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Background: Lysolecithin is commonly used to induce demyelinating lesions in the
spinal cord and corpus callosum of mammalian models. Although these models and
clinical patient samples are used to study neurodegenerative diseases, such as multiple
sclerosis (MS), they do not allow for direct visualization of disease-related damage
in vivo. To overcome this limitation, we created and characterized a focal lysolecithin
injection model in zebrafish that allows us to investigate the temporal dynamics
underlying lysolecithin-induced damage in vivo.

Results: We injected lysolecithin into 4–6 days post-fertilization (dpf) zebrafish larval
spinal cords and, coupled with in vivo, time-lapse imaging, observed hallmarks
consistent with mammalian models of lysolecithin-induced demyelination, including
myelinating glial cell loss, myelin perturbations, axonal sparing, and debris clearance.

Conclusion: We have developed and characterized a lysolecithin injection model in
zebrafish that allows us to investigate myelin damage in a living, vertebrate organism.
This model may be a useful pre-clinical screening tool for investigating the safety and
efficacy of novel therapeutic compounds that reduce damage and/or promote repair in
neurodegenerative disorders, such as MS.
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INTRODUCTION

Multiple sclerosis (MS) is a neuroinflammatory disorder characterized by the inappropriate attack
of the myelin sheath by the immune system, which results in demyelination, axonal degeneration,
and eventually severe disability. MS primarily attacks the central nervous system (CNS) in the form
of focal demyelinating lesions found within the brain, spinal cord, and/or optic nerve, and patients
battle various neurological challenges that are unique to lesion location. Mammalian models
commonly used to study MS, including experimental autoimmune encephalomyelitis (EAE) and
drug-induced demyelination, as well as patient data or clinical samples, do not allow researchers to
directly visualize processes underlying myelin destruction and repair in vivo.
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Lysophosphatidylcholine, commonly referred to as
lysolecithin, has been used in mammalian models, including
mice, rats, rabbits, cats, and Macaque monkeys, to induce
demyelinating lesions in the spinal cord and the corpus
callosum (Blakemore et al., 1977; Dousset et al., 1995; Foote
and Blakemore, 2005; Girard et al., 2005; Gregg et al., 2007;
Blakemore and Franklin, 2008). Injections of 1% lysolecithin are
sufficient to induce demyelination in the CNS of these animals,
and evidence of remyelination begins between 7 and 10 days
post-injection in rodents (dpi) (Jeffery and Blakemore, 1995;
Kotter et al., 2001).

Although a generalized demyelination model exists in
zebrafish that takes advantage of the ease of drug submersion
combined with tissue-specific ablation by the bacterial
nitroreductase gene, a major limitation of this model is the
inability to create focal lesions, which are a hallmark of MS
pathology (Chung et al., 2013; Fang et al., 2014; Karttunen
et al., 2017; Karttunen and Lyons, 2019). A previous study has
also demonstrated that 1% lysolecithin placed on gelatin foam
can successfully induce demyelination when applied directly
to the adult zebrafish optic nerve (Münzel et al., 2014). More
recently, a model of lysolecithin injection into the trunk of larval
zebrafish was reported that utilized in vivo imaging to describe
the pro-inflammatory response after demyelination (Cunha et al.,
2020). In this manuscript, we have also created and characterized
a model that induces focal lesions in the zebrafish spinal cord,
allowing us to visualize lysolecithin-induced damage in a living,
intact vertebrate model system.

RESULTS

Creating a Focal Lysolecithin Injection
Model in Zebrafish
In order to inject into the spinal cord of 4–6 days post-
fertilization (dpf) larvae (Figure 1A) to create focal areas of
damage, we mounted larvae laterally on 2% agar pads solidified
onto 22 mm × 60 mm borosilicate glass coverslips (Figure 1B).
Coverslips containing mounted larvae were placed directly onto
a Zeiss Axio Observer Z1 microscope stage equipped with an ASI
MPPI-3 pressure injection rig and mechanical micromanipulator
(Figure 1C). A micropipette needle containing either a 1×
phosphate-buffered saline (PBS) control solution or a 0.875%
lysolecithin experimental solution was inserted in the dorsal
trunk and injected into the larvae via passive diffusion.
When the micropipette was not inserted successfully into the
spinal cord, the solution was inappropriately injected into the
muscle, evidenced by the muscle appearing disturbed upon
solution dispersal (Figure 1D). Successful injections resulted
in the solution remaining localized within the spinal cord
(Figure 1E). To confirm that injection volumes were comparable
between the control and experimental groups, we included a
fluorescent dye (Dextran-647) with the injection cocktail. In
these injections, we observed comparable dispersal between the
control (Figure 1F) and experimental solutions (Figure 1G),
which on average, was 1–2 somites both anterior and posterior
to the injection site. Additionally, we observed a similar survival

rate 24 h post-injection for both groups, with the control
survival at 72.67% (n = 236) and experimental survival at
69.4% (n = 183). From these studies, we present a targeted
method to dispense solutions focally and precisely into the larval
zebrafish spinal cord.

Lysolecithin Alters the Number of
Sox10+ Cells in the Zebrafish Spinal
Cord
Myelination in the zebrafish CNS occurs in an anterior to
posterior manner, commencing around 3 dpf (Almeida et al.,
2011; Czopka et al., 2013). Therefore, the presence of maturing
myelin sheaths between 4 and 6 dpf, coupled with the
transparency of transgenic larvae, is ideal for in vivo imaging
of the oligodendrocyte lineage cell (OLC) response following
exposure to a demyelinating agent, such as lysolecithin. Previous
publications have reported a decrease in oligodendrocyte
number, demyelination, oligodendrocyte progenitor cell (OPC)
proliferation, and OPC migration to the focal injury after
injection of lysolecithin into the mammalian spinal cord
(Blakemore et al., 1977; Kotter et al., 2001; Blakemore and
Franklin, 2008; Lau et al., 2012; Münzel et al., 2014; Azin et al.,
2015; Keough et al., 2015). Therefore, we sought to determine if
lysolecithin similarly altered OLCs in our model.

To quantify the effects on OLC number in our
model, we injected either a lysolecithin cocktail (0.875%
lysolecithin + 0.21% Dextran-647 in PBS) or a control solution
(PBS + 0.21% Dextran-647) into the spinal cord of 4 dpf
Tg(sox10:mrfp) larvae, where sox10 regulatory sequences drive
the expression in OLCs. Following injection, we fixed larvae at
distinct time points post-injection and performed whole mount
immunohistochemistry with an antibody specific to zebrafish
Sox10 to count the number of Sox10+ cells in the spinal cord
(Binari et al., 2013). As a control, we quantified the number of
Sox10+ cells anterior to the injection/dispersal region within a
region of the spinal cord spanning approximately three motor
nerves in width to avoid effects caused by the injection injury
itself and observed no difference in Sox10+ cell number at
20 hpi (Figures 2A–D, left panels, control average, n = 5, 29.3
Sox10+ cells, experimental average, n = 6, 31.3 Sox10+ cells,
p = 0.3391). We also quantified within the injection/dispersal
region to capture the effects from either the lysolecithin or
control solution (Figures 2A–E, right panels). The region
posterior to the injection site was not quantified to reduce the
risk of capturing a decrease in the number of OLCs that might
be secondary to Wallerian degeneration (Waller, 1851). At
8 hours post-injection (hpi) within the injection site dispersal
region, we observed a significant reduction in the number of
Sox10+ cells (Figure 2E) in the lysolecithin-injected group
(Figure 2B, right panel) (average 24.94, n = 6) as compared with
control larvae (Figure 2A, right panel) (average 30.33, n = 5),
demonstrating that lysolecithin is toxic to zebrafish OLCs. When
we looked at 20 hpi, we observed an increase in the number of
Sox10+ cells in lysolecithin-injected larvae (Figure 2D, right
panel) (average 32.96, n = 8) as compared with control-injected
larvae (Figure 2C, right panel) (average 26.8, n = 5), which
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FIGURE 1 | Focal delivery of solutions into the zebrafish spinal cord. (A) Cartoon of a zebrafish larvae identifying the brain and spinal cord (green). The boxed region
identifies the injection site/targeted region of interest (ROI). (B) An agar pad (arrow) solidified on a borosilicate glass coverslip is used as a mounting platform for
larvae to perform spinal cord injections. (C) An agar pad containing mounted larvae is placed on a microscope stage, equipped with a pressure injection rig and
mechanical micromanipulator to hold the injection micropipette. (D) Muscle injections are identified by a wavy appearance following dispersal of the injection
solution. Yellow arrows identify the injection site. Dotted lines denote the muscle segment injected. (E) Solutions remain localized within the spinal cord following a
successful spinal cord injection. Yellow arrows identify the injection site in the dorsal spinal cord. White arrowheads identify the solution dispersal region. (F) Dispersal
region of a control solution containing water and the fluorescent tracer, Dextran-647. Yellow arrows identify the injection site. White arrowheads identify the dispersal
region. (G) Dispersal region of a lysolecithin solution including the fluorescent tracer Dextran-647. Yellow arrows identify the injection site. White arrowheads identify
the dispersal region. Red dashed lines denote the spinal cord. Scale bar, 50 µm.
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FIGURE 2 | Lysolecithin alters the number and behavior of Sox10+ cells in the spinal cord. All images are lateral views of the spinal cord with anterior to the left and
dorsal to the top. (A–D) 4 dpf Tg(sox10:mrfp) zebrafish larvae injected with either a control solution [control, (A,C)] or lysolecithin [experimental, (B,D)] containing the
fluorescent tracer Dextran-647 to identify the injection site. Injected zebrafish were fixed at 8 hpi (A,B) or 20 hpi (C,D) and labeled with an antibody to Sox10 (green).
(E) Quantification of the average number of Sox10+ cells within the injection site and spanning the width of approximately three motor nerves to capture the effects
from lysolecithin (experimental) or control solutions. *p = 0.0252 at 8 hpi (n = 5 control; n = 6 experimental) and **p = 0.0033 at 20 hpi (n = 5 control; n = 8
experimental). Statistical significance was measured using an unpaired t-test. (F) Time-lapse imaging of proliferation (red arrowhead) and migration (white arrowhead)
of sox10+ cells in a Tg(sox10:nls-eos) zebrafish larva following injection of lysolecithin at 4 dpf. White dashed ellipse denotes the injection site. (G) Time-lapse movie
following injection of lysolecithin and photoconversion of the lesion area in a 4 dpf Tg(sox10:nls-eos) zebrafish larva. Red fluorescence denotes the photoconverted
cells within the lesion. Green fluorescence denotes the cells outside of the lesion. Arrowhead identifies a sox10+ cell anterior to the injection site that migrates
posteriorly into the drug dispersal region. White dashed lines denote the spinal cord. Scale bars, 25 µm.

we hypothesize is due to OPC proliferation, a phenomena
reported in mammalian lysolecithin-induced demyelination
models (Nait-Oumesmar et al., 1999; Keough et al., 2015;
Sahel et al., 2015).

To determine if OLCs were proliferating after exposure to
lysolecithin and to investigate whether migration also occurred
in our model, we injected the lysolecithin cocktail into 4–6 dpf
Tg(sox10:nls-eos) (McGraw et al., 2012; Prendergast et al., 2012)
larvae and used in vivo, time-lapse imaging to follow sox10+
cells with an imaging interval of 8 min. Following injection of
lysolecithin, we observed that sox10+ OLCs near the injection
site divide (Figure 2F and Supplementary Movie 1). We also
observed that OLCs migrate into the injection lesion from

outside of the dispersal region (Figure 2F and Supplementary
Movie 1). To investigate if sox10+ cells also migrated from
areas significantly anterior to the lesion, we used Tg(sox10:nls-
eos) embryos to selectively label OLCs within a two-somite
region encompassing the dispersal region. Following injection
of lysolecithin at 4 dpf, we photoconverted the Eos protein,
changing the green fluorescence to red via UV-light-induced
photoconversion (Wiedenmann et al., 2004; Stys et al., 2012).
We then used in vivo, time-lapse imaging to track the migration
of both green (non-photoconverted) and red (photoconverted)
OLCs with an imaging interval of 10 min (Figure 2G). Starting
approximately 6.5 hpi, we observed that green sox10+ OLCs from
anterior to the injection dispersal region migrate posteriorly into
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the lesion (Figure 2G). Interestingly, we rarely observed that
OLCs within the lysolecithin dispersal region migrate during our
imaging. This data demonstrates that a subset of sox10+ OLCs
found in the lesion originate from areas anterior to the drug
dispersal region. Taken together, these results demonstrate that
lysolecithin affects sox10+ OLCs in the zebrafish spinal cord.

Lysolecithin Induces Myelin Membrane
Changes in Zebrafish Larvae
Because we observed a reduction in Sox10+ OLC number
and subsequent OPC proliferation and recruitment in
lysolecithin-injected larvae, we next sought to investigate
whether lysolecithin-induced myelin membrane changes by
performing in vivo, time-lapse imaging in Tg(mbp:egfp-CAAX)
(Almeida et al., 2011) larvae, where myelin basic protein (mbp)
is labeled with membrane-tethered GFP. mbp is expressed in
anterior regions of the zebrafish CNS beginning around 60 hpf
(Almeida et al., 2011). At later stages, between 4 and 6 dpf, we
observed stable GFP+ membrane sheaths in both the ventral and
dorsal spinal cords (Czopka and Lyons, 2011; Kearns et al., 2015;
Figures 3A,B). Following injection of the PBS control solution
into 4 dpf Tg(mbp:egfp-CAAX) larvae, we observed minimal
to no changes to the GFP+ membrane near the injection site
throughout the duration of our 16-h time-lapses with an imaging
interval of 6 min (n = 6) (Figure 3C). In contrast, we observed
distinct changes in GFP+ myelin membrane near the lesion after
injection of the lysolecithin solution into the spinal cord of 4 dpf
Tg(mbp:egfp-CAAX) larvae (n = 6) (Figure 3D). Specifically, we
imaged myelin one somite anterior to the injection site so as to
avoid possible damage induced by the injection itself. In these
time-lapses, we observed that tight GFP+ membrane sheaths
change after lysolecithin injection to take on a more ovoid-like
appearance, beginning around 2.5 hpi (Figure 3D). Formation
of the ovoid-like/onion bulb structures has previously been
reported as evidence of myelin degradation (Acar et al., 2004),
and we did not observe the same phenotype in control-injected
larvae (Figure 3C).

Because the mbp+ membrane ovoids were obvious by 8 hpi
in lysolecithin-injected larvae, we decided to quantify the
percentage of zebrafish demonstrating GFP+ membrane changes
within the dorsal spinal cord at this time point and observed
a significant difference between the control and experimental
groups, with approximately 17% of control zebrafish (n = 6) with
GFP+ membrane changes within the dispersal area as compared
with 60% of zebrafish injected with lysolecithin at 8 hpi (n = 5;
Figure 3E). Additionally, we quantified the number of myelin
ovoid structures within the control and experimental dispersal
regions from 4 to 8 hpi, time points where the GFP+ membrane
was dynamically changing in lysolecithin-injected larvae. In
the lysolecithin-injected larvae, we observed an increase in the
average number of GFP+ membrane ovoids that formed (n = 6
for both groups, at 6 hpi p = 0.0493, Figure 3F).

Because mbp:egfp-CAAX is a stable transgenic line, it is
difficult to visualize individual oligodendrocyte membrane
changes. Therefore, to investigate individual mbp+ membrane
sheath dynamics, we injected a plasmid for mbp:mcherry-CAAX
(Mensch et al., 2015) into one-cell embryos to mosaically label

mbp+ oligodendrocytes in the spinal cord. At 6 dpf, we then
injected either a PBS control solution or lysolecithin posterior
to an mbp+ oligodendrocyte, such that the oligodendrocyte
would reside anterior to the injection site but would be exposed
to the injected solutions (Figure 3G). Using in vivo imaging
with an image acquisition interval of 10 min, we observed
an mbp+ ovoid form at approximately 8.1 hpi within the
lysolecithin-injected group (n = 3; Figure 3G, bottom), but this
phenotype was not observed in the control-injected larvae (n = 2;
Figure 3G, top). Taken together, our results demonstrate that
lysolecithin induces mbp+ oligodendrocyte membrane changes
in the zebrafish spinal cord.

Axons Are Indistinguishable Between
Lysolecithin- and Control-Injected
Larvae
In mammals, previous studies demonstrate that lysolecithin
causes minimal damage to axons (Blakemore et al., 1977;
Keough et al., 2015). To investigate the effects of lysolecithin
on axons in our focal injection model, we injected either a
control solution or lysolecithin into the spinal cord of 4 dpf
Tg(mbp:egfp-CAAX);Tg(cntn1b:mcherry) (Almeida et al., 2011;
Czopka et al., 2013) larvae to label myelin with membrane-
tethered GFP and axons with cytosolic mCherry. This transgenic
line labels axons that have previously been described as being
preferentially myelinated early in development in the zebrafish
spinal cord (Czopka et al., 2013), and therefore, it allows us to
specifically look at axonal integrity in relation to the lysolecithin-
induced demyelination we observe. Using in vivo imaging, we
observed that axons were indistinguishable between the control
(n = 3; Figure 4A) and the lysolecithin-injected larval spinal
cords (n = 2; Figure 4B) at 8 hpi, a time point in which we
previously observed active mbp+ myelin changes via in vivo,
time-lapse imaging (Figure 3D). From these data, we conclude
that the effects observed on mbp+ membrane sheaths within
the lysolecithin group described above were not secondary to
axonal degeneration.

Professional Phagocytes Are Recruited
to Lysolecithin-Induced Lesions
Macrophages and microglia respond to 1% lysolecithin injections
in mammalian models and upon application to the adult zebrafish
optic nerve and injection into the zebrafish spinal cord (Kotter
et al., 2001; Münzel et al., 2014; Cunha et al., 2020). Therefore,
we evaluated if macrophages and microglia were recruited to
the focal lesion in our lysolecithin injection model in the larval
zebrafish spinal cord.

To investigate professional phagocyte recruitment
in our model, we injected either a control solution or
lysolecithin into the spinal cord of 4 and 6 dpf Tg(mbp:egfp-
CAAX);Tg(mpeg1:mcherry) (Almeida et al., 2011; Ellett et al.,
2011) larvae, where mbp+ oligodendrocytes are labeled with
membrane GFP, and macrophages/microglia were labeled with
cytosolic mCherry. In both 4 and 6 dpf larvae, we observed that
mpeg+ cells move quickly throughout the CNS, maneuvering
through mbp+ myelin membrane layers. In an in vivo, time-lapse
movie with an imaging interval of 6 min of a 4 dpf larva injected
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FIGURE 3 | mbp+ membrane changes are observed following exposure to lysolecithin. All images are lateral views of the spinal cord with anterior to the left and
dorsal to the top. (A,B) Expression of mbp:egfp-CAAX appears as sheath-like structures in the dorsal and ventral spinal cords in 4 (A) and 6 dpf (B) zebrafish larvae.
(C) Following injection of a control solution into the spinal cord of a 4 dpf mbp:eegfp-CAAX larva, the mbp+ membrane sheaths remain unchanged throughout the
duration of the time-lapse movie. (D) Following injection of a lysolecithin (experimental) solution into the spinal cord of a 4 dpf mbp:egfp-CAAX larva, the mbp+

sheaths dynamically change to form ovoids (arrowheads). (E) Quantification of the percentage of zebrafish with mbp:egfp-CAAX membrane changes at 8 hpi.
p < 0.0001; n = 6 control; n = 5 experimental. (F) Quantification of the average number of mbp:egfp-CAAX ovoids observed at 4, 6, and 8 hpi demonstrates an
increase in the number of ovoids within the lysolecithin (experimental) group (n = 6) when compared with the control group (n = 6). At 6 hpi, *p = 0.0493.
(G) Mosaically labeled oligodendrocytes by injection of mbp:mcherry-CAAX. Larvae injected with a control solution (control, top) or lysolecithin (exp. group, bottom)
at 6 dpf. Following injection of a control solution (top), the oligodendrocyte remains relatively unchanged throughout the course of the time-lapse movie. In contrast,
an ovoid-like structure is observed within the mbp:mcherry-CAAX+ oligodendrocyte beginning around 8.1 hpi. Red dashed lines denote the spinal cord. Scale bars,
25 µm.
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FIGURE 4 | Axons are indistinguishable between control and lysolecithin-injected larvae. All images are lateral views of the spinal cord with anterior to the left and
dorsal to the top. (A,B) mCherry+ axons (arrowheads) within the control (A) and lysolecithin (experimental) (B) dispersal regions are indistinguishable at 8 hpi. mbp+

ovoids are denoted with open arrowheads. Red dashed lines denote the spinal cord. Scale bars, 25 µm.

with lysolecithin, we observed that maneuvering mCherry+
phagocytes physically displaces mbp+ membrane sheaths while
traversing through the dispersal region within the spinal cord
(Figure 5A and Supplementary Movie 2).

We next quantified the number of mpeg+ phagocytes present
in the lesion area to determine if larvae injected with lysolecithin
had a greater response by professional phagocytes. Following
injection of a control solution or lysolecithin into the spinal
cord of 4 dpf Tg(mbp:egfp-CAAX);Tg(mpeg1:mcherry) larvae,
we saw a modest increase in mpeg+ phagocytes within the
lysolecithin-injected group from 2 to 6 hpi as compared with
control injections (n = 6 control; n = 7 experimental; Figure 5B).
Taken together, these results are consistent with the possibility
that mpeg+ phagocytes are recruited to the lesion area, and this
recapitulates the macrophage/microglia recruitment response
that has been reported in mammalian lysolecithin models (Kotter
et al., 2001; Münzel et al., 2014).

In addition to phagocyte migration toward the lesion,
macrophages and microglia proliferate during demyelination
and inflammation (Chiang et al., 1996; Remington et al.,
2007; Jenkins et al., 2011). To investigate if this occurs in
our lysolecithin model, we injected lysolecithin into the spinal
cord of 4 dpf Tg(mbp:egfp-CAAX);Tg(mpeg1:mcherry) larvae
and performed in vivo, time-lapse imaging with an imaging
interval of 15 min. In these movies, we captured mpeg+ cells
proliferating within the lysolecithin dispersal region (Figure 6A
and Supplementary Movie 3), demonstrating that professional
phagocytes migrate into the lesion and proliferate in response to
the lysolecithin insult.

Because we observed that mbp+ membrane changes
within lysolecithin-injected larvae, we next wanted to
determine if professional phagocytes were responding to

clear oligodendrocyte/myelin debris. To capture the clearance
of oligodendrocyte debris in vivo, we injected lysolecithin into
6 dpf Tg(sox10:mrfp; mpeg1:egfp) larvae and performed in vivo,
time-lapse imaging with an imaging interval of 10 min. As
described above, mpeg+ cells were recruited to the lysolecithin
dispersal region. By 3.6 hpi, we observed mpeg1+ cells with
distinct cytoplasmic vacuoles surrounding sox10+ debris
(Figure 6B and Supplementary Movie 4). Taken together, our
results demonstrate that our focal lysolecithin injection model
in zebrafish recapitulates the professional phagocyte response
previously reported in lysolecithin-injected mammalian models
(Kotter et al., 2001; Kucharova et al., 2011; Rawji and Yong, 2013;
Doring et al., 2015).

Oligodendrocyte Cytoskeleton Dynamics
Following Exposure to Lysolecithin
Actin dynamics are essential for myelin sheath formation (Nawaz
et al., 2015; Samanta and Salzer, 2015; Zuchero et al., 2015).
Specifically, filamentous actin (F-actin) is integral for initiating
myelin wrapping and, upon completion of myelination, is
disassembled from the inner tongue/leading edge and becomes
localized to the lateral edges of the myelin sheath (Nawaz
et al., 2015; Samanta and Salzer, 2015; Zuchero et al., 2015).
Interestingly, actin polymerization is involved in peripheral
myelin fragmentation and ovoid/onion bulb formation following
injury in vitro, and inhibiting actin polymerization prevents
myelin ovoid formation (Jung et al., 2011). Furthermore,
cytoskeletal plasticity was recently identified as an important
component of demyelination, suggesting that mechanisms within
the oligodendrocyte cytoskeleton may be actively involved in
reacting to demyelinating insults (Locatelli et al., 2015).
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FIGURE 5 | Professional phagocytes traverse through mbp+ membrane layers. All images are lateral views of the spinal cord with anterior to the left and dorsal to
the top. (A) Following injection of lysolecithin, a mCherry+ phagocyte is observed traversing through mbp+ membrane layers within the lesion area, physically
moving the layers during its migration. White arrowheads identify the layers that are moved by the phagocyte, and yellow arrowheads denote the myelin ovoids.
(B) Quantification of the average number of professional phagocytes responding to the lesion following injection of a control (control) solution (n = 6) or lysolecithin
(experimental) (n = 7); p = 0.0864. White dashed line denotes the spinal cord. Scale bars, 25 µm.

To investigate actin dynamics within sox10+ oligodendrocytes
in vivo, we imaged with an interval of 10 min, control 6 dpf
Tg(sox10:Gal4);Tg(UAS:Lifeact-gfp) larvae (Helker et al.,
2013) and observed GFP+ F-actin arranged as sheath-like
structures (Figure 7A), reminiscent of the appearance of
mbp+ myelin membrane sheaths (Figure 3). To evaluate
changes in F-actin, we injected lysolecithin into 6 dpf
Tg(sox10:Gal4);Tg(UAS:Lifeact-gfp) larvae, a time point when
the GFP+ sheath-like structures were stable in control-
injected larvae. At 2 hpi, GFP+ F-actin within sox10+ cells
appeared sheath-like. However, by 4 hpi, we observed GFP+
F-actin rearranging from a sheath-like structure to form
ovoid-like structures by 8 hpi (Figure 7B). The arrangement
of the F-actin from sheath-like into ovoid-like structures
is reminiscent of the mbp+ membrane changes described
above and occurred at a similar time point post-injection.
These results suggest that the dynamic responses from
components of the oligodendrocyte cytoskeleton appear to

be involved in the lysolecithin-induced membrane changes that
we observed post-injection.

DISCUSSION

Toxin-Induced Animal Models for
Recapitulating CNS Damage
The use of toxin-induced demyelination models has
been imperative for investigating mechanics underlying
oligodendrogliopathies as well as processes involved in
remyelination (Blakemore et al., 1977; Foote and Blakemore,
2005; Blakemore and Franklin, 2008; Ransohoff, 2012). Although
toxin-induced demyelination models lack an ongoing immune
response, there is a unique advantage of being able to separate
demyelination events from processes underlying remyelination
for studying neurodegenerative disorders, such as MS (Miller
and Fyffe-Maricich, 2010; Ransohoff, 2012). Because of this
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FIGURE 6 | Professional phagocytes proliferate and clear Sox10+ debris. All images are lateral views of the spinal cord with anterior to the left and dorsal to the top.
(A) Following injection of lysolecithin into a 4 dpf zebrafish spinal cord, a mCherry+ phagocyte recruited to the lysolecithin lesion proliferates (arrowheads).
(B) Following injection of lysolecithin into a 6 dpf zebrafish spinal cord, sox10+ debris is cleared by an mpeg+ cell. Arrowheads identify the sox10+ debris within
mpeg+ vacuoles in single z-planes. Yellow dashed lines denote the spinal cord. Scale bars, 25 µm.

spatiotemporal predictableness, toxin-induced demyelination
models can also be useful for screening therapeutic strategies that
promote remyelination (Ransohoff, 2012).

Mammalian models commonly used to study MS, including
EAE and toxin-induced demyelination models, as well as clinical
samples, are not amenable for investigating mechanics and
processes underlying myelin destruction and subsequent repair
in vivo. By developing a focal lysolecithin injection model in
zebrafish, we can visualize mbp+ membrane changes in a live,
intact vertebrate model system and investigate mechanics and
cellular interactions involved in myelin breakdown and repair.
Recently, a paper using injection of lysolecithin into larval
zebrafish trunks also described demyelination, and their data is
similar to ours (Cunha et al., 2020); in the future, we envision
that these focal injection models could be used as a first-pass
drug-screening tool to investigate the safety and efficacy of novel
compounds that either inhibit lysolecithin-induced damage, or
promote its repair, to potentially reveal therapeutic strategies for
treating demyelinating disorders, such as MS.

Observing mbp+ Membrane Changes
in vivo
Intramyelinic vacuoles and fluid accumulation within the
myelin sheath have been reported following lysolecithin-induced
demyelination (Triarhou and Herndon, 1985) and in other

toxin-induced demyelination models (Blakemore, 1973, 1974). In
our focal lysolecithin injection model, we were able to visualize
mbp+membrane changes and observed that these sheaths change
to form ovoid-like vacuoles in vivo, in real time. However, future
studies are needed to confirm that the ovoids we see in our in vivo
imaging assays are from intramyelinic edema (Hirano et al., 1965;
Hirano and Llena, 2006; Kaufmann et al., 2012).

Additionally, the dynamic rearrangement of F-actin within the
oligodendrocyte cytoskeleton suggests that actin polymerization
may be involved with the formation of the mbp+ ovoids
that we observed in our in vivo, time-lapse imaging. Actin
dynamics are essential for myelin sheath formation, and it is
reasonable to assume that they play an integral role in kinetics
underlying myelin membrane breakdown and repair following
a toxin-induced insult. Additionally, after in vitro peripheral
nerve injuries, actin polymerization is involved in the formation
of onion bulbs, and inhibiting actin polymerization prevents
their formation (Jung et al., 2011), demonstrating that actin
polymerization is actively involved in myelin membrane sheath
changes. Mechanisms within the oligodendrocyte cytoskeleton
may also be actively involved in reacting to insults as β-actin
and β-tubulin gene transcription are upregulated in response to
diphtheria-toxin oligodendrocyte death and EAE autoimmune
inflammation (Locatelli et al., 2015). To our knowledge,
there have been no reports on actin dynamics following
lysolecithin-induced damage. Thus, future studies are needed in
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FIGURE 7 | Oligodendrocyte cytoskeletal components dynamically change following exposure to lysolecithin. All images are lateral views of the spinal cord with
anterior to the left and dorsal to the top. (A) In vivo imaging of Tg(sox10:Gal4; UAS:Lifeact-gfp) larvae at 6 dpf. Arrowheads denote the actin in sheath formation.
(B) Following injection of lysolecithin into a 6 dpf Tg(sox10:Gal4; UAS-Lifeact-gfp) zebrafish, in vivo time-lapse imaging reveals that GFP+ F-actin dynamically
changes from a sheath-like arrangement (2 hpi) to forming ovoid-like structures (8 hpi). Arrowheads identify the GFP+ F-actin changes in a sox10+ cell. Scale bars,
25 µm.

our model of demyelination to determine if actin dynamics are
actively rearranging the myelin sheath to form these ovoid-like
structures, or are simply a passive bystander that dynamically
rearranges as a result of the myelin sheath changes following
lysolecithin-induced damage.

Professional Phagocyte Response
Following Lysolecithin Insult
A previous report demonstrates a rapid recruitment of
macrophages and microglial cells following injection of
lysolecithin into the mouse spinal cord (Ousman and David,
2000). In the study by Ousman and David (2000), phagocytes
were observed within the injection region by 6 hpi, and
ultrastructural analysis at 4 dpi revealed macrophages containing
myelin debris. Microglia/macrophages have also been shown to

proliferate extensively in early demyelination (Matsumoto et al.,
1992; Schönrock et al., 1998; Raivich and Banati, 2004) as well as
in the EAE model (Rinner et al., 1995) and lysolecithin-induced
demyelination in primates (Dousset et al., 1995). In the adult
zebrafish optic nerve as well as the larval spinal cord, there is an
increase in the number of professional phagocytes (Münzel et al.,
2014; Cunha et al., 2020).

In our model, we also observe that mpeg1+ professional
phagocytes respond to the injection region rapidly. The mpeg1+
professional phagocytes migrated to the lesion and proliferated,
as previously reported in a primate model of lysolecithin-
induced demyelination (Dousset et al., 1995). Since lysolecithin
acts as a chemotactic factor for peripheral macrophages (Quinn
et al., 1988), we expected to see an increase in the number of
phagocytes within the lysolecithin lesion. Although there was an
increase in the average number of professional phagocytes that
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we observed from 2 to 6 hpi, the results were not statistically
significant between the control and lysolecithin-injected larvae,
likely because the control larvae also experienced an injury from
the injection site.

Phagocytes have been described as having both beneficial and
detrimental roles in MS (Huitinga et al., 1990; Bitsch et al., 2000;
Hinks and Franklin, 2000; Ousman and David, 2000; Arnett et al.,
2001; Copelman et al., 2001; Kotter et al., 2001, 2005; Lassmann
et al., 2001; Mason et al., 2001; Hill et al., 2004; Rose et al.,
2004; Lampron et al., 2015; Domingues et al., 2016). Zebrafish
offer a unique advantage for investigating the transition from
beneficial phagocytic responses to detrimental behaviors in vivo
as macrophages can be depleted using a nitroreductase genetic
model (Pisharath et al., 2007; Curado et al., 2008; Pisharath and
Parsons, 2009), allowing for inducible and reversible depletion
of mpeg1+ cells. Escherichia coli nitroreductase can be expressed
under the control of the mpeg1 promoter (Palha et al., 2013;
Travnickova et al., 2015) by crossing Tg(mpeg1:Gal4FF)gl25 (Ellett
et al., 2011) and Tg(UAS:nfsB-mCherry)c26 (Davison et al., 2007)
lines together. To initiate cell depletion, larvae are immersed
in the prodrug metronidazole, and nitroreductase converts the
metronidazole into a cytotoxin, resulting in cell death. The effects
are reversible upon removing the zebrafish from the prodrug
solution. This genetic ablation model allows for spatial and
temporal control over cell ablation and can be used in our focal
lysolecithin injection model to investigate the impact that the
absence of mpeg1+ cells has on de- and remyelination events
in real time, in a living vertebrate organism, feat mammalian
systems currently cannot offer. These types of experiments will
provide us with a better understanding about the roles and
temporal dynamics of professional phagocytes in lysolecithin-
induced injury and repair.

In conclusion, the lysolecithin injection model we developed
using zebrafish larvae recapitulates phenotypes that have
been described in mammalian systems following injection of
lysolecithin, with a major advantage of being able to visualize
damage in real time, in vivo. An important difference is that our
study uses larvae and most mammalian studies utilize adults.
Future studies investigating the temporal dynamics of juvenile
mammalian demyelination would be interesting given the rapid
responses we see in our model. Finally, this focal injection
model may become a useful drug-screening assay for revealing
therapeutic strategies that help to prevent damage in myelinating
glia or accelerate and enhance repair kinetics following damage.

EXPERIMENTAL PROCEDURES

Fish Husbandry
Animal studies were approved by the University of Virginia
Institutional Animal Care and Use Committee. Zebrafish strains
used in this study included Tg(mbp:egfp-CAAX) (Almeida
et al., 2011), Tg[sox10(7.2):mrfp]vu234 (Kucenas et al., 2008),
Tg(cntn1b:mCherry) (Czopka et al., 2013), Tg(mpeg1:mCherry)
(Ellett et al., 2011), Tg(mpeg1:egfp) (Ellett et al., 2011),
Tg(sox10:nls-eos) (McGraw et al., 2012), Tg(sox10:Gal4-
vp16) (Chung et al., 2013), and Tg(UAS:Lifeact-GFP)mu271

(Helker et al., 2013). Table 1 identifies the expression of all
lines used in this study. Embryos were produced by pairwise
matings, raised at 28.5◦C in egg water, staged according to
hpf or dpf, respectively, and embryos of either sex were used
for all experiments (Kimmel et al., 1995). Embryos used for
lysolecithin injections, immunohistochemistry, and microscopy
were treated with 0.003% phenylthiourea (PTU) in egg water to
inhibit pigmentation.

Individual Oligodendrocyte Labeling
To mosaically label oligodendrocytes, one-cell embryos were
injected with 12.5 ng/µl of a DNA plasmid encoding for
mbp:mcherry-CAAX (Mensch et al., 2015) (courtesy of Lyons)
and 25 ng/µl transposase RNA.

Spinal Cord Injections
Lysolecithin (1-palmitoyl-Sn-glycero-3-phosphocholine, Sigma
L5254-25mg) was dissolved in saline at a 1% stock concentration
and stored at −20◦C. Thin wall glass microcapillaries (World
Precision Instruments, Inc., glass thin wall with filament 1.0 mm
OD, four in lengths, Item No. TW100F-4) were pulled for
microinjections using a micropipette puller (Sutter Instrument
Co., Flaming/Brown Micropipette Puller, Model P-97), and the
capillary tip was opened using forceps (Student Dumont #5 Inox
Forceps, Fine Science Tools, Item #91150-20). For experimental
injections, lysolecithin was diluted to 0.875% concentration
in saline and loaded into the glass microcapillary using a
MicroloaderTM tip (Eppendorf Catalog No. 5242956003). For
control injections, water or saline was loaded into the glass
microcapillary using a MicroloaderTM tip. Larvae 4–6 dpf were
anesthetized using 3-aminobenzoic acid ester (Tricaine) and
mounted laterally onto 2% agar pads solidified onto a borosilicate
glass coverslip (22 mm × 60 mm; Fisherbrand Cover Glasses:
Rectangles, Catalog No. 12-545-J). The coverslip with mounted
larvae was placed onto a Zeiss Axio Observer Z1 microscope
stage equipped with an ASI MPPI-3 pressure injection rig
and mechanical micromanipulator. The micropipette needle,

TABLE 1 | Descriptions and abbreviations of transgenic lines used in this study.

Transgene name Description of expression

Tg(mbp:egfp-CAAX ) Membrane eGFP in mbp+ cells (oligodendrocytes)

Tg(mpeg1:mcherry) Cytosolic mCherry in mpeg+ cells (macrophages,
microglia)

Tg(mpeg1:egfp) Cytosolic eGFP in mpeg+ cells (macrophages,
microglia)

Tg(sox10:nls-eos)w18 Nuclear localized Eos in sox10+ cells (OPCs,
oligodendrocytes)

Tg(sox10:mrfp)vu234 Membrane RFP in sox10+ cells (OPCs,
oligodendrocytes)

Tg(sox10:Gal4) Gal4 specifically expressed in sox10+ cells (OPCs,
oligodendrocytes)

Tg(UAS:Lifeact-gfp)mu271 UAS promoter driving Lifeact-GFP to label
filamentous actin (F-actin)

Tg(cntn1b:mcherry) Cytosolic mCherry in mature neurons and axons

All lines were stable, germline transgenics. Only cell types pertinent to this study
are listed for each transgene.
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containing either the control or lysolecithin solution, was
inserted into the larvae, starting from the dorsal spinal cord
and moving ventrally within the spinal cord, between somites
16 and 18. Solutions were dispersed passively into the spinal
cord at a pressure range below 16 psi, until the dispersal
region spanned the width of one to two somites. Following
injections, the glass coverslip containing the mounted larvae
was removed from the microscope stage and placed into a
Petri dish (Falcon Sterile Petri Dish, 100 mm × 15 mm style,
REF 351029) with egg water. The coverslip and larvae were
completely submersed in egg water until the agar pad was
saturated, resulting in the larvae floating off the agar pad.
A pipette pump (Bel-Art, Scienceware Pipette Pump 10 ml
Pipettor, Cat. No. 378980000) with a 2 ml glass Pasteur pipet
tip (VWR Pasteur Pipet Disposable BBD Borosilicate Glass, 5
3/4 inch size, Cat. No. 53283-916) was used to transfer the
larvae into a separate Petri dish with egg water to allow the
larvae to recover.

In vivo Imaging
All embryos used for live imaging were transferred to egg water
containing PTU at 24 hpf to inhibit pigment formation. At
specified stages, embryos and larvae were anesthetized using
3-aminobenzoic acid ester (Tricaine), immersed in 0.8% low-
melting point agarose, and mounted on their sides in glass-
bottomed 35 mm Petri dishes (Electron Microscopy Sciences).
Images were captured using either a 40× (numerical aperture
1.2) or a 63× (numerical aperture 1.2) water-immersion objective
mounted on a motorized Zeiss Axio Observer Z1 microscope
equipped with a Quorum WaveFX-X1 spinning disc confocal
system (Quorum Technologies). For time-lapse imaging, z-stacks
were collected at specified intervals, and three-dimensional
datasets were compiled using MPEG-4 video compression at
10 frames per second (fps) and exported to QuickTime (Apple)
to create movies. Image adjustments were limited to contrast
enhancement and level settings using MetaMorph software,
Adobe Photoshop, and ImageJ.

Whole Mount Immunohistochemistry
Larvae were fixed in AB Fix [4% paraformaldehyde (PFA), 0.1%
Triton-X 100, 1× PBS] for either 3 h at 23◦C or overnight
at 4◦C, followed by a 5-min wash with PBSTx (1% Triton X-
100, 1× PBS), a 5-min wash with DWTx (1% Triton X-100
in distilled water), a 5-min wash with acetone at 23◦C, a 10-
min wash with acetone at −20◦C, and three 5-min washes with
PBSTx. Larvae were preblocked in 5% goat serum/PBSTx for at
least 1 h and incubated in primary antibody for 1 h at 23◦C
and overnight at 4◦C. The primary antibody used in this study
was a rabbit antibody to Sox10 (1:5,000) (Binari et al., 2013).
Larvae were washed extensively with 1× PBSTx and stored in
50% glycerol–PBS at 4◦C until imaging. Larvae were mounted
on their sides in 0.8% low-melting point agarose on glass-
bottomed 35 mm Petri dishes and imaged using the confocal
microscope described above. Image adjustments were limited
to contrast enhancement and level settings using MetaMorph
software, Adobe Photoshop, and ImageJ.

Data Quantification and Statistical
Analysis
All graphically presented data represent the mean of the
analyzed data. Statistical analyses and graphing were performed
with GraphPad Prism software. The level of significance was
determined by using an unpaired t-test or a chi-square test using
a confidence interval of 95%. The data in plots and the text are
presented as mean± SEM.
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Supplementary Movie 1 | Sox10+ cells proliferate and migrate after injection of
lysolecithin into the larval spinal cord. Panels are partially overlapping regions of
the spinal cord in lysolecithin-injected (blue region) 4 dpf Tg(sox10:nls-eos) larvae
imaged from 2 to 10 hpi. The right edge of the left panel is the left edge of the right
panel. OLC proliferation is denoted by pink arrowheads (left panel), and a
migratory OLC is denoted by a green dot (both panels). Images were taken every
8 min, and the movie runs at 10 fps.

Supplementary Movie 2 | mpeg+ phagocytes migrate through myelin layers in
lysolecithin-injected spinal cords. Lysolecithin was injected into 4 dpf
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Tg(mbp:egfp-CAAX);Tg(mpeg1:mcherry) larvae imaged from 2 to 10 hpi. Yellow
box denotes the site of injection. Pink arrowheads denote the mpeg+ cells moving
through myelin layers. Images were taken every 6 min, and the
movie runs at 10 fps.

Supplementary Movie 3 | mpeg+ phagocytes proliferate in lysolecithin-injected
spinal cords. Lysolecithin was injected into 4 dpf

Tg(mbp:egfp-CAAX);Tg(mpeg1:mcherry) larvae imaged from 2 to 10 hpi. Images
were taken every 15 min, and the movie runs at 10 fps.

Supplementary Movie 4 | mpeg+ phagocytes engulf sox10+ debris in
lysolecithin-injected spinal cords. Lysolecithin was injected into 6 dpf
Tg(sox10:mrfp);Tg(mpeg1:egfp) larvae imaged from 2 to 20 hpi. Images were
taken every 10 min, and the movie runs at 10 fps.
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