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1 Abstract
Myelination of axons in the nervous system facilitates rapid, saltatory signal propagation, accelerating
nerve conduction speed manyfold. Additionally, myelinating glia support the long-term integrity of
axons they enwrap. However, the relevance of many myelin proteins in these processes has remained
elusive. In this study we identify CMTM5 (Chemokine-like factor-like MARVEL-transmembrane domain
containing protein 5) as a low abundant but highly specific constituent of CNS myelin. We find that
genetic disruption of the Cmtm5-gene in myelinating glial cells in mice does not alter myelin
development or ultrastructure. However, deletion of Cmtm5 in oligodendrocytes causes a progressive
axonopathy in the CNS that is ameliorated by presence of the Wlds mutation, suggesting a Wallerianlike mechanism of axon degeneration. Ablation of Cmtm5 in myelinating Schwann cells of the PNS
leads to a reduction in axonal diameters without evident axonal pathology, suggesting that CMTM5
serves different roles in the CNS and the PNS, respectively. Our results indicate that CMTM5 is not
crucial for myelin biogenesis, structure, or composition but contributes to the functions of
oligodendrocytes in maintaining axonal integrity in the CNS.
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2 Introduction
2.1 Myelination of axons in the CNS and PNS
Myelination of axons by oligodendrocytes in the central and Schwann cells in the peripheral nervous
system (CNS, PNS) facilitates diverse cell-cell interactions, which are critical for nervous system
function in vertebrates (Figure 1A) (Nave and Werner, 2021). The selection process for axonal
myelination differs between the CNS and PNS. Myelination of PNS axons is mainly regulated by
neuregulin-1 type 3 expressed on the axonal surface as well as extracellular matrix constituents
including laminins and collagens (Salzer, 2015). The diameter of an axon plays an important role as
axons with a threshold diameter of 1 µm are selected for myelination by Schwann cells, while smaller
axons are ensheathed by non-myelinating Schwann cells (Nave and Trapp, 2008; Nave and Werner,
2014).
In contrast to the PNS no main regulator of myelination is known for the CNS (Simons and Nave, 2016)
and the axonal threshold diameter is less precise for the initiation of myelination by oligodendrocytes.
Although larger fibers are more likely to be myelinated than smaller ones, axons as small as 0.2µm in
diameter can potentially be myelinated (Lee et al., 2012). Neuronal activity was reported to play a role
in myelination and elevated activity coincided with increased myelination of active neuronal networks
(Gibson et al., 2014; Mitew et al., 2018). In contrast to Schwann cells in the PNS, oligodendrocytes
depend less on external stimuli to initiate myelination and are rather repressed by axonal or glial
surface molecules to regulate their myelination activity (Redmond et al., 2016; Schmandke et al.,
2014).
Ultimately, the formation of lipid rich myelin sheaths in the CNS and PNS restricts action potential
generation to the unmyelinated nodes of Ranvier (Hartline and Colman, 2007; Tasaki, 1939). This
facilitates saltatory signal propagation along myelinated axons, which enhances conduction speed
manyfold compared to unmyelinated axons of the same size (Figure 1B).
Myelination in vertebrates allowed for different adaptations of the nervous system. For example, the
conduction speed could be enhanced without the need for axonal gigantism as observed in other
species like squid (Figure 1B). However, the axonal diameter is also an important factor for signal
propagation speed in vertebrates and myelinating glia cells were reported to alter axonal diameters,
at least in the PNS, potentially finetuning neuronal networks (Eichel et al., 2020; Yin et al., 1998).
Another measure to finetune signal propagation and enhance the precision of neuronal networks
might be the reduction of ephaptic coupling (Figure 1C). Unmyelinated neighboring axons can be
electrically coupled when active. Myelination may hinder electrical crosstalk between active
8

neighboring axons by providing a barrier for ion-flow and thus reduce ephaptic coupling (Nave and
Werner, 2021).

Figure 1: Myelination in the CNS and PNS and its role in the regulation of axonal signal propagation. (A)
Oligodendrocytes and Schwann cells form myelin sheaths in the CNS and PNS respectively. While
oligodendrocytes form multiple internodes on different axons, an individual Schwann cell only forms one
internode around an axon in the PNS. In the CNS, nodes of Ranvier are contacted by Perinodal astrocytes. In the
PNS, internodes are covered by a basal lamina. Figure from (Poliak and Peles, 2003). (B) Axonal conduction
velocity in relation to their myelination status and axonal diameter in different species. Conduction velocity
increases with axonal diameter but myelination with compacted myelin leads to a strong increase in conduction
speed in vertebrates. Note that also multilayered, but not compacted ensheathment of axons can facilitate a
steep increase in conduction velocity for example in shrimp. (C) Cartoon showing the principle of ephaptic
coupling between non-myelinated and myelinated fibers. Myelin provides a barrier against electrical crosstalk of
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neighboring fibers, reducing ephaptic coupling (Nave and Werner, 2021). Figure for (B & C) from (Nave and
Werner, 2021).

In summary, myelination of axons in the CNS and PNS allowed for a steep increase in conduction
velocity as well as different measures to finetune signaling in the nervous system of vertebrates. Of
note, myelination in the CNS is not static after development and myelination patterns can be actively
adapted by adding and removing individual myelin sheaths for example following training of motor
skills (Williamson and Lyons, 2018). This adaptation is not only important with respect to the finetuning
of neuronal networks, but also regarding the supportive function to the axon that myelinating glia can
facilitate via their myelin sheaths.

2.2 Axonal support by oligodendrocytes
Neurons need a constant energy supply along the axon to perform action potential generation. In fact,
much of the energy in the nervous system is consumed by Na/K-ATPases that keep the respective ion
levels at a homeostatic level and allow for re-excitation of the axon (Attwell and Laughlin, 2001). Active
transport or diffusion along the axon is relatively slow and it would take mitochondria or nutrients a
long time travelling along the axons of spinal cord motor neurons even in smaller animals like mice
(Maday et al., 2014).
Further, myelinated axons are secluded from the extracellular milieu by the multilayered, compact
myelin sheath. Thus, tacking up metabolites from the extracellular space, astrocytes or endothelia
might be difficult for longer myelinated stretches, especially in highly myelinated fiber tracts like the
optic nerve where axons are myelinated almost over their entire length (Bélanger et al., 2011; Simons
and Nave, 2016). It is thus not surprising that neurons rely on support from oligodendrocytes to meet
their high energy demand along the axon.
Indeed, oligodendrocytes can respond to the activity of an axon they enwrap by shuttling metabolites
to it via designated monocarboxylate transporters (Figure 2). This demonstrates, that oligodendrocytes
support axons metabolically and that this process can be modulated according to the metabolic needs
of the enwrapped axon (Fünfschilling et al., 2012; Y. Lee et al., 2012; Philips et al., 2021; Saab et al.,
2016).
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Figure 2: Scheme depicting a potential role of oligodendrocytes in the support of axons with metabolites.
Hypothetical model in which oligodendrocytes support axons with metabolites following axonal activity. (1)
Axonal activity leads to the release of glutamate which binds to NMDA receptors at the adaxonal myelin
compartment. (2) This leads to an increased uptake of glucose via GLUT1 in oligodendrocytes which fuels
glycolysis in oligodendrocytes (3 & 4). Lactate and pyruvate are then transported to the axonal compartment via
MCTs to support mitochondrial ATP production in the axon (5 & 6). Figure from (Saab et al., 2016).

Additionally, oligodendrocytes support axons via the release of extracellular vesicles containing
antioxidative proteins and other enzymes (Chamberlain et al., 2021; Frühbeis et al., 2020; Mukherjee
et al., 2020) and are further able to modulate axonal transport (Edgar et al., 2004; Frühbeis et al.,
2020).
Considering the susceptibility of axons to extracellular stress or energy deficiency as well as the
different mechanism by which oligodendrocytes engage with axons and support their integrity, it is
not surprising that disturbances of the axon-myelin unit or oligodendrocytes per se can cause
detrimental effects for myelinated axons and thus impact nervous system function (Edgar et al., 2009;
Griffiths I et al., 1998).
The significance of the axon-myelin unit becomes thus especially apparent under disease situations in
humans or when its function is disturbed chemically or genetically in the respective animal models.
For example, myelin pathologies in the CNS like Pelizaeus-Merzbacher disease (PMD) or multiple
sclerosis (MS) are often associated with axonal degeneration and ultimately impaired nervous system
function (Franklin et al., 2012; Stadelmann et al., 2019; Wolf et al., 2021).
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Importantly though, re-establishing a functional axon-myelin unit by quick and efficient remyelination
was shown to be beneficial and linked to a better outcome of axonal survival for example in a model
of MS (Mei et al., 2016). This emphasizes, that fatal axon degeneration can be averted by support of
oligodendrocytes, which is particularly important given the low regenerative capacity of mammalian
CNS axons and neurons.
Combined, these findings emphasize the importance of a functional axon-myelin unit with regards to
long-term preservation of axonal integrity and ultimately CNS function. Therefore, it is important to
identify relevant molecules in the process of oligodendrocyte-axon signaling involved in supporting
axonal integrity.

2.3 Identifying the function of novel CNS myelin proteins
Different pathways by which axons and oligodendrocytes interact are known, yet many of the
underlying molecular mechanism of axonal support by oligodendrocytes remain obscure. Further, this
process is even more complex considering that myelination and the myelin composition can be
dynamic and change during development and aging (Williamson and Lyons, 2018). Myelination and
myelin composition differs between white matter regions (currently unpublished proteomic data) and
oligodendrocytes are heterogenous regarding their gene expression profiles (Dimou and Simons, 2017;
van Bruggen et al., 2017). It is thus plausible to hypothesize that not only myelination per se is an
adaptive process, but that this adaptation also includes the composition of the myelin sheaths itself,
potentially being tailored to the specific needs of certain axonal sub populations.
To identify novel myelin candidates for characterization, mass spectrometric (MS) analysis of
biochemically purified myelin or the axogliasome enriched fraction (AEF, contact point of the
innermost myelin layer and the axonal membrane) proves a promising starting point. In fact, by
proteomic analysis hundreds of different proteins have been identified in purified myelin, of which
only few were analyzed in depth so far (Jahn et al., 2020). For example, the most abundant proteins in
CNS myelin, proteolipid protein 1 (PLP), myelin basic protein (MBP) and 2´,3´-cyclic nucleotide 3´phophodiesterase (CNP) are studied intensely since decades (Edgar et al., 2009, 2004; Griffiths I et al.,
1998; Roach et al., 1985; Rosenbluth, 1980). However, knowledge about the functional relevance of
the majority of proteins in myelin remains limited, especially for those of low abundance. This becomes
even more clear with recent advancements in MS workflows, peptide detection and annotation,
allowing for the identification of hundreds of new low abundant candidates over the past years. One
interesting example are members of the chemokine-like-factor-like MARVEL-transmembrane
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containing protein family (CMTM), namely CMTM5 and CMTM6, which show a generally low
abundance but a high enrichment in myelin or the AEF, respectively (Eichel et al., 2020). Further, a
suggested chemokine-like motif could imply the potential for signaling capabilities (Han et al., 2003).
Interestingly, the functional relevance of CMTM6 in the peripheral nervous system was recently shown
(Eichel et al., 2020).

2.4 The CMTM Protein family and its relevance for nervous system
function
The CMTM family consists of eight members (Han et al., 2003) which are mainly known in the context
of mediating cancer immunity (Burr et al., 2017; Mezzadra et al., 2017; Shao et al., 2007; Xiao et al.,
2015) and male fertility (Fujihara et al., 2018; Liu et al., 2019). Further, most insights about CMTMs
come from correlative cancer studies or in vitro work with cancer cell lines but in vivo studies assessing
the functions of CMTMs remain limited, especially in the context of the nervous system.
Intriguingly, expression of CMTM6 by Schwann cells regulates axonal diameters in the PNS and thus
demonstrated the principal involvement of at least one CMTM protein in the function of the nervous
system in vivo (Eichel et al., 2020). The study showed that Schwann cells expressing CMTM6 restrict
axonal diameters via a yet unknown mechanism, a newly identified function of myelinating glial cells.
Following these findings, we tested whether we can also identify CMTM proteins expressed by
oligodendrocytes potentially fulfilling a similar function in the central nervous system. We found only
CMTM5 to be expressed by oligodendrocytes in the CNS (Figure 3A, B) where it shows a high specificity
for cells of the oligodendrocyte lineage (Zhang et al., 2014). Of note, CMTM5 was detected in the PNS
before: Cmtm5 mRNA expression was shown in the sciatic nerve as well as Schwann cells and CMTM5
protein abundance in PNS myelin was also reported (Eichel et al., 2020; Gerber et al., 2021; Patzig et
al., 2011).
In the CNS, CMTM5 was used as a marker for oligodendrocytes before, where its gene promoter was
used to drive BAC-Cre (Bacterial artificial chromosome) expression and label oligodendrocytes (Gong
et al., 2007). Further, CMTM5 is expressed by oligodendrocytes of mice and humans (Figure 3C, F)
(Jäkel et al., 2019; Zhou et al., 2020) and was also mass-spectrometrically identified in purified CNS
myelin before (Jahn et al., 2020). Additionally, we identified CMTM5 in myelin derived from wildtype
mice and non-diseased humans (Fig 3G) and found the abundance to be roughly equal between the
two species (Gargareta et al., 2022).
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Figure 3: Cmtm5 mRNA is expressed in mature oligodendrocytes of mice and humans. (A, B) Abundance of
Cmtm5 mRNA according to bulk RNAseq data of cells immunopanned from mouse cortices (Zhang et al., 2014).
Note that among all members of the CMTM family, only Cmtm5 mRNA is considerably expressed in MOL (A).
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Increasing Cmtm5 mRNA expression coincides with maturation of cells of the oligodendrocyte lineage (B). OPC,
oligodendrocyte precursor cells; NFO, newly formed oligodendrocyte; MOL, Mature oligodendrocytes; FPKM,
fragments per kilobase per million mapped fragments. Data represented as mean ± SEM. (C, D) Uniform manifold
approximation and projection (UMAP) feature plots of scRNAseq data derived from a previously published
dataset (Zhou et al., 2020) shows enriched expression of Cmtm5 mRNA in mature oligodendrocytes (MOL) of
mice (C). Mbp serves as marker gene for MOL in mice (D). (E, F) UMAP feature plots of scRNAseq data derived
from a previously published dataset (Jäkel et al., 2019) shows enriched expression of CMTM5 mRNA in mature
oligodendrocytes (MOL) of the white matter in disease-unaffected human control samples (E). MBP serves a
marker gene for human MOL (F). (G) Mass spectrometric analysis of brain myelin derived from wildtype C57Bl/6N
mice and non-diseased humans. Abundance of CMTM5 is relatively similar in both species. Data from (Gargareta
et al., 2022). (H) Structure prediction of CMTM5 in mice according to AlphaFold2 (Jumper et al., 2021). Blue colors
indicate high confidence of the predicted structure while yellow and red indicate low confidence. Dashed lines
indicate hypothetical membrane locations.

We were thus intrigued to assess the function of CMTM5 in the CNS. Structure prediction of CMTM5
indicates 4 transmembrane domains with 2 short extracellular domains and N- and C-terminal
sequences protruding into the cytoplasm (Figure 3H) (Jumper et al., 2021) and despite its name, no
chemokine-like sequence motif is apparent that could be involved in direct cell-cell signaling.
However, previous studies showed that at least some members of the CMTM protein family are
capable to stabilize the abundance of key signaling proteins at the cell surface and facilitate cell-cell
interactions (Burr et al., 2017; Mezzadra et al., 2017; Zheng et al., 2020). Thus, the signaling capabilities
of CMTM5 could also be mediated by indirect effects rather than direct cell-cell interactions via a
chemokine-like motif.
As other members of the CMTM protein family, CMTM5 was reported to be involved in mediating
cancer immunity and its absence in tumors or cancer cells was correlated to worse disease outcomes
and increased metastasis (Shao et al., 2007; Xiao et al., 2015). A disease modifying effect of CMTM5
via the epidermal growth factor receptor 1 (EGFR) was suggested, however, the exact mechanism by
which CMTM5 could mediate its functions remains elusive (Yuan et al., 2020).
This study presents the first assessment of the functional relevance of CMTM5 in vivo, focusing on
myelinating glial cells in the CNS.

2.5 Aim of the study
We aim to identify myelin proteins with a plausible function in glia-axon signaling in the nervous
system. We here follow the recent discovery that one member of the CMTM protein family, CMTM6,
is involved in the function of Schwann cells to restrict axonal calibers. In the present study we will
assess the functional relevance of CMTM5, another member of the CMTM protein family. We will
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determine whether CMTM5 has a role in the CNS similar to that of CMTM6 in the PNS and further
analyze its relevance for glia-axon signaling.
To achieve this, we will first establish CMTM5 as a novel CNS myelin protein in wildtype mice by:
1. Confirming its abundance in biochemically purified CNS myelin from wildtype mice
2. Analyzing its expression dynamics during early postnatal brain development in comparison to
known myelin proteins
3. Confirming its localization in myelin sheaths in the CNS using confocal microscopy.
To further investigate the functional relevance of CMTM5 in the CNS we will create mouse lines in
which Cmtm5 is conditionally deleted in oligodendrocytes using CnpCre/Wt (Lappe-Siefke et al., 2003),
as well as PlpCreERT2 driver mice (Leone et al., 2003) for deletion of CMTM5 in oligodendrocytes of adult
animals to assess its function independent from brain development. We will confirm the successful
deletion of CMTM5 using biochemical methods.
We follow the hypothesis that CMTM5 might be involved in regulating of axonal diameters. We will
therefor analyze axonal morphology and diameters using transmission electron microscopy (TEM). In
case we observe structural or pathological abnormalities, we will further assess them using TEM as
well as focused ion beam-scanning electron microscopy (FIB-SEM) for an in-depth characterization and
3D reconstruction of relevant profiles.
In case deletion of CMTM5 causes a neuropathology, we will evaluate its onset and progression using
the appropriate markers in immunohistochemistry stainings.
We will assess whether deletion of CMTM5 alters the myelin proteome using label-free quantitative
mass spectrometry, analyze the influence of CMTM5 on myelination using TEM and FIB-SEM for a
detailed analyzes on a microscopic scale, and perform Magnetic Resonance Imaging (MRI) of mouse
brains to determine the effect of CMTM5 deletion on white matter volume, structure and integrity.
In case deletion of Cmtm5 causes relevant changes in myelin or axonal integrity, we will further analyze
the consequences on a functional level using appropriate behavioral tests and nerve conduction
velocity measurements.
Together, we expect that our analysis will allow deciphering the functional relevance of the expression
of CMTM5 by myelinating oligodendrocytes in the CNS.
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3 Material and Methods
3.1 Material
3.1.1 Chemicals
All Chemicals and laboratory materials were purchased from BioRad (Munich, Germany), Eppendorf
(Hamburg, Germany), Sigma-Aldrich GmbH (Munich, Germany), Merck KGaA (Darmstadt, Germany),
Sartorius (Göttingen, Germany) and SERVA (Heidelberg, Germany) unless stated otherwise.

3.1.2 Genotyping PCR buffers and reagents
Description

Content

Digestion buffers

50 mM NaOH
67mM
Tris/HCl pH 8.0
dATP
2.5 mM
dCTP
2.5 mM
dGTP
2.5 mM
dTTP
2.5 mM
200 µM final concentration in a PCR
reaction

10 mM dNTP (50x stock)

Description

Manufacturer

GoTaq DNA polymerase
GoTaq buffer 5x
dNTPs
GeneRuler 100bp DNA ladder

Promega (Mannheim, Germany)
Promega (Mannheim, Germany)
Boehringer GmbH (Mannheim, Germany)
Thermo Fisher Scientific (St. Leon-Rot,
Germany)

3.1.3 Genotyping primers
Description

Number

Sequence

Cmtm5 Genotyping

34179
34180
32002
2016

5’- AGTAGTGGCCCATTGCCATC-3’
5’- TGGTTAGGGGGCTCCTCTTC -3’
5’- GAGCTCAGACCATAACTTCG -3’
5’- GCCTTCAAACTGTCCATCTC -3’

CnpCre/Wt
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PlpCreERT2
Wlds
Cmtm6
Cmtm6 Recombined
Dhh-Cre recombinase

4192
4193
7315
10099
7963
36307
36308
33516
33517
33516
32202
10967
15793

5’- CAGGGTGTTATAAGCAATCCC -3’
5’- CCTGGAAAATGCTTCTGTCCG -3’
5’- CCCAGCCCTTTTATTACCAC -3’
5’- TGGACAGCTGGGACAAAGTAAGC -3’
5’- CGTTGCATCGACCGGTAATGCAGGC -3’
5’- CGTTGGCTCTAAGGACAGCAC -3’
5’- CTGCAGCCCCCACCCCTT -3’
5’- GCTGCTGTTT CTCATTGCTG -3’
5’- TGTGTCAAAC GCTAAGACTCAG -3’
5’- GCTGCTGTTT CTCATTGCTG -3’
5’- GAGCTCAGAC CATAACTTCG -3’
5’- CCTGCGGAGATGCCCAATTG -3’
5’- CAGCCCGGACCGACGATGAA -3’

3.1.4 Genotyping PCRs
PCR

Content

Amount
(µl/sample)

Expected
bandsize

Cmtm5 Genotyping

Go-Taq buffer (5x)
dNTP (2nM)
Primer 34179
Primer 34180
Primer 32002
Primer
GoTaq DNA polymerase
ddH2O
Go-Taq buffer (5x)
dNTP (2nM)
Primer 2016
Primer 4192
Primer 4193
Primer 7315
GoTaq DNA polymerase
ddH2O
Go-Taq buffer (5x)
dNTP (2nM)
Primer 10099
Primer 7963
GoTaq DNA polymerase
ddH2O

4.2
2.1
0.75
0.5
0.5

Flox – 626 bp
Wt- 437 bp
Rec- 313 bp

CnpCre/Wt

PlpCreERT2
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0.07
11.88
4.2
2.1
1
0.3
0.3
1
0.07
11.03
4.2
2.1
0.2
0.2
0.07
13.4

Wt- 700 bp
Cre – 350bp

Cre positive –
250 bp

Wlds

Cmtm6

Cmtm6 Recombined

Dhh-Cre
recombinase

Go-Taq buffer (5x)
dNTP (2nM)
Primer 36307
Primer 36308
GoTaq DNA polymerase
ddH2O
Go-Taq buffer (5x)
dNTP (2nM)
Primer 33516
Primer 33517
GoTaq DNA polymerase
ddH2O
Go-Taq buffer (5x)
dNTP (2nM)
Primer 33516
Primer 32202
GoTaq DNA polymerase
ddH2O
Go-Taq buffer (5x)
dNTP (2nM)
Primer 10967
Primer 15793
GoTaq DNA polymerase
ddH2O

4.2
2.1
0.5
0.5
0.07
12.63
4.2
2.1
0.5
0.5
0.07
12.63
4.2
2.1
0.5
0.5
0.07
12.63
4.2
2.1
0.5
0.5
0.07
12.63

Wlds – 182 bp

Flox – 450 bp
Wt - 292 bp

Rec – 350 bp

Cre – 400 bp

3.1.5 Primer for quantitative real-time PCR
Gene

Direction

Sequence

Cmtm5

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

5´-TTC CTG TCT TCC CTC AAA GG -3´
5´-GCC GRG AAG CAA ATG AAG AT -3´
5´-GGA TAT CAT CTA TAA TGT TGG CTG TC -3´
5´-TGA GAG CCA GAC CCA AGC -3´
5´-CGA AAG CAC CTT GAG AGG AA -3´
5´-TTC CAA TTA GGT GGG AGC AC -3´
5´-GAT GCC CAG GGA AGA CAG -3´
5´-ACA ATG AAG CAT TTT GGA TAA TCA -3´

Slc16a1/Mct1
Rps13
Rplp0
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3.1.6 SDS PAGE and Immunoblot
Description

Content

10x Tris-buffered saline (TBS)

Tris/HCl, pH 7.5

500 mM

NaCl
Glycerol
Tris/HCl, pH 6.8
SDS

1.5 M
40% [w/v]
240 mM
8% [w/v]

4x SDS sample buffer

SDS separating gel

SDS stacking gel

10x SDS running buffer
(Laemmli buffer)

Bromophenol blue
Acrylamid/Bisacrylamid 29:1
Tris/HCl pH 8.8
SDS
APS
TEMED
Acrylamid/Bisacrylamid 29:1
Tris/HCl pH 8.8
SDS
APS
TEMED
Tris/Cl
Glycine

250 mM
1.92 M

SDS
SDS transfer buffer

1% [w/v]

Tris base
Glycine

96 mM
78 mM

Methanol
20x Tris buffered saline (TBS)
1x TBS with Tween-20 (TBST)

10% [v/v]

Tris/HCl, pH 7.4

1M

NaCl

3M

Tris/HCl, pH 7.4-7.6
NaCl

Tween-20
Blocking buffer

0.04% [w/v]
10/12/15% [v/v]
0.4 M
0.1% [w/v]
0.03% [w/v]
0.08% [v/v]
10/12/15% [v/v]
0.4 M
0.1% [w/v]
0.03% [w/v]
0.08% [v/v]

50 mM
150 mM

0.05% [v/v]

nonfat dry milk powder
in 1x TBST

5% [w/v]

Description

Manufacturer

Complete Mini Protease inhibitor
PageRulerTM Plus Prestained Protein
Ladder
PVDF Membrane Amersham Hybond
P0.45µm

Roche Diagnostics GmbH (Mannheim, Germany)
Thermo Fisher Scientific (St. Leon-Rot, Germany)
GE Healthcare Life Science (Chicago, USA)
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3.1.7 Perfusion and fixation solutions
Description
Avertin

Content
Tribromethanol 99%

2% [w/v]

Amylalkohol

2% [v/v]

Mixed at 40°C for 30 minutes while stirring and
subsequently filtered (pore size 0.45µm/m, Nalgene,
Sigma-Aldrich Gmbh, Taufkirchen, Germany, Stored at 20°C
0.2 M Phosphate buffer

Sodiumdihydrogenphophate (NaH2PO4)
di-Sodiumhydrogenphosphate (Na2HPO4)
Sodium Chloride (NaCl)

0.36% [w/v]
3.1% [w/v]
1% [w/v]

Solubilized in 1l ddH2O
16% Paraformaldehyde (PFA)

4% Paraformaldehyde (PFA)
Karlsson-Schultz fixative
(K&S)

PFA
16% [w/v]
NaOH
5N
PFA cooked at 65°C until dissolved, NaOH added until
solution went clear. Solution was filtered and stored at
-20°C
PFA
16% [w/v]
Phosphate buffer
0.1 M
PFA
16% [w/v]
Glutaraldehyde
2.5% [w/v]
Phosphate buffer
0.1 M
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3.1.8 Immunohistochemistry
Description

Content

PBS, Phosphate buffered
saline (0.2 M, PH 7.2

NaCl
1.7 M
KCl
34 mM
Na2HPO4 x 2 H2O
40 mM
K2HPO4
18 mM
pH 7.2 with 1 N NaOH
Triton X-100
2% [v/v]
In PBS
Citric acid (C6H8O7 x H2O)
1.8 mM
Sodium citrate (C6H5O7Na3 x 2H2O)
8.2 mM
Tris/HCl, pH 7.6
50 mM
Sodium chloride (NaCl)
0.9% [w/v]
Skim Milk powder (Frema)
2% [w/v]
In 0.05 M Tris-Buffer
Haematoxylin
0.1% [w/v]
Sodium iodate
0.02% [w/v]
Potassium aluminium sulphate (K2AL2(SO4)4 x 24 H2O) 5%
[w/v]
Chloralhydrate
5% [w/v]
Citric acid
0.1% [w/v]
Sodiumdihydrogenphosphate (NaH2PO4)
0.04 M
di-Sodiumhydrogenphosphate (Na2HPO4)
0.16 M
Sodium chloride (NaCl)
1.8% [w/v]
Bovine serum albumin (BSA)
1.0% [w/v]
Potassiumhydrogencarbonate
0.2% [w/v]
Magnesium sulphate
2% [w/v]

Permeabilization solution
Citrat Buffer (0.01 M, pH
6.0)
Tris-Buffer (0.05 M, pH 7.6)
Tris-Buffer + 2% Skim Milk
Mayer´s haematoxylin
solution

PBS/BSA

Scott´s solution

Description
Eukitt
Aqua-Poly/Mount
Dako-Antibody diluent

Manufacturer
Kindler (Freiburg, Germany)
Polysciences (Eppelheim, Germany)
Dako (Carpintería, USA)
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3.1.9 Electron microscopy
Description

Content

Epon

171.3g Glycidether 100
115g DDSA (Dodecenyl succinic anhydride)
89g MNA (Methyl nadic anhydride)
Are mixed using a magnet stirrer for 10 minutes and then
6.5 ml DMP-30
Are added and mixed using magnet stirrer for another 20
minutes

Methylene Blue

Na-tetraborat (Borax)

1% [w/v]

Methylenblau

1% [w/v]

Azure II

Azure II

1% [w/v]

Methylene blue – Azure II
Staining solution

Methylene blue
Azure II
Freshly prepared before use
UranyLess (Science Services, Munich, Germany)

50% [v/v]
50% [v/v]

Contrasting solution

3.1.10 Assays & Kits
Immunohistochemistry for Paraffin sections
Description

Manufacturer, Catalog number #

DAB Zytomed Kit

Zytomed System GmbH (Berlin, Germany);
Cat# DAB057

LSAB2 Kit

DAKO (Hamburg, Germany); Cat# K0609

Vector Elite ABC Kit

Vector Labs (Lörrach, Germany); Cat# PK6100

DC Protein Assay (Lowry)
Western Lightning

® Plus-ECL

RNA Purification “RNeasy mini prep”

Bio-Rad (Munich, Germany); Cat# 5000111
Perkin Elmer (Waltham, USA); Cat#
NEL105001EA
Qiagen (Portland, USA); Cat#74104
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3.1.11 Antibodies
3.1.11.1 Custom CMTM5 Antibodies
Two CMTM5 antibodies were newly developed and ordered from Proteintech (Manchester, United
Kingdoms) and Pineda (Berlin, Germany). Antibodies were raised in 2-3 rabbits against the C-terminal
domain of CMTM5 (Proteintech: YRTELMPSTTEGD; Pineda: CAFKIYRTELMPSTTEGDQQ). Antibody sera
were validated using control and CMTM5 knock-out samples in immunoblot and IHC experiments.

3.1.11.2 Further antibodies used
Table 1: Primary Antibodies

Antigen
α-APP
α-ATP1a1
α-CAII

Host
species
Mouse
Mouse
Rabbit

α-CD9
α-CD81
α-CMTM5

Rat
Mouse
Rabbit

α-CNP
α-GFAP
α-IBA1
α-MAC3
α-MCT1/Slc16a1

Mouse
Mouse
Goat
Rat
Rabbit

Method &
dilution
IHC 1:1000
IB 1:5000
IB 1:500, IHC
1:300
IB 1:1000
IB 1:1000
IB 1:1000, IHC
1:200
IB 1:1000
IHC 1:200
IHC 1:1000
IHC 1:400
IB 1:1000

α-MVP
α-PLP
α-PLP
α-RBPMS
α-SIRT2
α-TUJ1
α-SMI31
α-SMI32

Rabbit
Rabbit
Rat
Guinea Pig
Rabbit
Mouse
Mouse
Mouse

IB 1:1000
IB 1:2000
IB 1:1000
IHC 1:300
IB 1:500
IHC 1:1000
IB 1:500
IB 1:500
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Vendor & Catalog #
Chemicon (#MAB348)
Abcam (#ab7671)
Said Gandhour, Strasbourg,
France;
BD (KMC8, #940200)
Santa Cruz (#sc-166029)
Proteintech, Pineda (Custom
made)
Sigma Aldrich (#SAB1405637)
Novo Castra (#NCL-L-GFAP-GA5)
abcam (#ab5076)
Pharmingen (#553322)
Kathrin Kusch, Göttingen,
Germany
abcam (#ab97311)
Clone A431, (Jung et al., 1996)
Clone aa3
Sigma Aldrich (#ABN1376)
abcam (#ab67299)
Covance (#MMS-435P)
Covance (# SMI31P)
Covance (# SMI32-P)

Table 2: Secondary Antibodies
Antigen

Host species

Method & dilution

Vendor & Catalog #

α-mouse HRP

Goat

IB 1:10000

α-rabbit HRP

Goat

IB 1:10000

α-rat HRP

Goat

IB 1:10000

α-rabbit Alexa555

Donkey

IHC 1:1000

α-guinea pig
Alexa555
α-mouse STAR RED

Donkey

IHC 1:1000

Dianova (# 115-03003)
Dianova (# 111-035003)
Dianova (# SEC183466)
Dianova (#SBA3030-32)
Dianova

Goat

IHC 1:200

α-rabbit STAR
ORANGE

Goat

IHC 1:200

abberior (# STRED1001-500UG)
abberior (#
STORANGE-1002500UG)

3.1.12 Software
Decription

Manufacturer

GraphPad Prism 8

GraphPad Software, Inc.

Fiji/ImageJ

Schindelin et al., 2012

LAS X

Leica

IMOD v 4.9.12

University of Colorado

Zen 1.0

Zeiss

Adobe Photoshop

Adobe

Itk-SNAP 3.8.0

University of Pennsylvania

CatWalk XT 10.6

Noldus

Viewer2

Biobserve

Excel 2016

Microsoft

Matlab (v 2019b)

The Mathworks, Inc
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3.1.14 Mouse lines
Line/Genotype

Description

Reference/Origin

Cmtm5fl/fl

Mice carrying the
Cmtm5tm1a(KOMP)Wtsi allele

The Mouse Genetics Project
(Wellcome Trust Sanger
Institute, Hinxton, UK)

CnpCre/Wt

Mice expressing Cre under the
Cnp promoter
Conditional deletion of Cmtm5
in oligodendrocytes and
Schwann cells (also termed
Cmtm5 cKO)
Mice expressing and inducible
Cre driver under the Plp
promoter
Inducible knock-out of Cmtm5
in oligodendrocytes following
Tamoxifen injection (also
termed Cmtm5 iKO)
Constitutive knock-out of
Cmtm5 following germline
recombination
Mice carrying the Wallerian
degeneration slow “Wlds”
mutation
Mice lacking Cmtm5 and carry
the Wlds mutation
Mice with floxed Cmtm6 allele
Mice expressing Cre under the
Dhh promoter
Conditional double knock-out
of Cmtm5 and Cmtm6 in
Schwann cells

Lappe-Siefke et al., 2003

Cmtm5fl/fl*CnpCre/Wt

PlpCreERT2

Cmtm5fl/fl* PlpCreERT2

Cmtm5-/-

Wlds

Cmtm5-/-*Wlds
Cmtm6fl/fl
DhhCre
Cmtm5fl/fl*Cmtm6fl/fl*DhhCre
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This study

Leone et al., 2003

This Study

This Study

Coleman et al., 2001

This Study
Eichel et al., 2020
Jaegle et al., 2003
This Study

3.2 Methods
3.2.1 Experimental animals
Mice were bred and kept in the mouse facility of the Max Planck Institute of Experimental medicine.
3-5 mice were housed per cage in a 12-hour dark/light cycle. Animals had access to food and water ad
libitum. Experimental mutant mice were analyzed with littermate controls as far as possible. Mice were
sacrificed by cervical dislocation or perfusion using anesthetics. All animal experiments were
performed in accordance with the German animal protection law (TierSchG) and approved by the
Niedersächsisches Landesamt für Verbraucherschutz und Lebensmittelsicherheit (LAVES) under
license 33.19-42502-04-15/1833 and 33.8-42502-04-19/3172.

3.2.1.1 Generation of conditional and constitutive Cmtm5 knock-out mice lines
Frozen sperm of mice carrying the ‘knockout-first´-allele of the Cmtm5 gene (C57BL/6N-Atm1Brd
Cmtm5tm1a(KOMP)Wtsi/Wtsi) was acquired from The Mouse Genetics Project (Wellcome Trust Sanger
Institute, Hinxton, UK). Cmtm5tm1a(KOMP)Wtsi mice were generated by the transgene facility of the Max
Planck Institute of Experimental Medicine (Göttingen, Germany) by in vitro fertilization using standard
procedures.

The

LacZ/neo

cassette

was

deleted

by

crossbreeding

these

mice

with

Gt(ROSA)26Sortm1(FLP1)Dym mice expressing flippase (Farley et al., 2000) yielding mice heterozygous for
the floxed Cmtm5 allele (Cmtm5tm1c(KOMP)Wtsi mice, also termed Cmtm5fl/+) which were bred to
homozygosity. To delete Cmtm5 in oligodendrocytes, Cmtm5fl/fl mice were crossbred with mice
expressing Cre under the Cnp promoter (Cnp1tm(cre puro)Kan mice, also termed CnpCre/WT; Lappe-Siefke et
al., 2003) yielding Cmtm5fl/fl*CnpCre/WT mice (also termed Cmtm5 cKO). In experiments assessing Cmtm5
cKO mice, Cmtm5fl/fl mice served as controls.

Figure 4: The Cmtm5 gene construct. (A) Exons 2-5 of Cmtm5 are flanked by loxP sites, additionally the construct
contains a LacZ/neo cassette flanked by FRT recombination sites. (B) Breeding with mice expressing the flippase
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recombinase leads to deletion of the LacZ/neo cassette. Mice with the floxed Cmtm5 allele were crossbred with
mice expressing the Cre-recombinase under the Cnp promotor (CnpCre/WT) to delete Cmtm5 in myelinating glia
cells.

To analyze CMTM5 function independent of Cnp heterozygosity we also created a constitutive Cmtm5
knock-out mouse. Mice with a body wide deletion of Cmtm5 emerged via sporadic germline
recombination in Cmtm5fl/fl*CnpCre/Wt. Mice heterozygous for the Cmtm5 gene (Cmtm5Wt/-) were bred
without Cnp-Cre and the homozygous offspring was used as experimental (Cmtm5-/-, knock-out) and
control (Cmtm5Wt/Wt, wildtype) groups.
Further, we cross-bred Cmtm5Wt/-mice with Cmtm5Wt/- harboring the Wallerian degeneration slow
mutation heterozygously (Wlds, Coleman et al., 1998; Mack et al., 2001). To evaluate the influence of
Wlds on axon degeneration caused by Cmtm5 deletion we analyzed Cmtm5Wt/Wt, Cmtm5Wt/Wt*Wlds
(control groups) and Cmtm5-/-, Cmtm5-/-*Wlds (knock-out groups). Littermate mice were used as
experimental controls as far as possible.

3.2.1.2 Generation of inducible Cmtm5 knock-out mice
For deletion of Cmtm5 in adult animals, Cmtm5fl/fl were bred with mice expressing tamoxifen inducible
Cre under the Plp Promoter (PlpCreERT2, Leone et al., 2003) resulting in Cmtm5fl/fl* PlpCreERT2 mice (also
termed Cmtm5 IKO) and respective controls without Cre. For recombination, male mice of both
experimental groups were injected Tamoxifen intraperitoneally at 8 weeks of age for 10 days with a 2day break after the first five injection days (1 mg tamoxifen dissolved in 100 µl corn oil per mouse and
day).

3.2.1.3 Generation of conditional Cmtm5/Cmtm6 double knock-out mice
Mice lacking Cmtm6 in Schwann cells were created before (Eichel et al., 2020) using DhhCre (Jaegle et
al., 2003). To create mice lacking both Cmtm5 and Cmtm6 in Schwann cells, Cmtm5fl/fl and
Cmtm6fl/fl*DhhCre mice were cross-bred until reaching Cmtm5 and Cmtm6 flox homozygosity. Finally,
Cmtm5fl/fl*Cmtm6fl/fl mice were bred with Cmtm5fl/fl*Cmtm6fl/fl*DhhCre mice resulting in mice lacking
Cmtm5 and Cmtm6 in Schwann cells and respective controls without DhhCre.

3.2.1.4 Genotyping PCR
For genotyping, ear punches of 16-21 days old mice were obtained. Biopsies were digested in 300µl
5M NaOH at 95°C for 75-90 minutes. Afterwards, samples were cooled down and 30µl Tris/HCl pH 8.0
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were added. Biopsies were stored at 4°C until further use. Polymerase chain reaction (PCR) was
performed to amplify genotype specific DNA fragments from genomic DNA (Saiki et al., 1988).
Respective primers (see list in materials section) were provided by the service facility of the MPI-EM.
Sample mixes were created as described in the materials section. 20µl of the respective primer mix
was added to 1 µl DNA and PCRs were run in a T3 Thermocycler (Biometra GmbH, Göttingen,
Germany). Agarose gels (2% [w/v] agarose in TBE buffer) were used to separate the DNA samples. 5µl
Gel Red Nucleic acid Stain (BioTrend, Cologne, Germany) was added to each PCR Samples. The whole
sample volume (approximately 26µl) was loaded per well along with a pre stained 100bp or 1000bp
marker (GeneRuler, Thermo Fischer Scientific). Separation was carried out in gel chambers filled with
TBE at 120V for 60-90 minutes. Images of the samples were obtained with an Intas UV system (Intas
Science Imaging, Göttingen, Germany).

3.2.2 Purification of myelin and axogliasome-enriched fractions (AEF)
3.2.2.1 Myelin Purification
Myelin enriched fractions were prepared from mice brains of the respective age as described earlier
(e.g.,Erwig et al., 2019). In brief, one hemisphere was homogenized in 5 ml 0.32 M sucrose using an
T10 ULTRA-TURRAX® homogenizer (IKA, Staufen, Germany) and 200 µl brain lysate was directly snapfrozen on dry ice and stored at -80°C until further use. The remaining sample was then carefully layered
over 0.85 M sucrose and centrifuged at 75000 g and 4°C with an XL-70 ultracentrifuge with OptimaTM
TLX rotor (Beckman Coulter, Krefeld, Germany) for 30 minutes. Myelin was collected from the
interphase with a Pasteur pipette and transferred to a new ultracentrifuge tube. Myelin membranes
were further distorted using osmotic shocks as follows: centrifuge Tubes were filled with ddH2O and
kept on ice for 10 minutes followed by a centrifugation step at 12000 g for 15 minutes at 4°C. The
pellet was resuspended in 0.32 M sucrose containing protease inhibitor and layered over 0.85 M
sucrose in a fresh ultracentrifuge tube. The samples were again centrifuged for 30 minutes at 75000 g
and 4°C using slowest acceleration and deceleration possible. The interphase was again collected in a
fresh ultracentrifuge tube using a pasteur pipette. The tube was filled up with ddH2O and centrifuged
at 12000 g for 10 minutes. Finally, the water was discarded and the remaining myelin pellet was
resuspended in 200-300 µl 1x TBS containing protease inhibitor. Samples were snap-frozen on dry ice
and kept at -80°C until further use.
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3.2.2.2 AEF purification
Axogliasome-enriched fractions were isolated as described in (Eichel et al., 2020). The protocol was
adapted for the use of mouse brains instead of mouse sciatic nerves. For each biological replicate two
mouse brains from P75 old Cmtm5-/- mice and respective wildtype controls were pooled. Brains were
collected in centrifuge tubes containing 1.25 M sucrose with protease inhibitor tablets (Roche
Diagnostics, GmbH, Mannheim, Germany) and homogenized using an T10 ULTRA-TURRAX®
homogenizer (IKA, Staufen, Germany). The nerve lysate was carefully overlaid with 1 M sucrose
followed by 0.29 M sucrose. Centrifugation was carried out with an XL-70 ultracentrifuge with
OptimaTM TLX rotor (Beckman Coulter, Krefeld, Germany) at 100.000 g for 16 h at 4°C with slowest
possible acceleration and deceleration. The axogliasome-enriched fraction at the 1/1.25 M interphase
was collected with a Pasteur pipette and transferred into a new centrifugation tube. The AEF was
processed with two consecutive washing and osmotic shocks steps: centrifuge Tubes were filled with
ddH2O

and kept on ice for 10 minutes followed by a centrifugation step at 12000 g for 15 minutes at

4°C. Finally, the supernatants were carefully discarded and the AEF-pellet was taken up in 50-100 µl 1x
TBS containing protease inhibitor. Samples were snap-frozen on dry ice and stored at -80°C until
further use.

3.2.3 Label-free quantification of proteins in myelin and AEF samples
Proteome experiments were carried out by Dörte Hesse and and quality control and data analysis were
carried out by Dr. Olaf Jahn (Proteomics Group, MPI-EM, Göttingen). Myelin samples for proteome
analysis were prepared by Ramona Jung (Neurogenetics group, MPI-EM, Göttingen). The whole
procedure for proteome experiments was described in (Buscham et al., 2021) as follows: The Insolution digestion of myelin proteins according to an automated filter-aided sample preparation (FASP)
protocol (Patzig et al., 2016) and LC-MS-analysis by different MSE-type data-independent acquisition
(DIA) mass spectrometry approaches was performed as recently established for PNS (Siems et al.,
2020) and CNS (Jahn et al., 2020) 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. Combined
flow-throughs were directly subjected to LC-MS-analysis. For quantification according to the TOP3
approach (Silva et al., 2006), aliquots were spiked with 10 fmol/μl of Hi3 EColi standard (Waters
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Corporation), containing a set of quantified synthetic peptides derived from E. coli. Chaperone protein
ClpB.
Nanoscale reversed-phase UPLC separation of tryptic peptides was performed with a nanoAcquity
UPLC system equipped with a Symmetry C18 5 μm, 180 μm × 20 mm trap column and a HSS T3 C18 1.8
μm, 75 μm × 250 mm analytical column (Waters Corporation) maintained at 45°C. Peptides were
separated over 120 min at a flow rate of 300 nl/min with a gradient comprising two linear steps of 335% mobile phase B (acetonitrile containing 0.1% formic acid) in 105 min and 35-60% mobile phase B
in 15 min, respectively. Mass spectrometric analysis on a quadrupole time-of-flight mass spectrometer
with ion mobility option (Synapt G2-S, Waters Corporation) was performed in the dynamic rangeenhanced (DRE)-UDMSE mode as established previously for proteome analysis of purified myelin (Jahn
et al., 2020; Siems et al., 2020). Continuum LC-MS data were processed using Waters ProteinLynx
Global Server (PLGS) and searched against a custom database compiled by adding the sequence
information for E. coli. Chaperone protein ClpB and porcine trypsin to the UniProtKB/Swiss-Prot mouse
proteome (release 2017-07, 16909 entries) and by appending the reversed sequence of each entry to
enable the determination of false discovery rate (FDR). Precursor and fragment ion mass tolerances
were automatically determined by PLGS and were typically below 5 ppm for precursor ions and below
10 ppm (root mean square) for fragment ions. Carbamidomethylation of cysteine was specified as fixed
and oxidation of methionine as variable modification. One missed trypsin cleavage was allowed.
Minimal ion matching requirements were two fragments per peptide, five fragments per protein, and
one peptide per protein. The FDR for protein identification was set to 1% threshold.
For post-identification analysis including TOP3 quantification of proteins, ISOQuant (Distler et al., 2014;
Kuharev et al., 2015) software freely available at www.isoquant.net) was used as described previously
(Jahn et al., 2020; Siems et al., 2020). Only proteins represented by at least two peptides (minimum
length six amino acids, score ≥ 5.5, identified in at least two runs) were quantified as parts per million
(ppm), i.e. 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. Proteome profiling comparing myelin from Cmtm5 cKO and CTRL mice was performed with
three biological replicates and duplicate digestion, resulting in a total of 6 LC-MS runs per condition.
For data visualization and further analysis Microsoft Excel 2016 and GraphPad Prism 8 was used
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3.2.4 SDS PAGE and Immunoblotting
3.2.4.1 Sample preparation
The protein concentration of all samples (lysate, myelin, AEF) was measured using the BioRad DC
protein assay kit (Lowry assay, Lowry et al., 1951). In brief, a calibration line was prepared using the
respective sample buffer for each fraction (Lysate= 0.32 M sucrose, Myelin, AEF= 1x TBS) containing
0.5 µg/µl to 2.5µg/µl BSA. 25µl of reagent A were pipetted into a 96 well plate followed by 5 µl of
either the protein standard or the samples. Then, 200 µl of reagent B were added into each well and
the plate was incubated for 10 minutes at room temperature. Samples and protein standards were
measured in duplicates or triplicates. Finally, the optical density was measured at 650 nm with a
microplate reader using the Gen5 software (BioTek Instruments, Bad Friedrichshall, Germany).
For immunoblotting, samples were diluted in 1x SDS sample buffer and 5% Dithiotheitol (DTT) was
added as reducing agent. Samples were kept at -20°C until further use.

3.2.4.2 SDS PAGE
Protein separation was performed by SDS-Page using selfcast Acylamid gels (8-12% depending on
protein of interest) and the Mini-PROTEAN Handcast system (BioRad, Munich, Germany). Before
loading, samples were heated at 40°C for 10 minutes. Depending on the protein of interest between
1-15 µg sample were loaded per pocket. 5 µl pre-stained protein ladder (PageRulerTM, Thermo Fischer
Scientific) served as control for band sizes and was loaded in a free pocket next to the samples.
Seperation was carried out with the BioRad Protein Electrophoresis device with a constant current of
200V for 45-60 minutes. Gels were then carefully removed and incubated in transfer buffer for rougly
10 minutes until immunoblotting.

3.2.4.3 Immunoblotting
Immunoblotting was performed using the Novex® Semi-Dry Blotter (Invitrogen, Karlsruhe, Germany),
a BioRad power supply and PVDF membranes (GE Healthcare, Buckinghamshire, UK). Before blotting,
PVDF membranes were activated with pure ethanol for 1 min followed by 2 washing steps with ddH2O
for 30 seconds and were kept afterwards in transfer buffer until blotting. Pre cooled transfer buffer
was used to soak eight WhatmanTM papers (GE Healthcare Life Sciences, Buckinghamshire, UK) per
membrane. The “sandwich” was assembled on the anode of the blotter as follows: 4 WhatmanTM
paper, PVDF membrane, Acrylamide Gel, 4 WhatmanTM paper. Air bubbles between the sheaths were
carefully removed with a plastic roller. Proteins were transferred at 20V for 45-60 minutes (depending
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on protein size). Following blotting, the membranes were incubated in 5% [w/v] non-fat dry milk
diluted in 1x TBST for 45-60 minutes at room temperature. Respective primary antibodies were diluted
in 5 ml blocking buffer and membranes were incubated overnight at 4°C in 50 ml Falcon Tubes (Cornig,
Reynosa, Mexico) with rotation. Blots were then washed three times with 1x TBST for 10 minutes.
Followed by incubation in secondary HRP antibody diluted in blocking buffer at room temperature for
1-2 hours. The membranes were again washed three times for ten minutes with 1x TBST.
For detection membranes were incubated with enhanced chemiluminescent detection (ECL) solution
according to the manufacturers instructions. Depending on signal intensity normal (Western
Lightning® Plus-ECL) or stronger ECL (SuperSignalTM West Femto Maximum sensitive Substrate, Thermo
Fischer Scientific, St. Leon-Rot, Germany) was used. Membranes were incubated with appropriate
standard proteins to ensure equal loading.

3.2.5 Immunohistochemistry
3.2.5.1 Perfusion
Before perfusion, mice were injected intraperitoneally with 0.2 ml Avertin per 10 g bodyweight. After
three to five minutes, reflexes were checked to ensure a deep anesthesia. The abdomen and the
diaphragm were opened using scissors and a butterfly cannula (27G, Venofix) was injected into the left
ventricle. A small incision was made into the right atrium to ensure blood and fixative efflux. The body
was first flushed for 2-3 minutes using prewarmed (37°C) HBSS (Invitrogen, Karlsruhe, Germany)
followed by 10 minutes of 4% [w/v] PFA. Following perfusion, tissues were dissected and post-fixed
overnight in 4% [w/v] PFA. Samples were either directly processed or stored in 4% [w/v] PFA at 4°C.

3.2.5.2 Preparation of Paraffin and Cryosections
For neuropathological staining’s and quantification of oligodendrocyte cell number, paraffin
embedded sections were used which were processed as follows: Following fixation, brains were cut
into 2 coronal slices at the approximal height of the hypothalamus. Brain tissue was then placed into
small plastic wire cases and embedded in paraffin (Paraplast, Leica, Wetzlar, Germany) using an
automated system (HMP 110, MICROM) with the following protocol:
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Time (hours)
1
2
2
1
1
1
1
1
2
2
2
2

Solution
50% [v/v] Ethanol
70% [v/v] Ethanol
70% [v/v] Ethanol
96% [v/v] Ethanol
96% [v/v] Ethanol
100% [v/v] Ethanol
100% [v/v] Ethanol
Isopropanol
Xylol
Xylol
Paraffin
Paraffin

Following the automated embedding, brain sections were placed with the sectioned side down into
metal forms which were filled with paraffin. The paraffin was left to harden and sectioned with a
Microtome (HM 400, MICROM) into 5 µm sections. Brain slices were collected on microscope slides
and kept overnight at 37°C. Brain slices were then stored at room temperature until further use.
Preparation of cryosections was performed as described in (Buscham et al., 2021): Cryosection were
obtained from perfused or immersion fixed optic nerves and spinal cords. Nerves were kept in a
sucrose buffer (10% [w/v], 20% [w/v], 30% [w/v] in 0.1 M phosphate buffer) over night at 4°C for each
concentration. The nerves were then embedded in small plastic chambers using Tissue-Tek® O.C.T.TM
Compound (Sakura, Staufen, Germany). Nerves were stored at -20°C until further use. 10 µm thick
cross-sections were prepared using a cryostat (Reichert Jung® Cryocut 18000, Wetzlar, Germany) and
transferred to Superfrost® Plus microscope slides (Thermo Fischer Scientific, St. Leon-Rot, Germany).
Slides were dried for 30 minutes at room temperature and stored at -20°C until further use.

3.2.5.3 Neuropathological stainings and analysis
Slides were incubated at 60°C for ten minutes and afterwards deparaffinized in the following order:
Xylol, Xylol, Isopropanol/Xylol (1:1) for 10 minutes each. Followed by a decreasing ethanol line: 100%
Ethanol, 90% Ethanol, 70% Ethanol, 50% Ethanol and H2O for five minutes each. Slides were then
incubated in citrate buffer for 5 minutes, during that time 300 ml citrate buffer was heated until the
buffer was cooking. Slices were transferred in the preheated buffer and heated in the microwave for
10 minutes. Afterwards the slides were left to cool at room temperature. Slides were then transferred
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into Tris-Buffer containing 2% skim milk powder. For the next incubation steps, small capillary
chambers were created on top of the slides using the Shandon cover plate system (Thermo Fisher
Scientific). Fitting was controlled by filling the chambers with Tris-Buffer containing 2% skim milk
powder. Afterwards, 100 µl 3% H2O2 were added for 5 minutes to inactivate the endogenous
peroxidases which could lead to unspecific signals when using a horse-radish-peroxidase (HRP) coupled
secondary antibody. To reduce non-specific binding of the antibody, the tissue was blocked for 10
minutes with 100 µl goat serum diluted 1:5 in PBS/BSA. Afterwards the slides were incubated with the
first respective antibody over night at 4°C. The slides were rinsed with 2% skim milk in Tris-Buffer and
100µl of the biotinylated secondary antibody were added followed by 100 µl of the HRP-streptavidin
complex. The microglial activation factor-3 (MAC3) and the microglia marker IBA1 were detected using
the Vector Elite ABC kit (Vector Labs, Lörrach, Germany). Amyloid β precursor protein (APP) and the
glial fibrillary acidic protein (GFAP) were labeled with the LSAB2 kit, following the instructions by the
manufacturer (DAKO, Hamburg, Germany). MAC3 and IBA1 were incubated for 30 minutes and GFAP
and APP for 10 minutes. The slides were washed with 2% skim milk in Tris-Buffer once and the cover
plates were removed. The bound antibodies were visualized using 100 µl of the DAB-Kit (Zytomed
Systems GmbH, Berlin, Germany). Cell Nuclei were stained by incubating the slides in hematoxylin for
30 seconds. The slides were than rinsed in ddH2O followed by a short incubation in HCL-alcohol, rinsed
again and finally incubated in Scott´s solution for 5 minutes. Then the slides were washed in ddH2O and
incubated in an increasing ethanol line as follows: 50% Ethanol, 70% Ethanol, 90% Ethanol and 100%
Ethanol for five minutes each. Following the ethanol line, slices were incubated for 10 minutes in
Isopropanol/Xylol (1:1) once and twice in Xylol. Finally, the slides were mounted using Eukitt.
For analysis the hippocampal fimbria was imaged using a bright-field light microscope at 40x
magnification (Zeiss AxioImager Z1, coupled to Zeiss AxioCam, MRc Camera, controlled and stitched
by Zeiss Zen 1.0 software). APP positive spheroids were counted by hand and normalized to the
quantified area. GFAP/MAC3/IBA1 relative immunopositive area was determined using a semiautomatically ImageJ plugin (de Monasterio-Schrader et al., 2013; Lüders et al., 2017; Patzig et al.,
2016).

3.2.5.4 Quantification of oligodendrocyte cell number
To quantify oligodendrocyte cell number, coronal paraffin embedded brain sections were used
following the above-described protocol up until the antigen retrieval step using Citrate buffer.
Following the Citrate-Buffer cooking step, samples were blocked for 1 hour at room temperature with
PBS containing BSA and horse serum. Incubation with CAII primary antibody was carried out over 48h
at 4°C (1:300 in PBS containing 1% Horse serum). Afterwards, slides were washed three times for 10
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minutes with PBS and incubated with DAPI (Thermo Fischer Scientific) and anti-rabbit Alexa555
(Dianova, 1:1000 in PBS containing 1% HS) for 1 hour at room temperature. Slides were washed three
times again using PBS for 10 minutes and finally mounted using AquaPolymount. The hippocampal
fimbria was imaged with an Axio Observer Z2 (Zeiss) at 40x magnification. Images were stitched using
the Zeiss Zen 1.0 Software. All cell positive for both DAPI and CAII were identified as oligodendrocytes.
All positive cells were counted and numbers were normalized to an area of 1 mm2.

3.2.5.5 Preparation of cryosections and confocal imaging
Preparation of cryosections for imaging was performed as described in (Buscham et al., 2021):
Cryosection were obtained from spinal cords immersion fixed with 4% PFA overnight. Nerves were
then transferred to a sucrose buffer (10% [w/v], 20% [w/v], 30% [w/v] in 0.1 M phosphate buffer) over
night at 4°C for each concentration. The nerves were then embedded in small plastic chambers using
Tissue-Tek® O.C.T.TM Compound (Sakura, Staufen, Germany). Nerves were stored at -20°C until further
use. 10 µm thick cross-sections were prepared using a cryostat (Reichert Jung® Cryocut 18000, Wetzlar,
Germany) and transferred to Superfrost® Plus microscope slides (Thermo Fischer Scientific, St. LeonRot, Germany). Slides were dried for 30 minutes at room temperature and stored at -20°C until further
use.
Sections were stained with the following protocol using 200 µl volumes per slide: 3 minutes Methanol,
30 minutes permeabilization using PBS with 0.4% [v/v] Triton-X100 (Sigma Aldrich, St. Louis, USA)
followed by blocking using DAKO blocking buffer (DAKO, Hamburg, Germany) for 60 minutes.
(Covance) and CMTM5 (custom made by Pineda, Berlin, Germany Table 2) antibodies were diluted in
antibody diluent (DAKO, Hamburg, Germany) and incubated for 48 hours at 4°C in a dark, humid
chamber. Sections were then washed three times with PBS for 10 minutes and incubated with
secondary antibodies (α-rabbit STAR-RED, α-mouse STAR-ORANGE, abberior, Göttingen, Germany,
Table 2) diluted 1:200 in antibody diluent for 60 minutes. Sections were washed 3 times with PBS for
10 minutes and mounted using AquaPolymount (Polysciences, Warrington, USA). Images were
obtained on a Confocal and STED FACILITY line microscope (Abberior Instruments, Germany) and
acquired as xy-plane with a pixel size of 30nm. The fluorophores were excited with appropriate
excitation lasers at 640nm (abberior STAR RED) and 561nm (abberior STAR ORANGE).
Imaging was performed by Martin Meschkat (Abberior Instruments GmbH, Göttingen). For image
acquisition the microscope software “Lightbox” as provided by Abberior Instruments was used.

36

3.2.5.6 Quantification of RGC number
Protocol for the preparation of retinae and quantification of RGC number was described in (Buscham
et al., 2021): To assess retinal ganglion cell numbers (RGC), eyes of 1 year old Cmtm5-/- mice and
respective controls were dissected and fixed for one hour with 4% PFA/Phosphate Buffer (PB). Eyes
were then rinsed in PB and retinae were dissected as follows. The eye was cut open along the ciliary
body and cornea and lens were removed. The retinal pigment epithelium (RPG) was carefully removed.
Four cuts on opposing sites were made to flatten the retina. The retina was transferred into a 24 well
plate with 1 retina per well containing PBS. Retinae were washed with PBS/2% Triton X-100
(500µl/well) at room temperature and gentle agitation for 10 minutes. To permeate nuclear
membranes the wash solution was replaced by fresh PBS/2% Triton X-100 and retinae were frozen at
-80°C for 10 minutes. Retinae were washed twice with PBS/0.5% Triton X-100 for 5 minutes at room
temperature. To reduce unspecific AB binding retinae were incubated with blocking buffer (PBS/
5%BSA/ 5% Donkey Serum/ 2% Triton X-100) for 1 hour at room temperature with gently agitation. To
label RGCs, retinae were incubated with guinea pig anti-RBPMS (Sigma-Aldrich; 1:200 in blocking
buffer, 350µl per well) for 2 hours at room temperature. Retinae were then washed thrice with
PBS/0.5% Triton X-100 for 10 minutes at RT. RGCs were labelled using donkey anti-guinea pig Alexa
555 (1:1000 in blocking buffer) and incubated over night at 4°C. Retinae were then washed thrice for
30 minutes with PBS and transferred to a Superfrost® Plus microscope slides with a fine brush.
Retinae were mounted using AquaPolymount with the RGC layer facing up. Slides were kept at 4°C and
dark until imaging. Images were taken using the Axio Observer Z2 (Zeiss) and a 40x magnification and
stitched using Zeiss Zen2011. For assessment of RGC number the average of 3 different areas (area=
mm2 per rectangle) were analyzed for each inner/middle/outer part of the retina. In total, retinae of
three different animals were analyzed per genotype.

3.2.6 Electron microscopy
Samples for transmission electron microscopy (TEM) and focused ion-beam scanning electron
microscopy (FIB-SEM) were prepared for sectioning by Torben Ruhwedel and Anna Steyer (Electron
Microscopy facility, MPI-EM, Göttingen) and sectioning of FIB-SEM samples was carried out by Torben
Ruhwedel and Anna Steyer.

3.2.6.1 TEM
Animals of the respective age and genotype were sacrificed by cervical dislocation. Tissue was
dissected and fixed in Karlsson-Schultz fixative solution at 4°C overnight and kept in 1% PFA for longer
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storage. For transmission electron microscopy, fixed nerves were embedded in EPON using an
automated system (EMPT, Leica; Wetzlar, Germany). Before, tissue was placed in small plastic baskets
containing 0.1 M phosphate buffer.
The following protocol was used for sample preparation:

Solution
Phosphate buffer
2% [w/v] OsO4
H2O
30% [v/v] Ethanol
50% [v/v] Ethanol
70% [v/v] Ethanol
90% [v/v] Ethanol
100% [v/v] Ethanol
Propylenoxid
Propylenoxid/Epon 2:1
Propylenoxid/Epon 1:1
Propylenoxid/Epon 1:2
Epon

Incubation time
3x 10 min
4h
3x 10 min
20 min
20 min
20 min
20 min
4x 10min
3x 10 min
2h
2h
4h
4h

Temperatur
4 °C
4 °C
4 °C
4 °C
4 °C
4 °C
4 °C
4 °C
RT
RT
RT
RT
RT

Tissue was then carefully placed in silicon molds filled with Epon and labelled using small paper labels.
Epon embedded samples were kept at 60°C over-night to allow the Epon to polymerize.
TEM sections were prepared as described in (Buscham et al., 2021): Ultrathin (50nm) sections were
prepared using a PTPC Powertome Ultramicrotome (RMC, Tuscon Arizona, USA) and a diamond knife
(Diatome AG, Biel, Switzerland). Sections were cut and collected on formwar coated cooper grids
(AGAR scientific, Essex, UK). To enhance contrast, ultrathin sections were stained with UranyLess
(Electron Microscopy Science, Hatfield, Panama) for 20 minutes and washed 6 times with ddH20. For
analysis 16-20 non-overlapping random images were taken per animal (exact number of mice in the
figure legends) using the Zeiss EM900 at 7000x (one image = 220µm2). All image analysis was
performed using Fiji (Version 2.0.0-rc-68/1.52i; Schindelin et al., 2012))
To assess relative number of pathological axons and pathological myelin units, all axons on 16-20 nonoverlapping random images were analyzed per mouse. For the diameter analysis all normal appearing
and properly cross-sectioned myelinated axons were evaluated on 16-20 non-overlapping random
images. Data is presented as mean axonal diameter per animal. g-ratios were calculated as ratio
between axonal diameter and the outer (abaxonal) diameter of the corresponding myelin sheath. In
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total 200 axons were randomly selected for g-ratio analysis from 16-20 EM images per mouse using
the Fiji Grid tool (Circular grids, 3 µm2 per point, random offset).

3.2.6.2 Preparation and quantification of semithin sections
For the analysis of axon number in optic nerves (ON) and the axonal diameters in sciatic and phrenic
nerves, semithin (500 nm) sections were prepared using a PTPC Powertome Ultramicrotome (RMC,
Tuscon Arizona, USA) and a diamond knife (Diatome Ultra 45°). Sections were collected on microscope
slides and dried. Afterwards, sections were stained with methylene blue/azur II (1:1) for one minute
followed by a washing step with H2O. After drying, sections were embedded using Eukitt. Images were
acquired at x100 using a bright-field light microscope (Zeiss AxioImager Z1; coupled to Zeiss Axio Cam
MRc camera; controlled and stitched by Zeiss Zen 1.0 software).
Optic nerves were analyzed as follows: Using Fiji, ON images were separated into 55 µm2 rectangles.
From all rectangles filled with ON tissue 5 were chosen at random and all axons were counted. Axon
number is shown as mean of 5 rectangles per mouse.
Axonal diameters in the PNS were analyzed using a semi-automated approach with “analyze particle”
function of FIJI. The Particle analyzer was set to an appropriate size and circularity and all profiles were
inspected carefully. Inaccurate ROIs were deleted and drawn by hand. Tilted and not properly
sectioned axons were not included in the analysis of axonal diameters. Mean axonal diameters were
calculated using GraphPad Prism 8, shifts in axonal diameters (according to Kolmogorov-Smirnoff test)
were calculated using an R script described in (Eichel et al., 2020). Analysis of Cmtm5/6 dKO were
carried out by Hanna Pies and Maria Eichel.

3.2.6.3 FIB-SEM
FIB-SEM sectioning and imaging was performed by Dr. Anna Steyer (EMBL Imaging Center, Heidelberg).
Samples were prepared according to (Buscham et al., 2021; Steyer et al., 2020). In short, the dissected
samples were immersed in primary fixative and processed with a modified OTO-protocol (Deerinck et
al., 2010), as described previously (Weil et al., 2018). Samples were post-fixed for 3 h with 2% OsO4
and 1.5% K3Fe(CN)6 at 4 °C followed by a contrasting step with 1% thiocarbohydrazide 1 h at room
temperature and 1.5 h incubation with 2% OsO4. En bloc staining was done with 2% uranyl acetate
overnight at 4 °C. The next day the nerve samples were dehydrated through a series of ascending
concentrations of acetone for 15 min each (30%, 50%, 75%, 90%, 3× 100%) and incubated with
increasing concentrations of resin (2:1, 1:1, 1:2) for 2 h each and left in 90% Durcupan over night
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without component D. The next day the samples were incubated with 100% Durcupan (all
components) for 4.5 h and polymerized for 48 h at 60 °C.
The polymerized samples were trimmed using a 90° trimming knife (Diatome) and positioned on a
SEM-stub using silver conductive resin (EPO-TEK 129-4). The surface was sputtered coated (Leica, ACE
600) with a layer of 10 nm platinum and placed inside the FIB-SEM (Crossbeam 540, Zeiss). After
exposing a cross-section through the region of interest with 15 nA ion current and polishing with 7 nA,
a 400 nm deposition of platinum was done using 3 nA. The final dataset was acquired at 1.5 kV
(1000 pA) 5 nm × 5 nm × 25 nm voxel size with a milling current of 1.5 nA. Fiji (Schindelin et al., 2012)
was used for all following image processing steps: The images were aligned using the SIFT algorithm,
cropped and inverted. They were smoothed using a Gaussian blur (sigma 1) and a local contrast
enhancement was applied (CLAHE: blocksize 127, histogram bins 256, maximum slope 1.25). The
dataset was binned by 2 in x and y. Analysis of pathological myelin and axonal profiles was carried out
using Fiji. All profiles in the volume belonging to one of the categories (Myelin outfoldings, Innertongue inclusions, Axoplasmic inclusions, Myelin whorls) were counted and values were normalized to
a volume of 10000µm3. Example 3D models were reconstructed using IMOD (v 4.9.12, University of
Colorado).

3.2.7 Cell culture and exosome purification
3.2.7.1 Oligodendrocyte cell culture
Oligodendrocyte cell culture and exosome analysis was performed by Dr. Christina Müller (University
of Mainz) and described in detail before (Frühbeis et al., 2020). Primary oligodendrocytes were kept in
culture for six days. Culture supernatants were collected over a period of 48 h under serum-free
conditions.

3.2.7.2 Exosome purification and EV analysis
Briefly, culture supernatant was cleared from dead cells and debris by successive centrifugation for 10
min at 300 x g and 30 min at 10,000 x g and 4°C in a fixed angle rotor (220.78, Hermle). sEVs remaining
in the supernatant were pelleted by ultracentrifugation in polyallomer tubes (Beckman Coulter) for 2
h at 100,000 x g and 4°C (SW40 rotor, 27.000 rpm, RCF (max) 130.000, k-factor 301.4, Beckman
Coulter). 10K and 100K pellets were resuspended in SDS-PAGE sample buffer for Western blot analysis.
Cells were scraped in 10 mM Tris pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 % Triton X-100 and protease
inhibitor cocktail (Roche complete) on ice. Nuclei were pelleted by centrifugation for 5 min at 2000 x
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g. Cell lysates and sEV/exosome samples were subjected to 12 % SDS-PAGE and Western blotting
(Biorad). Proteins were blotted onto a PVDF membrane, which was subsequently blocked with 4 %
milk powder and 0.1 % Tween in PBS. Membranes were sequentially incubated with primary and HRPcoupled secondary antibodies and proteins were detected using chemiluminescence reagents
(Luminata Crescendo, Millipore) and X-ray films. Films were scanned and analysed using ImageJ
software (National Institutes of Health).

3.2.8 MRI and MRS
Magnetic resonance imaging (MRI) and magnetic resonance spectroscopy were performed as
described in (Buscham et al., 2021): Experiments were carried out at the Functional imaging facility
(DPZ, Göttingen, Germany) by Kerstin Fuhrmann, Sina Bode and Kristin Kötz. Data analysis was
performed by Tor Rasmus Memhave, Rakshit Dardawal and Prof. Dr. Susann Boretius. Magnetic
resonance imaging (MRI) and spectroscopy (MRS) were acquired on a 9.4T Bruker BioSpec MR system
with a 30 cm horizontal bore and B-GA12 gradient system operating on Bruker ParaVision 6.0.1
(Hardware and software from Bruker BioSpin MRI GmbH, Ettlingen, Germany). A four-channel (2×2)
receive-only mouse head coil was used, in combination with a 112/84 resonator, to acquire MRI and
MRS (both components from Bruker).
The MRI protocol included magnetization transfer (MT)-weighted images and diffusion-weighted
images. For MT, a 3D fast low angle shot (FLASH) sequence was used to acquire three datasets: MTweighted, proton density-weighted, and T1-weighted (repetition time [15.1, 15.1, 18] ms, echo time
3.4 ms, flip angles [5˚, 5˚, 25˚], two averages, voxel size 100 µm × 100 µm × 100 µm, acquisition time
18.4 min). These datasets were used to estimate MT saturation (MTsat) according to the method
described by (Helms et al., 2008). Diffusion-weighted images (DWI) were acquired using a spin-echo
echo-planar imaging sequence (repetition time 2000 ms, echo time 21.5 ms, two repetitions, voxel size
100 µm × 100 µm × 500 µm, gradient duration and separation 2.5 ms and 12.5 ms, b values 0, 1000
and 2000, gradient directions 30 for each b value, acquisition time 17.2 min). These DWI scans were
preprocessed through denoising (Fadnavis et al., 2020) and averaged across repetitions. A diffusion
tensor model (Basser et al., 1994) was fitted to the preprocessed DWI data, and fractional anisotropy
(FA), axial diffusivity (AD), radial diffusivity (RD), and mean diffusivity (MD) maps were derived from
(Garyfallidis et al., 2014).
Magnetic resonance spectroscopy was acquired from cortex and corpus callosum using a stimulated
echo acquisition mode (STEAM) sequence. The parameters of the STEAM sequence were as follows:
repetition time of 6000 ms, echo time of 10 ms, spectral width of 5000 Hz, 2048 data points, 128
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averages, and a total acquisition time of 12:48 min. The dimensions of the cortical and corpus callosum
voxels were 3.9×0.7×3.2 mm3 and 3.9×0.7×1.7 mm3, respectively. All spectra were acquired with CHESS
water suppression and outer volume suppression. The spectra were analyzed and quantified using
LCModel (Provencher, 1993) in the chemical shift range from 0.2 to 4.2 ppm. Statistics were performed
in Excel using a 2-tailed, unpaired t-test assuming equal variance.

3.2.9 Measuring RNA abundances using qRT-PCR
Quantitative realtime PCR was carried out by Ursula Kutzke (MPI-EM, Göttingen, Germany).

3.2.9.1 Sample Preparation and mRNA extraction
For analysis of Mct1 and Cmtm5 mRNA abundances corpus callosa of 6-month-old Cmtm5-/- and
respective wildtype controls were dissected and kept at -80°C until further processing. RNA isolation
was carried out using the “Rneasy Mini Prep” kit from Qiagen. Tissue was homogenized in Trizol (Life
TechnologiesTM, Thermo Fischer Scientific, St Leon-Rot, Germany) followed by RNA extraction using
chloroform. Quality and concentration of the RNA were checked with the Agilent RNA 6000 Nano Kit,
the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, California, United States) and the
Nano Drop 2000 spectrophotometer (Thermo Fischer Scientific, St. Leon-Rot, Germany). RNA
concentration of all samples was adjusted to 100 ng/µl.
Complementary single stranded DNA (cDNA) was synthesized from isolated RNA using the SuperScript
III reverse transcriptase (Invitrogen, Karlsruhe, Germany) with the following protocol:

cDNA synthesis
8 µl RNA (800 ng in total)
2 µl dT mic Primer (0.6 pmol/µl)
2 µl N9 (120 pmol/µl)
The mix was incubated for 10 minutes at 70°C and 1 minute on ice to denature RNA and
primers
The following mix was then added to the reaction:
4 µl 5x firstt strand buffer
1 µl dNTP (10 mM)
2 µl DDT (100 mM)
1 µl SuperScript III reverse transcriptase (200 U/µl)
Mix was incubated as follows:
25°C 10 minutes
50°C 45 minutes
55°C 45 minutes
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Finally the cDNA of all sapmes was diluted to a concentration of 47.62 ng/µl with ddH2O and stored at
-20°C until further use.

3.2.9.2 qRT-PCR
Pipetting for qRT-PCR was performed using the epMotion 5075 pipetting robot (Eppendorf, Hamburg,
Germany). Further the Power SYBR Green PCR Master Mix (Promega, Fitchburg, Wisconsin, United
States) and the Light Cycler 480II (Roche Dianostics GmbH, Mannheim, Germany) were used for qRTPCR. Primer sequences for the genes of interest are were listed before. For each biological replicate 4
technical replicates were used.

Protocol for qRT-PCR
Primer mix:
2 µl cDNA 82ng/µl)
5 µl SYBR Green PCR Master Mix
0.1 µl forward primer
0.1 µl reverse primer
2.8 µl ddH2O
PCR Program
15 min 95°C
50 cycles:
15 seconds 95°C
1 minute 60°C
Melting: 95°C 10 seconds
1 minute 65°C

Analysis was performed with Microsoft Excel and GraphPad Prism. Genes of interest were normalized
to the mean of the housekeeping genes Rps13 and Rplp0 which did not differ between the genotypes.

3.2.10 Behavior
3.2.10.1 Electroretinography (ERG) and visually evoked potentials (VEP)
Visually evoked potentials (VEP) experiments were carried out by Stefan Tohm and Dr. Nicola Strenzke
(Institute for Auditory Neuroscience, University medicine of Göttingen, Germany) and data analysis
was carried out by Dr. Nicola Strenzke. The protocol for the experimental procedure and analysis is
derived from (Buscham et al., 2021):
ERGs were recorded as described (Dieck et al., 2012) and VEP were recorded essentially as described
(Ridder and Nusinowitz, 2006). Briefly, mice were dark adapted overnight and anesthetized with
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Ketamin (125µg/g), Xylazin (2,5µg/g) and Buprenorphin i.p. (0,1 mg/kg). Eyes were kept moist using
contact lens solution containing hyaluronic acid for ERG recordings and with Methocel (DuPont
Pharma, Mississauga, Canada) for VEP recordings. For ERG recordings, a silver ball electrode placed in
the outer angle of the left eye served as active electrode. Signals were averaged 10 times. For VEP
recordings, the scalp was resected and a small hole was drilled on the right side 1 mm lateral and 1mm
rostral of lambda and a thin needle electrode was inserted superficially. Signals were averaged at least
50 times. The reference electrode was placed on the nose of the mouse and the common ground near
the hind legs. Signals were amplified 1000 times (NeuroAmp) and sampled without analog filtering. 0.1
ms light flashes were generated using BioSig Software and TDT system III hardware (Tucker Davis
Technologies, Davis, USA) and presented via a custom-designed Ganzfeld apparatus at a stimulus rate
of 0.5 Hz. Illumination was calibrated using a luxmeter (Mavolux 5032c, Nürnberg, Germany) and an
Integrated Photodiode Amplifier 10530 (Integrated Photomatrix Limited, Dorchester, UK). Analysis was
performed using custom written Matlab scripts (version 2019b). For analysis of ERG and VEP
thresholds, Student´s t-test was applied. Data from ERG and VEP analysis is represented in line graphs
showing mean values of mice per genotype ±SEM. To determine the genotype-dependent effect on
ERG and VEP amplitude and latencies across various light intensities, 2-way-ANOVA was applied.

3.2.10.2 Gait analysis using the CatWalkTM assay
The CatWalkTM assay (Noldus, Wageningen, Netherlands) was used to analyze the gait and motor
capabilities of Cmtm5 cKO mice and respective controls with an age of 6 month. In brief, the mouse
walks over an illuminated glass plate. Paw contact leads to glass illumination that is captured by a
camera below the glass plate. The camera is able to capture positioning of toes and paws, gait, as well
as walking speed and paw pressure on the glass (derived from light intensity). Animals are trained 5
days on the device one time per day, followed by an experimentation day with three measurements.
Measurements during training and experiment take 10 minutes each and all crossing over the glass
plate are recorded once the animal enters a predefined field of view. Between each measurement,
animals are brought back to their cage for at least 10 minutes. Between runs the device is cleaned with
70% [v/v] Ethanol and water. For analysis all runs are validated by hand using the CatWalk XT 10.6
(Noldus; Wageningen, Netherlands) software. Runs were animals stop (eg explore/clean themselves)
while passing the field of view were not included in the analysis. For statistical assessment, the mean
values for all parameters from at least 6 runs were used per animal.

44

3.2.10.3 Open Field
We analyzed motoric capabilities and explorative behavior using an open field assay (Dere et al., 2014).
Two hours before the start of the experiment, mice were brought to the experiment room to
habituate. For the experiment, mice were placed in an empty, grey plastic box (120cm in diameter, 25
cm high) with an open lid. Light intensity in the center was 140 lux. Cmtm5 cKO mice and respective
controls with an age of 6 month were analyzed. Animals were placed alone into the box and were able
to freely explore it for 10 minutes. Using a camera and an automated tracking software (Viewer2,
Biobserve, Bonn, Germany) the following parameters were tracked: latency to move from the center
of the box to the periphery, time spent in the different predefined zones (centre, mid-area, periphery),
as well as overall distance covered and speed. Afterwards mice were placed into a new cage and the
box was cleaned using 70% [v/v] Ethanol and water. The next mouse was placed into the cage after 5
minutes. All mice were analyzed on the same day.

3.2.10.4 Rotarod
The Rotarod system 3375.5 (TSE systems) was used to further assess motor capabilities of Cmtm5 cKO
mice and respective controls with an age of 6 month. Mice, were placed on a rotating rod in a small
chamber, secluded from other experimental mice. Rotation was accelerated from 5-20 rpm in 180
seconds. Training consisted of 2 consecutive days with 3 runs per mouse repeated three times (9 runs
per training day per mouse). Followed by the experiment day with three consecutive runs and three
trials in total per animal. Mice had a ten minutes break between each trial. The latency to fall per trial
was calculated using Microsoft Excel 2016.

3.2.11 Statistics
All experiments were analyzed blinded for genotypes. Statistical assessment was performed using
GraphPad Prism 8 (GraphPad, Software Inc., San Diego, United States), Matlab (v 2019b), Microsoft
Excel 2016 or R. Two-sided Student´s t-test was applied to compare two groups. Welch´s correction
was performed in case of unequal distribution. Axonal diameter shifts were analyzed using an R script
which was described earlier (Eichel et al., 2020) for these measures, significances according to
Kolmogorov-Smirnoff were applied. Levels of significance were set at p<0.05 (*), p<0.01 (**) and p<
0.001 (***). For all graphs exact p-values are given in the figure legends. The Bioconductor R packages
‘limma’ and ‘q-value’ were used to detect significant changes in protein abundance by moderated tstatistics as described (Ambrozkiewicz et al., 2018; Siems et al., 2020). Data from ERG and VEP analysis
(Figure 13) is represented in line graphs showing mean values of mice per genotype ±SEM. To
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determine the genotype-dependent effect on ERG and VEP amplitude and latencies across light
intensities, 2-way-ANOVA was applied. For all experiments, statistical testing and correction is
reported in the figure legends. Exact sample size and number of animals is shown in the figures or
indicated in the figure legends.
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4 Results
4.1 Identification of CMTM5 as a CNS myelin protein
Following recent findings in the PNS where Schwann-cell expressed CMTM6 restricts axonal diameters
(Eichel et al., 2020), we were curios whether we can find a functional homolog in the CNS. From all the
members of the CMTM protein family only CMTM5 is expressed in myelinating oligodendrocytes to a
considerable amount (Figure 3A, B). Further, the expression of CMTM5 is mostly specific for cells of
the oligodendrocyte lineage in humans and mice (Figure 3C-F) and was identified in datasets analyzing
myelin (Gargareta et al., 2022; Jahn et al., 2020) of both species. To date, CMTM5 has never been
described as a CNS myelin protein and its function in oligodendrocytes has not been investigated until
now.

Figure 5: Identification of CMTM5 as a CNS myelin protein. (A) Immunoblot analysis of CMTM5 in myelin
biochemically purified from brains of C57/Bl6 mice at the age of 75 days (P75) compared to brain lysate. CMTM5
is enriched in myelin fractions. Known myelin proteins PLP, CNP and SIRT2 are detected as myelin markers.
Shown are three biological replicates. (B) Immunohistochemistry and confocal microscopy of spinal cord sections
of mice at P75. Note that CMTM5 (magenta) labelling was consistent with localization in myelin surrounding
beta-III tubulin (TUJ1)-immunopositive axons (yellow) in CTRL (Cmtm5fl/fl) mice. CMTM5 labelling was not
detected in myelin of mice lacking Cmtm5 expression in mature oligodendrocytes (Cmtm5fl/fl*CnpCre/Wt, cKO).
Scale bar, 2 µm. (C, D) Immunoblot analysis of CMTM5 in brain lysate (C) and biochemically purified myelin (D)
of young and aged mice (P15 up to 2 years). Note that the increase of CMTM5 abundance in brain lysate coincides
with developmental myelination (D). Shown is one biological replicate per age. PLP, CNP, SIRT2 were detected
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as markers. P= postnatal day, m=months. Imaging of IHC sections in (B) was performed by Martin Meschkat
(Abberior Instruments Gmbh, Göttingen).

To validate CMTM5 as a new myelin protein we compared its abundance in lysate and myelin fractions
from brains of wildtype C57/Bl6 mice (Figure 5A). Indeed, CMTM5 is highly enriched in purified myelin
fractions alongside with known myelin proteins like PLP, CNP and SIRT2. Furthermore, its localization
in immunofluorescent stainings is consistent with myelin surrounding axons stained with the
neurofilament marker TUJ1 in the CNS (Figure 5B).
Given the specific expression of CMTM5 in oligodendrocytes and myelin we were further interested
how its abundance changes during early myelination and how stable its abundance remains in older
age. Thus, we analyzed lysate and myelin fractions from different stages during development (P15P24) and adulthood (6-24 months) (Figure 5C, D). As expected, the abundance of CMTM5 as well as
the myelin proteins PLP, CNP and SIRT2 increased in brain lysate during early development, coinciding
with CNS myelination (Figure 5C). Interestingly, CMTM5 abundance remains largely constant in brain
lysate and myelin even up to an old age of 24 months.
The enrichment of CMTM5 in purified myelin fractions, its localization to myelin sheaths and its
increased expression during CNS myelination alongside other known myelin makers allow for the
assumption that CMTM5 can indeed be considered as a novel CNS myelin protein.

4.2 Analysis of mice conditionally lacking CMTM5
To investigate the function of oligodendrocyte expressed CMTM5 for the CNS, we created a mouse
line conditionally lacking CMTM5 in myelinating glial cells (Cmtm5fl/fl*CnpCre/Wt mice, also termed
Cmtm5 cKO; Cmtm5fl/fl, controls) taking advantage of Cre mediated recombination under control of the
Cnp-promoter (Lappe-Siefke et al., 2003). The main body of research for this project was performed
with Cmtm5 cKO mice and respective controls and the resulting data is presented in the following
chapter.

4.2.1 CMTM5 is not essential for myelin biogenesis, structure or composition
We classified CMTM5 as a novel myelin protein and were thus interested how deletion of CMTM5 in
oligodendrocytes would affect myelin composition, biogenesis and structure. The successful deletion
of CMTM5 was confirmed using immunoblot experiments with myelin samples biochemically purified
from brains of control and Cmtm5 cKO mice at age P75 as well as immunohistological stainings of spinal
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cord sections derived from Cmtm5 cKO mice and respective controls (Figure 5B; Fig 6A). While CMTM5
was readily detectable in brain myelin derived from CTRL mice it was absent in myelin from Cmtm5
cKO mice. The known myelin proteins PLP and SIRT2 were unaffected by Cmtm5 deletion and served
as loading controls while CNP was reduced by approximately 50%. Note that this reduction is expected
as Cnp served as the Cre driver, essentially leaving only one functional Cnp allele.

Figure 6: CMTM5 is not essential for myelin biogenesis and composition. (A) Immunoblot analysis shows that
CMTM5 is undetectable in myelin purified from the brains of Cmtm5fl/fl*CnpCre/Wt (cKO) mice. PLP, CNP, SIRT2
were detected as markers. Shown are three biological replicates per genotype. (B, B‘) Quantitative proteome
analysis of brain myelin reveals largely similar myelin composition in Cmtm5 cKO and CTRL mice. Analyzed were
n=3 mice per genotype and 2 technical replicates per mouse. (B) Volcano plot with data points representing the
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log2-fold change and -log10-transformed q-values of 428 identified proteins in cKO compared to CTRL myelin.
Red dots highlight known myelin proteins. CMTM5 is not displayed because it was not identified in Cmtm5 cKO
myelin. (B’) Heatmap showing the relative abundance of selected known myelin proteins in Cmtm5 cKO
compared to control myelin. The Foldchange (FC) is displayed as log2 with red representing enrichment and blue
representing diminishment of of proteins in Cmtm5 cKO myelin. Data represents n=3 mice per genotype analyzed
as 2 technical replicates per mouse (T1-T6). Note that the relative abundance of most myelin proteins was largely
similar in cKO and CTRL myelin. In agreement with the immunoblot analysis in (A) the abundance of CNP was
about halved in Cmtm5 cKO myelin reflecting that the Cre driver line (CnpCre/Wt) possesses only one native Cnp
allele. CMTM5 was not detected (n.d.) in cKO myelin. (C-L) Electron micrographs and quantitative assessment of
myelin in CTRL and cKO optic nerves at postnatal day (P) 30 (C-G) and P75 (H-L). Percentage of unmyelinated
axons (D, I) and pathological myelin profiles is similar between both groups (E, J). Data corresponds to all axons
from 18-20 non-overlapping random EM images from 4-5 animals per group. Two-tailed Student´s t-test, D: p=
0.1003; E: p= 0.0596; I: p= 0.3937; J: p= 0.7269. Mean g-ratio (F, K) is similar between the experimental groups
at P30 and P75. Data corresponds to 200 axons randomly selected from 18-20 EM images for each animal. n= 45 mice per group. Two-tailed Student´s t-test F: p= 0.5894; K: p= 0.8821. (G, L) Scatter plot showing g-ratios in
relation to respective axonal diameters. No apparent shift between the experimental groups is detectable. (M,
N) Immunohistochemistry and genotype-dependent quantification of CAII immune-positive oligodendrocytes in
a representative white matter tract (hippocampal fimbria) at P75. (M) Representative fluorescence micrograph,
stippled lines encircle CAII positive cells. Scale bar, 20 µm. (N) Number of CAII immuno-positive cells is similar in
the fimbria of CTRL and Cmtm5 cKO mice. n= 5-6 mice per group, unpaired Student´s t-test p= 0.5971. Bar graphs
give mean ± SEM; Data points in bar graphs represent induvial mice. Experimental procedure for Proteome
analysis in (B) was performed by Dörte Hesse and data processing was performed by Olaf Jahn (Proteomics group,
MPI-EM, Göttingen).

Further, we analyzed the proteome composition of myelin samples from Cmtm5 cKO and respective
controls by using quantitative mass spectrometry (Figure 6B, B´). As expected, we were able to
replicate the results from the immunoblot experiments. CMTM5 was not detected in samples derived
from Cmtm5 cKO mice and CNP abundance was approximately halved. Noteworthy, the overall
proteome profile appeared mostly similar between the two groups (Figure 6B) and the abundance of
known myelin proteins was unaltered (Figure 6B´).
To inspect potential alterations in myelin biogenesis and structure when CMTM5 is lacking in
oligodendrocytes we analyzed the optic nerve of Cmtm5 cKO mice and respective controls at P30 and
P75 using transmission electron microscopy (TEM) (Figure 6C-L). The number of unmyelinated fibers
as well as profiles with abnormal appearing myelin (including myelin outfoldings) was not significantly
altered between the two groups at P30 (Figure 6D, E) and P75 (Figure 6I, J) and g-ratios, as an indicator
of myelin sheath thickness, were unchanged at P30 (Figure 6F, G) and P75 (Figure 6K, L).
To ensure that deletion of CMTM5 does not impact oligodendrocyte number we analyzed the amount
of CAII positive cells in the Fimbria at P75 (Figure 6M, N). The number of mature CAII positive
oligodendrocytes was unaltered between Cmtm5 cKO and control mice suggesting a stable population
of mature oligodendrocytes even after Cmtm5 deletion.
We further analyzed the brains of 8 months old control and Cmtm5 cKO mice using magnetic resonance
imaging (MRI) to assess changes in morphometry and diffusivity in different white and grey matter
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areas (Figure 7). We found no evident changes in brain morphometry between the two groups (Figure
7A) and diffusivity measures (Figure 7B-E) as well as the magnetization transfer ratio (MTsaT) (Figure
7F) were unaltered in Cmtm5 cKO mice compared to respective control mice. Indicating, normal
myelination and myelin integrity in the brain of Cmtm5 cKO mice.

Figure 7: Unaltered white matter volume, integrity and diffusivity in brains of Cmtm5 cKO mice. (A) Magnetic
resonance imaging (MRI)-based morphometry of brains from CTRL and Cmtm5 cKO mice at 8 months of age.
Shown are representative genotype averaged (4 mice per genotype) effective transverse relaxation rate (R 2*)
MRI images. (B-E) Diffusion tensor imaging (DTI) indicates unchanged fractional anisotropy (FA), mean diffusivity
(MD), axial diffusivity (AD) and radial diffusivity (RD) in white and grey matter in brains of Cmtm5 cKO and CTRL
mice. CC, Corpus callosum; Fim, Fimbria; Thal, Thalamus; Cort, Cortex; AC, Anterior commissure. n=4 per
genotype. (F) Magnetization transfer saturation index (MTsaT) is unaltered in Cmtm5 cKO compared to CTRL
mice. All graphs give mean ± SEM; all data points represent individual mice. Two-sided Student´s t-test was
applied. (B) CC: p= 0.1739; Fim: p= 0.2244; Thal: p= 0.3229; Cort: p= 0.6159; AC: p= 0.3290. (C) CC: p= 0.7263;
Fim: p= 0.2223; Thal: p= 0.9943; Cort: p= 0.5009; AC: p= 0.2425. (D) CC: p= 0.7103; Fim: p= 0.2608; Thal: p=
0.6903; Cort: p= 0.3576; AC: p= 0.2531. (E) CC: p= 0.4374; Fim: p= 0.2038; Thal: p= 0.8343; Cort: p= 0.5728; AC:
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p= 0.2678. (F) CC: p= 0.7065; Fim: p= 0.8432; Thal: p= 0.7319; Cort: p= 0.8614; AC: p= 0.9983. Measurements
were carried out by Sina Bode and Kristin Kötz, data analysis was performed by Rakshit Dardawal and Susann
Boretius (Functional imaging facility, DPZ, Göttingen).

Together, the data presented in Figure 6 and 7 imply that deletion of CMTM5 does not alter myelin
composition, biogenesis and structure. Meaning that CMTM5 is not essential for oligodendrocyte
function with respect to myelination.

4.2.2 CMTM5 does not regulate axonal diameters in the CNS
Following the previously published findings that Schwann-cell expressed CMTM6 restricts axonal
diameters in the PNS (Eichel et al., 2020) we were curious whether CMTM5 is involved in a similar
mechanism in the CNS. To analyze shifts in axonal diameters in the CNS, myelinated axons of the optic
nerve of Cmtm5 cKO mice and respective control mice from different timepoints were analyzed on
electron micrographs (Figure 8A-B´).
Mean axonal diameters were not significantly changed at ages P75 and P365 between the two groups
(Figure 8A´, B´). A slight shift towards larger axonal diameters could be detected at P75 when analyzing
the frequency distribution of axonal diameters (Figure 8A), which was not reflected in the mean axonal
diameters at P75 (Figure 8A´) and not detectable at one year of age (Figure 8B, B´). Although
statistically significant, we decided to regard a shift of 5.9 nm on average towards larger axon
diameters of not higher functional importance, especially as this shift is not reflected in the analyses
of mean axonal diameters (Figure 8A´).
It is known that changes in axonal diameter can be caused by alteration in neurofilament
phosphorylation (de Waegh et al., 1992; Yin et al., 1998). By immunoblotting we did not see a change
in abundance of non-phosphorylated neurofilament (SMI32) and phosphorylated neurofilament
(SMI31) in brain lysate derived from Cmtm5 cKO mice and respective controls (Figure 8C). Indicating
an unchanged neurofilament phosphorylation state when CMTM5 is deleted in oligodendrocytes,
underlining the finding that axonal diameters are unchanged in the CNS of Cmtm5 cKO mice. Taken
together, this data emphasizes that CMTM5 does not alter axonal diameters in the optic nerve.
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Figure 8: CMTM5 does not regulate axonal diameters in the CNS. (A & B) Analysis of axonal diameters from
electron micrographs of optic nerves from Cmtm5 cKO and control mice at P75 (A, A´) and P365 (B, B´). Frequency
distribution of axonal diameters shows a slight shift towards larger axons (on average +5.9nm) at P75 (A´) which
is not reflected in the analysis mean axonal diameters (A). At P365 no significant change in axonal diameters
could be detected between the two groups (B, B´). Data corresponds to 800-900 axonal profiles per mouse from
4-5 mice per genotype and timepoint. K/S-test P75: p= 0.0012; P365= 0.2906. Two-sided student´s t-test P75: p=
0.7514; P365= 0.5315. Data is presented as mean ±SEM. (C) Immunoblot showing brain lysate of Cmtm5 cKO and
control mice with an age of one year. Abundance of phosphorylated neurofilament (SMI31) and nonphosphorylated neurofilament (SMI32) appears unaltered between the two groups.
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4.2.3 CMTM5 deletion in oligodendrocytes causes axonal loss
CMTM5 does not seem to be involved in axon diameter regulations in the CNS and further is not
essential for myelin biogenesis, composition or structure. Interestingly, while analyzing optic nerve
sections from Cmtm5 cKO and respective controls using TEM it became evident, that deletion of
Cmtm5 is accompanied by an increased number of pathological axonal profiles (Figure 9A, B). Further
analysis revealed that the axonal pathology emerges early at P30 and is progressive until one year of
age, which is the oldest timepoint of analysis (Figure 9B). Additionally, the axonal pathology coincides
with a trend towards reduced myelinated axonal profiles in the optic nerve at age P30 and P75, which
reaches significance at P365 (Figure 9C). Additionally, an increased number of pathological appearing
axonal profiles was also observed in the dorsal white matter of the spinal cord in Cmtm5 cKO mice
when compared to respective controls (Figure 9D, E).

Figure 9: Cmtm5 deletion in oligodendrocytes causes axonal loss. (A-B) Electron micrographs and genotypedependent quantitative assessment of CTRL and Cmtm5 cKO optic nerves at P75. (A) Arrowheads indicate
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pathological axons. (B) Quantification of pathological axons reveals progressive axonopathy in optic nerves of
Cmtm5 cKO mice. n=4-5 mice per group, 18-20 random non-overlapping EM images analyzed, Two-tailed
Student´s t-test P30 p= 0.0011; P75 p= 0.0191 (With Welch´s correction); P365 p<0.0001.
(C) Quantitative assessment of axonal numbers on semithin optic nerve sections. n=4-5 mice per group, data
represents mean axon number in five 55 µm2 images per mouse randomly distributed over the entire optic nerve.
Axon numbers are significantly reduced at one year of age according to Two-tailed Student´s t-test P30 p= 0.1288;
P75 p= 0.5993; P365 p=0.0499. (D-E) Electron micrographs and genotype-dependent quantitative assessment of
spinal cord white matter in 1 year old CTRL and Cmtm5 cKO mice. (F) Number of pathological profiles is increased
in spinal cord white matter of Cmtm5 cKO mice. n=3-7 mice per group, 20 non-overlapping random EM images
per mouse, Two-tailed Student´s t-test p=0.0007. All bars show mean ± SEM; all data points represent individual
mice.

Following these results, we further classified the axonal pathology caused by Cmtm5 deletion in
oligodendrocytes using Focused ion beam-scanning electron microscopy (FIB-SEM). Compared to
conventional TEM, which only allows for an analysis of two-dimensional (2D) sections, the FIB-SEM
technique can be used for a more elaborate analysis as it allows sequential cross-sections to be
reconstructed in 3D. We analyzed optic nerves of one year old Cmtm5 cKO mice and respective
controls (Figure 10), focusing on myelin outfoldings, inner-tongue inclusions, axoplasmic inclusions and
myelin whorls. The latter can be best described as myelin profiles reminiscent of an axon, probably
best interpreted as remnants of axonal degeneration. The number of myelin outfoldings, inner-tongue
inclusions and axoplasmic inclusions was not increased in optic nerves from Cmtm5 cKO mice (Figure
10A´´-C´´). However, the number of myelin whorls were significantly increased in Cmtm5 cKO mice
compared to respective controls indicating axonal pathology following Cmtm5 deletion in
oligodendrocytes (Figure 10D´´).
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Figure 10: FIB-SEM 3D analysis specifies pathological profiles following Cmtm5 deletion. Focused ion beamscanning electron microscopy (FIB-SEM) micrographs (A) and 3D reconstruction (A’) of pathological profiles in
Cmtm5 cKO optic nerve at 1 year. Myelin (cyan), axons (gold), inclusion (purple) and myelin whorls (blue) are
highlighted. Pathological profiles include myelin outfoldings, inclusions in the inner tongue, inclusions completely
engulfed by axoplasma and myelin whorls. Analysis of the entire 3D volumes reveals that the number of myelin
whorls is significantly increased in cKO mice. FIB-SEM stacks of optic nerves of three mice per genotype were
analyzed. Normalized volume = 10000µm3. Two-tailed Student´s t-test A´´: p= 0.2062; B´´: p= 0.2168; C´´: p=
0.2172; D´´: p=0.0018. Scale bars A-C 1µm, D 500nm. All data presented as mean ± SEM. FIB-SEM operation was
carried out by Anna Steyer and Torben Ruhwedel (Electron microscopy facility, MPI-EM, Göttingen).

Taken together, this data emphasizes that CMTM5 is involved in supporting axonal integrity and its
deletion causes axonal pathology but does not lead to structural changes of the myelin sheaths itself.
Further, it is attractive to hypothesize that this process is a general feature of oligodendrocyte-axon
signaling in different white matter regions of the CNS.
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4.2.4 Late onset neuroinflammation in mice lacking CMTM5 in
oligodendrocytes
We were curious whether the axonal degeneration following Cmtm5 deletion in oligodendrocytes is
accompanied by a general neuropathology. We used magnetic resonance spectroscopy (MRS) to
analyze the brains of Cmtm5 cKO mice and respective controls at 8 months of age (Figure 11). MyoInositol serving as a marker for astrocytes and microglia was significantly upregulated in the corpus
callosum of Cmtm5 cKO mice, indicating gliosis (Figure 11A). N-acetyl-aspartate (NAA) was used as a
marker for axons and neurons. NAA levels were slightly but not significantly reduced in Cmtm5 cKO
mice, possibly indicating lower axon density (Figure 11B).

Figure 11: MRS of the corpus callosum of Cmtm5 cKO mice implies gliosis and a trend towards reduced axon
density. (A, B) Spectroscopy of key metabolic markers myo-inositol (for microglia and astrocytes, in A) and Nacetyl-aspartate (NAA, for axon/neurons, in B). (A) The concentration of inositol is significantly increased in the
corpus callosum of Cmtm5 cKO mice compared to controls. Two-tailed Student´s t-test of the mean p= 0.0004.
(B) NAA levels are unchanged in the corpus callosum of Cmtm5 cKO mice compared to controls. Two-tailed
Student´s t-test of the mean p= 0.057. All bar graphs give mean ± SEM; all data points represent individual mice.
MRS was carried out by Sina Bode and Kristin Kötz, data analysis was performed by Tor Rasmus Memhave and
Susann Boretius (Functional imaging facility, DPZ, Göttingen).

The MRS results imply the emergence of general neuropathology when Cmtm5 is missing in
oligodendrocytes. To better understand whether the neuropathology emerges as a consequence of
axon degeneration or might be causative for it, we decided to analyze the occurrence of common
neuropathological markers temporarily. For this approach we used coronal brain sections of Cmtm5
cKO mice and respective controls at P30, P75 and one year of age. Sections were immunolabeled with
markers for axonal swellings (APP), microglia (IBA1/AIF1 and MAC3/LAMP2) as well as astrocytes
(GFAP) and the hippocampal fimbria was analyzed (Figure 12). Interestingly, no genotype-dependent
differences between Cmtm5 cKO and control mice could be detected at P30 and P75 with regard to
APP-positive swellings or MAC3, IBA1 and GFAP immuno-positive area. However, at one year of age all
markers were significantly increased in Cmtm5 cKO compared to control mice (Figure 12I-L).
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Figure 12: Secondary neuropathology following Cmtm5 deletion. Immunohistochemical analysis of the
hippocampal fimbria using markers for APP positive swellings (APP), microglia (MAC3, IBA1) and astroglia at P30
(A-D), P75 (E-H) and 1 year (I-L). (A, E, I) Shown is the number of APP-immuno-positive axonal swellings. (B-D, FM, J-L) Shown is the relative area of immunopositivity. At 1 year all markers are significantly increased in Cmtm5
cKO fimbriae. Paraffin-embedded brain sections, n=3-6 mice per group, data presented as mean ± SEM. Twotailed Student´s t-test A: p= 0.3225; B: p= 0.7901; C: p= 0.9480; D; p=0.9152; E: p=0.4413; F: p= 0.0525; G: p=
0.9049; H: p=0.6270; I: p= 0.0055; J: p=0.0251; K: p<0.0001; L: p<0.0001.

The results of MRS and immunohistochemistry results indicate that the neuropathology in Cmtm5 cKO
mice emerges at a later timepoint of 8-12 month. It is possible that it reaches significance in a time
window between 10 weeks and 8 months already. However, the respective markers are not elevated
at P30 and P75 according to immunohistochemistry, a time in which axonal pathology already set in.
This implies that the emergence of neuropathology follows axonal degeneration and should rather be
interpreted as a consequence of it.

4.2.5 Behavioral analysis of mice conditionally lacking Cmtm5
4.2.5.1 Analysis of ERGs and VEP
Cmtm5 deletion in oligodendrocytes causes axonal degeneration and late onset neuropathology. We
were interested how these pathological hallmarks manifest on a functional level. To tackle this, we
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chose to analyze the optic tract by measuring visually evoked potentials (VEP) to assess the impairment
caused by Cmtm5 deletion. To ensure retinal functionality, we first analyzed the retinae of Cmtm5 cKO
mice and respective controls using electroretinography (ERG) recordings at 34 weeks of age. ERG
waveforms (Figure 13A), ERG thresholds (Figure 13B) as well as amplitudes of a- and b- waves (Figure
13C-D) were unchanged between the two groups, indicating normal function of the retina. However,
when analyzing VEPs Cmtm5 cKO showed altered VEP waveforms (Figure 13E) but normal thresholds
(Figure 13F) compared to control mice. VEP latency (Figure 13G) was unaltered between the two
genotypes, showing normal speed of action potential propagation, indicating normal myelination of
the optic nerve in both experimental groups. A reduction of VEP amplitudes could be observed in
Cmtm5 cKO mice (Figure 13H), probably caused by axonopathy in the optic nerve.

Figure 13: Cmtm5 cKO mice have normal ERGs but reduced VEP amplitudes. (A-D) Electroretinograms (ERG).
(A) ERG waveforms in response to light flashes at 0.25 cd-s/m2 from 11 Cmtm5 cKO (grand average turquoise,
SEM shaded) and 10 CTRL mice (grand average grey, SEM shaded). (B) ERG thresholds are similar between CTRL
and Cmtm5 cKO. Unpaired Student´s t-test of the mean ±SEM p= 0.13 (C,D) Amplitudes of the ERG A and B waves
in response to light flashes of varying intensities in Cmtm5 cKO (n=11, turquoise) and CTRL mice (n=11, grey;
mean ± SEM) are similar between genotypes. 2-way ANOVA (C) p= 0.42, (D) p= 0.79. (E-H) Visual evoked
potentials (VEP). (E) VEP in response to light flashes at 0.01 cd-s/m2 from 10 Cmtm5 cKO (grand average
turquoise, SEM shaded) and 9 CTRL mice (grand average grey, SEM shaded) display comparable waveforms
dominated by a broad negative wave in both genotypes. (F) VEP thresholds are not significantly different
between CTRL and Cmtm5 cKO. Unpaired Student´s t-test of the mean ±SEM with Welch´s correction p= 0.33 (GH) VEP latencies and amplitudes in response to light flashes of varying intensities in Cmtm5 cKO (n=10, turquoise)
and CTRL mice (n=8, grey; means ± SEM). Note that Cmtm5 cKO and CTRL mice show similar VEP latencies but
Cmtm5 cKO mice display reduced VEP amplitudes compared to CTRL mice. 2-way ANOVA (G) p= 0.61 (H) p=
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0.005. Experiments were performed by Stefan Thom and Nicola Strenzke (Institute for Auditory
Neuroscience/InnerEarLab, University Medicine Göttingen).

Taken together, these results show that the axonal pathology following Cmtm5 deletion in
oligodendrocytes causes a functional impairment in the visual system. Given that the axonal
degeneration and neuropathology was also observed in other CNS areas it is plausible to hypothesize
that other functions are also impaired in mice lacking Cmtm5.

4.2.5.1 Analysis of motor capabilities
When looking at the normal cage behavior of Cmtm5 cKO mice, no apparent impairments,
abnormalities or burdens were observed (observations by animal caretakers and myself). Animals
behaved and moved normal even with older age and were indistinguishable from their conspecifics
belonging to the control group. However, we decided to analyze the motor capabilities of Cmtm5 cKO
mice and respective controls in more detail.
To further characterize the consequences of Cmtm5 deletion for the animals we used the RotaRod
assay, the Open field assay and the CatWalkTM assay to assess their motor capabilities at 6 months of
age (Figure 14). The RotaRod assay was used as a basic test for motor capabilities. Counterintuitively,
we observed that Cmtm5 cKO mice perform better in this test and were able to stay longer on the
rotating rod compared to mice from the control group (Figure 14A). We further tested these mice in
the Open Field assay to assess their movement in an open environment as well as their explorative
behavior of an unknown space. In this test, mice usually try to stay close to the box walls and avoid its
center. The overall speed and distance covered did not significantly differ between the two groups
(Figure 14B, C) and distance covered in the center as well as center visits were largely similar between
Cmtm5 cKO and control mice (Figure 14F, G). However, we found that Cmtm5 cKO mice moved slower
through the center of the box and spent more time in it (Figure 14D, E). It is not clear how these results
should be interpreted. One possible explanation could be that an impaired vision leads to a false
perception of the environment in Cmtm5 cKO mice thus deeming the center less dangerous than their
control conspecifics do. However, one needs to keep in mind that mice probably rely on
somatosensation using their whiskers when exploring an unknown environment. We also used the
CatWalkTM assay that allows for an in-depth analysis of different motor capabilities. The run duration
and average speed was not significantly altered between the two groups (Figure 14H, I) and all mice
displayed a regular walking pattern (Figure 14J). We further analyzed the front and hindlimb stand
duration, the contact time of the paws and the base of support (BOS, how far apart the paws are on
the ground). These measures can be used as readouts for spinal cord impairments (Timotius et al.,
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2021). For example, impairments in the lower spinal cord can lead to an increased stand duration of
the hind paws and an increased spacing (Base of support) between the hind paws. We did not observe
any significant differences between the two groups at 6 months of age for all these measures (Figure
14K-M).

Figure 14: Motor capabilities in Cmtm5 cKO mice are largely unaltered. Motor function of 6-month-old Cmtm5
cKO mice and respective controls was assessed using the rotarod assay (A), the open field assay (B-G) and the
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CatWalkTM assay (H-M). (A) Cmtm5 cKO mice perform better in the RotaRod assay and are able to stay longer on
the rotating rod compared to control mice. Cmtm5 cKO and control mice perform mainly similar in the Open
Field test (B-G) however, show reduced center speed and spent more time in the center of the box (D, E). Cmtm5
cKO mice and respective controls perform largely equal in the CatWalk TM (H-M). Run duration (H) and average
speed (I) is not altered and individuals of both groups show regular walking patterns (J). Further, no genotypedependent difference could be observed when comparing stand duration (K), the time of paw contact (L) or the
spacing between front limbs and hindlimbs (M). All data points represent individual mice. Bar graphs give mean
mean ± SEM. Unpaired Two-tailed Student´s t-test of the mean: (A) p= 0.0111, (B) p= 0.2120, (C) p= 0.2153, (D)
p= 0.0114 with Welch´s correction, (E) p= 0.0418, (F) p= 0.7211, (G) p= 0.2600 with Welch´s correction, (H) p=
0.6073, (I) p=0.2607, (J) p= 0.5307, (K) front: p= 0.5040; hind: p=0.2882, (L) front: p= 0.8600; hind: p= 0.0748,
(M) front: p= 0.1619; hind: p= 0.1697.

In summary, we observed that motor capabilities of Cmtm5 cKO and control mice are largely similar.
At 6 months of age Cmtm5 cKO mice surprisingly perform better at the RotaRod however other
methods showed no difference in motor capabilities between the two groups. These results indicate
that the axonal pathology caused by Cmtm5 deletion in oligodendrocytes is not severe enough to
impair motor function in Cmtm5 cKO mice at an age of 6 months.

4.3 Analysis of constitutive Cmtm5 mutants
Data presented in the previous chapters came from analysis of mice conditionally lacking Cmtm5 in
oligodendrocytes. We used CnpCre/Wt (Lappe-Siefke et al., 2003) for recombination leaving only one
functional Cnp allele. It was previously reported that Cnp heterozygosity causes axonal degeneration
and neuropathology at an older age in mice (Hagemeyer et al., 2012). To exclude that the axonal
pathology following Cmtm5 deletion is caused by Cnp heterozygosity we also analyzed mice
independent of CnpCre/Wt. Taking advantage of germline recombination we created a mouse line with
a body-wide Cmtm5 deletion (Cmtm5-/-) and respective wildtype controls (Cmtm5wt/wt).

4.3.1 Body-wide Cmtm5 mutants show axonal pathology in the CNS
To validate the knock-out of CMTM5 we analyzed myelin derived from Cmtm5-/- and respective
controls using immunoblots. CMTM5 is readily detected in wildtype myelin but absent in that derived
from brains of Cmtm5-/- (Figure 15A). Note that the abundance of CNP is unaltered between the two
genotypes different than in Cmtm5 cKO. Mice with a body-wide deletion of Cmtm5 were born at the
expected rate, did not display an obvious cage phenotype and reached the same age as wildtype
littermate controls.
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Figure 15: Constitutive Cmtm5 KO mice show an axonopathy phenotype similar to Cmtm5 cKO mice. (A-F´)
Analysis of mice with a body wide deletion of Cmtm5 (Cmtm5-/-) and respective wildtype controls (Cmtm5wt/wt).
(A) Immunoblot confirms the absence of CMTM5 in myelin purified from the brain of Cmtm5-/- mice. Abundance
of SIRT2 and CNP are unaltered between the two genotypes. (B, C) Quantitative proteome analysis of the
axogliasome enriched fraction (AEF) is largely similar between Cmtm5-/- and wildtype controls. (B) Volcano plot
with data points representing log2-fold change and -log10-transformed q-values of proteins in Cmtm5-/compared to Cmtm5W/Wt AEF. Red dots highlight known myelin proteins. Stippled lines indicate thresholds.
CMTM5 was not detected in the AEF of Cmtm5-/- mice. (C) Heatmap showing the relative abundance of selected
known myelin proteins in Cmtm5-/- compared to the abundance in the AEF derived from controls. Data represents
n=3 mice per genotype analyzed as 2 technical replicates per mouse (T1-T6). Note that the relative abundance
of most myelin proteins was essentially similar in the AEF of Cmtm5-/- and wildtypes. (D) Representative electron
micrographs of Cmtm5-/- and respective control optic nerves. Arrowhead points at pathological profile. Scale bar,
1µm. (E) Quantitative assessment of 18-20 random non-overlapping EM micrographs from 4-6 mice per group.
Note the progressive increase in pathological appearing axons in optic nerves of Cmtm5-/- mice. Two-sided
Student´s t-test with Welch´s Correction; P75: p= 0.0406; P365: p< 0.0001 two-sided Student´s t-test. (F, F´)
Diameter analysis of 700-800 optic nerve axons per mouse. (F) Frequency distribution of axonal diameters in the
optic nerve is unaltered between the two genotypes. K/S-test p= 0.3074. (F´) and mean axonal diameters are
unchanged. Two-sided Student´s t-test p= 0.8496. Bar graphs give mean ± SEM; data points represent individual
mice. Experimental procedure for Proteome analysis in (B-C) was performed by Dörte Hesse and data analysis
was performed by Olaf Jahn (Proteomics group, MPI-EM, Göttingen).
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Direct oligodendrocyte-axon interactions can be mediated via proteins/components situated at the
innermost myelin sheath, the contact area of myelin and the axon. We were interested if Cmtm5
deletion alters the composition of this fraction. When modifying the protocol for myelin purification it
is possible to enrich this compartment, the so called axogliasome enriched fraction (AEF). We
subjected the AEF of Cmtm5-/- and wildtype controls to quantitative proteome analysis (Figure 15B, C).
Surprisingly, the protein abundance was largely similar between the two genotypes (Figure 15B) and
the abundance of selected myelin proteins was unchanged (Figure 15C), consistent with the analysis
of myelin fractions from Cmtm5 cKO and respective controls (Figure 6A-B´). Only CMTM5 was not
detectable in Cmtm5-/- confirming the immunoblot findings.
When analyzing the optic nerves of Cmtm5-/- and wildtype controls using TEM we found a significant
increase of pathological appearing axons in Cmtm5-/- mice at P75 (Figure 15D, E). Optic nerves of 1 year
old Cmtm5-/- mice showed an even higher number of pathological axons, indicating a progressive
advancement of the axonopathy. We further assessed optic nerve diameters in Cmtm5-/-and wildtype
animals at P75 (Figure 15F, F´) but did not find a difference in the frequency distribution of axonal
diameters or mean axonal diameters.
Consistent with findings in Cmtm5 cKO presented in (Figure 6), we find that constitutive Cmtm5-/- mice
display a progressive axonopathy while myelination of axons appears unaffected. This implies that the
axon pathology in Cmtm5 mutants arises independent of Cnp heterozygosity and can thus be
attributed to loss of CMTM5 function.

4.3.2 CMTM5 abundance is unaltered in CNS myelin from Plp or Cnp mutants
PLP and CNP are the most and third-most abundant protein in myelin respectively and mice lacking
these proteins show a variety of pathologies including axonal degeneration (Edgar et al., 2009, 2004;
Griffiths I et al., 1998). We were interested whether absence of these major myelin constituents
influences the abundance of CMTM5. Therefore, we analyzed CNS myelin samples derived from 10week-old Cnp or Plp knock-out mice and respective controls (Figure 16). Absence of CNP or PLP did not
influence the abundance of CMTM5 in myelin and vice versa absence of CMTM5 did not influence the
abundance of PLP or CNP in myelin (Figure 6A, Figure 15A).

64

Figure 16: CMTM5 abundance is unaltered in CNS myelin from Plp or Cnp mutants. (A, B) Immunoblot analysis
of myelin purified from the brain of Cnp KO (A) and Plp KO (B) mice and respective controls at age P75. CMTM5
abundance in myelin is not altered when CNP or PLP are lacking. Blots show n=2 mice per genotype. CA2 was
detected as control.

4.3.3 MCT1 abundance is unchanged in brains of Cmtm5 knock-out mice
Oligodendrocytes support axons with metabolites and deletion of key proteins in this process can lead
to axonal pathology. One important protein in this pathway is the monocarboxylate transporter 1
(Mct1/Slc16a1) (Lee et al., 2012; Philips et al., 2021). We were curious if MCT1 protein or mRNA
abundance are altered in the absence of CMTM5 contributing to the axonal pathology. Immunoblot
analyzes of myelin derived from brains of Cmtm5-/- and wildtype mice showed no difference in MCT1
abundance between the experimental groups (Figure 17A).

Figure 17: MCT1 protein and mRNA abundance is unaltered in brains of Cmtm5 KO mice. (A) Immunoblot
analysis shows similar MCT1 protein abundance in the myelin purified of Cmtm5-/- and control mice. ATP1a1 is
shown as control. (B, C) qRT-PCR analysis of mRNA isolated from corpus callosum of Cmtm5-/- mice and respective
controls (n=6 per genotype, 6 months old). (B) Cmtm5 mRNA was not detected in KO tissue. (C) Mct1 mRNA
abundance is unchanged between the two groups. Unpaired Two-sided Student´s t-test p= 0.2261. Data
presented as mean ± SEM.
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We further analyzed Cmtm5 and Mct1 mRNA abundance in the corpus callosa of Cmtm5 KO and
wildtype mice. While Cmtm5 mRNA was readily detected in wildtypes, it was not detectable in Cmtm5
KO confirming the successful knock-out of Cmtm5 (Figure 17B). Mct1 mRNA abundance was unaltered
between the two groups (Figure 17C). This data implies that axonal pathology following Cmtm5
deletion is not influenced by changes in MCT1 abundance in myelin.

4.4 Cmtm5 deletion in adult animals causes axonal degeneration
So far, data was presented from experiments in which Cmtm5 was deleted before or during
development of the central nervous system. To further examine if the axonal pathology also emerges
when Cmtm5 is recombined in oligodendrocytes post development, we used the PlpCreERT2 driver line
(Leone et al., 2003) and induced Cmtm5 recombination via tamoxifen injection at 8 weeks of age
(Cmtm5fl/fl*PlpCreERT2 mice, also termed Cmtm5 iKO; Cmtm5fl/fl, controls). Immunoblot analysis of myelin
fractions purified from brains of CTRL and Cmtm5 iKO mice 4 months post tamoxifen injection (PTI)
shows a strong reduction of CMTM5, confirming the successful recombination and deletion of Cmtm5
(Figure 18A). PLP and SIRT2 were detected as controls and their abundance was not influenced by the
reduction of CMTM5. Interestingly, a significant increase of pathological appearing axons was detected
in the optic nerves of Cmtm5 iKO mice when compared with optic nerves from respective controls
using TEM (Figure 18B, C).

Figure 18: Deletion of Cmtm5 in adult mice causes axonal degeneration. (A-C) Analysis of mice lacking Cmtm5
expression in mature oligodendrocytes upon induction by tamoxifen (Cmtm5fl/fl*PlpCreERT2, iKO) and respective
tamoxifen-injected CreERT2-negative controls (Cmtm5fl/fl, CTRL). (A) Immunoblot of myelin purified from the brains
of mice 4 months post Tamoxifen injection (PTI). Note that the abundance of CMTM5 is strongly reduced in
Cmtm5 iKO myelin. PLP and SIRT2 were detected as controls. (B) Representative electron micrographs of Cmtm5
iKO and CTRL optic nerves. Arrowhead points at pathological profile. (C) Quantification of pathological profiles
(20 non-overlapping random images per animal, n=5 mice per genotype). Number of pathological profiles is
significantly increased 4 months PTI (p=0.0282 by Two-sided Student´s t-test with Welch´s correction). Bar graphs
give mean ± SEM; data points represent individual mice.
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In conclusion, this data emphasizes that the function of CMTM5 in preserving axonal integrity is
independent of CNS development and probably remains important throughout life.

4.5 CMTM5 is not present in extracellular vesicles from primary
oligodendrocytes
Oligodendrocytes support axons via the secretion of vesicles allocating antioxidative proteins and
other enzymes (Chamberlain et al., 2021; Frühbeis et al., 2020; Mukherjee et al., 2020). We were
interested whether CMTM5 is secreted in EVs targeted at axons. Therefore, we subjected EVs collected
from primary oligodendrocytes to immunoblot analysis (Figure 19). While CMTM5 was detected in
oligodendrocyte cell lysate it was not present in the exosomal fraction (100K pellet). Successful
isolation of EVs was confirmed by the presence of exosomal markers like Alix, CD9 and Flotillin. CMTM5
is not present in oligodendrocyte derived exosomes, however these experiments do not allow the
exclusion of CMTM5 being involved at a different step of this support mechanism. It would be
necessary to further analyze whether released EVs differ in number between Cmtm5-/- mice and
respective controls or if presence or absence of CMTM5 alters the cargo that is delivered via EVs to
axons.

Figure 19: CMTM5 is not present in extracellular vesicles from primary oligodendrocytes. CMTM5 is readily
detected in cell lysate from primary oligodendrocytes at DIV6 but not in the exosomal fraction (100K pellet).
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Exosomal markers (Alix, CD9, Flotillin) are detected as controls. Analysis was performed by Christina Müller
(University of Mainz).

4.6 Axonopathy upon CMTM5 deletion is counteracted by the Wlds
mutation
So far it is not clear whether deletion of Cmtm5 affects neuronal cell bodies or causes mainly the axon
to degenerate in a Wallerian-type mechanism. To tackle this question, we first analyzed the number
of retinal ganglion cells (RGC) of 1 year old Cmtm5 cKO mice and respective controls (Figure 20A-C).
We found that RGC numbers were largely similar between the two genotypes (Figure 20C), indicating
that retinal ganglion cell bodies are preserved. Further, we tested if loss of CMTM5 causes a Walleriantype axon degeneration (Coleman and Höke, 2020). Using TEM, we analyzed whether presence of the
Wlds mutation (Coleman et al., 1998; Lunn et al., 1989) affects the number of pathological axonal
profiles following Cmtm5 deletion (Figure 20D, E). Product of the Wlds mutation is a fusion protein that
was shown to protect axons from a variety of different insults, delaying and even preventing axonal
degeneration (Coleman et al., 1998; Coleman and Höke, 2020; Lunn et al., 1989). Interestingly, we
found that the number of pathological axons was indeed reduced in the presence of Wlds in the optic
nerves of 6 months old mice deficient for Cmtm5 compared with animals without the Wlds mutation
(Figure 20E). Taken together, all of these results imply a Wallerian-type pathomechanism in mice
lacking Cmtm5 in oligodendrocytes.
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Figure 20: Axonopathy upon Cmtm5 deletion counteracted by the Wlds mutation. (A) Retinae dissected from
Cmtm5 cKO and control mice were immunologically labelled with antibodies against RBPMS detecting Retinal
ganglion cells (RGC). Representative image. Scale bar= 500µm. (B) Magnification of the inner, middle and outer
part of the retina. (C) Number of of RGCs is unchanged between CTRL and Cmtm5 cKO mice. Retinae of 1 year
old mice were analyzed. Data represent the mean of 3 non-overlapping areas assessed for each zone (inner,
middle outer retina). Unpaired Two-sided Student´s t-test inner part: p= 0.8484; middle part: p= 0.5211; outer
part: p= 0.2912). (D) Electron micrographs of optic nerves show pathological axons in Cmtm5-/- and Cmtm5-/*Wlds+ at 6 months. Arrowheads point at pathological profiles. (E) Quantification of degenerated axonal profiles
in optic nerves of 6 months old mice. Cmtm5 deletion causes an increase in pathological profiles, which is
significantly reduced in the presence of the Wlds mutation. Data correspond to optic nerves from 4-5 mice per
group and 20 random non-overlapping EM images analyzed. Unpaired Two-sided Student´s t-test Cmtm5wt/wt: p=
0.5107; Cmtm5-/-: p= 0.0471. All data presented as mean ± SEM.

4.7 Function of CMTM5 in the PNS
Previous published findings reported Schwann-cell expressed CMTM6 to be involved in axonal
diameter regulation by restricting axonal diameters (Eichel et al., 2020). Data presented in section 4.2.2
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showed that CMTM5 is not involved in axonal diameter regulations at least in the CNS. However, we
were curious if CMTM5 holds a function in diameter regulations in the PNS. Of note, Cmtm5 mRNA
was detected in the sciatic nerve before and presence of CMTM5 in PNS myelin was also shown (Eichel
et al., 2020; Patzig et al., 2011). Conveniently, Cnp-Cre can also be used for recombination of Cmtm5
in Schwann cells and thus allowed for analysis of the PNS of Cmtm5 cKO mice and respective controls.

4.7.1 Analysis of Cmtm5 deletion in the PNS
Conventional TEM was used to analyze axonal pathology and myelination status of sciatic nerve axons
from Cmtm5 cKO and respective controls at P75 (Figure 21A-D). In contrast to observations in optic
nerve and spinal cord, axonal pathology was absent in the sciatic nerves of Cmtm5 cKO mice and nearly
all axon-Schwann cell units appeared normal (Figure 21B).
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Figure 21: CMTM5 deletion in Schwann cells causes reduced axonal diameters in the sciatic nerve. (A-E)
Electron microscope-based analysis of sciatic nerves from Cmtm5 cKO mice and respective controls at P75. (A)
Representative electron micrographs of sciatic nerve cross-sections from control and Cmtm5 cKO mice. Scalebar
5µm. (B, C) Analysis of normal appearing myelinated axonal profiles (B) and pathological axons (C) in the sciatic
nerve shows largely unaltered axonal integrity in Cmtm5 cKO mice compared to control mice. 5 mice per
genotype, Student´s t-test B: p=0.4580, C: p=0.4692. (D&E) g-ratio analysis of normal appearing myelinated axons
in sciatic nerve cross-sections. Mean g-ratio is unaltered between the experimental groups. Student´s t-test
p=0.6405 (D). Scatterplot of g-ratios appear largely similar between the groups indicating normal myelination at
respective axonal diameters (E). Note the sharp cut-off at 1µm, the expected diameter threshold for PNS axons
to be myelinated. (F&G) Analysis of axonal diameters based on quantifications on semithin sciatic nerve sections.
A shift towards smaller diameter axons (on average -0.4 µm) can be observed in Cmtm5 cKO sciatic nerves in
comparison to control mice (G) which is also reflected in the mean axonal diameters per animal (F). 2600-3000
axons analyzed per mouse with 4 mice per genotype. G: K/S Test p=2.2-16. F: Student´s t-test p=0.0258. Bar graphs
give mean ±SEM.

Further, g-ratios were unaltered between the two groups (Figure 21C, D). However, when analyzing all
myelinated axonal profiles on semithin sciatic nerve sections, a shift towards smaller axonal diameters
(on average -0.4 µm) could be observed (Figure 21D) which was also reflected in a reduction of mean
axonal diameters in Cmtm5 cKO mice (Figure 21E).
Taken together, the data implies that CMTM5 holds different functions in the CNS and PNS. Deletion
of CMTM5 in oligodendrocytes causes axonal pathology in the CNS but axonal diameters are unaltered.
When deleted in Schwann cells, sciatic nerve axons appear healthy however show a shift towards
smaller diameters. Further, myelination appears to be unaffected in CNS nor PNS and g-ratios remain
normal even with a shift towards smaller diameter axons in the PNS.

4.7.2 Analysis of mice lacking Cmtm5 and Cmtm6 in the PNS
Sciatic nerve axons in Cmtm5 cKO mice show on average smaller diameters compared to those of
respective controls. Given that axons grow bigger in absence of Schwann cell expressed CMTM6 (Eichel
et al., 2020) we were curious how a double knock-out of CMTM5 and CMTM6 affects axonal diameters.
We used DhhCre (Jaegle et al., 2003) to specifically knock out CMTM5 and CMTM6 in Schwann cells
(Cmtm5fl/fl*Cmtm6fl/fl*DhhCre, also referred to as Cmtm5/6 dKO; Cmtm5fl/fl*Cmtm6fl/fl, controls).
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Figure 22: Double knock-out of Cmtm5 and Cmtm6 causes slightly increased axonal diameters in the PNS.
(A&B) Analysis of axonal diameters in sciatic nerves from Cmtm5/6 dKO mice and respective controls. (B)
Frequency distribution of axonal diameters shows a shift towards slightly increased axonal diameters (on average
+0.06 µm) in Cmtm5/6 dKO. K/S-test p= 0.012. Which is not reflected in mean axonal diameters per animal (A).
Student´s t-test p= 0.4153. Bar graph gives mean ±SEM. 3500-4100 axons were analyzed per animal and 5 animals
were analyzed per genotype. Diameter analysis was performed by Hanna Pies and Maria Eichel (Neurogenetics
group, MPI-EM, Göttingen).

Analysis of semi-thin sciatic nerve sections from P140 day old Cmtm5/6 dKO mice and respective
controls showed a slight shift towards larger axon diameters (on average +0.06 µm) (Figure 21A) while
the mean axonal diameter per animal is not significantly changed between the two experimental
groups (Figure 22B). It is intriguing to hypothesis that 2 proteins of the same protein family expressed
by Schwann cells could participate directly or indirectly in the regulation of axonal diameters with
opposed effects, however more detailed experiments are necessary to assess the interplay of CMTM5
and CMTM6 in the PNS.
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5 Discussion
In this study we established CMTM5 as a novel CNS myelin protein with a relevant role in
oligodendrocyte-axon interaction. Our results imply that CMTM5 function is not crucial for myelin
biogenesis, structure, or composition. Interestingly, however, ablation of CMTM5 from
oligodendrocytes results in early-onset and progressive axonal pathology. Taken together, our findings
suggest that CMTM5 holds a relevant function in the long-term support of axonal integrity.

5.1 The novel CNS myelin protein CMTM5 is not essential for myelin
biogenesis, composition or structure
The close association of myelin with the myelinated axon allows for multiple cell-cell interactions that
support and regulate neuronal activity and ultimately brain function (Nave and Werner, 2021). To
identify novel proteins with a potential relevance in this interaction, quantitative mass-spectrometry
allows an in-depth analysis of myelin composition (Jahn et al., 2020). While several highly abundant
myelin proteins have been previously identified by other methods, less abundant proteins only
emerged in recent years as a result of technical improvements.
For example, the three most abundant myelin proteins in the CNS, PLP, MBP and CNP, account for
37.9%, 29.6% and 5.1% of the total myelin proteome, respectively (Jahn et al., 2020), and their
functions have been intensely investigated since their discovery (Edgar et al., 2009, 2004; Griffiths I et
al., 1998; Lappe-Siefke et al., 2003; Lüders et al., 2017; Roach et al., 1985; Rosenbluth, 1980). However,
advancements in recent years allowed the identification of hundreds of proteins in myelin, many of
which have not yet been well investigated, at least not in the context of the CNS or their function in
oligodendrocytes and myelin.
One of these novel candidates is CMTM5, a relatively low abundant protein representing about 0.027%
of the total CNS myelin proteome (Jahn et al., 2020). Previous studies showed a specific expression of
Cmtm5 mRNA in cells of the oligodendrocyte lineage in mice and humans (Jäkel et al., 2019; Zhang et
al., 2014; Zhou et al., 2020). Further, CMTM5 was detected in myelin derived from both mice and
humans, and its abundance was approximately similar in the CNS myelin fractions of both species
(Gargareta et al., 2022; Jahn et al., 2020). Of note, Cmtm5 mRNA was previously detected in the PNS
where it shows a high specificity to Schwann cells (Eichel et al., 2020; Gerber et al., 2021) and its
localization to the myelin sheath in the PNS was shown as well using immunoelectron microscopy
(Patzig et al., 2011).
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In the present study CMTM5 was confirmed as a novel CNS myelin protein following our additional
observations that:
1. Its abundance is highly enriched in purified CNS myelin fractions compared to brain lysate
according to immunoblots.
2. It shows a specific localization to the myelin sheath by immunohistochemistry.
3. Its abundance increases during postnatal brain development similar to other known myelin
proteins, coinciding with myelin formation.

CMTM5 is a member of the chemokine-like factor-like MARVEL-transmembrane domain containing
(CMTM) protein family (Han et al., 2003) which has been mainly associated with roles in regulating
cancer immunity (Burr et al., 2017; Mezzadra et al., 2017; Shao et al., 2007; Xiao et al., 2015; Yuan et
al., 2020) and male fertility (Fujihara et al., 2018; Liu et al., 2019). While the relevance of CMTM
proteins for tumor immunity has been studied intensely in the past years, not much is known about
their functions in the nervous system.
Recently the protein CMTM6 was reported to play a role in the regulation of axonal diameters in the
peripheral nervous system (Eichel et al., 2020). Deletion of CMTM6 from Schwann cells, the
myelinating glial cells of the PNS, caused axons to grow in diameter indicating that CMTM6 restricts
axonal diameters in the PNS, a so far unknown function of myelinating glial cells. This observation as
well as the identification of CMTM5 as a potential functional paralog expressed in CNS myelin,
motivated us to further investigate the function of CMTM5 in the nervous system.
Following our identification of CMTM5 as a novel CNS myelin protein, we were interested whether its
deletion from oligodendrocytes could affect the generation and structure of myelin. We found that
myelination appeared normal in Cmtm5-mutants and that the myelin protein composition was largely
unaffected by absence of CMTM5. Given the comparatively low abundance of CMTM5 in CNS myelin,
it is not unexpected that its deletion does not cause structural alterations of the myelin sheath as
observed in mice lacking more abundant proteins like PLP or CNP (Edgar et al., 2009, 2004; Griffiths I
et al., 1998; Lappe-Siefke et al., 2003).
Here we identified CMTM5 as a novel CNS myelin protein with a functional relevance for
oligodendrocyte-axon interaction: CMTM5 does not seem to be involved in axonal diameter regulation
in the CNS. However, its absence in oligodendrocytes leads to axonal pathology without affecting
myelin composition, biogenesis or structure.
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5.2 The Cmtm5-mutant, a novel model to investigate axonal
pathology in the CNS
5.2.1 Early-onset, progressive axonopathy when oligodendrocytes lack
CMTM5
We made the interesting observation that deletion of CMTM5 in oligodendrocytes caused an early
onset, progressive axonal pathology implying that CMTM5 plays a role in the preservation of axonal
integrity. Importantly, we also observed axonopathy in mice in which deletion of Cmtm5 is
independent of the presence of the CnpCre/Wt allele. Indeed, the observed axonopathy in Cmtm5-/- and
Cmtm5fl/fl*PlpCreERT2 mice confirms that the emergence of pathology can be attributed to loss of CMTM5
function and is not caused by Cnp heterozygosity as observed before at higher age (Hagemeyer et al.,
2012).
Loss of CMTM5 function caused an axonopathy in various white matter areas, allowing the assumption
that CMTM5 holds a general function in maintaining axonal integrity. This is also underlined by the
observation, that deletion of CMTM5 in adult animals causes axonal pathology after nervous system
development is largely completed. Further, given that CMTM5 protein abundance as well as Cmtm5
mRNA expression (Thakurela et al., 2016) remains stable in myelin also in older age, we hypothesize
that the function of CMTM5 in maintaining axonal integrity in the CNS remains relevant throughout
life.
Which fibers are affected by loss of CMTM5? Findings in mice lacking Myelin Associated Glycoprotein
(MAG) suggested that larger axons are more susceptible to disturbance of the axon-myelin unit, at
least following an injury in the PNS (Palandri et al., 2015). In contrast, a study analyzing spinal cords of
Multiple Sclerosis (MS) patients suggested that especially smaller diameter axons can be affected by
the disease (Lovas et al., 2000). Therefore, we aimed to assess if axons with larger or smaller diameters
are more affected by loss of CMTM5 function. Yet, a pathological profile does not necessarily match
the size of the previously healthy axon and it is thus difficult to assign the correct axonal diameter to a
degenerated profile. This is particularly apparent when analyzing axonal swellings, which can increase
axonal diameter dimensions manifold (Yong et al., 2020, 2019). We further investigated this hypothesis
by using FIB-SEM analysis and 3D reconstruction of optic nerve axons, but found only very few profiles
with axonal swellings. Further, pathological axonal profiles largely presented as myelin whorls without
connection to something that could be considered as a healthy axon. However, we did not find changes
in the frequency distribution of axonal diameters. Together, this implies that degeneration affects
myelinated axons independent of their diameter.
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We observed a reduction of VEP amplitudes in the optic tract probably best explained by the reduction
of healthy axonal profiles following Cmtm5 deletion in oligodendrocytes. In contrast, we did not
observe striking functional impairments in our assays measuring motor functions. The
electrophysiological VEP measurements might be able to pick up more subtle differences in axonal loss
between CTRL and Cmtm5 cKO mice. However, given the observation that axons also degenerate in
the spinal cord, and the general progressive nature of the pathology, it is reasonable to hypothesize
that Cmtm5 deficient mice may show impaired cage behavior and poor performance in motor tests if
assessed at older age, as previously reported for mice lacking PLP (Griffiths I et al., 1998).

5.2.2 Axonopathy following Cmtm5 deletion is ameliorated by presence of
the Wlds mutation
Our observations that retinal ganglion cells are spared by Cmtm5 deletion and presence of the Wlds
mutation ameliorates the axonopathy caused by loss of CMTM5 suggest a Wallerian-like mechanism
of axon degeneration. Presence of the Wlds mutation was shown to protect axons from different types
of physical, toxic or genetic insults or at least delayed axonal degeneration (Coleman et al., 1998;
Coleman and Höke, 2020; Lunn et al., 1989).
It is currently unknown whether Wlds reduces axonal degeneration in Cmtm5-mutant mice or rather
delays the degenerative process. It would thus be interesting to assess whether the dynamic of axonal
pathology in the presence of Wlds changes from early postnatal brain development throughout
adulthood and up into higher age in future follow-up experiments.
The axon protective function of Wlds is long known. More recently, the underlying pathways were
updated by findings in mice and flies, analyzing the enzyme Sterile alpha and TIR motif containing 1
(SARM1) and its fly ortholog dSarm, respectively (Gerdts et al., 2013; Osterloh et al., 2012). Both the
product of the Wlds mutation, a Nicotinamide Nucleotide Adenylyltransferase 1 (NMNAT1) fusion
protein, and SARM1 can play central roles mediating axonal degeneration (Coleman et al., 1998;
Essuman et al., 2017; Mack et al., 2001). In this pathway axonal survival relies on stable supply of
Nicotinamide Nucleotide Adenylyltransferase 2 (NMNAT2), or the Wlds produced NMAT1 fusion
protein, and stable NAD+ levels along the axon (di Stefano et al., 2015; Gilley and Coleman, 2010; Wang
et al., 2005). Targeting this pathway showed promising results in the amelioration of some disease
models affecting axonal integrity (Coleman and Höke, 2020), while axonal degeneration was not
ameliorated in others. For example, presence of Wlds was shown to alleviate degeneration in models
of glaucoma (Williams et al., 2017), but did not rescue the axonal pathology in mice lacking CNP or PLP
(Edgar et al., 2009, 2004). Further, presence of Wlds or loss of SARM1 did not prevent axonal pathology
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in transgenic SOD1 mice serving as a model for amyotrophic lateral sclerosis (Fischer et al., 2005; Peters
et al., 2018).
It is intriguing to analyze in which diseases or their respective animal models the Walleriandegeneration pathway can be targeted to ameliorate the cause of axonal degeneration, especially with
the emergence of small molecules targeting SARM1, activity which are developed toward application
in clinical use (Bosanac et al., 2021; Hughes et al., 2021; Loring et al., 2020). It will be particularly
interesting whether these SARM1 inhibitors could counteract axonal pathology caused by disturbance
of the axon-myelin unit.
Notably, to the best of our knowledge, CMTM5-deficient mice present the first model in which
presence of the Wlds mutation counteracts the axonal pathology caused by deletion of a CNS myelin
protein. This indicates that axonal degeneration in Cmtm5-mutants follows a Wallerian-like
degeneration. Yet, it remains elusive how CMTM5 mediates its function and why axons degenerate
when oligodendrocytes lack CMTM5.

5.2.3 Pathomechanism in Cmtm5-mutants differs from other myelin mutants
The deletion of myelin proteins was linked to the emergence of axonal pathology before, for example
in mice lacking PLP or CNP (Edgar et al., 2009; Griffiths I et al., 1998). Interestingly, Plp1 and Cnp-mutant
mice indeed share some similarities in their pathological phenotype with that observed in Cmtm5mutants. For example, mice lacking PLP (Edgar et al., 2004; Griffiths I et al., 1998), CNP (Edgar et al.,
2009; Lappe-Siefke et al., 2003) or CMTM5 all show an early-onset, progressive axonopathy while
presenting normal myelination (Cmtm5 KO) or only moderate hypomyelination (Plp1 and Cnp KO).
However, the emergence of neuropathology including APP-positive axonal swellings, microgliosis and
astrogliosis occurs at a much earlier age in Plp-mutants (de Monasterio-Schrader et al., 2013; Edgar et
al., 2004; Griffiths I et al., 1998; Steyer et al., 2020) or Cnp-mutants (Edgar et al., 2009; Lappe-Siefke et
al., 2003; Wieser et al., 2013) compared to Cmtm5-mutants where it emerges at a later timepoint
following the onset of axonal pathology. Moreover, the presence of the Wlds mutation ameliorates
axonal pathology mediated by loss of CMTM5 function, but does not seem to affect the emergence of
pathological axonal profiles in Plp1 and Cnp-mutants (Edgar et al., 2009, 2004) notwithstanding the
latter observed has not been quantified. Taken together, these findings suggest that the pathology in
Cmtm5-mutants follows a different mechanism than in Plp1 and Cnp-mutants.
Deletion of Cnp and Plp1 lead to alterations in myelin structure and stability and cause
hypomyelination but both mutants show considerable amounts of compacted myelin. In contrast, loss
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of MBP leads to an inability of oligodendrocyte to form compacted myelin sheaths (Rosenbluth, 1980).
Interestingly, complete deficiency of compact myelin as observed in shiverer mice lacking Mbp (Roach
et al., 1985) does not seem to cause axonal degeneration (Griffiths I et al., 1998; Ou et al., 2009;
Uschkureit et al., 2000). This indicates, that axonal integrity does depend more on the functionality of
the myelin sheath by which it is enwrapped than on the presence of myelin per se. However, one needs
to take into account that shiverer mice have a shortened life expectancy, dying with seizures at an age
of 2-5 months (Popko et al., 1987). This emphasizes the importance of a functional myelination in the
central nervous system.

5.3 Divergent role of CMTM5 in the regulation of axonal diameters
in CNS and PNS
Myelination of axons allows for saltatory signal propagation enhancing the signaling speed several
times (Tasaki, 1939). Notably, this is not the only mechanisms by which the transmission of electrical
signals along axons can be modulated. The diameter of the transmitting fiber also plays an important
role and can influence action potential transmission and thus ultimately finetune nervous system
function (Hartline and Colman, 2007). Interestingly, next to the recently described CMTM6 we here
find CMTM5 as another member of the CMTM protein family to be involved in the regulation of axonal
diameters at least in the PNS.
Cmtm5 mRNA was detected in Schwann cells and presence of CMTM5 in PNS myelin was shown earlier
(Eichel et al., 2020; Gerber et al., 2021; Patzig et al., 2011). Yet, the functional role of CMTM5 in the
PNS was never investigated. Here we report that absence of CMTM5 in Schwann cells does not alter
myelination of sciatic nerve axons, similarly to findings in mice deficient for CMTM6 in Schwann cells
(Eichel et al., 2020). However, while deletion of CMTM6 in Schwann cells causes enlarged axon
diameters we find that absence of CMTM5 coincides with moderately but significantly reduced axonal
diameters. Further, deletion of both, CMTM5 and CMTM6, leads to almost wildtype axonal diameters,
with a slight shift towards larger axon diameters (on average 60 nm).
Do CMTM5 and CMTM6 modulate axonal diameters with opposing effects? It is of note that these
results come from different studies including different Cre-drivers for the recombination of the target
gene in Schwann cells (CnpCre/Wt for Cmtm5 cKO and DhhCre for Cmtm5/6 dKO and Cmtm6 cKO in Eichel
et al., 2020) and different timepoints. A more detailed side-by-side analysis of Cmtm5 next to Cmtm6
cKO, the double knock-out and the respective controls using DhhCre would thus be necessary to
validate this pilot observation at the required technical standard.
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Albeit being the first known myelin protein involved in restricting axonal diameters in the PNS, CMTM6
was not the first reported myelin protein involved in regulation of axonal diameters by Schwann cells.
The myelin protein MAG was shown to play an important role in axonal diameter growth by a
mechanism involving increased neurofilament phosphorylation, thus increasing neurofilament spacing
(Garcia et al., 2003; Yin et al., 1998). Of note, the neurofilament spacing was unchanged in peripheral
axons of mice lacking CMTM6 in Schwann cells suggesting a different mode of diameter regulation
(Eichel et al., 2020).
Further axon intrinsic mechanisms involved in the modulation of axonal diameters include α-Adducin
and PTEN (Phosphatase and Tensin homolog) and deletion of either of them caused enlarged axon
diameters at least in the CNS (Goebbels et al., 2017; Leite et al., 2016). To date, no myelin or
oligodendrocyte proteins have been reported to directly affect axonal diameters in the CNS. Notably,
axonal diameters were reported to be reduced in the CNS of shiverer mice (Kirkpatrick et al., 2001) but
our own analysis showed unchanged axonal calibers in the optic nerve of shiverer mice at least at an
age of 10 weeks (currently unpublished data). However, given the results from the PNS it is plausible
that oligodendrocytes could also regulate axonal shape and diameter either by direct cell-cell
interactions or via physical restriction and repulsion via their myelin sheath, potentially allowing the
fine tuning of neuronal networks.
We were thus interested whether deletion of Cmtm5 in oligodendrocytes coincides with changes in
axonal diameters in the CNS. However axonal diameters were unaltered in the optic nerves of 10 week
and one year old mice lacking CMTM5 in oligodendrocytes.
For now, the mechanism of diameter regulation by CMTM5 and CMTM6 remains elusive and it is not
clear whether this effect would be directly mediated by CMTM5 or CMTM6 via an interaction with a
target protein or if the deletion of CMTM5 or CMTM6 has an indirect effect on axon diameters.
Nonetheless, it is interesting that 2 proteins of the same protein family seem to play a role in the
modulation of axonal diameters in the PNS and that absence of either CMTM5 or CMTM6 causes
axonal diameter to grow or shrink, without altering myelination status or integrity of the respective
myelinated axon.
Taken together it appears that CMTM5 mediates different functions in the PNS and CNS. While we did
not observe changes in myelin biogenesis or structure in either of the systems, CMTM5 deletion
coincided with decreased axonal diameters yet unaltered axonal integrity in the PNS while ablation of
CMTM5 in oligodendrocytes did not alter axonal diameters but was followed by a progressive
axonopathy and late-stage neuropathology in the CNS.
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5.4 How can CMTM5 affect axonal integrity?
Myelinated axons depend on support from oligodendrocytes and disturbance of this interaction is a
hallmark that can be observed in different diseases affecting the nervous system (Franklin et al., 2012;
Stadelmann et al., 2019; Wolf et al., 2021). This is further underlined by findings in animal models were
the functionality of the axon-myelin unit is perturbed, leading to detrimental effects for axonal
integrity and nervous system function (Edgar et al., 2009, 2004; Y. Lee et al., 2012; Mei et al., 2016;
Philips et al., 2021).
Indeed, the concept of axonal support by oligodendrocytes is longer known and was intensely studied
in recent years. These mechanisms are thought to include the supply of metabolites (pyruvate/lactate)
via monocarboxylate transporters (Fünfschilling et al., 2012; Y. Lee et al., 2012; Philips et al., 2021;
Trevisiol et al., 2020) , the allocation of antioxidative proteins and enzymes via extracellular vesicles
(Chamberlain et al., 2021; Frühbeis et al., 2020; Mukherjee et al., 2020) as well as the modulation of
axonal transport (Edgar et al., 2004; Frühbeis et al., 2020).
Our data indicate that CMTM5 is also involved in the support of long-term axonal integrity. However,
it remains obscure why CNS axons degenerate after Cmtm5 deletion or how CMTM5 mediates its
supportive function. Our finding that Wlds modulates axonal pathology in Cmtm5-mutants does not
provide much mechanistic insight about CMTM5 per se but points to a Wallerian-like mechanism of
axonal degeneration downstream of CMTM5 function.
We explored the hypothesis of axonal energy imbalances following the reported finding that lack of
the mono-carboxylate transporter 1 (MCT1/Slc16a1) in oligodendrocytes can cause axonal pathology
in the CNS (Lee et al., 2012; Philips et al., 2021). However, Mct1 mRNA levels were unchanged in the
brains of mice lacking CMTM5 and MCT1 protein levels were unaltered in purified myelin from Cmtm5deficient mice. Further, the axonal pathology in mice lacking MCT1 arises at a much higher age
compared to Cmtm5-mutants (Lee et al., 2012; Philips et al., 2021). Yet, we can´t exclude that CMTM5
is involved in maintaining axonal metabolic demand by means independent of MCT1. An attractive
model to study potential alterations in axonal energy levels are axonal expressed ATP sensors which
were successfully used in studies analyzing Plp1-mutants before (Imamura et al., 2009; Trevisiol et al.,
2020, 2017). Further, given that axonal NAD+ level play an important role for the initiation of Wallerian
degeneration via NMNAT2 and SARM1 (Coleman and Höke, 2020; di Stefano et al., 2015; Essuman et
al., 2017; Wang et al., 2005), it would be interesting to study potential alterations in NAD+ dynamics in
Cmtm5-mutants. This can be assessed by using the respective NAD sensors that recently emerged (Zou
et al., 2020) in combination with induced stress for example by energy deprivation or high intensity
stimulation in Cmtm5-mutants ex vivo.
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Oligodendrocytes support axons by releasing extracellular vesicles (EV) modulating axonal transport
and making them more resilient against oxidative stress and starvation in vitro (Chamberlain et al.,
2021; Frühbeis et al., 2020, 2013; Krämer-Albers et al., 2007). We wanted to investigate whether
CMTM5 could be involved in axonal support via EVs secreted by oligodendrocytes. Interestingly,
CMTM5 was reported to be released via EVs in transfected cancer cell lines (Li et al., 2010). However,
CMTM5 was not detected in EVs derived from cultivated primary oligodendrocytes. Oligodendrocytes
derived from Plp and Cnp knock-out mice were reported to show impaired exosome release and
secreted EVs were not as protective as exosomes from wildtype mice (Frühbeis et al., 2020). One could
hypothesize that the loss of CMTM5 function might also directly or indirectly influence EV release or
composition, making axons in Cmtm5 KO mice more vulnerable towards different stressors.
Unfortunately, given the long duration of these follow-up experiments and the limited time for the
study we were not able to perform these experiments as part of this thesis.
By structure prediction, CMTM5 does not expose a chemokine-like motif extracellularly. Alternatively,
it seems plausible that CMTM5 could be involved in axonal maintenance by stabilizing protein
localization in cis as it was reported for other CMTMs (Burr et al., 2017; Mezzadra et al., 2017;
Mohapatra et al., 2021). Given that the periaxonal space is the closest contact zone and possibly a
major transcellular interaction site between the axonal membrane and the adaxonal myelin, it appears
interesting to further study the ultrastructural localization of CMTM5 in that area. We find CMTM5
abundant in the axogliasome-enriched fraction (AEF), suggesting its presence in this compartment.
Taken together, the mechanism by which CMTM5 exerts its axon-supportive function remains elusive
at this time, and it will be a crucial next step to identify the relevant pathways that are affected by loss
of CMTM5 function. We speculate that CMTM5 is involved in a “fail-safe” system that axons rely on to
counter potential metabolic or oxidative stress also under normal physiological conditions. Hence, loss
of CMTM5 function may make it more likely to shift the balance against axonal survival under stress,
leading to increased vulnerability of CNS axons and ultimately axonal degeneration as observed in
Cmtm5-deficient mice.

5.5 Outlook
We aim to identify novel proteins with a relevant function in oligodendrocyte-axon interaction. In this
thesis, we identified CMTM5 as a low abundant CNS myelin protein with an interesting function in the
nervous system, as its deletion from oligodendrocytes caused an early onset, progressive axonal
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pathology without affecting myelin biogenesis and composition. We hypothesize that CMTM5 is
involved in the maintenance and support of axonal integrity in the CNS.
Following our hypothesis, it would be attractive to analyze whether an increase of CMTM5 abundance
in oligodendrocytes and myelin could counteract axonopathy in genetically or pharmacologically
induced models of axonal loss in vivo.
As discussed in section 5.4, the underlying mechanism by which CMTM5 mediates its function remains
obscure and it will be important to identify relevant interaction partners or pathways. We currently
aim to achieve this by using BulkRNAseq analysis of isolated oligodendrocytes and neurons to identify
altered pathways in mice lacking Cmtm5. Further, we approach this question using BlueNative gel
experiments combined with mass spectrometric analysis of myelin derived from Cmtm5-deficient mice
and respective wildtype controls to identify potential direct interaction partners. Following
identification of relevant targets, it will be important to assess whether potential candidates could be
efficiently targeted (pharmacologically) to improve axonal integrity in the CNS.
Given that axons show very limited regenerative capacity in the mammalian CNS, it is particularly
important to stop them from entering a “fatal-state” in which axon degeneration becomes inevitable
(Yong et al., 2020, 2019). Considering that SARM1 inhibitors (see section 5.4) could hold this potential
(Bosanac et al., 2021; Hughes et al., 2021; Loring et al., 2020) it will be interesting to assess how these
molecules maintain axonal integrity following an insult to oligodendrocytes or the axon-myelin unit.
We here show that, in principle, it is possible to ameliorate axonal pathology caused by deletion of a
CNS myelin protein using Wlds. Targeting the Wallerian degeneration pathway appears as a promising
route to improve axonal integrity in CNS and PNS diseases. However, the identification of relevant
disease-modulating proteins and pathways in this context will remain a crucial endeavor, especially
keeping in mind that regulation of the Wallerian degeneration pathway might not be beneficial for all
diseases affecting axons in the CNS and PNS.
Intriguingly, findings in the past years, as well as ongoing technical advances in the field indicate that
a promising compartment for candidate identification is the axon-myelin unit, by which
oligodendrocytes and Schwann cells probably mediate most of the vital functions for axons they
myelinate.
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