CA2, QDPR, and BCAS1 were

manually quantified using the cell counter function in FIJI.

5.6 | Cryo-immuno electron microscopy

Immuno-gold labeling of optic nerve cryosections was essentially per-

formed as described (Werner et al., 2007). Briefly, optic nerves were

dissected from 8 months old wildtype C57Bl/6N mice and subse-

quently fixed in Immuno-Karlsson-Schultz fixative (0.25% glutaralde-

hyde, 4% formaldehyde in 0.1 M phosphate buffer containing 0.5%

NaCl) overnight at 4�C. Afterwards the nerves were cut into short

pieces, stained with toluidine blue and embedded in gelatin (10%)

blocks. To protect the tissue before cryo-sectioning, the blocks were

infiltrated with sucrose in 0.1 M phosphate buffer overnight (4�C).

Gelatin blocks were mounted on aluminum pins and frozen in liquid

nitrogen. Cryo-sections of 50 nm were cut using a Diatome Diamond

knife, cryo-immuno 2.0 mm (Diatome, Switzerland) on a Leica UC6

ultramicrotome with FC6 cryochamber (Leica, Vienna, Austria). The sec-

tions were collected and transferred to carbon coated grids and stored

at 4�C. Before antibody labeling, the sections were washed in PBS (3�
2 min) followed by two washing steps in PBS with glycine (0.1%) and

incubation in 1% BSA in PBS (3 min) to block unspecific antibody bind-

ing sides. Primary antibodies were specific for QDPR (ProteinTech

#14904-1-AP) and diluted (1:200) in 1% BSA in PBS and applied for

1 h. Following the incubation with primary antibodies, the sections

were washed and incubated with the respective Immuno-gold coupled

secondary antibody (1:40). Sections were washed again (5� 2 min,

PBS) and fixed with 1% glutaraldehyde in PBS (5 min). To enhance the

contrast, the sections were stained with uranyl acetate and

methylcellulose-uranyl acetate, and sections were imaged with a LEO

EM912 Omega (Zeiss, Germany).

5.7 | mRNA expression analysis

Publicly available scRNA-seq dataset GSE775330 (Marques

et al., 2016) was used for differential gene expression (DGE) analysis.

The dataset was previously processed using Seurat R package version

3.1.4 as described (Gargareta et al., 2022). Briefly, data were normalized

with LogNormalize, followed by the identification of the 2000 most

variable features, and data scaling. All six clusters identified as myelinat-

ing oligodendrocytes (MOL) by (Marques et al., 2016) were subset for

DGE using Seurat R package version 4.3.2 to compare expression in

MOL between juvenile mice (P18–P31) and adult mice (P50–P90).

DGE was calculated using the FindMarkers function (non-parametric

Wilcoxon rank sum test) with min.pct = 0.1, adjusted p-values *p < .05;

**p < .01; ***p < .001, and a minimum average log2FC of ±0.25. Violin

plots were generated using ggplot2 with the previously scaled data.
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