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Microglia phagocytose myelin sheaths to modify
developmental myelination

24

Alexandria N. Hughes @' and Bruce Appel

During development, oligodendrocytes contact and wrap neuronal axons with myelin. Similarly to neurons and synapses, excess
myelin sheaths are produced and selectively eliminated, but how elimination occurs is unknown. Microglia, the resident immune
cells of the central nervous system, engulf surplus neurons and synapses. To determine whether microglia also prune myelin
sheaths, we used zebrafish to visualize and manipulate interactions between microglia, oligodendrocytes, and neurons during
development. We found that microglia closely associate with oligodendrocytes and specifically phagocytose myelin sheaths. By
using a combination of optical, genetic, chemogenetic, and behavioral approaches, we reveal that neuronal activity bidirection-
ally balances microglial association with neuronal cell bodies and myelin phagocytosis in the optic tectum. Furthermore, mul-
tiple strategies to deplete microglia resulted in oligodendrocytes maintaining excessive and ectopic myelin. Our work reveals a

neuronal activity-regulated role for microglia in modifying developmental myelin targeting by oligodendrocytes.

a specialized, proteolipid-rich membrane produced by

glial cells. During development, oligodendrocytes gener-
ate numerous nascent myelin sheaths along axons. Neuronal activ-
ity promotes the formation and maturation of myelin sheaths'~
and can bias which axons are selected for myelination'’. Sensory
enrichment and deprivation paradigms in both mice and humans
can modify oligodendrogenesis and myelination in relevant brain
regions™, raising the possibility that changes in myelin support
the development of higher cognitive functions. Consistent with
this possibility, new myelin is required for at least some types
of learning?®.

An underappreciated dimension of myelin plasticity is myelin
elimination. Similar to neurons and synapses of the developing cen-
tral nervous system (CNS), myelin is first overproduced and then
partially eliminated’. How myelin sheaths are removed is unknown.
Microglia, the resident immune cell type of the CNS, eliminate sur-
plus neurons and synapses during development. Microglia detect
and respond to neuronal activity'®", notably engulfing synapses in
an activity-regulated manner to direct development of the visual
system'”. In neurological and neurodegenerative diseases, this syn-
aptic elimination program can re-emerge maladaptively to promote
disease progression”’. Notably, microglial phagocytosis of myelin is
also a feature of neural disease and injury'*'*. Therefore, to explain
developmental myelin elimination, we hypothesized that microglia
engulf myelin sheaths during development to sculpt myelination.

To test this hypothesis, we manipulated and directly observed
interactions between microglia, myelin, and neurons in vivo using
zebrafish as a model system. We found that microglia are inti-
mately associated with oligodendrocytes and specifically phago-
cytose myelin sheaths, leaving cell bodies intact. We used multiple
strategies to manipulate neuronal activity and demonstrated that
microglia are attracted to active neurons at the expense of myelin
phagocytosis and, conversely, microglia phagocytose more myelin
and contact fewer neurons when neuronal activity is silenced. By
eliminating microglia, we found evidence that microglia remove
excess myelin sheaths and prevent ectopic myelination of cell bod-

N euronal axon conduction velocity is supported by myelin,

ies. Our data establish that microglia limit developmental myelina-
tion and thereby extend our understanding of the mechanistic basis
of myelin plasticity.

Results

Microglia survey myelinated axon tracts. Our first objective was to
determine whether a relationship exists between microglia and oligo-
dendrocytes during development. To visualize microglia, we estab-
lished a transgenic line of zebrafish, Tg(mpegl.1:mVenus-CAAX),
in which mpegl.]1 regulatory DNA drives expression of
membrane-tethered mVenus-CAAX in microglia and macrophages.
Crossing this line to animals carrying Tg(mbpa:mCherry-CAAX), a
transgene that labels myelinating oligodendrocyte membrane with
mCherry, permitted us to see microglia-oligodendrocyte interac-
tions (Fig. 1a). In the spinal cord at 4d postfertilization (d.p.f.), the
time at which Tg(mbpa:mCherry-CAAX) expression becomes visi-
ble, spinal cord microglia almost exclusively occupied the myelinated
tracts of the dorsal and medial longitudinal fasciculi. By count-
ing microglia in each of these tracts over developmental time, we
found that microglia had an early bias for localization in the medial
longitudinal fasciculus of the ventral spinal cord but occupied the
tracts equally by 8d.p.f. (Fig. 1b). To learn whether the change in
microglia distribution correlates with a change in oligodendrocyte
number, we counted oligodendrocyte cell bodies in dorsal and
ventral tracts in a 3.5-hemisegment region. Similarly to microglia,
oligodendrocytes were initially more numerous in the ventral tract
but became more equally distributed between tracts by 8d.p.f. (Fig.
lc,d). Comparing the dorsal to ventral ratio of oligodendrocytes
and microglia revealed that they were nearly evenly matched in
both locations over developmental time (Fig. 1e). Because microglia
are motile cells, we sought to determine the extent of their surveil-
lance of the myelinated tracts. To accomplish this, we performed
timelapse imaging of the spinal cord and assessed the frequency of
microglia migrating through a 3.5-hemisegment region. We found
that regions were visited by a migrating microglia roughly every
4h (Fig. 1f,g). These observations reveal that spinal cord microglia
associate with oligodendrocytes during development, and suggest
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that microglia are sufficiently motile to comprehensively survey
myelinated axon tracts.

We next assessed how microglia interact with oligodendrocytes.
During larval stages, microglia have few, mostly primary, pro-
cesses. We determined that most processes associated with myelin
sheaths rather than oligodendrocyte cell bodies or putative targets
unlabeled by our transgenic reporters (Fig. 1h-j). Timelapse imag-
ing revealed that microglia processes were not static but were con-
tinually retracted and extended within myelinated tracts labeled by
Tg(sox10:mRFP) (Fig. 1k,1). These dynamic behaviors are consistent
with the possibility that microglia survey a large fraction of nascent
myelin sheaths in the spinal cord.

Microglia phagocytose myelin sheaths but not oligodendrocytes.
To learn whether myelin-associated microglia are phagocytic, we
performed imaging experiments to detect intracellular calcium
transients, a signature of phagocytic microglia and macrophages'®"’.
To visualize calcium dynamics, we generated a transgenic line,
Tg(mpegl.1:GCaMP6s-CAAX), which labels microglia membrane
with the calcium indicator GCaMP6s-CAAX. By imaging microglia
in 4d.p.f. larvae, we found numerous spontaneous calcium events
within process tips, branches and the cell body. To distinguish cal-
cium transients from membrane fluctuations that occur during
cellular movement, we imaged microglia in larvae carrying both
GCaMP6s-CAAX and another membrane-tethered fluorophore,
mScarlet-CAAX, at 4d.p.f, and detected and investigated events
with the calcium imaging toolbox AQuA (Fig. 2a). We found that
calcium events were distinguishable from membrane movement
events on the basis of fluorescence change, dF/F (Fig. 2b), so we set a
threshold for calcium events to include only those with dF/F>0.05.
By this criterion, 100% of microglia exhibited calcium transients
during a 10-min acquisition (Supplementary Table 1). To deter-
mine whether these calcium events represent phagocytic activity
at microglia-myelin contacts, we next performed calcium imag-
ing on Tg(mpegl.1:GCaMP6s-CAAX; sox10:mRFP) larvae (Fig. 2c
and Supplementary Videos 1 and 2). Microglia exhibited transients
both within processes contacting sheaths and those not contacting
sheaths. Of the 645 filtered calcium events we detected in 31 microg-
lia, we further filtered events to examine the sheath-contacting sta-
tus of the largest calcium events (dF/F>0.10, area> 3 um?), which
yielded 41 events in 9/31 cells. These events predominantly occurred
at contacts with myelin sheaths (Fig. 2d) and were distinguishable
from non-sheath-contacting events on the basis of event duration
(Fig. 2e and Extended Data Fig. 1), consistent with these events
representing a specific signaling program within sheath-contacting
processes. Indeed, we found that sheath-contacting processes exhib-

iting calcium transients were sometimes followed by sheath disap-
pearance (Fig. 2f and Supplementary Videos 3 and 4), consistent
with calcium signaling as a signature of phagocytic activity.

To investigate phagocytosis of myelin sheaths directly, we next
performed timelapse imaging in 4 d.p.f. Tg(mpegl.1:mVenus-CAAX;
s0x10:mRFP) larvae. Similar to our observations of apparent sheath
loss following calcium events (Fig. 2f), our timelapse imaging
experiments captured occasional whole-sheath engulfment events
by microglia (Fig. 2g and Supplementary Video 5). To determine
the relative proportion of sheaths eliminated by engulfment and
retraction, we performed timelapse imaging of microglia and their
surrounding 3.5-hemisegment territory for 3h. To identify sheaths
that disappeared during timelapse in a semiautomatic and unbi-
ased way, we used the myelin channel frames to generate a series
of images in which the exclusive-or (XOR) operation is performed
on consecutive frames, creating a series of signals that change over
time (see Methods and Supplementary Table 2). Summing these
XOR frames and merging with the time-summed myelin chan-
nel identified sheaths that disappeared over time, while keeping
us blinded to microglial location and thus sheath association (Fig.
2h). Tagged sheaths were then tracked in the original timelapse to
detect microglial engulfment or lack of microglial contact (retrac-
tion). We found that, although both engulfment and retraction
contribute to sheath elimination, microglial engulfment accounted
for the majority (~70%) of sheath elimination at this stage (Fig.
2i,j). Furthermore, sheaths engulfed by microglia were longer
than those that were retracted (Fig. 2k), raising the possibility that
engulfment targets more mature sheaths. Consistent with this pos-
sibility, timelapse imaging of microglia interacting with mbpa*
oligodendrocytes revealed similar sheath engulfment (Fig. 21). We
validated these observations of myelin phagocytosis using an alter-
native method to visualize myelin within microglia. Specifically,
we performed immunohistochemistry to detect myelin basic pro-
tein (Mbp) in tissue obtained from Tg(mpegl.1:mVenus-CAAX;
mbpa:mCherry-CAAX) larvae. Nearly all mCherry-CAAX inclu-
sions in microglia were Mbp*, indicating that mCherry-CAAX
inclusions represent phagocytosed myelin in living larvae (Fig.
2m,n and Extended Data Fig. 2).

Following engulfment, fluorescent material was only briefly vis-
ible within microglia before fluorescence disappeared, limiting our
ability to estimate the fraction of microglia that phagocytose myelin
during development (Fig. 3a). This rapid disappearance probably
results from degradation by phagosome acidification. We therefore
predicted that inhibiting the acidification of phagosomes would
delay the breakdown of phagocytosed myelin and allow us to deter-
mine the fraction of microglia that phagocytose myelin membrane

>

>

Fig. 1| Microglia dynamically engage with myelin sheaths in the spinal cord. a, Lateral tile scans of spinal cords of Tg(mpeg1.1:mVenus-CAAX;
mbpa:mCherry-CAAX) larvae at 4, 5 and 8 d.p.f. Closed arrowheads mark microglia and open arrowheads mark peripheral macrophages. Scale bar,

50 um. b, Microglia counts in dorsal and ventral tracts (hemicord) in 4, 5 and 8d.p.f. larvae. Wilcoxon rank-sum test, n=fish/cells, n=10/60 4d.p.f.,
17/109 5d.p.f, 13/97 8d.p.f. ¢, Oligodendrocytes in 3.5 hemisegments in the spinal cord of Tg(mbpa:TagRFP-T) larvae at 4, 5 and 8d.p.f. Scale bar, 10 um.
d, Oligodendrocyte counts in dorsal and ventral tracts (3.5 hemisegments) in 4, 5 and 8 d.p.f. larvae. Wilcoxon rank-sum test, n=fish/cells, n=14/602
4d.p.f,11/448 5d.p.f., 10/482 8 d.p.f. e, Ratios of dorsal/ventral cell counts for mbpa* oligodendrocytes and mpeg1.7* microglia at 4, 5 and 8 d.p.f., for cells
counted in b,d. Data in b,d,e were analyzed by Wilcoxon rank-sum test. f, Timelapse imaging frames over 10 h in Tg(mpeg1.1:mVenus-CAAX; sox10:mRFP)
larvae at 4d.p.f. g, Time between microglia visits. Each point represents the timelapse acquisition time divided by the number of microglia visits to

the imaging field of view in one larva (n=22 larvae). Violin plot lines mark quantiles (25th, 50th and 75th percentiles) and colors are immaterial. h, A
microglia (yellow) in the dorsal spinal cord of a Tg(mpeg1.::mVenus-CAAX;mbpa:mCherry-CAAX) larva. Closed arrowheads mark close associations of
microglial processes with myelin sheaths (magenta rectangles); open arrowheads mark processes extending toward unlabeled targets; dashed box shows
a process enveloping a sheath. i, Distribution of microglial processes per cell associated with myelin sheaths, oligodendrocyte (OL) somas or unlabeled
targets for n=11 cells (11fish). j, Fraction of microglial processes in i plotted per target type; Wilcoxon rank-sum test with Bonferroni-Holm correction for
multiple comparisons. Each point represents one microglia. k, Timelapse imaging frames of a microglia in a Tg(mpeg1.:mVenus-CAAX; sox10:mRFP) larva,
pseudocolored to show cell morphology at three different time points and merged. Striped arrowhead marks a process present at 0’ that is absent at 51’
(initial, withdrawn); open arrowhead marks a process generated during the imaging period that later disappears (new, withdrawn); closed arrowhead
marks a process that is generated during the imaging period and is maintained at the end of the imaging window (new). I, Number of processes generated
and withdrawn by microglia during 1h of timelapse imaging; black trace is the mean (n=14 microglia in 14 fish). Scale bars, 10 um.
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(Fig. 3a,b). To inhibit phagosome acidification, we treated 4d.p.f.
larvae with bafilomycin Al for 1h before imaging. Microglia in
Tg(mpegl.1:mVenus-CAAX; mbpa:mCherry-CAAX) larvae treated
with bafilomycin had more and brighter myelin inclusions than
those of larvae treated with vehicle (Fig. 3b). We confirmed that
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microglia, with the remaining one-third containing no detectable
inclusions. However, treatment with bafilomycin to cause acute
delay in myelin breakdown revealed that all microglia contained
myelin inclusions, suggesting that all spinal cord microglia partici-
pate in myelin pruning by phagocytosis (Fig. 3d). Bafilomycin did
not change the area of individual inclusions (Fig. 3e) but the total
area of inclusions per microglia was increased (Fig. 3f), consistent
with stalled myelin breakdown within microglia. Because oligoden-
drocytes can start myelinating at any time between 4 and 8d.p.f., we
also tested whether myelin phagocytosis detectable by bafilomycin
might change over developmental time. We found no difference
in the number of myelin inclusions per microglia at 4, 5 or 8d.p.f,
consistent with continuous myelin pruning by microglia over the
course of developmental myelination (Fig. 3g).

Although we observed microglial phagocytosis of only individ-
ual myelin sheaths, in principle microglia might also engulf entire
oligodendrocytes. To investigate this possibility, we first labeled
oligodendrocytes undergoing apoptosis using the vital dye acridine
orange (Fig. 3h). We found that mbpa* oligodendrocyte apoptosis
was rare and that the frequency was not changed by bafilomycin
(Fig. 3h-k and Extended Data Fig. 3). Therefore, dying oligodendro-
cytes are probably not the source of mCherry-CAAX inclusions in
microglia. Next, we tested the possibility that microglia engulf entire
live oligodendrocytes. To do so, we repeated our mCherry-CAAX
engulfment experiments using an additional oligodendrocyte
reporter line, Tg(mbpa: TagRFP-T), in which the same mbpa regula-
tory DNA drives expression of cytosolic TagRFP-T. Because most
oligodendrocyte cytosol is extruded from myelin sheaths, this line
primarily labels oligodendrocyte cell bodies (Fig. 31). We predicted
that, if microglia phagocytose entire oligodendrocytes, this oligo-
dendrocyte somatic label would also be detectable within microg-
lia. However, we very rarely detected TagRFP-T within microglia
in DMSO- or bafilomycin-treated larvae (Fig. 3m,n). These data
suggest that microglia specifically engulf myelin sheaths, with neg-
ligible phagocytosis of oligodendrocyte cell bodies.

Myelin phagocytosis is bidirectionally regulated by neuronal
activity. Microglia contact numerous myelin sheaths (Fig. 1h-I)
but do not phagocytose all sheaths. What determines the amount
of myelin phagocytosed by microglia? Previous data showed that
neuronal activity can both promote and suppress microglial inter-
actions with cellular targets. For example, active neuronal cell bod-
ies were more frequently contacted by microglia in zebrafish optic
tectum'®. By contrast, inhibition of retinal ganglion cell activity
increased microglial engulfment of synapses from axons project-
ing to lateral geniculate nucleus'’. Together, these observations
suggest that elevated neuronal activity can shift microglia away

from interaction with synapses and toward neuronal cell bodies.
We therefore hypothesized that neuronal activity similarly tunes
microglial interaction with neuronal cell bodies and myelinated
axons, thereby regulating myelin sheath phagocytosis by microglia.
To test this, we investigated microglia in the periventricular neu-
ronal cell body layer of optic tectum (Fig. 4a). Approximately ten
microglia occupy the cell body layer of each tectal hemisphere'’,
positioned between the somas of unmyelinated periventricular
neurons and a separate population of heavily myelinated axons that
comprise the tectal commissure” (Fig. 4a and Supplementary Video
7). We thus tested the possibility that microglia interacting with
active neuronal somas would be less likely to phagocytose myelin
from the commissural axons and, conversely, that silencing of cell
body layer somas would predispose microglia to interact with and
phagocytose commissural myelin.

We first tested the effects of manipulation of neuronal activ-
ity on microglial interactions with neuronal somas. To do so, we
silenced a subset of cell body layer neurons marked by fluores-
cent protein expression. Specifically, we injected one-cell-stage
Tg(mpegl.1:mVenus-CAAX; mbpa:mCherry-CAAX) embryos with a
plasmid designed to bicistronically express either dominant-negative
Vamp2 (dnVamp2), a variant lacking the transmembrane domain,
or botulinum toxin (BoNT/B) with mTagBFP-CAAX under the
control of a pan-neuronal driver. As a control, we mosaically
labeled neurons with mTagBFP-CAAX alone. Because expression
was mosaic pan-neuronal, we excluded larvae in which tectal com-
missure axons were labeled so that we could specifically test the
role of cell body layer inhibition. We acquired z-stack confocal
images of the tectal cell body layer at 4d.p.f. and determined the
fraction of labeled neuronal somas contacted by microglia (Fig. 4b).
Whereas neuronal inhibition did not change the number of microg-
lia, microglia made fewer contacts on the cell bodies of inhibited
neurons than on control neurons (Fig. 4c,d), consistent with the
possibility that reduction of neuronal activity reduces microglial
interaction with somas.

To determine whether neuronal activity biases microglia to contact
somas, we mosaically activated cell body layer neurons by express-
ing the capsaicin-gated channel, TRPV1 (Rattus norvegicus) fused to
mTagBFP in Tg(mpegl.1:mVenus-CAAX) larvae. At 4d.p.f. we treated
larvae for 2h either with capsaicin (1 uM) to activate neurons express-
ing the channel or with DMSO as a control, and then determined
the fraction of TRPV1-mTagBFP* neurons contacted by microglia.
Neurons activated by capsaicin more frequently received somatic con-
tact by microglia (Fig. 4e,f), despite an unchanged number of available
microglia (Fig. 4g). To learn how microglia acutely respond to soma
activation, we locally increased neuronal activity in the cell body layer
by photo-uncaging MNI-glutamate (Fig. 4h). We determined that our

>

>

Fig. 2 | Microglia phagocytose myelin sheaths during developmental myelination. a, Timelapse imaging (left) and AQuA transient detection in a
microglia carrying dual reporters for membrane fluorescence (mScarlet-CAAX) and membrane calcium (GCaMP6s-CAAX) (right). Open arrowheads
label membrane events present in both channels; closed arrowheads mark calcium transients. b, Histogram of membrane and calcium event df/F values
(649 calcium events in 31cells, 228 membrane events in 9 cells) showing that events are separable by dF/F; therefore, only events with df/F> 0.05
were considered calcium transients. a.u., arbitrary units. ¢, Timelapse imaging of filtered calcium transients (dF/F> 0.05) in a microglia interacting

with myelin. Closed arrowheads mark events occurring at points of contact with sheaths; open arrowheads mark events at non-sheath-contacting

processes. d,e, Fraction of large calcium events (d) and event duration (e) associated with sheath-contacting and non-contacting processes. Wilcoxon
rank-sum test, n=32/9 filtered events from 9 cells/9 fish. f, Timelapse imaging of a microglia calcium transient and phagocytosis of contacted material
(arrowhead marks blebbing; asterisk marks loss of signal). g, Timelapse imaging of a microglia engulfing a nascent myelin sheath. h, Analysis scheme for
detection of myelin sheaths eliminated by phagocytosis or retraction. Timelapse frames (left) are processed by consecutive XOR calculation to generate
an image of lost sheaths (cyan); those engulfed by microglia are engulfed (closed arrowhead), whereas those lost but not contacted are retracted.

i, Paired comparison of number of sheaths lost by engulfment and retraction over 3h in 30 microglia from 30 animals. Each pair-connected line
represents one animal; Wilcoxon rank-sum test. j, Relative fractions of sheaths across all timelapse acquisitions that were engulfed or retracted.

k, Lengths of sheaths eliminated by engulfment versus retraction; Wilcoxon rank-sum test (n=135 sheaths from 30 cells/30fish). I, Representative
example of myelin sheaths in mbpa* oligodendrocytes eliminated by microglia. m,n, Immunohistochemistry (m) and quantification of anti-Mbp (cyan)
inclusions (n) within microglia in animals carrying Tg(mbpa:mCherry-CAAX) to label oligodendrocyte membrane. n= 44 mCherry-CAAX~ inclusions in
Ncells in 7fish. All scale bars, 10 um.

1058 NATURE NEUROSCIENCE | VOL 23 | SEPTEMBER 2020 | 1055-1066 | www.nature.com/natureneuroscience


http://www.nature.com/natureneuroscience

NATURE NEUROSCIENCE

TICLES

uncaging protocol elicited neuronal Ca** transients in sparsely labeled
neuroD:GCaMP6s neurons most reliably within a 20-um distance
(Fig. 4i and Extended Data Fig. 4), consistent with previous findings"’
We then used this measurement to determine the distance between
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that microglia in both groups underwent the same number of pro-
cess movements (Fig. 4k), but glutamate uncaging caused microglia
to elaborate processes in the direction of uncaging and to retract pro-
cesses from the opposite side (see Methods) (Fig. 4l and Supplementary
Video 8). Together, these data demonstrate that activity bidirectionally
governs microglial interactions with neuronal somas.

If neuronal activity regulates microglial interaction with neuronal
somas, could activity also reciprocally determine microglial phago-
cytosis of myelin from the tectal commissure? To test this possibil-
ity, we measured the amount of myelin phagocytosed by microglia
following neuronal inhibition with dnVamp2 and BoNT/B (Fig. 5a).
Similar to spinal cord, optic tectum microglia contained phagocy-
tosed myelin (Fig. 5a). However, when neurons were silenced with
either dnVamp2 or BoNT/B, optic tectum and spinal cord microglia
contained many more myelin inclusions (Fig. 5b) and the total area
of myelin inclusions per microglia was increased (Fig. 5¢), despite
no appreciable changes in either microglial area or the size of myelin
inclusions (Fig. 5d,e). Together, these data indicate that microglia
engulf more myelin from the tectal commissure when neuronal cell
body layer activity is suppressed.

To test whether sustained increased activity in the cell body
layer is sufficient to reduce myelin phagocytosis from the tectal
commissure, we used a strong water current paradigm in which a
magnetic stir bar generates strong water currents that force larvae
to orient themselves and swim against the currents. Such visuomo-
tor behaviors activate optic tectum®, and this specific paradigm
upregulated proteins associated with the optic tectum consistent
with tectal activation”. We placed Tg(mpegl.l:mVenus-CAAX;
mbpa:mCherry-CAAX) larvae in strong water currents for 2 con-
secutive days, followed immediately by live imaging of myelin
inclusions in tectal microglia (Fig. 5f,g). We found that exposure of
larvae to strong water currents did not alter the morphology or size
of tectal microglia (Fig. 5h), but microglia engulfed less myelin (Fig.
5i). Taken together with our observations that microglia engulfed
more myelin following inhibition of cell body layer neurons (Fig.
5a-c), these data suggest that microglia phagocytose myelin in a
bidirectional, neuronal activity-regulated manner.

Microglia regulate myelin targeting by oligodendrocytes.
Microglia eliminate some, but not all, myelin sheaths (Fig. 2) and
microglia phagocytose myelin in a neuronal activity-regulated
manner (Fig. 5). Does microglial myelin phagocytosis refine myelin
sheath number or targeting? To answer this, we eliminated microg-
lia using three independent approaches and measured myelination
by individual oligodendrocytes (Fig. 6a,b). First, we used an anti-
sense morpholino oligonucleotide designed to block translation

of messenger RNA encoding interferon regulatory factor-8 (Irf8),
which is required for macrophage specification and microglial devel-
opment”. Second, we targeted Csflr function, which is required
for macrophage invasion of the CNS and microglial distribution®,
using a Csflr inhibitor that has been used previously in larval
zebrafish**. Because both of these methods eliminate microglia early
in development and microglia support oligodendrocyte precursor
cell (OPC) development®*, we took a third strategy to eliminate
microglia specifically after myelination onset. We generated a trans-
genic line, Tg(mpegl.1:NTR-IRES-eGFP-CAAX), in which microg-
lia express an enhanced variant of Escherichia coli nitroreductase
(NfsBTHNTISFLRAT) (NTR) to induce mpegl.1* cell death upon treat-
ing larvae with the actuator, metronidazole. We quantified microg-
lial ablation with each of these three strategies by adapting a neutral
red assay previously used for quantifying microglia®, and deter-
mined that they eliminate ~95, ~45 and ~75% of microglia, respec-
tively (Fig. 6¢,d).

To assess how microglia might refine myelin sheath formation, we
examined the formation of myelin sheaths by individual oligoden-
drocytes in larvae in which microglia were eliminated using these
approaches. To do so, we microinjected Tol2.myrf:mScarlet-CAAX
DNA into one-cell-stage embryos to scatter-label oligodendrocytes
via Tol2-mediated transgenesis (Fig. 6b). At 104 h post-fertilization
(h.p.f) we imaged oligodendrocytes in each of the eight groups
(Fig. 6e and Extended Data Fig. 5a). We found that microg-
lial depletion changed neither mbpa* oligodendrocyte number
nor distribution (Extended Data Fig. 5b,c). However, tracing of
myelin sheaths formed by individual oligodendrocytes revealed
that, following microglial depletion (Irf8 MO, GW2580, NTR+/
metronidazole), oligodendrocytes had more sheaths than those in
corresponding control groups (Fig. 6e,f) and these sheaths were
also shorter in length (Fig. 6g). Furthermore, oligodendrocytes in
the two severe depletion groups (Irf8 MO and NTR+/metronida-
zole) formed a number of spherical ensheathments, a phenomenon
recently described as ectopic ensheathment of neuronal cell bodies”
(Fig. 6h). These data indicate that microglial sheath pruning cor-
rects myelin targeting and refines myelination by oligodendrocytes.

Discussion

Our work identifies microglia as mediators of myelin refinement by
pruning of sheaths during development. Previous work established
that microglial signaling to adhesion G protein-coupled receptors
on OPCs promotes their differentiation, survival, and myelinogen-
esis”*. Recently, single-cell RNA-sequencing analysis of rodent
microglia detected Mbp mRNA, a myelin transcript that is enriched
in myelin sheaths, within white matter microglia®. This finding

>
>

Fig. 3 | Microglia phagocytose myelin sheaths with minimal phagocytosis of oligodendrocyte somas. a, Strategy for delaying the breakdown of

phagocytosed myelin with bafilomycin Al. b, Microglia in Tg(mpegl.l:mVenus-CAAX; mbpa:mCherry-CAAX) larvae treated with DMSO or bafilomycin (1um)
for Th before imaging. Arrowheads mark round myelin inclusions within microglia. ¢, Example sum-projected image of a microglia containing membrane
RFP (mRFP) inclusions (top), with morphological segmentation performed using MorpholibJ to identify inclusions (bottom). d, Histogram depicting

the number of myelin inclusions per microglia in DMSO and bafilomycin-treated larva. e-g, Morphological segmentation on sum-projected images of
microglia in 4 d.p.f. Tg(mpeg1.1:mVenus-CAAX;mbpa:mCherry-CAAX) larvae that were treated with either DMSO or bafilomycin before imaging. Each point
represents one inclusion (e) or microglia (f,g); points are shaded so that overlapping points are visible (DMSO, n=22 cells from 22 |larvae containing

48 inclusions; bafilomycin, n= 22 cells from 22 larvae containing 175 inclusions). e, Area (um?) of myelin inclusions within microglia, Wilcoxon rank-sum
test. f, Total myelin inclusion area (um?) per microglia, Wilcoxon rank-sum test. g, Number of myelin inclusions per microglia in bafilomycin-treated larvae
over the course of developmental myelination (4-8 d.p.f.). Kruskal-Wallis test, n=fish/cells/inclusions, n=10/10/74, 4 d.p.f.; 9/9/79, 5d.p.f.; 12/12/101,
8d.p.f. NS, not significant. h, Max-projection images of spinal cord oligodendrocytes (magenta) in larvae treated with either DMSO or bafilomycin A1

and live-stained with acridine orange (green). i-k, Quantification of mbpa* cells (i), acridine orange cells (j) and mbpa* cells stained by acridine orange
(k) in 3.5 hemisegments and analyzed by Wilcoxon rank-sum test for n=fish/cells, n=14,/602 DMSO, 16/742 bafilomycin. I, Schematic of transgenic
oligodendrocyte reporters that label either oligodendrocyte membrane (mCherry-CAAX) or cytosol (TagRFP). m, Examples of microglia in either Tg(mpe
g1.1:mVenus-CAAX;mbpa:mCherry-CAAX) or Tg(mpeg1.::mVenus-CAAX; mbpa:TagRFP-T) 4 d.p.f. larvae, treated with either DMSO or bafilomycin A1 before
imaging. Arrowheads mark myelin inclusions. n, Number of mCherry-CAAX and TagRFP inclusions per microglia in each of the four groups presented in
m, Wilcoxon rank-sum test (n=fish/cells/inclusions, n=12/12/18 mCherry-CAAX + DMSO, 10/10/74 mCherry-CAAX + bafilomycin, 6/6,/0 TagRFP +
DMSO, 8/8/1 TagRFP + bafilomycin). Scale bars, 10 um.
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raised the possibility that microglia also engulf myelin under normal
physiological conditions. By directly observing microglia-myelin
interactions over development, we have discovered that microglia
selectively phagocytose myelin sheaths to sculpt myelination.

What regulates the amount of myelin phagocytosed by microg-
lia? We tested the possibility that neuronal activity regulates myelin
engulfment, and found that microglial myelin phagocytosis is

increased following neuronal silencing and decreased with activa-
tion (Fig. 5). This is reminiscent of previous studies showing that
reducing neuronal activity limits myelin coverage of axons while
increasing activity can bias axons for myelination and promote
myelin growth®. Our work suggests that myelin plasticity is not
confined to the axon-myelin unit but is additionally modifiable by
other cell types, including microglia. How might microglia locate
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developing myelinated tracts? Volume transmission of extrasyn-
aptic ATP from axons to oligodendrocyte lineage cells has been
hypothesized to promote the myelination of white matter tracts”. In
addition to signaling to oligodendrocyte lineage cells, ATP is suffi-
cient to promote microglial translocation® and process extension in
zebrafish optic tectum'”. If such volume cues to OPCs are also sensed
by microglia, ATP might regulate myelination by steering microglia
toward or away from target neurons. Our work on the optic tectum
suggested that the activity of one population of neurons, those in
the periventricular cell body layer, dictated the microglial phago-
cytosis of myelin from a different population of axons, those in the
tectal commissure (Fig. 5). This raises the intriguing possibility that
the firing patterns of specific populations of neurons may regulate
the myelination of nearby populations by directing microglial target
interactions, perhaps contributing to the stereotyped myelination
patterns of different axon tracts (Extended Data Fig. 6).

If microglia contribute to myelin plasticity, then brain regions
with different densities of microglia, or different microglial states,
might exhibit differences in myelin plasticity. During the larval
stages we examined, microglia were present in the retina and optic
tectum and, sparsely, in the spinal cord and forebrain, but were
largely absent from other regions®. Recent work indicates that the
myelination of at least one population of spinal cord neurons, the
commissural primary ascending (CoPA) interneurons, is myelin-
ated despite expression of tetanus neurotoxin to suppress activity”'.
CoPA axons project within the dorsal longitudinal fasciculus and
are myelinated earlier than other neuron types”. One possibil-
ity for the insensitivity of CoPA myelination to silenced neuronal
activity is that very few dorsal microglia are present at this stage
(Fig. 1a,b), possibly preventing activity-regulated myelin phagocy-
tosis. Somewhat conversely, treating mice with clinically relevant
doses of methotrexate, a chemotherapeutic agent that induces
persistent inflammatory microglia (CD68+, Ibal+), was suffi-
cient to counteract activity-dependent myelin growth following
optogenetic stimulation®’. Together, these data support a role for
microglial availability and state in regulating the dynamic range of
activity-dependent myelination available to different brain regions.

Previously, the elimination of nascent myelin wraps was attributed
to oligodendrocyte membrane resorption, a process referred to as
‘retraction’****. Here we have shown that microglia also participate
in myelin refinement by phagocytosing myelin sheaths (Fig. 2h-k).
How do cell autonomous process retraction and microglial prun-
ing work together to guide myelin patterning during development?

We have learned some properties of microglia-myelin interac-
tions that may distinguish roles for each of these mechanisms. A
larval zebrafish that has ~160 oligodendrocytes in the spinal cord
may elaborate upwards of 2,400 nascent wraps before elimination.
It is thus unlikely that the ~12spinal cord microglia (Fig. 1b) are
sufficiently numerous and motile to assess each nascent wrapping
attempt. Indeed, extrapolating from our timelapse motility data, the
average number of processes per microglia and number of microg-
lia, we estimate that spinal microglia contact ~1,600 sheaths over a
24-h period. However, nearly all microglia we examined contained
phagocytosed, Mbp* myelin (Fig. 2m,n and Extended Data Fig.
2), and microglial depletion consistently increased sheath number
and ectopic wrapping (Fig. 6). Additionally, the activity-regulated
effects on myelin phagocytosis we describe here are similar to those
reported on sheath retraction, with neuronal silencing increas-
ing myelin elimination by both phagocytosis (Fig. 5) and nascent
sheath retraction'. Together, these observations suggest that
microglial myelin pruning complements autonomous retraction of
newly forming myelin sheaths. Why might multiple mechanisms
be necessary to eliminate nascent myelin? During wrapping, syn-
thesized myelin is thought to spread over the axon surface like a
liquid droplet™, raising the possibility that oligodendrocyte pro-
cesses that begin synthesizing myelin may not be easily retracted.
Additionally, the formation of adhesive contacts between nascent
sheaths and axons may preclude facile withdrawal**¥, requiring
pruning to disrupt attachment. Consistent with these possibilities,
we found that sheaths engulfed by microglia were longer than those
that were retracted (Fig. 2k). These observations raise the possibility
that microglial myelin elimination extends the period of elimina-
tion after a developmental window for autonomous retraction has
closed, perhaps due to the fluidity or adhesion of myelin.

What molecular cues might regulate phagocytosis? Mice
deficient for multiple components of the classical branch of the
complement cascade had extra synapses™ and reduced synapse
engulfment by microglia’?, raising the possibility that complement
may also tag myelin sheaths for elimination. Consistent with this
possibility, the outer lamellar myelin protein myelin oligodendro-
cyte glycoprotein binds the complement initiator Clq directly”,
myelin phagocytosis in vitro was augmented by complement® and
multiple sclerosis lesions in postmortem brain tissue were immu-
noreactive for C3d, a cleavage product of complement component
C3 (ref. *'). However, just as recent work indicates that microglial
synapse engulfment is complement independent in some brain

Fig. 4 | Neuronal activity regulates microglia-neuron interactions. a, (i) Coronal view of microglia and myelin in one hemisphere of optic tectum

in a live Tg(mpeg1.::mVenus-CAAX; mbpa:mCherry-CAAX) 5d.p.f. larva. Dashed line marks the cell body layer, asterisks mark the neuropil layer, and
arrowheads indicate the tectal commissure. (ii) Lateral view of microglia in the cell body layer. Microglia labeled by Tg(mpegl.l:mScarlet-CAAX)

and cell body layer glutamatergic neurons labeled by Tg(vglut2:eGFP). (i),(ii) Representative images from ten larvae. Scale bars, 50 um. b, Top:
max-projection images of optic tectum (lateral view) in Tg(mpeg1.1:mVenus-CAAX) larvae mosaically expressing neuroD:mTagBFP-CAAX or
neuroD:mTagBFP-CAAX-2A-dnVamp2/BoNT/B (-=2A-dnVamp2, —2A-BoNT/B). Bottom: single optical sections corresponding to a(i),(ii) containing
microglial-neuron contacts (closed arrowheads) or absence of contact (open arrowheads). Asterisks mark neuropil. Scale bar, 50 um. ¢, Fraction of
neuron somas contacted per tectal field of view in each of the groups in b, analyzed by Wilcoxon rank-sum test with Bonferroni-Holm correction

for multiple comparisons. d, Number of microglia per tectal field of view for each group in b, analyzed by Kruskal-Wallis test. b-d, n=fish/neurons/
microglia, n=12/166,/65 mTagBFP-CAAX, 15/487/66 mTagBFP-2A-dnVamp2, 22/398/121 mTagBFP-2A-BoNT/B. e, Max-projection images of
microglia (yellow) and neurons sparsely expressing TRPV1-mTagBFP (cyan) in optic tectum of larvae treated with DMSO vehicle or 1um capsaicin.
Closed arrowhead marks a microglia-neuron contact. Scale bar, 50 um. f,g, Quantification of the fraction of TRPV1-mTagBFP+ neurons contacted by
microglia (f) and the number of microglia per lateral tectum field of view (g). Each dot represents one larval tectum, analyzed by Wilcoxon rank-sum
test (n=fish/neurons, n=16/62 DMSO, 10/19 capsaicin). h, Schematic of glutamate uncaging and analysis of microglial motility. i, Example frames
of glutamate uncaging near neurons sparsely labeled with GCaMP6s. Closed dot marks the point of uncaging, open dots show the position after
uncaging and cell numbers match transient traces in a(ii). Representative example from one of nine larvae (Extended Fig. 4). Scale bar, 20 um.

j, Timelapse imaging frames of microglia in larvae treated with DMSO vehicle or MNI-glutamate, before and after focal 405-nm uncaging (at the
open circle). Dotted lines divide microglia into uncaging and opposite sides (described in h) and arrowheads indicate newly formed processes.
Scale bar, 10 um. kI, Total process extensions and retractions per cell in each group (k) and net movements toward the uncaging point (). Wilcoxon

rank-sum test, n=fish/microglia, n=10/10 DMSQO, 11/11 MNI-glutamate.
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regions*, studies of myelin phagocytosis have produced a num-
ber of complement-independent candidates that also appear to
regulate myelin phagocytosis, including Fc-receptor gamma and
scavenger receptor-AI/II*. Identifying the cues responsible for
directing myelin removal, and the possibility that such a code may
also be used by synapses, will probably inform strategies for treat-
ing myelin phagocytosis in disease.

Microglia are increasingly recognized for their roles in nor-
mal CNS development. Within the past two decades we have
learned that microglia dynamically survey their environment in
the absence of injury", in a manner that was recently unveiled to
be directed by local noradrenergic tone*>*°. Microglial interactions
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TRPV1" neurons

with both neurons and glia support development of the nervous
system by eliminating structures and secreting trophic factors'>*,
influenced by and potentially contributing to regionalization of
the brain*’. Recently, a 10-month-old patient with a lethal muta-
tion in CSFIR, a receptor required for microglial survival, was
found to lack microglia and had epilepsy, agenesis of the corpus
callosum and leukodystrophy, underscoring the important and
numerous roles played by microglia in development of the nervous
system®. By revealing that microglia tune CNS myelination, our
study now raises the possibility that interactions among microglia,
neurons, and oligodendrocytes contribute to the development of
brain function.
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Fig. 5 | Neuronal activity regulates myelin phagocytosis by microglia. a, Microglia in the optic tectum and spinal cord in larvae carrying
Tg(mpegl.:mVenus-CAAX; mbpa:mCherry-CAAX) to label microglia and myelin and mosaically expressing either neuroD:mTagBFP-CAAX or
neuroD:mTagBFP-CAAX-2A-dnVamp2/BoNT/B (=2A-dnVamp2, —2A-BoNT/B). Closed arrowheads mark myelin inclusions within microglia (magenta);
open arrowheads mark neuronal inclusions (cyan); asterisks mark microglial processes contacting neurons. Scale bars, 10 um. b-e, MorpholLibJ

morphological segmentation on sum-projected images of

optic tectum microglia at 4 d.p.f. in each group in a. Each point represents one microglia (c,d)

or inclusion (e) (n=fish/microglia/inclusions, n=18/23/30 mTagBFP-CAAX, 18/18/63 mTagBFP-2A-dnVamp2, 18/18/87 mTagBFP-2A-BoNT/B).

b, Histogram depicting the number of myelin inclusions within microglia. €, Total myelin inclusion area per microglia, Wilcoxon rank-sum test with
Bonferroni-Holm correction for multiple comparisons. d, Microglia area, Kruskal-Wallis test. e, Area of individual myelin inclusions within microglia,
Wilcoxon rank-sum test. f, Schematic and timeline of strong water current-induced forced swimming to increase neuronal activity in optic tectum.

g, Representative examples of microglia containing myelin inclusions in normal incubation and forced swim paradigms. Scale bar, 10 um. h,i, Microglial area
(h) and myelin inclusion area (i) per cell in each group, Wilcoxon rank-sum test (n=fish/microglia, n=12/16 normal, 13/17 strong currents).
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Fig. 6 | Microglial ablation during myelination increases myelin sheath number. a, Schematic of microglial development and three approaches to ablation
of microglia. b, Timeline for labeling of individual oligodendrocytes by microinjection at the one-cell stage and ablation of microglia either by coinjection
with Irf8 translation-blocking MO, treatment with Csflr inhibitor GW2580 or NTR treatment with metronidazole. ¢, Brightfield images of live neutral
red-stained larvae in each of three ablation groups. Arrowheads mark examples of neutral red-labeled microglia in optic tectum (small red dots). Scale
bar, 100 um. d, Quantification of neutral red-labeled microglia in the optic tectum of larvae in each group. Each dot represents the microglial count in

one larva. Wilcoxon rank-sum test, left to right, n=fish/microglia, n=10/319, 15/35, 12/357, 11/206, 10/296, 10/279, 10/288, 16/120. e, Example spinal
cord oligodendrocytes labeled by myrf:mScarlet-CAAX in each group. Asterisks mark oligodendrocyte (OL) somas, and arrowheads indicate myelinated
cell bodies. Scale bar, 10 um. f-h, Quantification of sheath number (f), length (g) and ectopic soma wraps (h; example in e) in each group. Each point
represents one oligodendrocyte (f), sheath (g) or soma wrap (h). Wilcoxon rank-sum test, left to right, n=cells/fish/sheaths, n=15/15/163, 27/27/503,
15/15/156,16/16/229,12/12/121, 11/11/124,15/15/139, 15/15/223. Scale bars, 10 um.
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Methods

Zebrafish lines and husbandry. All animal work was approved by the Institutional
Animal Care and Use Committee at the University of Colorado School of
Medicine. Zebrafish embryos were raised at 28.5°C in embryo medium and staged
according to hours or days postfertilization (h.p.f./d.p.f.) and morphological
criteria™.

We used the previously established transgenic lines Tg(sox10:mRFP)"**,
Tg(mbpa:tagRFP)~*, Tg(vglut2:eGFP)"' and Tg(mbpa:mCherry-CAAX)*".

We also generated and used the new lines Tg(mpegl.1:mVenus-CAAX)*,
Tg(mpegl.1:NTR-IRES-eGFP-CAAX)*", Tg(mpegl.1:mScarlet-CAAX)~** and
Tg(mpegl.1:GCaMP6s-CAAX)«®. All other reporters were expressed by transient
transgenesis to achieve sparse labeling.

Plasmid construction and generation of transgenic zebrafish. Tol2 expression
plasmids were generated by Multisite Gateway cloning and injected into one-cell
embryos with Tol2 mRNA to generate transient transgenic animals. The following
entry clones® were used in LR recombination reactions to generate expression
plasmids:

p5E-neuroD, p5SE-myrf, pSE-mpegl.1 (ref. **)

PME-NTR (NfsBH1@7ISR2Tyst o ME . mTagBFP-CAAX no stop,
PME-mTagBFP-CAAX with stop, pME-mVenus-CAAX, pME-mScarlet-CAAX,
PME-GCaMP6s-CAAX” and pME-GCaMPé6s, pME-TRPV1 (R. norvegicus)™

P3E-polyA, p3E-2A-dnVamp?2 (ref. *’), p3E-2A-BoNT/B”,
P3E-IRES-eGFP-CAAX and p3E-mTagBFP

PpDEST-Tol2-pA, pDEST-Tol2-CG2 (green heart marker) and pDEST-Tol2-CR2
(red heart marker)

To generate pME-GCaMP6s and pME-TRPV1 we PCR amplified
attB1-attB2-flanked coding sequences of GCaMP6s and TRPV1 using templates
pGP-CMV-GCaMP6s (Addgene, no. 40753) and UAS:TRPVI-TagRFP* and the
following primers:

attB1-GCaMP6s:
GGGGACAAGTTTGTACAAAAAAGCAGGCTACCATGGGTTCTCA
TCATCATCA

attB2-GCaMP6s:
GGGGACCACTTTGTACAAGAAAGCTGGGTTCTTCGCTGTCATCA
TTTGTACA

attB1-TRPVI:
GGGGACAAGTTTGTACAAAAAAGCAGGCTACCATGGAACAACGGGC
TAGCTTA

attB2-TRPVI:
GGGGACCACTTTGTACAAGAAAGCTGGGTTTTTCTCCCCTGGGACC
ATGG

attB1-attB2-flanked amplicons were gel purified, recombined with pDONR-
221 to generate pMEs, Sanger sequenced and then LR-recombined with entry
vectors to generate Tol2 expression plasmids neuroD:GCaMP6s-pA-CR2 and
neuroD:TRPV1-mTagBFP-pA-CR2.

Drug treatments. Bafilomycin A1 (Tocris, cat. no. 1334) was diluted in DMSO
and larvae were treated with 1 uM in embryo medium for 1h at 28.5°C before
mounting in agarose for live imaging. An equivalent volume of DMSO (0.1%) was
used as vehicle control.

Metronidazole (Sigma, no. M1547) was diluted to 10mM in 0.1% DMSO
in embryo medium immediately before use for nitroreductase-mediated cell
ablation®’. Metronidazole is light sensitive, so all four treatment groups were kept
in the incubator in the dark starting at administration (80 h.p.f.).

Neutral red (Sigma, no. N7005) was diluted to 2.5 pgml™ in embryo medium
and administered to 4d.p.f. larvae and raised in 0.003% PTU (Sigma, no. P7629) to
prevent pigmentation for 2.5h at 28.5°C in the dark***. Following staining, larvae
were washed two or three times in fresh media and monitored until nonspecific
tissue redness had washed out (30-60 min), before mounting dorsal-down
in low-melt agarose for widefield, brightfield imaging (x10) of optic tectum
microglia.

GW2580 (ApexBio, no. A1655) was diluted in DMSO and administered at
100 um in embryo medium to 48-h.p.f. larvae with drug refresh every 24h. An
equivalent volume of DMSO (0.2%) was used as vehicle control.

Capsaicin (Sigma, no. M2028) was diluted in DMSO and administered at 1 pum
in embryo medium 2h before imaging. An equivalent volume of DMSO (0.1%)
was used as vehicle control.

MNI-glutamate (Tocris, cat. no. 1490) was diluted in DMSO to 50 mM and
administered at 1 um in embryo medium 1h before imaging. An equivalent volume
of DMSO (0.02%) was used as vehicle control. After 1h, a small incision was made
in larval tails to assist pancuronium bromide neuromuscular junction paralysis
for timelapse imaging (see Imaging and image analysis). Larvae were kept in
the dark as much as possible during treatment, paralysis and agarose mounting.
MNI-glutamate and DMSO were focally uncaged with a 405-nm laser applied to
a circular region of interest (ROI) (~2.5-um radius) in the center of the acquired
z-stack (microglia) or in the same plane of imaging (neurons).

Acridine orange (Sigma, no. A6014) was diluted in embryo medium to 3 pgml™
and larvae were treated for 30 min, washed twice and immediately live imaged™”.
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Strong water currents/forced swim paradigm. Larvae were placed in 30-mm
dishes with or without a stir bar and maintained at 28.5°C on a stir plate at
350r.p.m. for 8h per day for 2 consecutive days, at 3 and 4 d.p.f. (ref. *'), followed
immediately by live imaging of myelin inclusions in tectal microglia.

Morpholino injection. A published translation-blocking antisense

morpholino oligodendrocyte directed against Irf8 (ref. **) (GeneTools)
(TCAGTCTGCGACCGCCCGAGTTCAT) was diluted to 2mM in water and used
to prepare a 1.5ngnl™ injection solution that also contained To/2 mRNA and Tol2.
myrf-mScarlet-CAAX DNA for oligodendrocyte labeling. Injection solution (3 nl)
was injected into the yolk of one-cell-stage embryos. Control injection solution was
similar, except that morpholino was replaced with an equivalent volume of water.

Immunohistochemistry. At 6 d.p.f.,, Tg(mpegl.1:mVenus-CAAX;
mbpa:mCherry-CAAX) larvae were fixed at 4°C overnight in 4%
paraformaldehyde/1x PBS. Larvae were washed in PBS and embedded in 1.5%
agar/30% sucrose blocks placed in 30% sucrose overnight at 4°C. Blocks were
frozen in 2-methyl butane chilled by immersion in liquid nitrogen. Sections

(20 um) were cut and collected on microscope slides then rehydrated with PBS,
washed with PBS containing 0.1% Triton X-100 (PBSTx) and blocked with 2% goat
serum/2% bovine serum albumin in PBSTx for 1 h at room temperature. Rabbit
anti-Mbpa antibody” was applied at 1:200 dilution in blocking solution overnight
at 4°C. The sections were washed with PBSTx and then incubated with Alexa
Fluor 647 goat anti-rabbit antibody (Jackson ImmunoResearch, no. 111-606-044)
at 1:200 dilution in blocking solution for 2h at room temperature. Slides were
washed again with PBSTx, covered with Vectashield, and coverslipped.

Statistics and reproducibility. All statistics were performed in R (v.3.4.1) with
RStudio. Plots were generated using dplyr and ggplot2 packages with cowplot
package formatting, and all statistical tests were performed using ggpubr functions.
We used the two-tailed Wilcoxon rank-sum test (Mann-Whitney), with no
assumption of normality, for all unpaired comparisons. For multiple comparisons,
we first assessed global significance using the Kruskal-Wallis test, followed by
pairwise Wilcoxon rank-sum tests with Bonferroni-Holm correction for multiple
comparisons. Violin plots and box plots show quantiles (25, 50 and 75%) with

the central line marking the median. Violin plot colors are not meaningful, and
only the axes specify the groups. For other plot types, including stacked bar plots
and histograms, legends are provided to explain grouping colors. We considered

P <0.05 the threshold for statistical significance, and provided exact Pvalues;
P>0.05 is listed as not significant. All representative images shown are derived
from the datasets analyzed, so the number () of biological replicates is the number
of times each imaging experiment was performed. Embryos and larvae were
randomly allocated to groups. All image analysis was performed blind using the
Fiji plugin Lab-utility-plugins/blind-files. Image acquisition was not blinded, but
identical anatomical regions were imaged in all larvae.

Imaging and image analysis. We performed live imaging on larvae embedded

in 1.2% low-melt agarose containing either 0.02% tricaine or 0.3 mgml™
pancuronium bromide (Sigma, no. P1918) for immobilization. We acquired images
using a Plan Apochromat x20/0.8 numerical aperture (NA) (with X1.6 optivar)

air, and C-Apochromat x40/1.1 NA water- and X63/1.2 NA water-immersion
objectives on a Zeiss LSM 880 and a Zeiss CellObserver Spinning Disk confocal
system equipped with a Photometrics Prime 95B camera. We collected images of
neutral red-stained larvae using a Zeiss AxioObserver microscope. After collection
of images with Zen (Carl Zeiss), we performed all processing and analysis using
Fiji/Image].

Neuronal calcium imaging. Embryos were injected at the one-cell stage with Tol2
mRNA and Tol2.neuroD:GCaMP6s. Mosaically labeled neurons in the hindbrain
and midbrain were imaged at ~4 Hz for 50 s following uncaging of MNI-glutamate
or DMSO. Identifiable cell bodies were traced in Fiji, along with a background
ROI, and mean fluorescence intensity values for each cell at each time point were
background-subtracted and divided by the average fluorescence intensity of frames
before uncaging (baseline) to generate dF/F values. We considered dF/F events
>0.5 as transients, which generally correlated with visible changes in GCaMP6s
fluorescence. The distance of each cell centroid to the uncaging point was
measured by linear ROI to determine the distance of cells versus the likelihood of
exhibiting a transient in response to uncaging.

Microglia calcium imaging. Larvae (4d.p.f.) were timelapse imaged using

a X20air objective with X1.6 optivar. Z-stacks of five slices with Nyquist
(oversampled) spacing were acquired every 5-20s for 10-20 min. Single-channel
images were processed in AQuA® (Fiji) with the parameters listed in
Supplementary Table 3. For mScarlet-CAAX events, all events were used for
analysis. Following determination that, for most of these membrane ‘events,
dF/F<0.05, we filtered GCaMP6s-CAAX events such that dF/F> 0.05. A smaller
filtered dataset containing only events with dF/F>0.10 and area> 3 um?

was generated in R and used to assess sheath-contacting and non-contacting
process transients.
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Sheath engulfment versus retraction analysis. Tg(mpegl.1:mVenus-CAAX;
s0x10:mRFP) 4d.p.f. larvae were timelapse imaged using a X20air objective with
x1.6optivar (spinning disk details). Z-stacks of uniform (Nyquist) slice number and
spacing were acquired in the spinal cord every 10-15min for 3h. At each time point,
slices were sum projected to preserve all signal for intensity-based analysis. Then,
frames were registered to correct for drift and corrected for photobleaching using the
exponential fit method. To identify myelin changes over time in an automated and
unbiased way, the myelin channel was then subjected to a custom-written progressive
XOR processing scheme (Supplementary Table 2) in which the Image Calculator
performs the XOR operation on consecutive timelapse frames and generates a new
series of frames containing only signal present in frame or frame i+1 but not both,
therefore including signal from only the myelin transgene that changes over time

in the original timelapse. This progressive XOR series was then sum projected to
generate an output image containing all changes in the myelin transgene signal over
time. Merging with the original timelapse, projected into a single frame, marked
sheaths that had disappeared (or appeared) during the timelapse acquisition. We then
examined the fate of these XOR-identified sheaths in the original timelapse. Sheaths
that appeared or disappeared were examined for microglial contact in the original
timelapse, while those that appeared to be engulfed and were marked by our XOR
series were counted as phagocytosed. Noncontacted sheaths that disappeared were
counted as retracted.

Microglia process motility analysis. Larvae were immobilized by immersion in
pancuronium bromide (Sigma, no. P1918) at 0.3 mgml™, aided by a small incision

at the tip of the tail, before mounting in agarose. Timelapse z-stack frames were
acquired every 2.5min for 1 h. Movies were max-projected at every time frame,
registered to correct for drift and cells were manually tracked from frame to frame for
process maintenance, withdrawal or formation of new processes. Events occurring

at distalmost (usually primary or secondary) processes were tracked. In response to
glutamate uncaging, two values were calculated: total process movements and net
directed process movements. Total process movements =uncaging new+ uncaging
lost + opposite new + opposite lost, and net directed process movements = (uncaging
new -+ opposite lost) - (uncaging lost + opposite new), where the uncaging side is the
side of the microglia facing (orthogonal to) the uncaging site, and the opposite side is
the side of the microglia facing away.

Myelin inclusion measurements. Z-stack images of microglia, acquired with
uniform optical sectioning and number of slices, were sum projected in Fiji. The
microglial border was manually traced and the background cleared. The channels
were split and the myelin channel was subjected to morphological segmentation
using the Fiji plugin MorphoLibJ*'. Specific parameters were: object image,
gradient Type=morphological, gradient radius=1px, watershed segmentation
tolerance=60 (spinal cord) or 20 (optic tectum). Watershed segmentation values
were predetermined on sample images of microglia from both regions. Following
segmentation, the wand tool was used to trace watershed ROIs, and ROI and total
cell area values were saved for downstream analysis in R.

Sheath length measurement. Z-stack images of oligodendrocytes, acquired with
uniform optical sectioning, were traced in 3D using the Fiji plugin Simple Neurite
Tracer®. The number of paths (sheaths) belonging to a single oligodendrocyte

is the number of sheaths per cell, and the path length in 3D is the sheath length.
Default parameters were used, except cursor snapping=2 XY pixels. Path lengths
were exported to R for analysis.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data, code and materials availability

All data are available in the manuscript, the Source Data files or the Supplementary
Information. Fiji scripts are available in the Supplementary Information. All
plasmids and transgenic zebrafish are available by request.
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Extended Data Fig. 1| Calcium events in microglial processes contacting myelin sheaths compared to processes not contacting sheaths and
comparison with event proximity to the soma. a, b, Max dF/F (a) and event area (b) for large events (dF/F >0.1, area > 3 um?) at non-sheath-contacting
and sheath-contacting processes of microglia at 4 d.p.f. in Tg(mpeg1.1:GCaMP6s-CAAX; sox10:mRFP) larvae. Wilcoxon rank-sum test, n=41 events from 9
microglia in 9 fish. ¢, d, To distinguish if distance from cell soma is responsible for sheath-contacting vs non-contacting event differences, we split 645
events that occurred in 31 cells (31 fish) into distal and proximal halves and assessed event dF/F (¢) and duration (d); ns by Wilcoxon rank-sum test.
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mCherry-CAAX
Anti-Mbpa b Tg(mbpa:mCherry-CAAX) + anti-Mbpa Anti-Mbpa

Extended Data Fig. 2 | Anti-Mbpa detects myelin within microglia. a, Coronal section of Tg(mpeg1.l:mVenus-CAAX) 6 d.p.f. larval spinal cord stained
with anti-Mbpa to detect myelin. Note anti-Mbpa inclusions (magenta) within microglia (yellow) in orthogonal views (right panels) taken at the
locations marked (i), (ii), (iii). b, Coronal section of Tg(mbpa:mCherry-CAAX) 6 d.p.f. tectal commissure stained with anti-Mbpa (cyan) to detect myelin.
Oligodendrocyte membrane (mCherry-CAAX) colocalizes with anti-Mbpa (cyan), both in the intact commissure and as a limited amount of extracellular
debris (inset). Scale bars, 10 um.

a Tg(mpg1.1:Ves—CAAX) + anti-Mbpa
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Extended Data Fig. 3 | Acute treatment of larvae with bafilomycin A1 does not affect oligodendrocyte myelination. a, Representative individual
oligodendrocytes in transient-transgenic myrf:mScarlet-CAAX expressing larvae treated with bafilomycin A1or DMSO. Scale bar, 10 um. b, ¢,
Quantification of sheath length and number of oligodendrocytes in each treatment group. n=12 larvae/12 fish (DMSO), 8 larvae/8 fish (bafilomycin AD).
Data in (b) and (¢) analyzed by Wilcoxon rank-sum test.
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Extended Data Fig. 4 | Glutamate uncaging evokes Ca?* transients most reliably in neurons located < 20 um away from the uncaging site. a, Ratio of
Ca?* transient-experiencing neurons to those without transients binned in 10 um bins from the uncaging site. b, Distance of neurons with Ca?* transients
(defined as dF/F>0.5) or no transients from the uncaging point in larvae treated with DMSO or MNI-glutamate, analyzed by Wilcoxon rank-sum test
(n=fish/neurons, n=5/85 DMSO, 9/70 MNI-glutamate).
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Extended Data Fig. 5 | Microglia ablation does not change oligodendrocyte number or distribution. a, Max projection images of hemi-spinal cords in
4 d.p.f. Tg(mbpa:TagRFP-T) larvae in each microglia ablation group and controls. Scale bar, 10 um. b, ¢, Total number (b) and dorsal/ventral distribution
(c) of oligodendrocytes per 3.5 hemisegments in each ablation group paired with corresponding controls, analyzed by Wilcoxon rank sum test (n=fish/
oligodendrocytes, groups left to right, n=9/293, 12/442, 7/222, 8/271, 7/225, 6/209, 8/274, 6/208).
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Neuronal activity high:
Microglia contact neuronal cell bodies,
less available to phagocytose myelin

Neuronal activity low:
Microglia associate with axons
and phagocytose myelin

Extended Data Fig. 6 | Working model of activity-regulated myelin phagocytosis by microglia. Microglia phagocytose myelin to regulate myelin
sheath number and targeting. Neuronal activity attracts microglia to contact neuronal cell bodies and reduces the amount of myelin that microglia can
phagocytose, whereas reductions in neuronal activity promote myelin phagocytosis from axons.
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Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection Morphological segmentation data were collected with the Fiji plugin MorpholLibJ. Sheath length and number data were collected with
the Fiji plugin Simple Neurite Tracer. Calcium and membrane transients were collected with the Fiji plugin AQuA. Sheath retraction vs
engulfment analysis was performed with the Fiji plugin ImageCalculator.

Data analysis All statistical analyses were performed in R with RStudio (3.4.1) with the package ggpubr (Kassambara, 2017)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A list of figures that have associated raw data
- A description of any restrictions on data availability

All data is available in the manuscript or in the supplementary materials.
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Field-specific reporting
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were determined based on similar experiments carried out in larval zebrafish, where numbers of analyzed cells/sheaths were
sufficient to detect changes in myelination (Hines et al, 2015; Mensch et al, 2015; Czopka et al, 2013). When experiments had not previously
been carried out by other groups (inclusion analysis, for example), we used sample sizes from experiments of similar design (the number of
microglia analyzed for inclusions is based on the number of OLs needed for ensheathment analysis, as previously reported). In every case,
after data were analyzed, no replicates were added or excluded to change sample size of any group.

Data exclusions  No data were excluded from analyses.

Replication All attempts at replication were successful. Individual cells analyzed were largely derived from independent animals (1-2 cells/larvae),
collected from 3-5 different clutches and analyzed independently.

Randomization  Larvae (sibling clutch-mates) were randomly allocated into groups at the 1-2 cell stage for injection or later drug treatment. Zebrafish sex is
not yet determined at the stages analyzed in our study and was not a factor.

Blinding Groups were not blinded at acquisition, but similar regions were imaged in all groups (spinal cord over the yolk sac extension; dorsal optic
tectum, larvae mounted laterally in both cases). We performed all image analysis blinded using the Fiji plugin Lab-utility-plugins/blind-files.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines |Z| |:| Flow cytometry
Palaeontology |X| |:| MRI-based neuroimaging

Animals and other organisms

Human research participants

XX OXX[ S
OOXOOKX

Clinical data

Antibodies

Antibodies used Rabbit anti-Mbpa (Open Biosystems, 9043, 1:200 dilution); Alexa Fluor 647 goat anti-rabbit antibody (Jackson
ImmunoResearch, 111-605-003, 1:200 dilution)

Validation Rabbit anti-Mbpa antibody is a custom-made antibody generated against zebrafish Mbpa that was previously published and
validated for immunohistochemistry in zebrafish (Kucenas et al, 2009, J Neurosci).

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Zebrafish (Danio rerio), AB strain, age 4-8 days post fertilization, were used for all experiments. Zebrafish sex is not yet
determined at these stages and was thus not a factor. Animals were all either transgenic or transient-transgenic to label cells of
interest and no mutant strains were used.

Wild animals No wild animals

Field-collected samples No field-collected samples
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Ethics oversight All animal work was approved by the Institutional Animal Care and Use Committee at the University of Colorado.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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