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Myelination generates aberrant ultrastructure that

is resolved by microglia

Minou Djannatian®>3*@®, Swathi Radha2@®, Ulrich Weikert>®, Shima Safaiyan?®, Christoph Wrede®®, Cassandra Deichsel"?®, Georg Kislinger?®,
Agata Rhomberg?@®, Torben Ruhwedel’®, Douglas S. Campbell"?®, Tjakko van Ham’®, Bettina Schmid?@®, Jan Hegermann®®, Wiebke Mobius*®,

Martina Schifferer2*@®, and Mikael Simons»24¢@®

To enable rapid propagation of action potentials, axons are ensheathed by myelin, a multilayered insulating membrane formed
by oligodendrocytes. Most of the myelin is generated early in development, resulting in the generation of long-lasting stable
membrane structures. Here, we explored structural and dynamic changes in central nervous system myelin during
development. To achieve this, we performed an ultrastructural analysis of mouse optic nerves by serial block face scanning
electron microscopy (SBF-SEM) and confocal time-lapse imaging in the zebrafish spinal cord. We found that myelin undergoes
extensive ultrastructural changes during early postnatal development. Myelin degeneration profiles were engulfed and
phagocytosed by microglia using exposed phosphatidylserine as one “eat me” signal. In contrast, retractions of entire myelin
sheaths occurred independently of microglia and involved uptake of myelin by the oligodendrocyte itself. Our findings show
that the generation of myelin early in development is an inaccurate process associated with aberrant ultrastructural features

that require substantial refinement.

Introduction

Central nervous system (CNS) myelination, a critical step in
nervous system development, has enabled vertebrates to expand
higher brain functions in a cost-efficient way (Zalc, 2016;
Stadelmann et al., 2019). Myelin, produced by oligodendrocytes
in the CNS, electrically insulates axons to facilitate saltatory
conduction (Rushton, 1951; Cohen et al., 2020; Hartline and
Colman, 2007) and also provides metabolic support
(Fiinfschilling et al., 2012; Lee et al., 2012; Saab et al., 2016). Most
of myelin is generated during early postnatal development ac-
cording to a pre-defined genetic program. Once formed, myelin
is a highly stable multilayered membrane, reflected by the un-
usually long lifetime of myelin-specific proteins (Toyama et al.,
2013) and the low turnover of the sheaths. However, myelin
remodeling can occur during learning and neuronal circuit re-
finement, thereby contributing to brain plasticity (Gibson et al.,
2014; Etxeberria et al., 2016; McKenzie et al., 2014; Xiao et al.,
2016; Scholz et al., 2009; Hill et al., 2018; Steele et al., 2013;
Makinodan et al., 2012; Hughes et al., 2018; Lakhani et al., 2016;
Monje, 2018; Wake et al., 2015; Fields, 2008). In addition, a re-
cent study in zebrafish demonstrated that developmental myelin

is generated in excess and modified by microglial pruning
(Hughes and Appel., 2020). We have previously provided a
model of myelin wrapping, in which the leading edge moves
around the axon underneath the previously deposited mem-
brane, coupled with the lateral extension of myelin membrane
layers along the axon (Snaidero et al., 2014). However, little is
known about the error-rate and potential correction mecha-
nisms that ensure proper myelin formation.

Here, we investigated the ultrastructural changes of CNS
myelin during development using 3D serial block face scanning
electron microscopy (SBF-SEM), focusing on abnormal
myelination profiles. We show that myelin biogenesis is as-
sociated with the formation of abundant aberrant ultra-
structure. Live imaging in zebrafish showed that microglia
phagocytose myelin, and phosphatidylserine (PS) presents
one “eat me” signal that promotes myelin phagocytosis. My-
elin remodeling can also occur independently of microglia, in
a process in which oligodendrocytes retract entire myelin
sheaths into their cell body, followed by trafficking into
lysosomes.

Institute of Neuronal Cell Biology, Technical University Munich, Munich, Germany; 2German Center for Neurodegenerative Diseases, Munich, Germany; 3Department of
Neurology, Klinikum rechts der Isar, TUM School of Medicine, Technical University of Munich, Munich, Germany; *Munich Cluster of Systems Neurology (SyNergy), Munich,
Germany; °Max-Planck Institute of Experimental Medicine, Gottingen, Germany; ®Institute of Functional and Applied Anatomy, Research Core Unit Electron Microscopy,
Hannover Medical School, Hannover, Germany; “Department of Clinical Genetics, Erasmus University Medical Center, University Medical Center Rotterdam, Rotterdam,
Netherlands; 8Institute for Stroke and Dementia Research, University Hospital of Munich, Ludwig Maximilian University of Munich, Munich, Germany.

Correspondence to Mikael Simons: mikael.simons@dzne.de; Minou Djannatian: m.djannatian@tum.de.
© 2023 Djannatian et al. This article is distributed under the terms of an Attribution-Noncommercial-Share Alike-No Mirror Sites license for the first six months after the

publication date (see http://www.rupress.org/terms/). After six months it is available under a Creative Commons License (Attribution-Noncommercial-Share Alike 4.0
International license, as described at https://creativecommons.org/licenses/by-nc-sa/4.0/).

Rockefeller University Press
J. Cell Biol. 2023 Vol. 222 No. 3 €202204010

https://doi.org/10.1083/jcb.202204010

W) Check for updates

€202 JequianoN 1.0 uo 3senb Aq 4pd 01002202 a0l/0559vYL/010¥0220Z8//22z/pd-alomie/qol/Bio-ssaidni//:dny woy pepeojumoq

1of17


https://orcid.org/0000-0002-7759-6557
https://orcid.org/0000-0003-3841-4690
https://orcid.org/0000-0001-9988-5299
https://orcid.org/0000-0003-0328-3379
https://orcid.org/0000-0001-7461-6965
https://orcid.org/0000-0002-1781-7020
https://orcid.org/0000-0002-6559-7421
https://orcid.org/0000-0002-5323-210X
https://orcid.org/0000-0002-9535-9395
https://orcid.org/0000-0002-7371-9484
https://orcid.org/0000-0002-2175-8713
https://orcid.org/0000-0001-8043-7269
https://orcid.org/0000-0001-7893-8507
https://orcid.org/0000-0002-2902-7165
https://orcid.org/0000-0002-0500-8218
https://orcid.org/0000-0001-5329-192X
mailto:mikael.simons@dzne.de
mailto:m.djannatian@tum.de
http://www.rupress.org/terms/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://doi.org/10.1083/jcb.202204010
http://crossmark.crossref.org/dialog/?doi=10.1083/jcb.202204010&domain=pdf

A P10 7 P14 , P21 P60

normal myelin [Tl

degeneration

no. of myelinated axons 0J

outfolding
fragment

O

minor outfoldings

®

myelinated axon 1
myelinated axon 2

Figure 1. Myelin abnormalities occur temporarily during development in the mouse CNS. SBF-SEM of P10, P14, P21, and P60 wt mouse optic nerves (80
x 80 x 40-210 pm volumes with a 10 x 10 x 80 nm resolution). (A) Representative cross-sections. (B) Mean number of myelinated axons within a 40 x 40 um
area at P14 and P60 (quantified on 8-10 evenly dispersed cross-sections within the SBF-SEM volumes, n = 3 optic nerves). Two-sided Student’s t test: *, P =
0.0145. In total, we quantified 4,655.3 + 785.4 myelinated axons at P14 and 10,560 + 2,099.8 at P60. (C) Mean percentage of myelin abnormalities at P14 and
P60 (within 8-10 evenly dispersed volumes of 40 x 40 x 8 um, normalized by the number of myelinated axons in reference sections, n = 3 optic nerves). Two-
sided Student’s t test: **** P < 0.0001. (D) Percentage of error subtypes among the myelin errors quantified in C: outfoldings (red), bulgings (yellow), de-
generations (dark blue), fragments pinching off from a sheath or lying in the vicinity of a sheath (green), and minor outfoldings (light blue). Means of n = 3 optic
nerves. Color code refers to example images in E. (E) Cross-sections at different z levels show examples of myelin abnormalities: outfolding, bulging, de-
generation, fragment detaching from an intact sheath, and minor outfoldings that likely represent an early stage of outfolding and bulging. (F and G) 3D
reconstruction of a myelinated axon bulging into another myelinated axon. (F) Pseudo-colored cross-sections at different z levels (violet/pink: axons, petrol/
cyan: glial cytoplasm, orange/yellow: myelin). Note the excess glial cytoplasm at the location of bulging. (G) 3D reconstruction. Numbering refers to cross-
sections in F. Images in A and F are 4 x 4 binned. Scale bars: 3 um (A), 2 um (G), 1 um (E, F). See also Videos 1 and 2.

Results

Aberrant myelin ultrastructure occurs during development

To analyze myelin 3D ultrastructure in the developing CNS, we
acquired volume stacks of 80 x 80 x 40-210 pm size of postnatal
day 10 (P10), P14, P21, and P60 mouse optic nerves by SBF-SEM
(Fig. 1). As expected, myelination was sparse at P10 and sharply
increased during the following 2 wk, while all axons were
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myelinated by P60 (Fig. 1, A and B; and Fig. S1 A). Notably, we
found aberrant myelin structures in 24% of the myelinated ax-
ons in SEM sub-volumes at P10, which declined to 1.2% by P60
(Fig. 1, A and C; Fig. S1 B; and Video 1). Among these abnormal
myelin profiles, we found myelin outfoldings (large sheets of
excess membrane that face away from the axon) and whorls of
degenerated myelin, as previously described (Edgar et al., 2009;
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Snaidero et al., 2014; Erwig et al., 2019). The 3D nature of SBF-
SEM allowed us to identify three additional structural abnor-
malities: first, 0.2-0.5 pm fragments that pinch off from a
myelin sheath or are found in the extracellular space, second,
“myelin bulging,” and third, minor outfolding, that may repre-
sent an early form of outfolding and bulging (Fig. 1, D and E; and
Video 1). Myelin bulging is characterized by an enlargement of
the inner tongue and eccentric dilations of the myelin mem-
brane, which partially folds back on itself, generating a myelin
sheath that enwraps non-axonal structures (e.g., small processes
of glial cells or even parts of another bulging myelin sheath;
Fig. 1, F and G; and Video 2). In a volume reconstruction, it is
clearly distinguishable from double myelin, which occurs when
two myelin sheaths grow into each other (Djannatian et al.,
2019). Bulging is typically found adjacent to normal-appearing
myelin on the same sheath. While the frequency of all types of
myelin abnormalities decreased between P10 and P60, the
fraction of degenerated myelin significantly increased from 11.3
+ 5.2% at P14 to 32.9 + 6.7% at P60 (Fig. 1 D). We found that large
whorl-like structures of degenerated myelin as well as small my-
elin sheath dystrophies and even tiny, detached fragments were
engulfed by microglia (Fig. 2, A-D; and Fig. S, E and F). Microglia
were identified in SEM volumes by their unique features, mainly
the electron-dense cytoplasm, bean-shaped nuclei, characteristic
pattern of heterochromatin, and presence of phagocytic inclusions
(Savage et al., 2018). We confirmed this by reconstructing a whole
microglial cell in 3D (Fig. 2 A). Microglia often wrapped around
several of these profiles at the same time (Fig. 2 A and Video 3) and
contained electron-dense fragments that likely represent products
of myelin phagocytosis (Fig. 2 A, section 7, and Fig. 2 E). When we
quantified which myelin profiles were associated with microglia at
P14, we found that the vast majority exhibited a pathological ul-
trastructure. Only 9.6 + 1.9% of myelin segments in contact with
microglia exhibited normal myelin ultrastructure. All of the above-
described types of myelin aberrations were associated with mi-
croglia, but only the category “myelin fragments” was associated
significantly more compared to normal myelin (Fig. 2 F). Microglia
numbers increased in a similar manner as the number of myeli-
nated axons (Fig. S1 D), except from a temporarily increased mi-
croglia abundance at P10 (Fig. 1 G).

To confirm myelin membrane uptake by microglia, we co-
immunostained tissue sections from mouse P14 and P80 corpus
callosum (Fig. 2 D, top row) and optic nerve (Fig. 2 D, bottom
row) with myelin-basic protein (MBP), IBA1, and LAMPI to label
microglia and late endosomes/lysosomes. About 3.5% of the mi-
croglia contained MBP* fragments within LAMPI* organelles at
P10, while around 1.2% or less did at P80 (corpus callosum: P14:
median 3.56% [interquartile range (IQR) 3.10-3.94%)], P80: median
1.22% [IQR 0.93-2.27%)], P = 0.0286, optic nerve: Pl4: median
3.48% [IQR 2.98-5.44%)], P80: median 0.49% [IQR 0.31-1.32%], P =
0.0286, Mann-Whitney U-test, n = 4 mice). Together, these data
show aberrant myelin ultrastructure during development, and
myelin debris inside of phagocytes.

Microglia surveil and phagocytose myelin in zebrafish
In order to gain insight into how microglia interact with myelin
in vivo, we conducted further experiments in the zebrafish
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spinal cord. This enabled us to follow myelination in a relatively
short developmental window by expressing fluorescent re-
porters and performing time-lapse imaging. When we imaged
transgenic zebrafish larvae expressing mpegl:EGFP (labeling
microglia) and sox10:mRFP (labeling myelin) sheaths starting
from the onset of myelination at 3 d post-fertilization (dpf), we
found that microglia were often elongated and in contact with
myelin sheaths (Fig. 3 A). During time-lapse imaging at 3-min
intervals, microglia extended and retracted their processes along
myelin sheaths and, in parallel, moved their cell body forward
(Fig. S2 A and Video 4). In order to monitor microglia movement
along the spinal cord, individual microglia at 3-4 dpf were fol-
lowed in 20-30 min intervals over 10-14 h (Video 4). Move-
ments of individual microglia were tracked by their soma
displacement in consecutive time frames (Fig. 3 B). Microglia
moved with a mean velocity of 1.30 * 0.59 um/min (Fig. 3 C) and
occasionally took breaks with negligible soma displacement over
one or several consecutive time frames (average break duration:
72.00 + 47.44 min; Fig. 3 D). We were able to identify distinct
migrating patterns (Fig. 3 E): some microglia migrated from
anterior to posterior (or vice versa) in a “linear” fashion, while
others performed a “circular” movement, returning to approx-
imately their original position within hours. We also observed
combinations of these two patterns (“undulating”) and microglia
that remained at the same position during most of the acquisi-
tion (“static”). The observation that some microglia returned to
their previous position or remained static over longer periods
prompted the question whether myelin sheaths in some oligo-
dendrocyte territories are more intensely screened than others.
We therefore analyzed microglial presence in quadrants of the
dorsal and ventral spinal cord. Strikingly, we saw that microglial
presence strongly deviated from a random distribution, with
some quadrants being highly covered and others not at all
during the entire acquisition (Fig. 3 F, Fig. S2 C, and Video 4).
Along the same line, high amounts of static phases were not
compensated by a higher number of microglia (Fig. S2 B). Thus,
microglia travel over considerably large distances in the spinal
cord while screening myelin sheaths and they show preference
for some myelin sheaths over others.

We next asked whether microglia phagocytose myelin during
their surveillance. Because the sox10:mRFP reporter transiently
labels sensory neurons in addition to oligodendrocytes, we an-
alyzed myelin phagocytosis in Tg (mpegl:EGFP; mbp:mCherry-
CAAX) animals. With time-lapse imaging, we observed the
intake of a dense mbp:mCherry-CAAX* myelin piece by a mi-
croglial process toward the microglial soma (Fig. 3 G and Video
4). While no microglia contained myelin fragments at 3 dpf, all of
them did by 7 dpf (n = 5 fish). Microglia showed increasing
volumes of internalized mbp:mCherry-CAAX* fragments be-
tween 5 and 7, or 14 d (Fig. 3, H and I). Microglia did not change
their morphology toward an activated phenotype during myelin
phagocytosis. Myelin fragments were highly motile inside mi-
croglia (Fig. S2 D and Video 4) and co-localized with microglial
lysosomes, as shown by the transient expression of the
macrophage-specific reporter mpegl:KalTA4; UAS-EGFP-Rab7
(Fig. 3J). Thus, microglia in zebrafish phagocytose myelin under
physiological conditions and accumulate it in lysosomes over

Journal of Cell Biology
https://doi.org/10.1083/jcb.202204010

€202 JequianoN 1.0 uo 3senb Aq 4pd 01002202 a0l/0559vYL/010¥0220Z8//22z/pd-alomie/qol/Bio-ssaidni//:dny woy pepeojumoq

30f17


https://doi.org/10.1083/jcb.202204010

E
L
2 100
. O *
g 80
e ¥
S 40
2w -
£ oo
3 o - &t
E T T T T T T
O (O © o o (O P10 P14 P21 PBO
o O 0 @ ® o€
3e® O
o

u

n. MBP [%]

IBA1+ microglia

8
6

=
£

3
oK
S
8a
s=2
Ec
+
=€
B¢
2

[ o

IBA1 MBP LAMP1DAPI IBA1MBP LAMP1 DAPI

e
P14 P80

Figure 2. Microglia engulf and phagocytose developmental myelin abnormalities in the mouse CNS. (A-D) SBF-SEM of a P14 wt mouse optic nerve
shows a microglia contacting several myelinated axons with aberrant myelin ultrastructure. (A) Pseudocolored cross-sections show examples of myelin
abnormalities engulfed or contacted by a microglia. The microglia is displayed in gray blue, while the other colors designate individual myelin sheaths. 3D
reconstructions (right) show different orientations and numbering refers to cross-sections. (B) Focal myelin dystrophies on a reconstructed myelin sheath. The
dystrophy in “a” is sliced to display the 3D structure. Arrows refer to cross-sections on the right side. Cross-sections show details of the cross-sections 1, 2, and
6 in A. (C) Myelin fragment pinching off a myelin sheath on three consecutive sections. (D) Microglia engulfing a detached myelin fragment (arrow).
(E) Microglia with myelin inclusions at P60 (arrows). (F) Quantification shows the percentage of myelin aberration subtypes associated with microglia in SBF-
SEM of P14 wt mouse optic nerves (n = 3 mice). One-way ANOVA with post-hoc Tukey’s test: normal myelin, outfoldings, bulgings, degeneration, and minor
outfolding vs. fragment: P < 0.0001, bulging vs. minor outfolding: P = 0.0165, all other comparisons were non-significant. (G) Quantification shows the total
number of microglia within a volume of 80 x 80 x 160 pum normalized by the number of myelinated axons at P10, P14, P21, and P60 (n = 1 optic nerve).
(H) Sections of P14 wt corpus callosum (CC; top), cortex (CTX), and optic nerve (bottom) co-immunostained for MBP and LAMP1 together with IBA1 for
microglia. Clipped 3D view shows MBP-positive staining inside microglia and in close association with lysosomes (arrows). Orthogonal views display co-
localization of IBA1 and MBP staining. Quantifications show the percentage of microglia with internalized MBP in P14 vs. P80 brains (n = 4 mice). Mann-
Whitney U-test: P = 0.0286 (H, corpus callosum and optic nerve). Data represent median and IQR. *, P < 0.05, ****, P < 0.0001. Images in A-E are 4 x 4 binned.
Scale bars: 30 pm (H, overview), 10 um (H, merge), 5 um (H, clipped 3Ds and orthogonal views), 2 um (A, B, 3D reconstruction), and 1 um (B, cross-sections,
C-E). See also Video 3.

Djannatian et al. Journal of Cell Biology
Developmental myelination is error prone https://doi.org/10.1083/jcb.202204010

€202 JequianoN 1.0 uo 3senb Aq 4pd 01002202 a0l/0559vYL/010¥0220Z8//22z/pd-alomie/qol/Bio-ssaidni//:dny woy pepeojumoq

4 of 17


https://doi.org/10.1083/jcb.202204010

A Tg(mpeg1:EGFP, Sox10:mRFP) B C D
o 200
i - =
UJ £ %- 150 *°
oy E s
o = g 100
: - g
- % = g 90
) A ' P g o
=% o
[0) 0
= \Y
E circular ndulatin restin
—_ i —_ —_— unauiati —
£ 800 linear £ 300 = 400 9 E 500 9
= 600 A =00 =300 = 400
8 8 3 8 300 DA
& 400 c & 200 % £ 2500
3 g 100 2 100 3 VA
5 <0d S 3 g 100 :
s 0 sz © s O s 0 1
S 0246810 S 024681 S 0246811214 S 0246
w time [h] w time [h] w time [h] w time [h]

Tg(mpeg1:EGFP); Tg(mbp:mCherry-CAAX
75 min | 87 mi

3D clipped

mpeg1:KalTA4;UAS:EGFP-Rab7;
Tg(mbp-mCherry-CAAX)

«

myelin fragments
in microglia [um?]

]

Tg (mbp:EGFP-CAAX)

3 5 7 14 dpf

M Tg (mbp:EGFP-CAAX)

FRAK

%

30 ° =
©

oo £

e |

(e

2

10 e °
o

c

no. of myelin abnormalities
N
o

wt csf1PM

(o)
T 10 e wt
= M
9 g ® csf1/P
il
© 6 2 i
24 i. i
© [ ]
LRI
[
2 3® o» 8 i
T 1 T 1 T
& & & ©
S N @ $
R RS
o) Q' < (3>
D $

Figure 3. Microglia screen myelin sheaths and phagocytose myelin in the zebrafish spinal cord. (A) Maximum projection of a microglia (green) making
contact with myelin sheaths (magenta) in a 4 dpf Tg (mpegl:EGFP; sox10:mRFP) zebrafish spinal cord. (B-F) Microglia scanning behavior along myelin sheaths
in the spinal cord was analyzed by confocal time-lapse imaging of 3-4 dpf Tg (mpegl:EGFP; mbp:mCherry-CAAX) or Tg (mpegl:EGFP; sox10:mRFP) larvae over
14.5-15 h. Tile scans were acquired every 20 min. Individual microglia were followed through all time frames in which they were contacting myelin sheaths of
one hemi-spinal cord (15 microglia from n = 6 larvae). (B) Example of the movement of a single microglia followed over 10 h. Top: Individual time frames are
color-coded to highlight microglia movement over time. Bottom: Binary image of the microglia in time frame 1. For the analysis of the microglia motility along
the spinal cord, tracks were manually drawn in the Manual Tracking plugin in Fiji by marking soma position in each time frame (overlaid as a yellow line in this
image). A: anterior, P: posterior, D: dorsal, V: ventral. (C) Mean velocity of microglia movement along the spinal cord. (D) Mean duration of breaks in motility
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taken by individual microglia. (E) Tracking profiles (as shown in B) were plotted as the Euclidean distance of the microglia soma in each frame from the position
of the soma in the first frame. The shape of the resulting curves was used to classify microglia movements into patterns. Colors identify individual microglia.
Asterisk marks sheath displayed in B. (F) Microglia presence per time frame was added up in quadrants of the spinal cord (1 to 14, anterior to posterior) and
displayed as heatmap to visualize preferential screening behavior. D: dorsal, V: ventral. (G) Confocal time-lapse imaging of a microglia taking up a myelin
fragment over 90 min. Tilescans were acquired every 3 min. Images show maximum projections. For better visualization, only a part of the hemi-spinal cord
was projected. Details show the myelin fragment inside the microglial process at distinct time points (top row: merged images, bottom row: 552 nm channel).
(H and 1) Myelin fragments accumulate inside microglia. (H) Example image from a 10 dpf Tg (mpegl:EGFP; sox10:mRFP) spinal cord. To quantify myelin
fragments within microglia, microglia were manually segmented in Imaris and the resulting surfaces were used to mask the 552 nm channel. (1) Quantification
shows the sum of myelin fragment volumes within microglia in Tg (mpegl:EGFP; mbp:mCherry-CAAX) spinal cords (n = 5 larvae per time point). One-way
ANOVA with post-hoc Tukey’s test: 3 vs. 7 dpf: P = 0.0345, 3 vs. 14 dpf: P = 0.0046, 5 vs. 14 dpf: P = 0.0089, all other comparisons were non-significant.
()) Colocalization of mbp:mCherry-CAAX* fragments with microglial lysosomes, labeled by transiently expressed mpegl:KalTA4;UAS:EGFP-Rab7. (K) Microglia
engulfing an enlarged, seemingly unwrapping myelin sheath (top row) and surrounding round mbp-mCherry-CAAX-positive structures budding off from the
ventral Mauthner axon (bottom row). (L) Examples of myelin abnormalities (marked by arrows) observed in wt and ¢sflr®" Tg (mbp:EGFP-CAAX) larvae (top
row: myelinosomes budding off from the Mauthner axon, bottom row left: sheath degeneration, bottom row middle + left: “myelin flaps,” which may represent
locally unwrapped myelin). Quantification of the number of myelin abnormalities in 10 dpf dorsal and ventral spinal cord of wt (black) and csfIr®™ (blue) larvae,
normalized by the myelinated area (wt: n = 10 larvae, csf1r°M: n = 11 larvae). Two-sided Student’s t test: P < 0.0001. (M) Maximum projections of wt and csf1r®
Tg (mbp:EGFP-CAAX) ventral spinal cords showing myelin outfoldings budding off the Mauthner axon (arrows). Quantification of the number of myelin
outfoldings in 10 dpf ventral spinal cord of wt and csfIr°™ larvae, normalized by the myelinated area (wt: n = 10 larvae, csfIr®: n = 11 larvae). Two-sided
Student’s t test: P < 0.0001. (N) Examples of myelin ultrastructure in SEM cross-sections of the wt and csf1r®" zebrafish spinal cord at P18. Arrows indicate an
outfolding (purple), a myelin fragment (green), and a minor outfolding (blue). (0) Quantification shows the percentage of myelin aberrations, categorized by
subtypes, in single SEM cross-sections of the wt and csfIr®" zebrafish spinal cord at P18 (n = 4 larvae). One-way ANOVA with post-hoc Tukey’s test: fragments,
wt vs. csf1rPM: P = 0.0068, minor outfoldings, wt vs. csfIr®: P = 0.0001, all other comparisons were non-significant. Data represent means = SD. *, P < 0.05, **,

P < 0.01, ***, P < 0.001, **** P < 0.0001. Scale bars: 5 pum (G, ]-M), 10 um (A, H), 50 um (B). See also Video 4.

time. These findings are consistent with a recent study by
Hughes et al., which showed that myelin phagocytosis by mi-
croglia is dependent on neuronal activity (Hughes and Appel,
2020).

We occasionally found microglia engulfing abnormal myelin
sheaths that had either lost their uniform 3D structure or
showed signs of fragmentation or local outfoldings (Fig. 3 K).
However, in our time-lapse imaging experiments, we did not
observe microglia that actively strip off such myelin fragments.
Because these events might be too rare to be captured by time-
lapse imaging, we asked whether structural myelin abnormali-
ties increase in the absence of microglia. For this, we analyzed a
double mutant of the csfl receptor, a duplicated gene in zebra-
fish, which is essential for microglia proliferation and develop-
ment. These mutants maintain only around 5% of microglia and
macrophages in the CNS compared to wild-type (wt) animals
(Oosterhof et al., 2018). Our characterization of the myelin in
csfir®M; Tg (mbp:EGFP-CAAX) larvae revealed a normal extent of
myelination (Fig. S3, A and B), normal oligodendrocyte numbers
(Fig. S3 C), and normal sheath length at 4 dpf (Fig. S3 D).
However, at 10 dpf, csfir®! mutants showed a mild spinal cord
hypomyelination (Fig. S3, A and E) and reduced oligodendrocyte
numbers (Fig. S3 F). Myelin sheath length remained unaffected
(Fig. S3 G). The number of microglia associated with myelin in
the spinal cord was reduced as expected (wt: 3.9 = 2.5%, csflr®™:
0.14 + 0.38% at 10 dpf, P < 0.0001, n = 7 fish; Fig. S3 H). Inter-
estingly, csfir® double mutant fish showed significantly more
myelin abnormalities in the 10 dpf ventral spinal cord compared
to wt animals (wt: 5.5 + 172, csflr®: 11.27 + 2.76, P < 0.0001, n =
10 [wt] and n = 11 [csfir®M] fish; Fig. 3 L). These aberrant
structures included fully degenerating sheaths and myelin seg-
ments that partially lost their 3D structure. The increased my-
elin abnormalities in csfir® mutants were primarily due to the
presence of bulb-like, focal myelin outfoldings at the Mauthner
axon (Fig. 3 M) and persisted as far as we could follow them up
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by live imaging, at 18 dpf (Fig. S3 I). We further assessed myelin
ultrastructure in single cross-sections of 18 dpf wt and csfirP
zebrafish spinal cord. Here, we found more than twice as many
myelin aberrations in csfir®™ mutants as in wt larvae (wt: 4.1 +
2.3%, csftr®M: 10.9 + 2.1%, P = 0.0048, n = 4 fish; Fig. 3, N and 0).
Interestingly, we could identify all profiles of myelin aberrations
that we had previously described for mouse optic nerves. The
increased number of myelin aberrations in csfir®™ mutants
mainly represented small dystrophies of the myelin sheath or
fragments pinching off (designated as “fragments”; Fig. 3 O).
Thus, ultrastructural myelin aberrations can be found in de-
veloping zebrafish larvae as well and microglia contribute to
their resolution.

Myelin degeneration profiles are phagocytosed by microglia
using phosphatidylserine as an “eat me” signal

Next, we asked which molecular cues on myelin sheaths are
recognized by microglia and promote myelin phagocytosis.
Myelin is rich in the phospholipid PS. When PS is exposed on the
outer membrane leaflet, it may serve as an “eat me” signal for
microglia, which express multiple PS receptors on their surface
(Prinz et al., 2019). To determine whether PS during develop-
ment is exposed on degenerating myelin sheaths, we used a
recently described PS reporter that can be applied in vivo. We
took advantage of secreted glycoprotein MFG-E8, which recog-
nizes PS and, when fused to EGFP, can be delivered as a re-
combinant protein for PS detection (Kranich et al., 2020). In
order to specifically assess PS recognition, we used the C1 C2
domain of MFG-E8 that contains the PS-binding site but lacks an
integrin receptor-binding site. Because injections of recombi-
nant protein into the spinal cord may induce damage, we
modified this approach by expressing the genetically encoded
secreted MFG-E8-EGFP in microglia (Fig. 4, A and B). When we
expressed mpegl:KalTA4;UAS:MFG-E8-EGFP in transgenic mbp:
mCherry-CAAX zebrafish larvae and masked MFG-E8-EGFP
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fluorescence by the mbp:mCherry-CAAX channel, we found that
MFG-E8-EGFP occasionally localized to myelin sheaths (16.34 =
6.58%) and to small, extracellular fragments positive for the
myelin reporter (51.06 * 16.15%; Fig. 4 C). MFG-E8-EGFP-
positive spots on myelin sheaths were focal and their inspection
in 3D revealed that they marked small protrusions of the myelin
sheath.

To determine whether PS exposure is critical for develop-
mental myelin phagocytosis by microglia, we performed a tar-
geted candidate CRISPR/Cas9 screen against receptors that use
PS as direct or indirect ligand (through bridging molecules) in
zebrafish. Targeted mutagenesis by CRISPR/Cas9 induces bial-
lelic mutations, which allows for phenotypic analysis directly in
the filial generation zero (FO) generation (Jao et al., 2013; Shah
et al., 2015; Hoshijima et al., 2019; Kroll et al., 2021; Keatinge
et al., 2021). We generated global knockouts for the different PS
receptors and analyzed myelin phagocytosis phenotypes by
confocal imaging in FO larvae (Fig. 4 D). To maximize phenotype
penetrance in these mosaic animals (Naert et al., 2020), we se-
lected gRNAs based on their predicted on-target efficiency and
frameshift frequency, using the CHOPCHOP and InDelphi pre-
diction tools (Labun et al., 2016; Shen et al., 2018). A gRNA
against the tyrosinase (tyr) gene, which causes hypo-
pigmentation, was used as a negative control. Mutants were
identified by genotyping after confocal imaging (Fig. S4, A and
B) and the ability of gRNAs to induce on-target frameshift mu-
tations was confirmed by Sanger sequencing (Fig. S4 C). Because
microglia express several PS receptors with redundant functions
(Lemke, 2019), we started by investigating triple FO mutants of
the PS receptor genes mertka, axl, tyro3, timl, tim4, and bail in
different combinations. All five triple mutants for different PS
receptor combinations that we analyzed resulted in a reduction
of myelin fragments in microglia at 7 dpf. This was quantified by
the total volume of phagocytosed myelin, summed up over all
microglia in a spinal cord (Fig. 4, F and G), or determined as the
average volume of phagocytosed myelin per microglia (Fig. S4, F
and G). We observed the most marked reduction of the total
volume of internalized myelin in microglia of tim4;mertka;axl
(90.4%, P < 0.0001) and bail;axl;timl (84.5%, P < 0.0001) mutant
fish (n = 5 fish; Fig. 4 F). We further explored bail;axl;timl mutant
fish because of the superior gRNA efficiencies (Fig. S4 D). We
compared double bail;timl and single bail and timl mutant fish,
and found, as expected, that gRNA efficiencies improved com-
pared to the triple mutants, ranging above 90% in all mutants
(Fig. S4 E). Notably, myelin phagocytosis was diminished by
80.6% in the bail;timl double mutants (n = 7 fish, P = 0.0019), but
did not significantly change compared to tyr controls in the bail
(P = 0.0528) and timl (P = 0.0163) single mutant fish (n = 8 fish;
Fig. 4 G). We also analyzed the number of microglia in the spinal
cord, and only found a reduction in bail;timl but not in the other
mutants (tyr vs. bail;timl: P = 0.0026; Fig. S4, H-]). Similar to the
csfir® mutants, oligodendrocyte differentiation and myelin
sheath growth were unaffected by the ablation of PS receptors
(Fig. S4, K-M).

Interestingly, triple PS receptor mutants were found to be
hypomyelinated at 7 dpf, which was most pronounced in tim4;
mertka;axl (49.6%, P = 0.0001), bail;axl;timl (63.2%, P < 0.0001),
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and mertka;tyro3;bail (56.5%, P < 0.0001) mutants (n = 5 fish;
Fig. 4 H). Despite the hypomyelination, baiLaxl;tim! triple mu-
tants exhibited significantly more outfoldings at 10 dpf as the
control larvae that were injected with a combination of three
different scrambled gRNAs (control: 0.0 [0.0-2.2, median and
IQR], baiLaxl;tim: 6.9 [0.0-9.6, median and IQR], P = 0.0362, n =
13; Fig. 4 I).

Oligodendrocytes retract myelin sheaths independently of
microglia and degrade myelin membrane

Next, we asked whether microglia play a role in myelin sheath
retractions. Such structural changes of existing myelin have also
been implicated in mediating nervous system plasticity (Czopka
et al., 2013; Hines et al., 2015; Liu et al., 2013; Auer et al., 2018;
Yang et al., 2020; Orthmann-Murphy et al., 2020). We therefore
analyzed retractions in 3-4 dpf Tg (mpegl:EGFP; mbp:mCherry-
CAAX) dorsal spinal cords in time-lapses of 30-min intervals
over 10-14 h. The fine microglia processes that extended and
retracted along myelin sheaths did not seem to be directly in-
volved in any of the myelin retractions (Fig. 5 A and Video 5).
Microglial presence and the number of retractions along the
spinal cord were entirely disconnected (Fig. 5 B), which we
confirmed by a correlation analysis in 25 distinct territories of
1-2 oligodendrocytes, summed up over the entire acquisition
(R% = 0.0256, P = 0.4453, n = 5 fish; Fig. 5 C). Furthermore, re-
tractions did not significantly differ between microglia-depleted
csfir®™ and wt larvae (wt: 42.25 + 7.50, csflr®: 57.75 + 15.90, P =
0.1429; Fig. 5, D and E; and Video 5). Inspecting retractions more
closely revealed that myelin sheaths were entirely withdrawn
into oligodendrocyte cell bodies and no visible fragments split-
ting off to the exterior (Fig. 5 F and Video 5). Among 17 retracting
myelin sheaths in 7 larvae, none exhibited MFG-E8 labeling
(Fig. 5 G). However, bright fragments appeared and shuttled
within the oligodendrocyte soma in the course of retractions
(Fig. 5 F and Video 5). We stained Tg (mbp:mCherry-CAAX)
larvae with LysoTracker and analyzed the colocalization of these
bright membrane fragments with lysosomes. We found that
major portions of the fragments, but not the rest of the oligo-
dendrocyte membrane, colocalized with lysosomes (Fig. 5 H).
Intriguingly, we also found LysoTracker staining of aberrant
structures on myelin sheaths, but not of normal-appearing
adjacent sheaths or total myelin in the same image (Fig. 5, I
and J), raising the possibility that some of the aberrations are
resolved by the oligodendrocyte itself. We next assessed
whether myelin membrane fragments occur inside of the ol-
igodendrocyte soma beyond the zebrafish model, and co-
immunostained mouse tissue sections of the optic nerve and
the brain for MBP, the oligodendrocyte marker OLIG2, and
LAMPI. In the corpus callosum, we found lysosome-associated
MBP* fragments in 0.53% (0.44-1.00%, median and IQR)
of the OLIG2* oligodendrocytes at P14, but only 0.20%
(0.09-0.31%, median and IQR) at P80 (P = 0.0286; Fig. 5 K).
Similarly, 1.92% (1.08-2.29%, median and IQR) of the oligo-
dendrocytes in the optic nerve contained MBP* fragments at
P14, but only 0.30% (0.00-0.40%, median and IQR) did at P80
(P = 0.0571; Fig. 5 K). Because MBP is a cytosolic protein in-
teracting with the inner leaflet of the myelin membrane
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Figure 4. PS recognition contributes to myelin phagocytosis. (A) Scheme depicting the in vivo detection of PS, as performed in B and C. Microglia secrete
MFG-E8-EGFP, which binds to PS exposed on the extracellular leaflet of the membrane. In compacted myelin membranes, extracellular exposure of PS is
sterically hindered, but may occur due to structural abnormalities of the myelin sheath. (B) A microglial cell expressing MFG-E8-EGFP contacts mbp:mCherry-
CAAX-positive myelin sheaths. (C) Images show binding of MFG-E8-EGFP (cyan) to myelin sheaths or fragments (magenta) in Tg (mbp:mCherry-CAAX) larvae.
In the top row “on sheath” images, MFG-E8-EGFP labeled several protuberances on two myelin sheaths; the relative amounts of labeled structures in these
images are not representative of the quantification. Images are masked by the 552 nm channel. Zoomed images show details of myelin (left) and merged (right)
images. Quantifications show the percentage of MFG-E8-EGFP-labeled structures that exhibited mbp:mCherry-CAAX co-staining, categorized by their lo-
calization on myelin sheaths or mbp:mCherry-CAAX-positive fragments (n = 4 larvae). Data represent median with IQR. Mann-Whitney U-test: P = 0.0286.
(D) Schematic of the CRISPR/Cas9 FO mutant screen for PS receptors. Fertilized Tg (mpegl:EGFP; mbp:mCherry-CAAX) zebrafish eggs were injected with
Cas9-gRNA RNP complexes at one-cell stage. FO larvae were assessed at 7 dpf for myelin phagocytosis by microglia. We performed a sequential screen, starting
with triple mutants and further dissecting one of them into double and single mutants. (E) Representative images of single, double, and triple mutants of bail,
tim1, and axl. Tyr FO mutant was used as a control. (F) Quantification shows the total volume of myelin fragments within all microglia in different triple mutants
(n = 5 larvae). One-way ANOVA with post-hoc Tukey’s test: tyr vs. timd+bail+mertka: P = 0.0462, tyr vs. mertka + axl + tyro3: P = 0.0028, tyr vs. mertka +
tyro3+bail: P = 0.0004, tyr vs. bail+axl + tim1: P = 0.0002, tyr vs. tim4+mertka + axl: P < 0.0001, all other comparisons were non-significant. (G) Quantification
shows the total volume of myelin fragments within all microglia in double and single mutants of bail and tim1 (n = 7 larvae for bail+tim1, n = 8 larvae for tyr, bail,
and tim1). One-way ANOVA with post-hoc Tukey’s test: tyr vs. bail+timl: P = 0.0019, all other comparisons were non-significant. (H) Example images and
quantification show the myelinated area of the dorsal spinal cord of 7 dpf triple mutants (n = 5 larvae). One-way ANOVA with post-hoc Tukey’s test: tyr vs.
tim4+bail+mertka: P = 0.0187, tim4+mertka + axl vs. mertka + axl + tyro3: P = 0.0145, bail+axl + tim1 vs. tim4+bail+mertka: P = 0.0151, mertka + tyro3+bail
vs. mertka + axl + tyro3: P = 0.0022, tyr vs. tim4+mertka + axl: P = 0.0001, bail+axl + tim1 vs. mertka + axl + tyro3: P = 0.0003, tyr vs. bail+ax! + tim1 and tyr vs.
mertka + tyro3+bail: P < 0.0001, all other comparisons were non-significant. (I) Maximum projections of wt and bail;axl;timI mutant Tg (mbp:EGFP-CAAX)
ventral spinal cords showing myelin outfoldings budding off the Mauthner axon (arrows). Quantification of the number of myelin abnormalities in 10 dpf ventral
spinal cord of wt and baiLaxl;tim1 larvae, normalized by the myelinated area (n = 13 larvae). Mann-Whitney U-test: P = 0.0362. Data represent median and IQR
(Cand 1) and means + SD (F-H). *, P < 0.05, **, P < 0.01, ***, P < 0.001, ****, P < 0.0001. Scale bars: 10 pm (E and H), 5 um (B and C, merge, 1), 2 um (C, zoom).
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Figure 5. Oligodendrocytes retract myelin sheaths independent of microglia and degrade membrane fragments. (A-C) Time-lapse confocal imaging of
3 dpf wt Tg (mpegl:EGFP; mbp:mCherry-CAAX) zebrafish spinal cord is used to analyze retractions of dorsal myelin sheaths with respect to microglial
presence. Images were acquired every 30 min during 14 h. (A) Representative images. Arrows identify individual retractions by color and the position of the
arrowheads. A microglia contacting myelin sheaths was only observed during a single frame (at 0.5 h). (B) Heatmap shows microglial presence and the number
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of retractions in 5 x 5 mm quadrants along the dorsal spinal cord (1 to 12, anterior to posterior). (C) XY plot correlates the number of time frames, in which a
microglia was present, with the number of myelin sheath retractions in 26 oligodendrocyte territories (n = 5 larvae). Linear regression analysis: R%: 0.02556, P =
0.4453. Dotted lines represent the standard error of the linear regression. (D and E) Time-lapse confocal imaging of 3 dpf wt and csf1r®;Tg (mbp:EGFP-CAAX)
larvae. Images (D) were acquired every 30 min over 8 h. Arrowheads identify individual retractions by different colors. Quantification in E shows the number of
retractions during 8 h. Mann-Whitney U-test: P = 0.1429. (F) Time-lapse confocal imaging from A shows how retractions result in bright fragments inside the
oligodendrocyte cell body. Arrowheads mark a retracting sheath and its fragments. Dashed circle indicates the oligodendrocyte soma. (G) Example of a re-
tracting sheath (arrow) exhibiting normal ultrastructure and lacking MFG-E8-EGFP labeling in a 4 dpf Tg (mbp:mCherry-CAAX) spinal cord with transient
expression of oligl:KalTA; UAS:MFG-E8-EGFP. (H) Colocalization analysis of mbp:mCherry-CAAX-positive fragments inside oligodendrocyte cell bodies with
LysoTracker Green. Oligodendrocyte cell bodies were manually segmented from the 552 nm channel. Channels were masked by the whole cell body (cell ROI)
or by the bright mbp:mCherry-CAAX fragments inside (fragment ROI), followed by colocalization analysis. Thresholded Mander’s B coefficient reflects the
amount of colocalization within the ROI of the thresholded 552 nm channel (43 cell bodies from n = 6 larvae). Student’s t test: P < 0.0001. (1) Time-lapse
imaging of a single myelin sheath stained in vivo with LysoTracker Red (maximum projections). Z-stacks were acquired every 3 s. (J) Quantification of Ly-
soTracker colocalization with structural myelin abnormalities compared to a normal-appearing adjacent myelin sheath and total myelin in the same image (n =
5 larvae). One-way ANOVA with post-hoc Tukey’s test: abnormal vs. adjacent, abnormal vs. total: P < 0.0001, adjacent vs. total: P = 0.9074. (K) Free-floating
sections of P14 wt mouse brains co-immunostained for MBP and LAMP1 together with OLIG2 for oligodendrocytes. Top row: corpus callosum, bottom row:
optic nerve. 3D reconstruction shows MBP-positive staining in close association with lysosomes (marked by arrow) and the oligodendrocyte nucleus.
Quantifications show the percentage of oligodendrocytes with internalized MBP in P14 vs. P80 brains (n = 4 mice). Mann-Whitney U-test: P = 0.0286 (corpus
callosum), P = 0.0571 (optic nerve). Data represent means + SD (H and ]) and median and IQR (E and K). n.s., not significant, *, P < 0.05, **** P < 0.0001. Scale
bars: 30 um (K, corpus callosum overview), 10 um (A, D, K, optic nerve overview and corpus callosum merge), 5 um (F, G, H, J, K, optic nerve merge), 3 pm (H,

clipped 3Ds), 2 um (1). See also Video 5.

bilayer, MBP* fragments within lysosomes are likely a result
of myelin degradation.

Discussion

Myelin biogenesis is a sequential process that involves mem-
brane wrapping around and lateral growth along the axon, re-
sulting in the formation of myelin sheaths that are placed in
regularly spaced segments on axons in the nervous system.
Here, we provide evidence that this process is error prone and
subject to substantial refinements. By performing volume elec-
tron microscopy in mouse optic nerves and in vivo confocal light
microscopy in zebrafish spinal cord, we observed ultrastructural
myelin abnormalities at early stages of development (found in
up to 25% of the myelin sheaths at P10) that almost disappeared
by young adulthood. Our analyses revealed shedding of abnor-
mal myelin profiles and clearance by microglia. We found that
exposed PS on myelin presents a phagocytic signal for microglia,
which express several PS-mediated receptors with redundant
functions in myelin uptake. In addition, we observed that oli-
godendrocytes remove entire myelin sheaths by retractions into
their cell body and lysosomal degradation therein, in a process
that does not involve microglia.

One possible explanation for the high rate of myelin re-
modeling could be the adaptation of myelination to neural
circuit function. Previous studies have shown that myelin re-
modeling can occur during learning and neuronal circuit re-
finement (Gibson et al., 2014; Etxeberria et al., 2016; McKenzie
et al., 2014; Xiao et al., 2016; Scholz et al., 2009; Hill et al., 2018;
Steele et al., 2013; Makinodan et al., 2012; Hughes et al., 2018;
Lakhani et al., 2016; Monje, 2018). These adaptations are asso-
ciated with modifications of myelin sheath length and thickness,
the addition and the retraction of myelin segments along an
axon (Etxeberria et al., 2016; Ford et al., 2015; Sinclair et al.,
2017; Auer et al., 2018; Kaller et al., 2017). Such mechanisms
may operate in areas of the brain that are incompletely myeli-
nated, such as the cortex, where the addition and/or removal of
myelin segments could provide a mechanism to tune network
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function. In brain regions that are continuously myelinated, e.g.,
optic nerve or spinal cord, myelin refinement is more likely to be
required for the synchronization of conduction velocity across
all axons within the same fiber bundle. However, there are also
alternative explanations. The relatively large fraction of myelin
abnormalities at very early stages of optic nerve and spinal cord
development, when large parts of the axons are still unmyeli-
nated, raises the question whether such ultrastructural abnor-
malities are intrinsic to the process of myelin biogenesis.
Features such as myelin outfoldings may represent a membrane
reservoir to allow the completion of the lateral growth and se-
cure unperturbed radial growth of the myelinated axon itself
(Snaidero et al., 2014). It is also possible that myelination is an
error-prone process that occasionally requires several attempts.
Such adjustments could result in myelin retractions when my-
elin formation is still at an early stage of its development. Once
myelin formation has advanced, and the multilayered mem-
brane structure is compacted and anchored at the paranodes, it
is not easy to envision how coordinated retractions could occur.
At this stage, abnormal myelin structure may be subject to de-
generation and clearance by microglia. The large whorls of de-
generated myelin are a likely example of such a destructive
process. Using SBF-SEM, we found microglia that associate with
and internalize degenerated myelin whorls while the myelin
sheath is still on the axon. It is tempting to speculate that mi-
croglia actively strip myelin off the axons. Evidence for this is
provided by a recent study of Hughes et al. in which microglia
were found to phagocytose entire myelin sheaths (Hughes and
Appel, 2020). Our time-lapse imaging experiments indicate that
such events could be rare, as microglia actively stripping off
entire myelin sheaths from axons were not easy to find. Occa-
sionally, we observed condensed myelin debris in distal pro-
cesses of the microglia that suggest it might previously have
been a myelin sheath, but were unable to visualize the uptake in
our time-lapse imaging experiments.

Our data indicate that some of the altered myelin is pinched
off into the extracellular space where it is phagocytosed by
microglia. Indeed, our SBF-SEM reconstructions show a large
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number of small protuberances on normal-appearing sheaths as
well as detached fragments that lie in the direct vicinity of a
myelin sheath. The extracellular fragments, which are abun-
dantly found and labeled by both the PS and oligodendrocytes/
myelin reporter in zebrafish, could represent degenerated and
detached myelin. These fragments may resemble “shedosomes”
that occur during dendritic pruning (Han et al., 2011) or “ax-
osomes” which form during axon branch removal (Bishop et al.,
2004). Shedding of myelin fragments could explain why only
relatively few myelin sheath abnormalities were observed after
microglia ablation. The uptake of aberrant myelin into microglia is
reminiscent of trogocytosis, a process described as one cell phys-
ically taking and ingesting little pieces (“bites”) from another cell
(Dance, 2019). While the exposure of PS on myelin appears to
represent one “eat me” signal for microglia, it will be interesting to
know whether “find me” signals are released from degenerating
myelin sheaths. “Find me” signals establish chemotactic gradients
that attract phagocytes. Potential candidates known from apo-
ptosis research include fractalkine, the nucleotides ATP and UTP,
lysophosphatidylcholine, or sphingosine-1-phosphate (Hochreiter-
Hufford and Ravichandran, 2013). The migration pattern of
microglia, showing a non-random scanning behavior along mye-
linated axons, could point to such long-range acting signals.

Microglia do not appear to be critical to initiate myelination,
as the extent of myelination in microglia-ablated csfir®™ fish
appears unaltered at an early developmental time point (4 dpf).
Hughes et al. even reported an increased number of myelin
sheaths at 4 dpf, which they attributed to the lack of myelin
pruning in the absence of microglia (Hughes and Appel, 2020).
However, when examining later time points in development (10
dpf), we found that microglial ablation leads to hypomyelination
(and reduced oligodendrocyte numbers). How can these appar-
ent discrepancies be explained? Whereas myelin stripping may
represent the dominant form of myelin remodeling early in
development, shedding of degenerated myelin fragments into
the extracellular space may become more frequent with time. In
the absence of microglia, an increasing fraction of myelin debris
may start to accumulate and progressively inhibit the differen-
tiation of oligodendrocyte precursor cells (OPCs) and myelina-
tion, as observed in models of remyelination (Kotter et al., 2001,
2006; Lampron et al., 2015). In addition, microglia are known
to interact with OPCs and secrete growth factors that enhance
OPC proliferation or differentiation (Hagemeyer et al., 2017;
Wlodarczyk et al., 2017; Giera et al., 2018; Sherafat et al., 2021).

Oligodendrocytes have an intrinsic capacity to modify their
own myelin sheaths by retracting entire sheaths into their cell
bodies, a process that mainly occurs during early development
and is related to neuronal activity (Czopka et al., 2013; Hines
et al., 2015; Mensch et al., 2015; Baraban et al., 2018; Hughes
et al., 2018; Krasnow et al., 2018). This process occurs inde-
pendently of microglia and retracting sheaths do not display any
obvious structural abnormalities detectable by light microscopy
prior to retractions. However, we cannot exclude that retracting
myelin sheaths bear ultrastructural aberrations that cannot be
resolved by light microscopy.

Taking the results together, myelin sheaths appear to re-
model or be removed in multiple ways during development. In
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addition to the function of microglia in clearing degenerated
myelin during development, it remains unclear to what extent
astrocytes participate in this process. The use of global knock-
outs in our studies so far does not allow us to clearly dissect this.
In the zebrafish spinal cord, astrocytes are regularly tiled and,
early on, largely outnumber microglia (Chen et al., 2020). They
could therefore aid microglia in myelin debris phagocytosis, as
they do in synapse pruning (Lee and Chung, 2019). Cell-type-
specific knockouts will be needed to address this in the future. It
will also be important to determine whether structural changes
to existing myelin operate in adult and contribute to myelin
plasticity in response to environmental cues. In addition, future
studies are necessary to understand the molecular details of
these myelin remodeling pathways.

Materials and methods

Zebrafish husbandry

We used the existing transgenic zebrafish lines Tg (mpegl:
EGFP), Tg (sox10:mRFP), Tg (mbp:mCherry-CAAX), and Tg
(oligl:memEYFP) as well as the mutant line csfir® (containing
mutant alleles csfira and csflrb), which was previously outcrossed
to Tg (mbp:EGFP-CAAX; Ellett et al., 2011; Kucenas et al., 2008;
Mensch et al., 2015; Oosterhof et al., 2018; Almeida et al., 2011;
Marisca et al., 2020). All zebrafish procedures were carried out
with approval and according to the regulations of the District
Government of Upper Bavaria. Zebrafish were housed at the fish
facility of the German Center for Neurodegenerative Diseases in
Munich according to local animal welfare regulations. Embryos
were obtained by natural spawning and raised at 28.5°C in E3
medium.

Mouse husbandry

Male and female C57BL/6 mice were group-housed in a 12-h
dark/light cycle with ad libitum access to food and water in
the animal facility of the Max Planck Institute of Experimental
Medicine in Géttingen. All animal procedures were handled
with approval and in accordance with the regulations of the state
government of Lower Saxony.

Generation of transgenic constructs

To generate pTol2-mpegl:KalTA4, we first cloned the middle
entry vector pME-KalTA4GI by a BP reaction of pTol2-sox10:
KalTA4GI (kind gift of Tim Czopka [Almeida and Lyons, 2015])
with pDONR 221, using Gateway BP Clonase II Enzyme mix
(Thermo Fisher Scientific). pME-KalTA4GI was then re-
combined with p5E-mpegl and p3E-polyA into pDestTol2CG2
(Kawakami, 2007), using LR Clonase II Plus enzyme (Thermo
Fisher Scientific). pTol2-UAS:EGFP-Rab7 was generated by re-
combining p5E-UAS, pME-EGFP no stop and p3E-Rab7 (kind
gift of Brian Link [Clark et al., 2011]) into pDestTol2-CG2 in an LR
reaction, as described above. To obtain pTol2-UAS:MFG-E88-
CIC2-EGFP, we first cloned pME-MFG-E8-C1C2-EGFP by PCR
amplification of the mouse MFG-E8 Cl and C2 domain (insert)
and of the middle entry vector backbone (vector), using Q5
polymerase (New England Biolabs Inc). Fragments were gener-
ated with the following primers (template plasmids indicated in
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parentheses): insert fragment (pD2523-mMFG-E8_C1C2-EGFP,
kind gift of Jan Kranich [Kranich et al., 2020]): 5'- ATGCAAGTC
TCTAGGGTAC-3' (fwd) and 5'-CTTATAAAGTTCATCCATGCCA-
3’ (rev), vector fragment (pME-KalTA4GI): 5'-GCATGGATGAAC
TTTATAAGTAAACCCAGCTTTCTTG-3' (fwd), and 5'- AGTACC
CTAGAGACTTGCATGGTGGCGGCAGCCT-3' (rev). This was fol-
lowed by a 2-fragment Gibson assembly, using the NEBuilder
HiFi DNA Assembly Cloning Kit (New England Biolabs, Inc.)
according to the manufacturer’s protocol. pTol2-UAS:MFG-E8-
C1C2-EGFP was then generated by recombining pSE-UAS, pME-
MFG-E8-CI1C2-EGFP and p3E-polyA into pDestTol2-CG2 in a
Gateway LR reaction. All sequences were verified by Sanger
sequencing.

gRNA design and assembly of Cas9-gRNA RNP complexes
gRNAs were designed to optimize gRNA efficiency and frame-
shift frequency, combining predictions from the CHOPCHOP
and InDelphi online tools (Labun et al., 2016; Shen et al., 2018).
Target-specific 20 nt crispr RNA (Alt-R CRISPR-Cas9 crRNA,
IDT, see Table S1 for sequences) were annealed with trans-
activating crispr RNA (Alt-R CRISPR-Cas9 tracrRNA, IDT) ac-
cording to the manufacturer’s instructions and stored at -80°C.
These gRNAs were mixed 1:1 with 1.5 mg/ml Cas9 protein (PNA
Bio, Cat. CP02) and incubated at room temperature for 5 min to
assemble RNP complexes.

Microinjection of zebrafish embryos

Transgenic reporter constructs were transiently expressed in
zebrafish by injecting a mixture of plasmid DNA (25 ng/ul each),
transposase mRNA (25 ng/ul), and 0.2 M KCl into fertilized
eggs at the one-cell stage. In CRISPR/Cas9 experiments, pre-
assembled RNP complexes were injected into fertilized eggs at
the one-cell stage. Tyrosinase gRNA, targeting a pigmentation
gene unrelated to myelination (Jao et al., 2013), or a mixture of
three different scrambled gRNAs (Parvez et al., 2021), were used
as a control. All embryos designated for imaging were treated
with phenylthiourea (PTU) from 8 to 24 h post-fertilization
onward to prevent pigmentation.

Genotyping of CRISPR/Cas9 FO mutant larvae

Genotyping was performed as described in (Hruscha and
Schmid, 2015). Briefly, after imaging at 7 dpf, larvae were
lysed in 1x Tris-EDTA buffer + 10% proteinase K. We amplified
target regions by PCR using the primers specified in Table S1.
PCR products were digested with unique restriction enzymes
that cut close to the Cas9 cleavage site (see Table S1). CRISPR/
Cas9 mutations resulted in a loss of the restriction site. gRNA
efficiencies were determined by the ratio of undigested/digested
bands on an agarose gel. The dataset for triple FO mutants was
reduced to exclude samples with very poor gRNA efficiency
based on the genotyping results.

LysoTracker staining in zebrafish

Zebrafish larvae were incubated for 2 h with 1:100 LysoTracker
Green DND-26 or LysoTracker Red DND-99 (Thermo Fisher
Scientific) in E3 medium (final concentration of 10 uM).
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Thereafter, larvae were washed three times with E3 medium,
mounted, and immediately imaged.

Immunohistochemistry of mouse tissue

30-um free-floating brain sections and 14-um mounted optic
nerve sections were rinsed with 1x PBS containing 0.2% Tween-
20 and permeabilized in 0.5% Triton X-100 for 30 min. Sections
were blocked for 1 h at room temperature in a solution con-
taining 2.5% FCS, 2.5% BSA, and 2.5% fish gelatin in PBS. Pri-
mary antibodies, diluted in 10% blocking solution, were added
and incubated overnight at 4°C. On the following day, sections
were incubated with secondary antibodies, diluted in 10%
blocking solution, for 1 h at room temperature. After washing
with PBS, the free-floating sections were mounted on superfrost
plus slides using fluorescence mounting medium (Dako). Pri-
mary antibodies: rabbit IBA1 (Cat. 019-19741, 1:1000; Wako),
chicken MBP (Cat. PA1-10008, 1:1000; Thermo Fisher Scien-
tific), rabbit Olig2 (Cat. AB9610, 1:250; Millipore), and rat LAMP1
(1D4B; sc-19992, 1:100; Santa Cruz). Secondary antibodies: Alexa
Fluor 488-, 555-, and 647-conjugated antibodies (Thermo Fisher
Scientific, Abcam, Jackson ImmunoResearch Labs, 1:1,000).

Confocal image acquisition

Zebrafish larvae at 3 to 18 dpf were anesthetized with tricaine
and mounted laterally in 1% low melting point agarose (Thermo
Fisher Scientific) on a glass bottom dish (#1.5 cover glass, IBL).
Fish were imaged at a Leica TCS SP8 confocal laser scanning
microscope with automated moving stage and climate chamber
(28.5°C), using a resonant scanner, 1.1 NA 40 x water immersion
objective with distilled water or Immersol W 2010 immersion
medium (Zeiss) and 488 (for EGFP), 514 (for EYFP), and 552 nm
(for mCherry and mRFP) lasers. Images were acquired using the
Leica Application Suite X 3.1.5.16308 software. Single images or
tilescans (1248 x 1248 pixels, pixel size 40-78 nm, z step size
250-320 nm) were acquired using a hybrid detector in counting
mode, line accumulation of 4-8, and the pinhole at 0.8 airy units.
Overnight time-lapse imaging (800-1248 x 800-1248 pixels,
pixel size 78-120 nm, z step size 0.5-1 pm) was done with a
hybrid detector in photon counting mode, line accumulation of
4-8, and a pinhole at 1.0-1.2 airy units. Z-stack tiles (z-step =
1 pm) along the spinal cord, starting at the neck, were taken
every 15-30 min. Time-lapses were registered with the Correct
3D drift plugin in Fiji. Images were stitched using the LAS X
(v3.5) software. For better representation and to improve co-
localization analysis, images showing fine details or colocaliza-
tions (Fig. 3, A, G, H, K-M; Fig. 4, A, E-H; Fig. S2 D; and Fig. S4)
were deconvolved using the default settings of the Huygens
Essential software (Scientific Volume Imaging). All images of
zebrafish show lateral views of the spinal cord with anterior to
the left and dorsal to the top. Images of mouse immunostainings
were acquired through a Leica TCS SP5 confocal microscope and
were processed and analyzed with Imaris (64x version 9.2.0). To
estimate the number of Ibal positive cells with internalized
myelin particles, confocal stacks (step size: 0.8 um) were cap-
tured in the z-direction from the region of interest (corpus
callosum and optic nerve) with 20x objective of the confocal
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microscope. A 3D view was created from stacks of each image
using the surpass option in Imaris.

Tissue preparation for SBF-SEM and image acquisition
Animals were sacrificed by cervical dislocation, and the optic
nerves were dissociated from the eyeballs and the chiasm. They
were immersion fixed for 24 h in Karlsson Schultz solution (4%
PFA, 2.5% glutaraldehyde and 0.5% NaCl in 0.1 M PBS [pH 7.3];
Karlsson and Schultz, 1965) at 4°C. Afterwards, they were pro-
cessed with a modified reduced osmium-thiocarbohydrazide-
osmium (rOTO) protocol (Mikula et al., 2012) to increase the
contrast. At first, they were washed three times with 0.1 M
phosphate buffer followed by 3 h of 2% OsO, and 0.25% K,
[Fe(CN)] incubation at 4°C to reduce 0sO, to 0sO,. After a wash
step in ddH,0, samples were incubated with 0.1% thiocarbohy-
drazide (in double-distilled water [ddH,0]) for 1 h at room
temperature. Contrast was achieved by incubation with 2% OsO,
for 90 min followed by (after washing with ddH20) 2.5% uranyl
acetate incubation over night at 4°C. After washing again in
ddH,0, samples were dehydrated using increasing concen-
trations of acetone (always 15 min at 30, 50, 75, 90, 3 x 100%).
Samples were embedded using an increasing concentration of
Durcupan resin (without component D) in acetone (1.5 h at 25,
50, 75%, and overnight at 100% Durcupan), followed by incu-
bation with 100% Durcupan + component D for 5 h and final
embedding in silicone molds with fresh resin from the same
composition. They were polymerized for 48 h at 60°C until the
blocks hardened. The sample in the resin was exposed over a
block length of ~400 pm on four sides by trimming away the
excess resin using a trimming diamond knife (Ultratrimm 90°,
Diatome). The trimmed block was mounted on an aluminum
Gatan pin with CW2400 conductive epoxy resin and baked for
additional 3 d at 60°C. Finally, the block was sputter coated with
20 nm of platinum (ACE600 Leica Microsystems, Vienna) before
imaging at the Zeiss Merlin VP Compact SEM equipped with a
Gatan 3View2XP system. SEM images of the block face were
acquired at the variable pressure mode by an alternating pro-
cedure of cutting 80 nm and imaging with a pixel time of 0.5-0.7
us and an image size of 8000 x 8000 pixels with 10-nm pixel
size. About 500-2,700 sections per block were acquired.

3D reconstruction of SEM images

Volumes were 4 x 4 binned for 3D image reconstruction. Crop-
ped volumes containing the regions of interest were aligned
with the TrakEM plugin (Cardona et al., 2012) of Fiji. Aligned
stacks were manually segmented in VAST (Berger et al., 2018)
and renderings were done using the Blender software.

SEM of zebrafish spinal cords

18 dpf wild-type;Tg (mbp:mCherry-CAAX) and csfir®;Tg (mbp:
mCherry-CAAX) fish larvae were anesthetized and fixed (4%
PFA and 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer,
pH 7.4; Science Services) in a laboratory microwave (PELCO
BioWave). The tail and head were dissected and the remaining
larvae immersion fixed for 6-8 d. We applied a standard rOTO
microwave staining protocol (Kislinger et al., 2020; Hua et al.,
2015) including postfixation in 2% osmium tetroxide (EMS) in
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0.1 M sodium cacodylate (Science Services) buffer (pH 7.4) and a
separate incubation step in 2.5% potassium ferricyanide (Sigma-
Aldrich) in the same buffer (1.5 h each). Staining was enhanced
by reaction with 1% thiocarbohydrazide (Sigma-Aldrich) for
45 min at 40°C. The tissue was washed in water and incubated in
2% aqueous osmium tetroxide (1.5 h), washed and further con-
trasted by overnight incubation in 1% aqueous uranyl acetate at
4°C and 2 h at 50°C. Samples were dehydrated in an ascending
ethanol series and infiltrated with LX112 (LADD), with two
overnight steps at 50 and 100% resin. At the level of the prox-
imal spinal cord, 80-nm-thick cross-sections were cut on a Leica
UC7 and deposited onto carbon nanotube tape (Science Serv-
ices). Carbon nanotube tape stripes were assembled onto adhe-
sive carbon tape (Science Services) attached to 4-inch silicon
wafers (Siegert Wafer) and grounded by adhesive carbon tape
strips (Science Services). SEM images of the entire cross-section
were acquired on a Crossbeam 340 (Zeiss) with a four-quadrant
backscatter detector at 8 kV using the Atlas 5 software (Fibics). A
wafer overview map was generated (1.5 um/pixel) and regions
of interest acquired at 100 x 100 nm and 4 x 4 nm lateral
resolution.

Quantifications

Analysis of mouse optic nerve SBF-SEM

The total number of myelinated axons was counted on 10 40 x
40 um sections (reference sections). Structural defects were as-
sessed within small volumes of in total 100 sections around the
reference section and normalized by the total number of myelinated
axons. Microglia numbers were counted in a volume of 80 x 80 x
160 um and normalized of myelinated axons. Microglia-associated
myelin aberrations were quantified for five microglia per optic
nerve. Counting was done with the Cell Counter tool in Fiji.

Analysis of myelin fragments in mouse immunohistochemistry
The number of cells with internalized myelin particles, labeled by
anti-MBP and colocalizing with anti-LAMPI, was quantified and
normalized by the total numbers of cells in an area of 0.6 mm?2.

Tracking of microglia motility in zebrafish

Tracking of microglia soma displacement was done with the
Manual Tracking plugin in Fiji (F. Cordeliéres, Institut Curie,
Orsay, France). Velocity between two consecutive time frames
was an output of the Manual Tracking plugin, and mean velocity
represents the mean velocity of an individual microglia over all
time frames. A time frame was defined as a break when no soma
displacement had taken place compared to the previous frame.
Break duration was calculated for individual microglia by adding
consecutive time frames in which breaks occurred, multiplied
by the acquisition interval. Euclidean distances were calculated
from x,y coordinates recorded by the plugin. For heatmaps, a 5 x
5 mm grid was placed over the spinal cord, separating the dorsal
and ventral spinal cord. Presence of a microglia (or parts of it) in
each quadrant was added up in all time frames.

Analysis of ¢sfIr°®" mutants and PS receptor triple mutants
Analysis was performed blinded for genotypes. Myelinated area
in the ventral or dorsal spinal cord was determined in Fiji as the
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total area of mbp:EGFP-CAAX-positive pixels from regions of
interest (ROIs) of manually thresholded maximum intensity
projections. Number of OPCs, oligodendrocytes, sheath lengths,
and myelin abnormalities were quantified using the 3D surpass
view of IMARIS (Bitplane). For sheath lengths, distances be-
tween sheath ends were measured in the dorsal spinal cord,
including sheaths of commissural neurons that could be fol-
lowed along their entire length. Aberrant myelin structure was
assessed in the 3D view of Imaris. The number of myelin ab-
normalities and myelinosomes was normalized by the myeli-
nated area in the ventral spinal cord.

Ultrastructural myelin aberrations were quantified on single
SEM cross-sections comprising the whole spinal cord, using the
Cell Counter tool in Fiji.

Quantification of myelin sheath retractions

Myelin sheaths in the dorsal spinal cord showing negative
growth over consecutive time frames were quantified as re-
tractions. These were assessed on maximum intensity projec-
tions and verified on z-stacks in Fiji. For the heatmap, the spinal
cord was divided into 5 x 5 mm quadrants. Per quadrant, we
quantified the sum of time frames in which a microglia was
present and the number of retractions over the whole acquisi-
tion. We did a similar quantification to assess the correlation
between microglial presence and retractions, but on the basis of
oligodendrocyte territories (containing the myelin sheaths made
by 1-2 oligodendrocytes) instead of quadrants.

Volume of myelin fragments inside microglia

Microglial volumes were manually or automatically segmented
in Imaris, and the resulting surfaces were used to mask both
channels (488 nm channel for microglia and 552 nm channel for
myelin). The binary masked 488 nm channel was then des-
peckled in Fiji to remove random noise. Microglia and myelin
volumes were calculated with the Voxel Counter plugin in Fiji.
Data are represented as means per individual larvae.

Colocalization of LysoTracker staining with myelin fragments
inside oligodendrocytes

Oligodendrocyte cell bodies were manually segmented in Imaris,
and the resulting surfaces were used to mask both channels as
“cell ROI” (488 nm channel for LysoTracker and 552 nm channel
for myelin fragments). A second surface encompassing the
bright myelin fragments within oligodendrocyte cell bodies was
created by thresholding the first surface by intensity. Masking
of both channels by this surface resulted in “fragment ROIs.”
Masked channels were manually thresholded for colocalization
analysis in ImarisColoc. Thresholded Mander’s B coefficients
represent the colocalized fraction within the myelin channel
after thresholding. Data are represented as means per individual
larvae.

Colocalization of LysoTracker staining with structural

myelin abnormalities

Myelin abnormalities and parts of adjacent myelin sheaths were
manually segmented in Imaris. Additionally, an automatic sur-
face was created for the 552 nm channel, representing total
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myelin sheaths (and membranes of oligodendrocytes somas).
The resulting surfaces from these three segmentations were
used to mask both channels (488 nm channel for LysoTracker
and the 552 nm channel). Masked channels were manually
thresholded in ImarisColoc using the same thresholding pa-
rameters for myelin abnormalities, adjacent sheaths, and total
myelin. Colocalization analysis for these three categories was
carried out in ImarisColoc. Thresholded Mander’s B coefficients
represent the colocalized fraction within myelin. Data are rep-
resented as means per individual larvae.

Analysis of mbp:mCherry-CAAX*/MFG-E8-EGFP* clusters

MFG-E8-EGFP-labeled structures and mbp:mCherry-CAAX*/
MFG-E8-EGFP~ clusters were assessed on images masked by the
552 nm channel by a surface automatically created in Imaris.
Clusters were counted in the 3D view in Imaris. Quantifications
show the percentage of MFG-E8-EGFP-labeled structures that
exhibited mbp:mCherry-CAAX co-staining, categorized by their
localization on myelin sheaths or mbp:mCherry-CAAX-positive
fragments. Data are represented as means per individual larvae.

Statistical analysis

Statistical analysis was performed in GraphPad Prism. All
samples were tested for normality using the Shapiro-Wilk test.
Comparison of two independent groups was carried out using
two-sided Student’s t test (for normally distributed data) and
Mann-Whitney U-test (for non-normally distributed data).
Groups with small sample sizes that were visibly non-normally
distributed were tested by Mann-Whitney U-test. Comparisons
between three or more groups were done by one-way ANOVA,
followed by Tukey’s post-hoc test for multiple comparisons.
Data in the text are presented as mean * SD or median and
interquartile range (25th percentile-75th percentile) as indi-
cated in the legends. Correlations were tested by linear re-
gression, and the coefficient of determination (R?) and P values
are reported in the legends. P values are indicated throughout
the figures as follows: n.s.: P = 0.05, *: P < 0.05, **: P < 0.01, ***:
P < 0.001, ***: P < 0.0001.

Online supplemental material

Fig. S1 shows the quantification of myelin abnormalities at de-
velopmental time points P10, P14, P21, and P60 (n = 1) and two
examples of microglia engulfing myelin abnormalities (3D re-
constructions from SBF-SEM stacks). Fig. S2 shows the screen-
ing behavior of microglia along myelin sheaths. Fig. S3 shows
the phenotypic characterization of the csfIr® mutants. Fig. S4
shows details of the CRISPR/Cas9 FO mutant screen for PS re-
ceptors and a characterization of the hypomyelination pheno-
type in zebrafish. Table Sl lists gRNA sequences and genotyping
details for FO mutants from the CRISPR/Cas9 screen. Video
1 shows that aberrant myelin ultrastructure is abundant dur-
ing development and is resolved until young adulthood. Video
2 shows the 3D reconstruction of a myelin bulging. Video 3
shows the 3D reconstruction of a microglia that is associated
with aberrant myelin ultrastructure in mouse optic nerve. Video
4 shows how microglia screen myelin along the spinal cord and
phagocytose myelin debris. Video 5 shows that myelin
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retractions occur independently from microglia and are broken
down into fragments in the oligodendrocyte cell body.
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Figure S1. Temporal dynamics and microglial engulfment of myelin abnormalities during CNS development in the mouse. (A-C) SBF-SEM of P10, P14,
P21, and P60 wt mouse optic nerves (80 x 80 x 40-210 pm volumes with a 10 x 10 x 80 nm resolution). Quantifications include all time points for n = 1 optic
nerve. (A) Mean number of myelinated axons within a 40 x 40 pm area (quantified on 8-10 evenly dispersed cross-sections within the SBF-SEM volumes). In
total, we quantified 1,150 (P10), 3,559 (P14), 7,075 (P21), and 12,808 (P60) myelinated axons. (B) Mean percentage of myelin abnormalities (within 8-10 evenly
dispersed volumes of 40 x 40 x 8 pum, normalized by the number of myelinated axons in reference sections). (C) Percentage of error subtypes among the
myelin errors quantified in B: outfoldings (red), bulgings (yellow), degenerations (dark blue), fragments pinching off from a sheath or lying in the vicinity of a
sheath (green), and minor outfoldings (light blue). (D) Quantification shows the number of microglia in a volume of 80 x 80 x 160 um at P10, P14, P21, and P60
(n =1). (Eand F) SBF-SEM of a P14 wt mouse optic nerve shows two examples of a microglia engulfing degenerated myelin. Left: Pseudocolored cross-sections
(blue: axon, magenta: myelin, green: microglia). Right: 3D reconstruction. Numbering refers to cross-sections. Scale bars: 2 um.
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Figure S2. Screening behavior of microglia along myelin sheaths. (A) Microglia motility along myelin sheaths was monitored in 3-min acquisitions over 1 h
by confocal time-lapse imaging of a Tg (mpegl:EGFP; sox10:mRFP) zebrafish spinal cord. (B) XY plot correlates the mean number of microglia present along the
spinal cord with the mean percentage of frames in which microglia remained static. Data points represent individual larvae. Linear regression analysis: R%
0.1669, P = 0.4213. Dotted lines represent the standard error of the linear regression. (C) Heatmaps of microglial presence in quadrants of the dorsal and
ventral spinal cord from five other fish (see Fig. 3 F for Fish 1). (D) Confocal time-lapse imaging of motile mbp:mCherry-CAAX fragments within a microgliain a7
dpf Tg (mpegl:EGFP; mbp:mCherry-CAAX) spinal cord. Z-stacks were acquired every 3 min. Images show maximum projections. Scale bars: 5 um (D), 20 um
(A). See also Video 4.
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Figure S3. Characterization of csfIr°®™ mutant. (A) Representative images of myelin in wt and csf1r® Tg (mbp:EGFP-CAAX) spinal cords. (B-D) Quan-
tifications of myelinated area (B), number of oligodendrocytes (C), and sheath lengths (60 individual myelin sheaths from n = 3 fish; D) in the dorsal spinal cord
of 4 dpf wt and csf1r®™ larvae (wt: n = 8, csfIr®: n = 9 larvae in B and C). Two-sided Student’s t test: P = 0.5359 (B), P = 0.0905 (C), Mann-Whitney U-test: P =
0.8445 (D). (E-G) Quantifications of myelinated area (E), number of oligodendrocytes (F), and sheath lengths (60 individual myelin sheaths from n = 3 fish; G) in
the dorsal spinal cord of 10/11 dpf wt and csf1r°™ larvae (wt: n = 10, csfIr®™: n = 11 larvae in E and F). Two-sided Student’s t test: P = 0.0012 (E), P = 0.0001 (F),
Mann-Whitney U-test: P = 0.3419 (G). (H) Number of mpegl:EGFP-positive microglia per spinal cord in 4 vs. 7 dpf wt and csfIr°™ larvae (4 dpf: n = 8, 7 dpf:n =
7 larvae). Two-way ANOVA with post-hoc Sidak’s test: 4 dpf, wt vs. csfIrP™: P = 0.0266, 7 dpf, wt vs. csf1r°™: P < 0.0001. (I) Quantification of the number of
myelin abnormalities in 18 dpf ventral spinal cord of wt and csfIr°™ larvae, normalized by the myelinated area (n = 13 larvae). Two-sided Student’s t test: P =
0.0002. Data represent means + SD. ns, not significant, *, P < 0.05, **, P < 0.01, ***, P < 0.001, **** P < 0.0001. Scale bar: 10 um (A).
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Figure S4. Details of the CRISPR/Cas9 FO mutant screen for PS receptors in zebrafish. (A) Workflow of FO mutant genotyping. Target regions were
amplified from genomic DNA. Gene knockout in FO mutants differed from controls by loss of a unique restriction site. gRNA efficiency was estimated from the
ratio of undigested to digested bands on the agarose gel. (B) Agarose gels show genotyping results of bail, tim1, and axl in the bail+timl+ax| mutants and tyr
controls. P, PCR product. (C) Sanger sequencing of bail, timl, and axl target sites in mutant and control animals, showing frameshift mutations in the mutants
(KO). Arrows indicate gRNA position. Dashed lines mark Cas9 cleavage sites. (D) gRNA efficiencies in the triple FO mutant screen (n = 5 larvae). (E) gRNA
efficiencies in the double and single FO mutant screen (n = 8 larvae). (F and G) Average volume of myelin fragments within individual microglia in triple FO
mutants (F), and double and single mutants of bail and tim1 (G).n = 5 larvae in F, n = 7 larvae in bail+tim, n = 8 larvae for tyr, bail, and tim1 in G. One-way
ANOVA with post-hoc Tukey’s test: tyr vs. tim4+bail+mertka: P = 0.0002, tyr vs. tim4+mertka + axl, tyr vs. bail+axl + tim1, tyr vs. mertka + tyro3+bail and tyr vs.
mertka + axl + tyro3: P < 0.0001, tyr vs. bail+tim1: P = 0.0160, all other comparisons in F and G were non-significant. (H-J) Microglia in the spinal cord of control
and FO mutant zebrafish larvae in the PS receptor KO screen. Example images (H) and quantification of the number of microglia in triple mutants (I) and double
and single mutants of bail and tim1 (J). n = 5 larvae in |, n = 7 larvae for bail+tim1, n = 8 larvae for tyr, bail, and tim1 in |. One-way ANOVA with post-hoc Tukey’s
test: tyr vs. bail+timI: P = 0.0026, bail+tim1 vs. tim1: P = 0.0262, all other comparisons in | and | were non-significant. (K-M) Quantifications of number of OPCs
in Tg (oligl:memEYFP) (K; n = 11 larvae), number of oligodendrocytes (L; n = 13 larvae), and sheath lengths in Tg (mbp:EGFP-CAAX) (60-65 individual myelin
sheaths from n = 3 fish; M) in the dorsal spinal cord of 10 dpf control larvae injected with a three scrambled gRNAs and baiZ;axl;tim1 FO larvae. Two-sided
Student’s t test: P = 0.8874 (K), P = 0.3769 (L), P = 0.8051 (M). Data represent means + SD. *, P < 0.05, **, P < 0.01, ***, P < 0.001, ****, P < 0.0001. Scale bar:
20 pm (H). Source data are available for this figure: SourceData FS4.
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Video 1. Aberrant myelin ultrastructure is abundant during development and is resolved until young adulthood. SBF-SEM of mouse optic nerves at
P10, P14, P21, and P60 shows abundant myelin aberrations at P10 that are mostly resolved until young adulthood. The number of myelinated axons is steadily
increasing with age. Subtypes of myelin aberrations comprise outfoldings, bulgings, degenerations, fragments, and minor outfoldings. Related to Fig. 1.

Video 2. 3D reconstruction of a myelin bulging. SBF-SEM of a mouse optic nerve at P10. Myelin bulging is characterized by an enlargement of the inner
tongue and eccentric dilations of the myelin membrane, which partially folds back on itself, generating a myelin sheath that enwraps another myelinated
sheath. Video shows raw data with super-imposed pseudo-coloring and 3D reconstructions. Pseudo-coloring of myelinated axons 1 and 2 from Fig. 1 shows
axons in violet/pink, glial cytoplasm in petrol/cyan, and myelin in orange/yellow.

Video 3. 3D reconstruction of a microglia that is associated with aberrant myelin ultrastructure in mouse optic nerve. SBF-SEM of a P14 wild-type
mouse optic nerve shows a microglia contacting several myelinated axons with aberrant myelin ultrastructure. Video shows raw data with super-imposed
pseudo-coloring and 3D reconstructions. Pseudo-coloring shows the microglia in gray blue, while the other colors designate individual myelin sheaths. Related
to Fig. 2.

Video 4. Microglia screen myelin along the spinal cord and phagocytose myelin debris. Confocal time-lapse imaging of zebrafish spinal cords shows
microglial processes extending and retracting along myelin sheaths (in 3-min intervals), few microglia migrating along the spinal cord to scan myelin in non-
random patterns (in 20-min intervals), microglial uptake of a myelin fragment (indicated by arrow, acquired in 3-min intervals), and trafficking of myelin
fragments within microglia (in 3-min intervals). Pseudo-coloring shows microglia in green and myelin in magenta. Frame rate is 2.5/s. Related to Figs. 3 and S2.

Video 5. Myelin retractions occur independently from microglia and are broken down into fragments in the oligodendrocyte cell body.

Confocal time-lapse imaging of zebrafish spinal cords shows that myelin retractions occur independently from microglia (in 3-min intervals), microglia ablation
does not affect the number of myelin retractions (in 30-min intervals), and retracted myelin fragments are transported to the oligodendrocyte cell body
(indicated by arrow, acquired in 3-min intervals). Pseudo-coloring shows microglia in green and myelin in magenta. Frame rate is 2.5/s. Related to Fig. 5.

Provided online is Table S1, which shows gRNA sequences and genotyping used in the study.
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