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Healthy myelin sheaths consist of multiple compacted membrane layers closely

structural myelin proteins, including the transmembrane-tetraspan proteolipid

Funding information protein (PLP) and the Ig-CAM myelin-associated glycoprotein (MAG). To better
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understand their functional relevance, we asked to what extent the axon/myelin-
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units display similar morphological changes if PLP or MAG are lacking. We thus
used focused ion beam-scanning electron microscopy (FIB-SEM) to re-investigate
axon/myelin-units side-by-side in Plp- and Mag-null mutant mice. By three-
dimensional reconstruction and morphometric analyses, pathological myelin out-
foldings extend up to 10 pm longitudinally along myelinated axons in both models.
More than half of all assessed outfoldings emerge from internodal myelin. Unex-
pectedly, three-dimensional reconstructions demonstrated that both models dis-
played complex axonal pathology underneath the myelin outfoldings, including
axonal sprouting. Axonal anastomosing was additionally observed in Plp-null mutant
mice. Importantly, normal-appearing axon/myelin-units displayed significantly
increased axonal diameters in both models according to quantitative assessment of
electron micrographs. These results imply that healthy CNS myelin sheaths facili-
tate normal axonal diameters and shape, a function that is impaired when structural

myelin proteins PLP or MAG are lacking.
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1 | INTRODUCTION

Fast-conducting vertebrate axons are closely encased by myelin
sheaths, which insulate the long internodal axonal segments between
the nodes of Ranvier (Hartline & Colman, 2007). In the central ner-
vous system (CNS), oligodendrocytes provide both the multilayered
myelin sheaths and metabolic support to axons (Nave &
Werner, 2014; Philips & Rothstein, 2017). Myelin is required for nor-
mal motor, sensory and cognitive abilities, as demonstrated by func-
tional decline in human patients with myelin-related disorders and
respective animal models (Stadelmann et al., 2019; Wolf et al., 2020).

The development and maintenance of the normal ultrastructure of
CNS myelin requires specialized structural myelin proteins, including the
most abundant protein of compact myelin (Gargareta et al., 2022; Jahn
et al., 2020), the cholesterol-associated transmembrane-tetraspan pro-
teolipid protein (PLP), and myelin-associated glycoprotein (MAG), a
single-span transmembrane protein that exposes five Immunoglobulin-
like (Ig-like) domains from the adaxonal myelin surface to the underlying
axon (McKerracher & Rosen, 2015; Myllykoski et al., 2018; Nave &
Werner, 2014). The functional relevance of PLP and MAG in vivo is
commonly assessed in Plp~’Y (Gould et al., 2018; Griffiths et al., 1998)
and Mag*/* mutant mice (Li et al., 1994; Montag et al., 1994).

PIp~Y and Mag~’~ mice share pathological features including
moderate CNS hypomyelination (Bartsch et al., 1997; De Monasterio-
Schrader et al., 2013; Li et al., 1998; Yool et al., 2001). However, each
model also displays distinct pathology of the axon/myelin-unit such as
axonal swellings in Plp™Y mice (Edgar et al, 2004; Griffiths
et al.,, 1998) and impaired integrity of the axon/myelin apposition in
Mag’/* mice (Li et al., 1994; Marcus et al., 2002; Montag et al., 1994).
More recently, we found that both mutants develop pathological out-
foldings of their myelin sheaths (Patzig, Erwig, et al., 2016), a feature
that was previously reported in Mag~~ mice (Biffiger et al., 2000; Li
et al, 1994, 1998) but to the best of our knowledge not in Plp*/y
mice. These findings (Patzig, Erwig, et al., 2016) indicate that morpho-
logical assessment in multiple mouse models side-by-side can identify
pathological features that were previously overlooked in individual
characterizations.

Previous morphological assessment of these mutants was largely
based on conventional transmission electron microscopy (TEM), which
lacks the third dimension and therefore allows only limited visualiza-
tion of axon/myelin units. For example, TEM yields only incomplete
information about the shape and dimensions of myelin outfoldings. It
thus remains unknown if outfoldings emerge from the internodal or
paranodal segments of the myelin sheath in the pathological CNS.
Notwithstanding that myelin outfoldings are a common pathological
feature in several other myelin mutants (Erwig et al., 2019; Katanov
et al., 2020; Patzig, Erwig, et al., 2016), as well as in the normal

developing (Cullen & Webster, 1979; Djannatian et al., 2021; Patzig,
Erwig, et al., 2016; Snaidero et al., 2014) and aging CNS (Bowley
et al.,, 2010; Hill et al., 2018; Peters, 2002; Sturrock, 1976), our knowl-
edge about this neuropathological feature has thus remained limited.
Here, we assessed myelin outfoldings in the CNS of Plp~Y and

Mag~/~

mice using focused ion beam-scanning electron microscopy
(FIB-SEM), which allows three-dimensional reconstruction of axon/
myelin-units. We find that myelin outfoldings are large sheets of multi-
membrane stacks that longitudinally extend up to 10 pm along myelin-
ated axons. Over half of all assessed outfoldings emerged from
internodal myelin. In the course of this analysis, we unexpectedly dis-
covered axonal changes associated with myelin outfoldings, which we
further characterized. Together these data imply that diameters and
shape of myelinated axons are sculpted by their myelin sheaths, a func-

tion that requires structural myelin proteins including PLP or MAG.

2 | RESULTS

To approach the three-dimensional morphology of pathological myelin
outfoldings, we performed focused ion beam-scanning electron
microscopy (FIB-SEM) of optic nerves dissected from Plp~"" and

Mag™

~ mutant mice. Both models were previously shown to display
myelin outfoldings according to the quantitative scrutiny of conven-
tional two-dimensional transmission electron micrographs (TEM)
(Patzig, Erwig, et al., 2016). For sample preparation, optic nerves of
male adult (P75) mice were fixed and processed essentially following
the osmium tetroxide—thiocarbohydrazide—osmium (OTO) method
(Deerinck et al., 2010), which was recently shown to enable appropri-
ate contrast to assess axon/glia-units (Weil et al., 2018) and myelin
(Steyer et al., 2020). In each tissue block, >1000 FIB-SEM sections
were scanned with a voxel size of 5 nm x 5 nm x 25 nm, thereby
covering a volume of 215 um x 2 15 pm x 2 25 pm. Assessing these
datasets, we reconstructed all myelin outfoldings (highlighted in yel-
low) and their underlying axonal segment (highlighted in blue) in three
dimensions in each of the tissue volumes obtained from control mice
(Video 1, Figure 1a, a’ and Supplementary Figure 1), Plp~"Y mice
(Video 2, Figure 1b, b’ and Supplementary Figure 2) and Mag™/~
mice (Video 3, Figure 1c, ¢’ and Supplementary Figure 3). As expected
from the previous quantitative assessment of two-dimensional TEM
micrographs (Patzig, Erwig, et al., 2016), all mutant mice displayed a
considerable number of myelin outfoldings per tissue volume
(Videos 1-3; supplementary Figures 1-3). Control nerves also dis-
played some myelin outfoldings, though their number was markedly
smaller compared to that in mutant mice. Importantly, none of the
myelin outfoldings observed three-dimensionally had the needle-like

shape that appears on two-dimensional electron micrographs (Patzig,

85U8017 SUOWIWOD SA 81D 3 [deot[dde aup Ag peusenob a.e sjole YO ‘9SN Jo Sojni o} AkeuqiT8UIIUQ A8]I/M UO (SUONIPUOD-PUe-SWBLo" A3 1M Areiq Ul Juo//SAny) SUORIPUOD pue Swis 1 81 88S *[£202/T0/rz] uo Aridiauliuo A1 ‘mobsels Jo AiseAiun Ag 06zy2e!6/200T 0T/I0p/woo A8 | Aleiqipul|uoy/sdny wolj pepeojumod ‘€ ‘€202 ‘9ETT860T



STEYER ET AL

GLIA

FIGURE 1 Three-dimensional
reconstruction of myelin outfoldings.

FIB-SEM

Myelin outfolding, Axon

3D reconstruction

Focused ion beam-scanning electron
microscopy (FIB-SEM) micrographs (a-c)
and three-dimensional (3D) reconstruction
(a’-c’) of representative myelin outfoldings
(yellow) and the respective axonal
segment (blue) in the optic nerve of myelin
mutant and control mice. In each tissue
block, >1000 FIB-SEM sections were
scanned to cover a volume of

215 pm x 2 15 um x 2 25 pm with a
voxel size of 5nm x 5 nm x 25 nm.
Control (CTRL) (a, &), Plp~"" (b, b’), and
Mag™~ (c, ¢’) mice were analyzed at
postnatal day (P75). Myelin outfoldings
reconstructed in (a’-c’) are also highlighted
on the FIB-SEM micrographs in (A-C).
Yellow arrowheads point at myelin
outfoldings (a’-c’); blue stars mark an
anastomosed axon (B’) and an axonal
sprout (). Three mice per genotype and
one tissue block per mouse were analyzed;
one representative myelin outfolding per
genotype is highlighted. Scale bars, 1 pm.
For reconstructions of all myelin
outfoldings in the tissue blocks, see
supplemental Figure 1-3 and Videos 1-3.
For genotype-dependent quantifications,
see Figure 2.

Erwig, et al., 2016). Rather they are sheets of multilayered membrane,
which extend along and away from the underlying myelinated axons.
When measuring the dimensions of myelin outfoldings, we found
lengths along the axon of up to 10 pm as well as volumes of up to
38 pm3 in mutant optic nerves, compared to up to 6 pm length along
the axon and up to 10 pm3 volume in controls (Figure 2a, b). Notably,
myelin outfoldings displayed a range of dimensions. Indeed, only the
larger outfoldings among those observed in mutant nerves exceeded

the size of those in control nerves. Together, when using FIB-SEM to

compare myelin outfoldings in the optic nerves of control mice with

those in myelin mutants, the latter display more outfoldings, with
some among them markedly larger in size.

We next assessed our FIB-SEM datasets to determine from which
myelin segment pathological myelin outfoldings emerge. For this mea-
surement, the internodal segment was defined as 22.5 pm away from
the nearest node of Ranvier. We found that most of the assessed
myelin outfoldings were associated with the internodal segment in

Mag~’~ and control mice (Figure 2c). In Plp~"" mice about half of the
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Analysis of 3D reconstructed FIB-SEM samples

(@)

=

12 12
= —
B E d £ = e
c = * o E
2 84 c = 8-
o O 2 c
£X% o O
35 £X5
O c e}
£5 4 3 e 244 |
oF°© 52
© o° .
. &S
0 ~ y 0
ctRL  Pip”Y  Mag™ ctRL  Pip”Y  Mag™
)
(b) . (0" 4o-
g E
‘s 304 ns. =
E Q
2 *% g
S 20- S
(=]
£ 2
‘% 10 é
=]
o . <t 3

ctRL  Pip”Y  Mag”"

—
(¢)
~
—
Q.
~

100 80
X
= i e =
O 75- O & 60-
= [SIR-)}
] £ c
9 "D
2 50 o g 40-
o -
£ g £
B g o
g 254 <>t< + 20
S
o
0- /Y / 0- /Y /
CTRL PIp” Mag™™ CTRL PIp” Mag™
Il nternode Paranode Heminode Il Axonal sprout Hl Anastomosed axon

FIGURE 2 Genotype-dependent quantification of features of myelin outfoldings upon 3D-reconstruction of FIB-SEM micrographs. (a, a’) bar
graph (a) and violin plot (a') showing the longitudinal extent along the axon of myelin outfoldings displayed in Figure 1, supplemental Figures 1-3,
and Videos 1-3. Three mice per genotype and one tissue block per mouse were analyzed. Only outfoldings entirely comprised in the scanned
tissue volume were included. (a) Mean = SEM; data points represent individual mice. One-tailed t-test CTRL versus Plp™" p = .0466*, CTRL
versus Mag ™'~ p = .0057**. (a') Median with interquartile ranges; data points represent individual myelin outfoldings in the analyzed tissue
volumes of three mice. (b, b’) Bar graph (b) and violin plot (b') showing the volume of the assessed myelin outfoldings. Three mice per genotype and
one tissue block per mouse were analyzed. Only outfoldings entirely comprised in the scanned tissue volume were included. (b) Mean +/ SEM, data
points represent individual mice. One-tailed t-test CTRL versus Plp~"Y p = .0031**, CTRL versus Mag ™/~ p = 0.0849 n.s. (b') Median with
interquartile ranges; data points represent individual myelin outfoldings. (c) Position of myelin outfoldings in the assessed tissue volumes relative to
the axonal segment (internodal, paranodal, and heminodal). The internodal segment was defined as a distance of 22.5 ym away from a node of
Ranvier. Note that the majority of myelin outfoldings emerges from the internode. Mean /— SEM. (d) Pathological features of axons underneath
myelin outfoldings. Mean + SEM.

outfoldings were found at the paranodes/heminodes (Figure 2c). In When assessing the morphology of axons underneath myelin
both Plp™" and Mag™~ mice, a number of myelin outfoldings was outfoldings upon three-dimensional reconstruction of FIB-SEM
also found at heminodes (Figure 2c), i.e., at paranodes lacking a neigh- datasets, we observed an unexpectedly frequent occurrence of axo-
boring myelin sheath, probably reflecting that these mice display nal pathology, which we quantified. Indeed, a considerable number
hypomyelination. of axons underneath myelin outfoldings in Plp™"Y and Mag™'~ mice
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FIGURE 3 Genotype-dependent assessment of axonal shape upon 3D-reconstruction of FIB-SEM micrographs. (a) Scheme illustrating
quantified axonal features diverging from a theoretical cylindrical shape. For analysis groups also see Supplemental Figure 4. (b) 3D-reconstructed
FIB-SEM tissue volumes of optic nerves dissected from Plp~Y, Mag'~, and control (CTRL) mice. A total of 50 axonal segments were
reconstructed and assessed in FIB-SEM volumes of one mouse per genotype. Scale bar lengths are indicated. (c) Frequency distribution of axonal
curvature per 1 pm axonal length calculated from the data in Figure 3b. n.s., not significant. (d) Frequency distribution of axonal torsion per 1 pm
axonal length calculated from the data in Figure 3b. n.s., not significant. (e) Frequency distribution of axonal bulging calculated as the change of
circumference per 1 pm axonal length from the data in Figure 3b. n.s., not significant. (f) Frequency distribution of axonal eccentricity per 1 pm
axonal length calculated from the data in Figure 3b. n.s., not significant.
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displayed collateral outgrowths that terminated underneath the
myelin sheath, i.e., axonal sprouts (Figure 1c’ and Figure 2d).
Additionally, axons diverging into branches and reuniting, i.e., anas-
tomosed axons, were observed underneath myelin outfoldings in
Plp~Y mice (Figure 1b’ and Figure 2d). To the best of our knowledge,
these pathological features were not previously reported. Taken
together, both models display myelin outfoldings associated with
axonal sprouts; however, they show differences with respect to the
frequencies of affected axonal segments and underlying axonal
pathology.

These unexpected observations, and considering the recent
finding that axonal shape and diameter depend on the axon's micro-
environment (Andersson et al., 2021; Giacci et al., 2018), motivated
us to assess the shape and diameter of myelinated optic nerve
axons in these myelin mutants more systematically, i.e., irrespective
of the local occurrence of myelin outfoldings or axonal pathology
(see scheme in Figure 3a). We thus reconstructed the shapes of

/Y and Mag™’~ mice (Figure 3b).

50 axons per tissue volume in Plp
From these data, it was possible to calculate longitudinal axonal
curvature (Figure 3c), torsion (Figure 3d), bulging (i.e., change of cir-
cumference along the axon) (Figure 3e), and eccentricity (Figure 3f)
over a length of 220 pm. However, none of these parameters dif-
fered significantly in the assessed myelin mutants compared to con-
trols (Figure 3c-f).

To quantify the diameters of myelinated axons, we turned to
two-dimensional TEM, which allows measuring a markedly larger
number of axons compared to FIB-SEM. We found that the diameters
of myelinated axons were considerably enlarged in Plp™" and Mag™/~
mice compared to respective controls (Figure 4a, b). Thus, both
models displayed increased diameters of myelinated axons without
affecting other principal parameters of axonal shape.

Aiming to enable comparisons with prior reports, we finally
assessed various other pathological features in Plp™Y and Mag™/~
mice at P75 on two-dimensional TEM micrographs of optic nerves.
Indeed, Mag™’~ mice displayed reduced axonal density while Plp~"Y
mice showed a trend toward reduced axonal density that did not
reach significance (Figure 4c). Both models showed a reduced per-
centage of myelinated axons (Figure 4d) and an increased percentage
of axon/myelin-units with myelin outfoldings (Figure 4e). Axonal
swellings were a feature in Plp™" but not Mag™'~ mice (Figure 4f).
Other, less frequent pathological features of the axon/myelin-unit
including double myelination, myelinoid bodies and inner tongue

=Y

swellings were significantly increased in Plp~’" mice and showed a

trend toward increased occurrence that did not reach significance in

/~ mice (Figure 4g). As far as these features were previously

Mag~
reported, to the best of our knowledge our present assessment in
Figure 4c-g is in agreement with prior results (Table 1).

In summary, we find that the mouse models lacking the structural
myelin proteins PLP or MAG display myelin outfoldings associated
with underlying axonal sprouting or anastomosing, and that the diam-
eters of myelinated axons in both models are increased. This implies
that structural myelin integrity is a relevant factor in restricting radial

axonal expansion.

3 | DISCUSSION

Myelin outfoldings are a frequent pathology in the CNS, but their
shape and origin has remained poorly characterized. One reason is
probably that the commonly used two-dimensional TEM provides only
limited information about three-dimensional features. For example,
two-dimensional TEM visualizes the most CNS myelin outfoldings
with a needle-like shape pointing away from the underlying myelin-
ated axon. Here we scrutinized myelin outfoldings in the optic nerves
of Plp™"Y and Mag™~ mutant mice using FIB-SEM, which enables
three-dimensional reconstruction of axon/myelin units in a volume of
CNS tissue. We find that CNS myelin outfoldings do not display
needle-like shape; instead, they are large sheets with a longitudinal
dimension along the axon of up to 10 pm. More than half of all
assessed CNS myelin outfoldings emerged from internodal segments.
We speculate that the myelin outfoldings in these models reflect a
generally reduced stability of their myelin compared to healthy
sheaths.

Outfoldings of myelin sheaths are also a frequent pathological
feature in disorders of the peripheral nervous system (PNS) (neuropa-
thies) and the respective rodent models (Adlkofer et al, 1995;
Goebbels et al., 2012; Golan et al., 2013; Horn et al,, 2012; Hu
et al.,, 2016; Kammers et al., 2015; Kim et al., 2016; Yin et al., 1998).
Also referred to as tomaculae, focal hypermyelination, or redundant
myelin, peripheral myelin outfoldings emerge from the noncompact
subcompartments of myelin, i.e. paranodes and Schmidt-Lanterman
incisures, which are considered sites of local instability when com-
pared to the otherwise compacted myelin sheath. We thus speculate
that the presence of myelin outfoldings in the CNS reflects reduced
myelin stability along the entire internode, rather than locally at sites
of noncompact myelin as in the PNS. With respect to axonal enlarge-
ment as observed in both models, we cannot formally exclude yet-
unidentified underlying changes in myelin-to-axon signaling. However,
we consider it more plausible that impaired myelin stability per se pro-
vides less resistance against intrinsic radial expansion of axons and
thus enables increased axonal diameters. One may conceive that
enlargement of axons leads to increased stiffness, thereby
stabilizing against bending. However, we did not observe altered axo-
nal shapes, such as curvature, torsion, bulging, or eccentricity. Most
likely, in addition to the myelin sheath, the axonal plasma membrane
and cytoskeleton, including neurofilaments and the actin/myosin/
spectrin-network (Costa et al., 2018, 2020), provide physical stability
against abnormal axonal shape. For example, axonal diameters are
increased in mice lacking a-adducin, a regulator of actin/spectrin-ring
assembly (Leite et al., 2016).

Additional to abnormal radial axonal growth, preferential loss, due
to degeneration, of smaller diameter axons may contribute to the fre-
quency distribution shift toward larger axonal diameters. Indeed, for
Plp-mutant mice it has been previously suggested that small diameter
axons are more susceptible to degeneration because the optic nerve
and fasciculus gracilis, which comprise small-diameter axons, display
axonal swellings before fiber tracts comprising larger-diameter
axons are also affected (Edgar et al., 2004; Garbern et al., 2002).
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TABLE 1

Feature
Topology
% of total CNS myelin protein

Associated human spastic
paraplegia (SPG) type

Pathological feature
Mouse model
First publication

Reduced percentage of axons
myelinated
(hypomyelination)

Mpyelin outfoldings (focal
hypermyelination)

Axonal swellings

Axon loss

Increased diameter of
myelinated axons

Axonal sprouting

Axonal anastomoses

Note: Features of PLP and MAG, neuropathological features in Plp

Comparison of neuropathological features in the CNS of Plp
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=Y

Proteolipid protein (PLP)
Cholesterol-associated tetra-span
38% (Jahn et al., 2020)

SPG2 (Saugier-Veber et al., 1994;
Garbern et al., 2002; Inoue, 2019;
Cailloux et al., 2000)

Plp~"Y mice
(Klugmann et al., 1997)

(De Monasterio-Schrader et al., 2013; Patzig,
Erwig, et al., 2016; Yool et al., 2001); this study

(Patzig, Erwig, et al., 2016); this study

(Edgar et al., 2004; Griffiths et al., 1998;
Steyer et al., 2020)
this study

n.a.

(Yool et al., 2001); this study®

This study®
This study®

=Y

and Mag™’~ mice

Myelin-associated glycoprotein (MAG)
Ig-like type | single-span
0.7% (Jahn et al., 2020)

SPG75 (Novarino et al., 2014; Lossos et al., 2015;
Roubertie et al., 2019; Zech et al., 2020)

Mag™'~ mice
(C. Li et al., 1994; Montag et al., 1994)

(C. Li et al., 1998; Bartsch et al., 1997; Biffiger et al., 2000;
Patzig, Erwig, et al., 2016; Pernet et al. 2008); this study

(C. Lietal., 1994; C. Li et al., 1998; Biffiger et al., 2000;
Patzig, Erwig, et al., 2016);
this study

n.a.

(Nguyen et al., 2009); this work
This study®

This study®<

n.a.b

and Mag~’~ mice, and key references are given. Data in the present study are based

on assessment of optic nerves at age P75. Data from the previous studies are based on assessment of various CNS regions at various ages (see respective

studies).

Abbreviation: SPG, spastic paraplegia.
20Of normal-appearing axon/myelin-units.

bUnderneath myelin outfoldings.
“Axonal sprouting was previously reported in Mag™'~ mutants upon challenge by injury.

Yet, considering that the optic nerves of Plp-mutant mice at P75 dis-
play a highly significant shift in frequency distribution toward larger
axonal diameters but only a slight trend toward reduced axonal den-
sity, selective loss of smaller diameter axons is unlikely the definitive

explanation for the observed frequency shift. Mag-mutants display
degenerating CNS axons (Nguyen et al., 2009; Pan et al., 2005) and a
reduced total number of axons (Nguyen et al., 2009) in the spinal cord
dorsal column; however, these analyses specifically focused on this

FIGURE 4 Genotype-dependent assessment of two-dimensional transmission electron micrographs reveals that diameters of myelinated

axons are increased in the optic nerves of Plp

=Y

and Mag*/* mice. (a, a', b, b’) Conventional two-dimensional transmission electron micrographs

of cross-sectioned optic nerves (a, b) and genotype-dependent quantification (a', b') reveals increased axonal diameters in Plp~"Y (a, a') and Mag ™"~
(b, b') compared to respective littermate control mice at P75. (a, b) Example images; Scale bars 1 pm. (a', b') > 150 axons per mouse were assessed
on 210 randomly distributed electron micrographs per mouse in 5 mice per genotype. Data presented as frequency distribution with 0.2 pm bin
width. Two-sided Kolmogorov-Smirnov test of frequency distribution reveals shift to increased diameters of axons; Plp*™¥ versus Plp~"Y

p =71 x 10-9*** (a'), Mag™’* vs Mag~~ p = 2.2 x 1071*** (b". (c-g) Quantitative assessment of morphological features of axon/myelin units
on transmission electron micrographs of optic nerve sections of Plp™"Y and Mag™'~ mice compared to respective control littermates at P75. >550
axons per mouse were assessed on 210 randomly distributed electron micrographs per mouse in 4-5 mice per group. Data represent mean

+ SEM; datapoints represent individual mice. (c) Quantitative assessment of axonal density. Data represent mean axon number in 10 pm
rectangles. One-tailed t-test CTRL versus PIp~"Y p = .1057 n.s., CTRL vs Mag’/’ p =.0015** (d) Quantitative assessment of the percentage of
axons that is myelinated. One-tailed t-test CTRL versus Plp~"Y p = .0072**, CTRL versus Mag ™'~ p = .04*. (e) Quantitative assessment of the
percentage of myelinated axons that display myelin outfoldings. One-tailed t-test CTRL versus Plp~"" p = .0107*, CTRL versus Mag ™"~

p = .0176%. (f) Quantitative assessment of the percentage of axon/myelin units that display axonal swellings. One-tailed t-test CTRL vs Plp
p = .0029** CTRL versus Mag~’~ p = .2914 n.s. (g) Quantitative assessment of the percentage of axon/myelin units that display other pathology
including tubovesicular structures and amorphous axoplasm in an axon, inner tongue swellings, myelinoid bodies, absence of an identifiable axon
in a myelin sheath and myelin whorls. One-tailed t-test CTRL versus Plp~"Y p = .0012**, CTRL versus Mag~’~ p = .1087 n.s.

—/Y
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fiber tract and thus do not allow comparison with other tracts with
larger diameter fibers. Together, increased radial axonal growth and
preferential loss of smaller diameter axons may both contribute to the
frequency distribution shift toward larger axonal diameters in the CNS
of both mutant models, though the latter not to axonal sprouting and
anastomosing.

PLP, the most abundant CNS myelin protein and an adhesive
force within compact myelin (Bakhti et al, 2013; Bizzozero
et al., 2001; Sinoway et al., 1994), facilitates myelin compaction at the
extracellular intraperiod lines and thus stability along the entire sheath
(Boison et al., 1995; Klugmann et al., 1997; Mabius et al., 2008). It is
thus plausible that, when PLP is lacking, reduced myelin stability does
not only allow surplus radial growth of axons but also permits axonal
sprouting and the formation of anastomoses. It is unclear whether the
axonal sprouts and anastomoses seen in Plp~™’Y mice represent an
early stage of axonopathy that later develops into the previously
observed axonal swellings (Griffiths et al., 1998; Luders et al., 2017,
2019; Patzig, Kusch, et al., 2016; Steyer et al., 2020; Trevisiol
et al., 2020) or if they represent a separate neuropathological feature.

The adhesion between compact myelin layers is not impaired in
mice lacking MAG. However, MAG is an Ig-CAM expressed at the
adaxonal myelin surface (Erb et al., 2006; Trapp & Quarles, 1984) with
functions in both axomyelinic adhesion (Djannatian et al., 2019; Elazar
et al, 2019; Kinter et al., 2013; Li et al., 1994; Montag et al., 1994)
and inhibitory signaling, at least upon injury (Liu et al., 2002;
McKerracher et al., 1994; Mukhopadhyay et al., 1994). Indeed, MAG
inhibits axonal sprouting in vitro as well as in vivo upon spinal cord
injury (Lee et al., 2010; Li et al., 2004; Shen et al., 1998; Sicotte
et al., 2003). Thus, our observations demonstrate that the inhibitory
function of MAG in the CNS is not limited to injury conditions but also
involved in regulating radial axonal growth and axonal sprouting in the
non-injured CNS.

Thus, despite some apparent similarities in the CNS pathology
that emerges when mice lack PLP or MAG, the proteins differ regard-
ing their respective localization in compact versus adaxonal myelin,
and in their functions as structural tetraspan-protein versus repulsive
Ig-CAM. Strikingly, the axonopathy also differs principally between
the models. Indeed, when PLP is lacking axons display characteristic
axonal swellings but comparatively slowly progressive axon loss. Con-
versely, when MAG is lacking, axons degenerate without the forma-
tion of axonal swellings. Thus, not only different frequencies of the
same pathological feature but also principal differences exist between
the models, highlighting that the functional relevance of these myelin
proteins remain to be further investigated.

It is noteworthy that the diameters of myelinated axons are
reduced in the PNS of Mag*/’ mutant mice (Eichel et al., 2020; Pan
et al., 2005; Yin et al,, 1998). How can deficiency of the same myelin
protein have opposite effects on axonal diameters in the CNS and the
PNS? Notably, the protein composition of CNS and PNS myelin differ
considerably (Jahn et al., 2020; Siems et al., 2020), thus providing a
markedly different molecular microenvironment to the myelinated axon.
For example, the adaxonal surface of PNS myelin—but not of CNS mye-

lin—exposes chemokine-like factor-like ~MARVEL-transmembrane

domain-containing protein 6 (CMTM6) to the myelinated axon (Eichel
et al,, 2020). Deletion of Cmtmé-expression in Schwann cells causes
increased diameters of peripheral axons, and, importantly, deleting
Cmtmé from Schwann cells in addition to Mag-deficiency actually also
leads to enlarged axonal diameters. The fact that PNS myelin—but not
CNS myelin—comprises CMTMé additional to MAG may thus explain
the oppositely-shifted axonal diameters in the PNS and CNS of Mag-
single mutant mice. However, additional, not yet identified factors are
likely to contribute to determining axonal diameters.

In both models assessed here, the presence of myelin outfoldings
also coincides with a diminished abundance of myelin septins, which
form a stabilizing filament in the adaxonal myelin compartment
(Patzig, Erwig, et al., 2016). Myelin outfoldings are also observed in
the developing CNS. For example, many axon/myelin-units in the
optic nerve of Xenopus tadpoles display myelin outfoldings, which are
largely resolved upon metamorphosis (Cullen & Webster, 1979).
Indeed, during developmental myelination the initial wrapping phase
is followed by a maturation phase in which surplus myelin sheaths and
myelin outfoldings are remodeled (Rosenbluth, 1966). The develop-
mental elimination of myelin outfoldings is not limited to metamor-
phosing amphibia, as shown by two-dimensional TEM of the optic
nerves of mice (Djannatian et al., 2021; Patzig, Erwig, et al., 2016;
Snaidero et al., 2014). Here, the proportion of axon/myelin-units that
displays myelin outfoldings declines considerably between the second
postnatal week and an age of 2-3 months. The developmental elimi-
nation of myelin outfoldings coincides with the emergence of the sta-
bilizing septin filament in adaxonal myelin (Patzig, Erwig, et al., 2016).
It will be an interesting future experiment to assess if the develop-
mental elimination of myelin outfoldings per se also counteracts axo-
nal sprouting or anastomosing.

We cannot formally exclude that increased axonal diameters,
sprouting and anastomoses as observed here represent active axonal
expansion. If so, this would probably involve the activation or impair-
ment of yet-unknown myelin-to-axon signaling mechanisms. However,
we consider it more likely that the loss of structural myelin proteins
including PLP and MAG causes reduced stability of the myelin sheath,
thereby rendering it less suited to limit axon-intrinsic radial growth that
may take place if not sufficiently counteracted. In conclusion, this work
supports the concept that healthy myelin sheaths not only preserve the
long-term integrity of their myelinated axons (Duncan et al., 2021;
Nave & Werner, 2021; Philips & Rothstein, 2017) but also affect their
diameter and shape. Axonal changes secondary to impaired physical
myelin stability may emerge as a unifying feature in the pathogenesis of

myelin mutants with secondary axonal pathology.

4 | MATERIALS AND METHODS

4.1 | Ethics
Animal welfare: For the procedure of sacrificing vertebrates for the
subsequent preparation of tissue, all regulations given in the German

animal welfare law (TierSchG §4) are followed. Since sacrificing of
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vertebrates is not an experiment on animals according to §7 Abs.
2 Satz 3 TierSchG, no specific ethical review and approval or notifica-
tion is required for the present work. All procedures were supervised
by the animal welfare officer and the animal welfare committee for
the Max Planck Institute of Multidisciplinary Sciences, Goéttingen,
Germany. The animal facility at the Max Planck Institute of Multidisci-
plinary Sciences is registered according to §11 Abs. 1 TierSchG.

4.2 | Sample preparation and transmission electron
microscopy (TEM)

Mice harboring null-alleles of the Plp/Plp1 and Mag genes were previ-
ously reported (Klugmann et al., 1997; Lappe-Siefke et al., 2003;
Montag et al., 1994; Patzig, Erwig, et al., 2016) and maintained on a
¢57BI/6 N background for at least 10 generations. Plp~" and Mag™/~
mice and respective wild type littermates were sacrificed by cervical
dislocation at postnatal day 75 (P75). The optic nerves were dissected
and immersion fixed and prepared using the reduced osmium
tetroxide—thiocarbohydrazide - osmium (OTO) method as the previ-
ously described in detail (Steyer et al., 2020; Weil et al., 2018) upon
implementing modifications to the original protocol first introduced
by (Deerinck et al., 2010). After resin polymerization, ultrathin sec-
tions (60-70 nm) were cut using an ultramicrotome (Leica UC-7,
Vienna, Austria) and a 35° diamond knife (Diatome, Biel, Switzerland).
The sections were placed on 100 mesh hexagonal copper grids
(Science Services, Munich, Germany) and imaged with a Leo 912 elec-
tron microscope (Carl Zeiss, Oberkochen, Germany) and an on-axis

2 k CCD camera (TRS, Moorenweis, Germany).

4.3 | Axon diameter analysis on transmission
electron micrographs

To determine axonal diameters, 10-15 random non-overlapping elec-
tron micrographs (13.43 pm2 /image) per mouse and 4-5 mice per
genotype were analyzed as specified in the figure legend. Analysis
was performed using Fiji version 1.53c (Schindelin et al., 2012). Per
electron micrograph, up to 30 axons were selected at random using
the Grid-Tool (Circular grids, 3 pm2 per point, random offset). The
Feret diameter was analyzed of all normal appearing myelinated axons
comprised in the grid circles. The Kolmogorov-Smirnov (KS) test was
used to assess shifts in axonal diameters between experimental
groups. For statistical analysis we used Rstudio (www.rstudio.com,
version 3.4.1) as previously described in detail (Eichel et al., 2020)
available at https://github.com/MariaEichel/FrequencyDistributions.

44 | Focused ion beam-scanning electron
microscopy (FIB-SEM)

The samples were further trimmed with a 90° trimming diamond knife

(Diatome) and multiple samples were placed on a SEM stub using silver

conductive resin (EPO-TEK 129-4; Science Services, Munich, Germany)
and sputter-coated using a high vacuum coater (ACE 600, Leica,
Wetzlar, Germany) with 10 nm platinum or gold. Sputtered samples were
placed in the FIB-SEM (Crossbeam 540, Zeiss, Oberkochen, Germany). A
cross-section through the sample was exposed using 15/30 nA, followed
by a polishing step of 7 nA. A deposition of 400-500 nm platinum was
added on top of the target region using 3 nA. Datasets were acquired at
1.5 kV using the energy-selective backscatter detector (ESB) in analytical
mode with a grid voltage of 450 V and a current of 1000 pA. Using a
pixel size of 5 nm x 5 nm and a slicing thickness of 25 nm, volumes of

215 pm x 2 15 pm x 2 25 pm were acquired.

4.5 | Data processing and visualization

For the present work, the following steps were performed using Fiji
(Schindelin et al., 2012). The datasets were aligned using the scale-
invariant feature transform (SIFT) algorithm, cropped and inverted.
The images were smoothed using a Gaussian blur (sigma 1) and a local
contrast enhancement was applied (CLAHE: blocksize 127, histogram
bins 256, maximum slope 1.5). Outfoldings were segmented on the
unbinned data, while for the axonal analysis the datasets were binned
by 6 in x/y. The carving workflow implemented in the software llastik
(Sommer et al, 2011) was used to semi-automatically segment
50 axons per dataset for one littermate control and one mutant for
each of the mouse lines. The final model was corrected manually using
Microscopy Image Browser (Belevich et al., 2016) and exported as
binary tiff images for further analysis. The FIB-SEM micrograph data-
sets of the Plp~"Y and the corresponding littermate control samples
were previously used (Steyer et al., 2020; Trevisiol et al., 2020) as the
basis to reconstruct and analyze features independent from those

assessed in the present work.

4.6 | Data analysis

Image processing and analysis were performed using a self-written
MATLAB code (The Mathworks, Inc., Natick, MA, USA). Images in tiff
data format were saved as stacks of x—y matrices. A logical mask was
created, in which pixels belonging to the axons were set to 1 and all
other pixels were set to 0. Connected areas of pixels with less than
50 pixels were categorized as noise and set to O as well. To ensure
that separate axons were not connected merely by single pixels, axon
signals in each x—y matrix were eroded, employing a disk-shaped
structuring element with a diameter of 7 pixels. Single, separate,
three-dimensional axons were detected, and cubic pixel volumes were
defined as connected if either their faces, edges or corners were in
contact with each other; if indicated, some manual corrections were
applied. Axons were manually categorized into three groups (see
scheme in Supplemental Figure 4): group 1 contained axons where
the central line can be described as a unique function of z and do not
bend back (Supplemental Figure 4a), group 2 contained axons where

the central line cannot be described as a unique function in
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Z (Supplemental Figure 4b), and group 3 contained axons with several
separate areas per x—y plane (Supplemental Figure 4c).

In group 1, an x—y plane was defined for each z (Supplemental
Figure 4a). The axon signal in the x—y plane was shrank to a single,
central point (x, y) using the MATLAB function “bwmorph(image,
“shrink,” Inf),” and the sequence of (x, y) coordinates was used to
define the central line of the axon. In case our MATLAB code was
unable to find a single point because there was a pixel-sized hole
inside the axon, the average of both points found by the MATLAB
function was saved as part of the central line of the axon. In group
2, the analysis of the axon was the same as in group 1 with the excep-
tion of the data that bent back in z. That section of the axon was man-
ually selected and axon slices in the x-z or y—z plane with a constant
y or x value, respectively, were shrank to one point as above. The x,
y and z coordinates of the central lines were smoothed. The smoothed
coordinates in pixels were converted to nm with the pixel-to-nm ratio
known from the FIB-SEM experiments. The contour length of the
entire axon was calculated by summing up the Euclidian distances
between the smoothed coordinates of one axon. The x, y and
z coordinates of the central lines were smoothed again with respect
to the contour length. In both groups, anastomoses or bulges may
occur, so that several separate areas in one x—y plane of one axon are
detected, as schematically shown in Supplemental Figure 4c. In these
cases, only the not-anastomosed axon, that is, the larger one, was
analyzed. In case bulging caused more than one area per x—y plane,
the area connected to the axon and not to the bulge was analyzed.

The Frenet-Serret formulas define the relation between the cur-
vature x and torsion t of the central line of an axon. Here, s is the
arclength, T the tangential vector, N the normal vector and B the

binormal vector (Sternberg, 2012):

dT

a5 N
dN _ kT +1B, (1)
ds

dB

E* —TN.

where N is a unit vector and the derivative of the tangent, so that the

curvature « is calculated as follows:

dT dT

sl

I

The tangent vector was smoothed. From the normal vector, the binor-
mal vector was calculated using Equation (1) and smoothed again. The
torsion was calculated from the single components i of the normal
and binormal vector:
dB;
dB; &

E:*TN,-éT: N

In case of numeric deviations between the values of torsion obtained

from the different components, the average of the three components

was calculated and saved as the average torsion. The curvature and
absolute values of the average torsion were calculated for all points of
the central line of the axon. Curvature and average torsion were nor-
malized by the distance between two consecutive points on the cen-

tral axon line.

4.7 | Quantifications and statistical analysis

Sample size was chosen according to previous analyses of similar
parameters (Eichel et al., 2020; Erwig et al., 2019). Bar graphs in
Figure 2a, b display datapoints representing biological replicates
(i.e. individual mice), mean and SEM; violin plots in Figure 2a, b’ dis-
play datapoints representing all outfoldings assessed in all biological
replicates, median and interquartile ranges; bar graphs in Figure 2c, d
display percentage and SEM; plots in Figure 3c-f display frequency
distributions; plots in Figure 4a, b display frequency distributions; bar
graphs in Figure 4c, g display datapoints representing biological repli-
cates (i.e., individual mice), mean and SEM.

Axonal curvature, torsion, eccentricity and circumference fre-
quency in Figure 3c-f were assessed by Kolmogorov-Smirnov
(KS) test. Shifts in axonal diameters between experimental groups in
Figure 4a, b were assessed by Kolmogorov-Smirnov (KS) test of fre-
quency distribution in Rstudio (www.rstudio.com, version 3.4.1) as
previously described in detail (Eichel et al., 2020) available at https://
github.com/MariaEichel/FrequencyDistributions. Morphological fea-
tures in Figures 2a, b and 4c-g were assessed by one-tailed t-test.

Levels of significance were set at p <.05 (*), p <.01 (**), and
p <.001 (***). Exact p-values are given in the figure legends or within

in the figure (Figure 3c-f).
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SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.
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