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A B S T R A C T

Oxysterols have essential effects on brain homeostasis and their levels are often altered in neurodegenerative and
neuroinflammatory diseases. Several studies have demonstrated the cytotoxic effects of 25-HC on different cell
lines, however, not much is known about its effects on neurons in vivo. In this study, we examined the effects of
25-HC exposure on the nervous system development in the zebrafish. We showed that survival rate of zebrafish
embryos/larvae is significantly decreased at doses of 25-HC above 40 μM. 25-HC was found to affect the motility
of zebrafish larvae, primary motor axon and muscle morphology. Furthermore, larvae treated with 25-HC
showed a reduced neuronal network and number of HuC-positive cells in the brain. An increased cell death was
also observed in both the brain and spinal cord of zebrafish treated with 25-HC. Interestingly, administration of
25-HC at later stages of development (24 and 48 h post fertilization) had no detrimental effects on motor axons.
Altogether, our findings show that elevated levels of 25-HC may have important consequences on neuronal
development and cell survival.

1. Introduction

Cholesterol plays an essential role in the development and main-
tenance of neuronal development and function. Particularly, it is in-
volved in the biophysical properties of membranes and biogenesis of
synapses (Pfrieger, 2003; Zhang and Liu, 2015). As a part of its path-
ways of function, cholesterol is metabolized to different natural oxy-
sterols including 24-hydroxycholesterol, 25-hydroxycholesterol and 27-
hydroxycholesterol (Accad and Farese, 1998; Bjorkhem et al., 1994;
Lutjohann et al., 1996; Wolf, 1999). 24-hydroxycholesterol (24-HC)
regulates the expression of enzymes involved in brain cholesterol
homeostasis (Bjorkhem et al., 1998; Lutjohann et al., 1996). It has re-
cently been shown to be important in midbrain dopaminergic neuro-
genesis (Theofilopoulos et al., 2019, 2013). 25-hydroxycholesterol (25-
HC), on the other hand, is a stronger suppressor of sterol synthesis
(Brown and Goldstein, 1974; Peet et al., 1998). It is produced by the
enzyme cholesterol 25-hydroxylase (CH25H) by cells in response to
alterations in cholesterol levels and also during infections. It acts as an
amplifier of inflammatory responses and has multiple effects on lipid
metabolism (Bauman et al., 2009; Gold et al., 2014, 2012; Liu et al.,
2013; Ma et al., 2008; Wang et al., 2012). 25-HC regulates the activity
of the sterol regulatory element binding proteins (SREBPs) and the liver
X receptors (LXRs) signaling pathway by reducing cholesterol synthesis

and increasing its efflux and elimination (Accad and Farese, 1998;
Radhakrishnan et al., 2007).

Elevated oxysterols production has been implicated in several dis-
ease conditions (Jusakul et al., 2011; Kuver, 2012). For instance, the
level of 24-HC has been shown to increase in patients with Alzheimer’s
disease (Kolsch et al., 2003; Papassotiropoulos et al., 2000;
Schonknecht et al., 2002). Indeed, the implication of 24-HC in Alzhei-
mer’s pathogenesis and neuronal death have been well-documented
(Brown et al., 2004; Gamba et al., 2011; Johansson et al., 2004;
Papassotiropoulos et al., 2003; Sun et al., 2016; Testa et al., 2016;
Yamanaka et al., 2011). 25-HC has also been found at high levels in
neurological diseases such as amyotrophic lateral sclerosis (ALS) (Kim
et al., 2017), neuromyelitis optica (Cha et al., 2016), spastic paraplegia
type 5 (Marelli et al., 2018) and X-linked adrenoleukodystrophy (Jang
et al., 2016). An amplified production of 25-HC has been observed upon
viral infections (Blanc et al., 2013; Li et al., 2017; Liu et al., 2013;
Shrivastava-Ranjan et al., 2016). However, the link between neuronal
damage/loss and 25-HC in neurological diseases and/or viral infections
is unclear. Interestingly, several reports have shown that 25-HC causes
toxicity in different cell lines such as PC12 cells (Chang and Liu, 1997),
murin CATH.a neuronal cell line (Waltl et al., 2013) and oligoden-
drocyte 158 N cell line (Trousson et al., 2009). These findings remain to
be validated in vivo.

https://doi.org/10.1016/j.neuro.2019.08.007
Received 28 January 2019; Received in revised form 16 August 2019; Accepted 16 August 2019

⁎ Corresponding author at: INRS- Institut Armand-Frappier, 531 Boulevard des Prairies, Laval, Quebec, H7V 1B7, Canada.
E-mail address: kessen.patten@iaf.inrs.ca (S.A. Patten).

Neurotoxicology 75 (2019) 14–23

Available online 23 August 2019
0161-813X/ © 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/0161813X
https://www.elsevier.com/locate/neuro
https://doi.org/10.1016/j.neuro.2019.08.007
https://doi.org/10.1016/j.neuro.2019.08.007
mailto:kessen.patten@iaf.inrs.ca
https://doi.org/10.1016/j.neuro.2019.08.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuro.2019.08.007&domain=pdf


Zebrafish is a powerful model organism for neurodevelopment and
toxicity studies (Hill et al., 2005; Lele and Krone, 1996). They offer
unique advantages such as simple, fast, cost-effective, and faithful
model for both neurodevelopmental and toxicological studies. The
zebrafish cholesterol 25-hydroxylase gene, ch25hb, has been identified
as the homolog to the mammalian CH25H gene via synteny, phyloge-
netic and identity/similarity studies (Pereiro et al., 2017). Also, the
nuclear receptor of 25-HC, LXR is highly conserved in zebrafish and has
been shown to have a very similar ligand specificity to oxyterols as the
human and mouse LXRs (Reschly et al., 2008). The aim of the present
study was to explore the effects of 25-HC on the neuronal survival in
vivo using the zebrafish model. We show that 25-HC affects early neu-
rodevelopment, and motility with an increased cell death in the brain
and spinal cord.

2. Materials and methods

2.1. Zebrafish maintenance

Wild-type (AB/TL strain), isl1-GFP (Higashijima et al., 2000) and
huc-GFP (Park et al., 2000) trangenic zebrafish (Danio rerio) were bred
and maintained according to standard procedures (Westerfield, 1995).
For immunohistochemical studies, pigment formation was blocked by
adding 0.003% phenylthiourea (PTU) dissolved in egg water at 24 h
after fertilization (hpf). All experiments were performed in compliance
with the guidelines of the Canadian Council for Animal Care and our
local animal care committee.

2.2. 25-hydroxycholesterol treatment and analysis

Embryos were treated with 25-hydroxycholesterol (25-HC; Sigma-
Aldrich, St-Louis) at concentrations (2 μM, 5 μM, 10 μM, 20 μM, 40 μM,
50 μM, 60 μM, 80 μM and 100 μM) as of 4 hpf and exposed over four
days postfertilization (dpf). The stock of 25-hydroxycholesterol was
prepared at 1mg/ml and stored at −20 °C. For each experimental trial,
embryos were obtained and pooled from the spawning adults held in
three mating tanks (2–3 couples/tank) overnight and considered as
N=1. Embryos were treated with different concentrations of 25-hy-
droxycholesterol in batches of 20 embryous (n=20), over 10 replicates
(N= 10) and quantified for survival, hatching, gross morphological
and behavioural changes. For the imaging analyses, each treatment
group consisted of n=7 fish and the tests were repeated 3–4 times
(N=3–4). Experiments for each N were conducted independently on
different spawning days. The survival and hatching rates of the embryos
were assessed. Brain neuronal morphology following treatments were
analyzed in huc:GFP and isl1:GFP transgenics at 2 dpf. Briefly, 2 dpf
zebrafish were fixed in 4% paraformaldehyde overnight at 4 °C and
then analyzed for differences using a Zeiss LSM780 confocal micro-
scope. Behavioral responses were also assessed at 20 hpf and 2 dpf.

2.3. Motor activity measurements

20 hpf embryos were embedded in low melting agarose and their
movements inside the chorion were recorded using a camera for 20min
during which time they were kept hydrated. The Danioscope software
(Noldus) was then used to quantify the percentage of time the embryos
were active, the number of coils and coil duration. Behavioral touch
responses were also monitored at 2 dpf. Briefly zebrafish larvae were
touched lightly at the level of the tail with a pair of blunt forceps and
their response to touch was visualized and captured using a Leica S6E
stereoscope mounted with a camera, at 60 frames-per-seconds. At later
stages (5dpf), larvae were transferred individually into a 96-well plate
and activity was recorded over light-dark cycles using Basler GenIcam
camera and DanioVision recording chamber (Noldus). Analysis was
performed using the Ethovision XT 12 software (Noldus) to quantify the
distance swam.

2.4. Motor axonal visualization

Immunohistochemical analyses were performed on 2 dpf zebrafish
to visualize axonal projections of motor neurons. The embryos at 2 dpf
were fixed in Dents (20% DMSO and 80% Methanol) overnight at 4 °C.
After fixation, the embryos were rehydrated with serially decreasing
concentrations of Methanol in PBST (75%, 50% and 25%) for 30min.
each and then rinsed several times (1 h) with PBST (0.1% Tween).
Following this, embryos were incubated in block solution (2% BSA and
10% NGS in PBST) for 1 h and primary antibody was added to it (anti
acetylated tubulin, 1:500, Sigma-Aldrich) and was incubated overnight
at 4 °C. The next day, embryos were rinsed with PBST (0.1% Tween)
and blocked again for 1 h (2% BSA and 10% NGS in PBST); secondary
antibody (Alexa fluor 488, 1:1000, Invitrogen) was then added and
incubated overnight at 4 °C as before. Embryos were rinsed the fol-
lowing day with PBST (1 h) again and mounted on a glass slide in 80%
glycerol. Z-stack images were taken using a Zeiss LSM 780 confocal
microscope.

2.5. Mauthner cell, muscle and α-bungarotoxin staining

Immunohistochemical analyses were performed on 2 dpf zebrafish
to visualize the Mauthner cells in the zebrafish hindbrain, muscle
morphology and the postsynaptic receptors at the neuromuscular
junctions.

Embryos (2 dpf) were fixed in 4% paraformaldehyde (PFA) over-
night at 4 °C. After fixation, the embryos were rinsed two times for ten
minutes each with PBST (0.1% Tween). Following this, embryos were
incubated in collagenase (1mg/ml in PBS) for 30min. and then the
collagenase was rinsed several times with PBST (0.5% Triton-X). The
embryos were then incubated in block solution (2% NGS, 1% BSA, 1%
DMSO, 1% Triton) for 1 h and finally the fish were incubated with PBST
containing 10ug/ml sulforhodamine-conjugated α bungarotoxin
(Molecular Probes), which binds irreversibly to acetylcholine receptors,
for 30min. The embryos were then rinsed several times with PBST
(0.5% Triton-X) and then imaged.

For visualization of muscles using phalloidin staining, embryos were
fixed as above, followed by permeabilization in 2% Triton X-100/PBS
for 1.5 h and incubation in 1:20 Alexa-Fluor 488 conjugated phalloidin
(Invitrogen) overnight at 4 °C on a mild shaker. Embryos were then
rinsed and imaged.

For Mauthner cells staining, after fixation, the embryos were rinsed
multiple times with PBST (0.5% Triton-X) followed by dH2O – triton-X
(0.5%). They were then incubated acetone (100%) at – 20 °C for 10min.
Following this the embryos were rinsed with PBST (0.5% Triton-X) and
PBS-DT (1% BSA, 1% DMSO, 0.5% Triton-X) and further blocked in 5%
NGS in PBS-DT for 1 h. Primary antibody (anti-3A10, 1:200; The
Developmental Studies Hybridoma Bank, University of Iowa) was
added to the blocking solution and incubated overnight at 4 °C. The
next day, embryos were rinsed with PBS-DT and secondary antibody
(Alexa fluor 488, 1:1000; Invitrogen) was then added and incubated
overnight at 4 °C as before. Embryos were rinsed and imaged with a
Zeiss LSM 780 confocal microscope.

2.6. TUNEL staining

2 dpf fish were fixed in 4% PFA and then serially dehydrated and
rehydrated with 25, 50 and 75% MeOH in PBST (0.1% Tween) and
rinsed with PBST several times. The embryos were then digested with
Proteinase K (10 μg/ml) for 20min., followed by rinses with PBST and
re-fixed with 4% PFA for 20min. This was followed by 2 quick washes
and 3 long washes of 20min. in PBST (1% Triton-X), then were rinsed
again with PBS and incubated in TUNEL reaction mix (as directed by
the manufacturers; Sigma-Aldrich) for 1 h at 37 °C. The embryos were
then mounted and imaged under a Zeiss LSM 780 confocal microscope.
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2.7. Acridine Orange staining

Embryos at 48 hpf were placed in independent wells of a 6 well
plate with Acridine Orange (Sigma-Aldrich) at room temperature with
Acridine Orange 1X for 30min in E3 medium. Acridine Orange stock
was prepared at 1mg/ml (100X) in milliQ water and stored at -20C
(light protected). The embryos were then washed 3 times for 10min
with E3 medium. They were then treated with tricaine and dead cells
were visualised under a Nikon, Eclipse Ti-S compound microscope.

2.8. Late 25-HC exposure treatments

Zebrafish at 24 hpf and 2 dpf were also treated overnight with 25-
HC (10 μM and 40 μM) to assess the effects of 25-HC at later stages once
major developmental processes have taken place. Following, 25-HC
treatments, the larvae were assessed for cell death and neuronal defects.

2.9. Statistical analysis

All data values are given as means ± S.E.M. Signicance was de-
termined using One-way ANOVA followed by a Tukey post-hoc multiple
comparisons test for normally distributed and equal variance data.
Kruskal-Walllis ANOVA and Dunn’s method of comparison were used
for non-normal distributions. Statistical analysis was done using
GraphPad prism.

3. Results

3.1. 25-hydroxycholesterol (25-HC) affects development and is lethal upon
chronic exposure at higher doses

Zebrafish embryos (2–4 cell-stage) were treated with a range of nine
concentrations of 25-HC- 2, 5, 10, 20, 40, 50, 60, 80, 100 μM over a
period of 4 days and analyzed daily for their survival rate, hatching rate
and gross morphology. Effects of 25-HC exposure on survival rate,
hatching rate and morphology in zebrafish embryos-larvae are shown in
Fgure 1. Compared to controls, no significant change in mortality was
observed at 24–96 hpf for 2–40 μM 25-HC treatment groups. However,
survival rates were significantly decreased at high doses of 25-HC
(50–100 μM) leading to death in 100% of the embryos at as early as 2
dpf in 80 μM and 100 μM treatment groups (Fig. 1A). Embryos exposed
to 25-HC treatments caused visible morphological defects like a curved
spine and mild to extreme pericardial edema, but no apparent change in
the whole body size at 0–40 μM (Fig. 1C). Total morphological defect
rates were increased in the 40 μM 25-HC group and beyond. At higher
concentrations beyond 40 μM the embryos died at two- and three-days
post fertlization deeming it impossible to use them for early develop-
mental studies (Fig. 1A). Hatching rates were not significantly affected
upon 25-HC exposure up to 40 μM concentration (Fig. 1B). Thus, in
order to further investigate the effects of 25-HC on the zebrafish ner-
vous system during early developmental stages, a representative low
and high dose (10 μM and 40 μM) at which the embryos survived with
relatively consistent developmental effects were chosen in the follow-
up study.

3.2. 25-HC affects early motility in zebrafish larvae

To assess for any impact of chronic exposure of 25-HC on the ner-
vous system, we first evaluated motor behaviours of zebrafish embryos
and larvae. Interestingly, early spontaneous coiling of the embryos
showed a decreasing trend with a significantly low coiling at 40 μM
(Fig. 2A). A similar aberrant motor behavior was also observed at 2 dpf,
where, in a touch-evoked swimming response of the larvae exposed to
10 and 40 μM 25-HC, the larvae exposed to 40 μM concentration barely
moved upon being touched (Fig. 2C). At 5 dpf, we observed a sig-
nificantly decreased in motor activity in larvae treated with 10 μM 25-

HC and no motility in fish exposure chronically to 40 μM 25-HC
(Fig. 2B). Besides the motility defects, zebrafish larvae exposed to 40
μM 25-HC displayed abnormally shortened motor neuron axonal pro-
cesses (Fig. 3A). Additionally, the 40 μM 25-HC treatment disrupted
neuromuscular junctions (Fig. 3B) and muscle morphologies (Fig. 3C).
Specifically, we observed an abnormal clustering of postsynaptic re-
ceptors at the middle of the each somite (Fig. 3B, marked by arrows).
Larvae exposed to a lower concentration of 25-HC had no significant
difference in motor axonal morphology (Fig. 3A), number of post-
synaptic receptors at neuromuscular junctions (Fig. 3B) and muscle
morphology (Fig. 3C) compared to controls. We did not observe major
changes in the morphology of the Mauthner cells (Supplementary
Fig. 1A). This data suggest that high levels of 25-HC may have severe
consequences on early development of the motor system primarily at
the motor axon level.

3.3. 25-HC alters central nervous system development in zebrafish and
results in cell death

We next sought to further assess the effects of elevated levels of 25-
HC on the central nervous system. To do so, we took advantage of the
[huc:GFP] transgenic line that expresses GFP in all post-mitotic neu-
rons. The comparison of the general structure of the larval brain at 2 dpf
showed a decrease in head size (Fig. 4A) and a decrease in the neuronal
population in the brain, more distinctly at 40 μM than at 10 μM
(Fig. 4B).

We next examined the cranial motor neurons in the zebrafish larvae
exposed to 25-HC using the [isl1:GFP] transgenic line. Zebrafish ad-
ministered with 40 μM 25-HC exhibited a severe reduction in position
and number of trigeminal (nV) and facial (nVII) branchiomotor neuron
populations at 2 dpf compared to controls. Furthermore, in these fish
the vagal (nX) motor neurons displayed aberrant medio-lateral posi-
tioning and cell-to-cell spacing (Fig. 4D). Although, zebrafish exposed
to 10 μM 25-HC exhibited an abnormal positioning of facial (nVII)
branchiomotor neuron populations, these defects were less severe
compared to fish exposed to a higher level of 25-HC (Fig. 4D). We also
analyzed the cranial axons using an acetylated tubulin marker that
stains mature neurites. Treatment with 25-HC led to an overall decrease
in the number of cranial axons. At the higher dose, staining with
acetylated tubulin is nearly abolished in axons of the optic tectum and
trigeminal ganglion cells (Fig. 4C). 25-HC exposure led to a significant
increase in apoptotic cells in both the brain and spinal cord and in a
dose dependent manner, as compared to untreated larvae (Fig. 5,
Supplementary Fig. 1B, C).

3.4. Late exposure to 25-HC had no effect on zebrafish neurodevelopment

We next tested whether 25-HC-induced defects are dependent on
the stage of development at which administered. Zebrafish embryos
were treated with 25-HC at 24 hpf and 2 dpf and analysed at 2 dpf and 3
dpf respectively for any anomalies. Interestingly, no significant death or
alteration in motor axonal features was observed if 25-HC is adminis-
tered after 24 hpf or 2 dpf, when many development processes have
initiated or occurred (Supplementary Figs. 2 and 3B). However, the
axonal neural network in the brain is more disorganized in 25-HC
treated fish compared to controls (Supplementary Fig. 3A).

4. Discussions

Several studies have reported the toxicity effects of exogenously
added 25-HC in vitro (Chang and Liu, 1997; Trousson et al., 2009; Waltl
et al., 2013). However, the cellular effects of 25-HC remain to be as-
sessed in vivo. In the present study, we explored the effects of 25-HC on
the nervous system in vivo using the zebrafish model. We showed that
25-HC affects early neurodevelopment and motility with an increased
cell death in the brain and spinal cord. Late administration of 25-HC
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had no major impact on the zebrafish nervous system.
25-HC is a known ligand of the nuclear receptors, LXRs (Janowski

et al., 1999) that play important roles in multiple metabolic pathways
(Hong and Tontonoz, 2014; Korach-Andre and Gustafsson, 2015). It
also acts as an inverse agonist for the retinoid-related orphan receptor
alpha (RORα) (Bitsch et al., 2003; Fitzsimmons et al., 2012; Tuong
et al., 2016). RORα has been shown to play an essential role in the
development of the central nervous system (Dussault et al., 1998;
Hamilton et al., 1996). For example, RORα-deficient mice exhibit the
cerebellar developmental defects and an impaired motor coordination

(Hamilton et al., 1996). A reduction of neurons in the zebrafish brain
upon exposure to 25-HC could very likely be the results of its antagonist
effect on RORα and the hampering of its function during neurodeve-
lopment. Moreover, 25-OH can cause alterations of the cytoskeletal
organization (Olivier et al., 2017) and this could plausible explain the
neuronal network defects observed in the 25-HC treated zebrafish.

In our study, in addition to neuronal defects, we also observed an
increased cell death upon 25-HC treatment in zebrafish brain and spinal
cord. This observation is consistent with the cytotoxic effects of 25-HC
reports in several in vitro studies. Engel and colleagues (Engel et al.,

Fig. 1. 25 Hydroxycholesterol affects development and is lethal upon chronic exposure at higher doses: The percentage of embryos surviving decreases (A)
and hatching among the surviving embryos is delayed (B) with increase in the concentration of 25−HC. (C) morphological defects in development of the embryos at
2 dpf (days post fertilization), viewed and imaged using a bright field microscope. Defects get severe with increasing concentration of 25-HC. (D) The percentage of
dead embryos and larvae with abnormal phenotypes (with heart edema and curved tails) increases in a dose dependent manner upon chronic exposure.
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2014) demonstrated that 25-HC can trigger reactive oxygen species
production. Furthermore, 25-HC has been reported to regulate the ex-
pression of inflammatory factors such as cytokines (Gueguen et al.,
2001; Koarai et al., 2012). It is possible that cell death upon 25-HC
treatment in zebrafish is mediated by the stimulation of inflammation
or oxidative stress. Interestingly, several neurological defects such as
brain lesions, cognitive impairement, axonopathy of the spinal cord,
motor dysfunction are associated with childhood X-linked adrenoleu-
kodystrophy (Engelen et al., 2012; Liberato et al., 2019). In these pa-
tients, an aberrant elevated production of CH25H and 25-HC has been
demonstrated (Jang et al., 2016). It has also been shown that 25-HC
mediates the neuroinflammation of X-ALD and neuronal cell death via
activation of the NLRP3 inflammasome (Jang et al., 2016). Importantly,
also 25-HC production is amplified upon virus infection and recent
studies have shown that 25-HC can inhibit infection by various

pathogenic viruses (Blanc et al., 2013; Li et al., 2017; Liu et al., 2013;
Shrivastava-Ranjan et al., 2016) including Zika virus (Li et al., 2017). It
thus possible that the neurological defects and cell death observed in
zebrafish upon 25-HC treatments could be due to inflammatory re-
ponses and this warrants further investigations. Our findings also raise
the concern of the consequences of a viral infection and elevated 25-HC
levels during human embryonic development, particularly in the case of
Zika virus infection and the associated brain defects.

In this study, we showed that 25-HC treatments resulted in ab-
normal motor neuron morphology and impaired zebrafish motility.
Additionally, we found that exposure to 25-HC also affects neuromus-
cular junctions and muscles morphology. Interestingly, similar aberrant
motor axonal and behavioural phenotypes have been observed in zeb-
rafish models of ALS as early as 2 dpf (Kabashi et al., 2010; Patten et al.,
2014). 25-HC has been reported to be present at higher levels in the

Fig. 2. 25-HC affects early motility in zeb-
rafish larvae: (A) Representation of the
number of early spontaneous coiling of the
larvae at 20 hpf (hours post fertilization)
treated with 25-HC. There is a decrease in a
dose dependent manner. (B) The distance
moved by 5 dpf larvae upon treatment with 25-
HC were assessed using the Ethiovision soft-
ware, show a highly significant reduction in a
dose dependent manner. (C) The figure re-
presents motion snapshots of touch response in
two representative trials (1,2) (N= 10) over
120 miliseconds (ms). At 40 μM, the larvae also
have very little to no escape response to touch
at 2 dpf. All comparisons are performed with
control, each trial has a N of 7 for control and
treated over 4 trials. * represents a significance
of p < 0.05, **** represents a significance of
p < 0.01. Significance was determined using
one-way ANOVA and all data are represented as
Mean ± SEM.
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serum and cerebrospinal fluid (CSF) of patients with ALS (Kim et al.,
2017). Kim and colleagues (Kim et al., 2017) also demonstrated that 25-
HC can induce motor neuron death via glycogen synthase kinase-3β and
LXR pathways; suggesting a possible involvement of 25-HC in ALS

pathogenesis. Additionally, altered levels of 25-HC and cholestenoic
acid have been observed in SPG5 (Marelli et al., 2018; Schols et al.,
2017), a neurological diseases that is characterized by progressive
lower limb spasticity and weakness due to degeneration of motor

Fig. 3. Effects of 25-HC on the neuromus-
cular system in zebrafish larvae: (A) The
spinal cord of control and treated larvae at 2
dpf, stained for acetylated α-tubulin, showed a
significant reduction in the axon length of the
motor neurons (white arrow heads) at 40 μM.
(B) Staining for α-bungarotoxin in the muscles
of treated and control larvae show no sig-
nificant difference in the number of post-
synaptic puncta. (C) Phalloidin staining of
muscles in 25-HC-treated fish and controls at 2
dpf. All comparisons are performed with con-
trol, each trial has a n of 7 for control and
treated over 4 trials. ** represents a sig-
nificance of p < 0.01, ns: not significant.
Significance was determined using one-way
ANOVA and all data are represented as
Mean ± SEM.
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neurons. Interestingly, it has been previously demonstrated that cho-
lestenoic acid exerts toxic effects in mice and zebrafish motor neurons
via activation of neuronal LXR receptors (Theofilopoulos et al., 2014). It
is thus very plausible that 25-HC may indeed be involved in the pa-
thogenesis of ALS and SPG5 by impacting motor circuitry functioning
and motor neuron survival. Although, we did not observe detrimental
effects of 25-HC on zebrafish motor axons upon its administration at
later developmental stages, it is likely that higher doses of 25-HC are
required to impair the functioning and survival of mature motor neu-
rons. Nevertheless, further investigations are required to determine
whether an amplified production of 25-HC and motor circuit dysfunc-
tion and/or motor neuron degeneration in ALS are directly correlated
or a mere coincidental response to the disease. Furthermore, it remains
to be determined whether in our model the muscle defects are due to a
direct cause of 25-HC or due to consequences of motor neuron defects
and loss of muscle innervation.

In summary, our study demonstrated adverse effects of 25-HC on

neuromuscular development, survival and behaviour in zebrafish. This
study provide new information on the toxic actions of the oxysterol 25-
HC on neuronal and muscular development. However, additional tests
will be needed to completely characterize the mechanisms by 25-HC
lead to these defects. For instance, targeting the binding partners of 25-
HC such as LXRs genetically or pharmacologically could also be tested
in zebrafish to assess the potential of alleviate effects from 25-HC.
Importantly, further validation of the our findings on other models
system such as mice is required prior to assessing whether inhibiting
25-HC production could be possibly neuroprotective in certain pathol-
ogies.
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Fig. 4. 25-HC administration alters brain
development in zebrafish: (A) Head size
comparison between the treated and un-treated
larvae at 2 dpf. Characterizing the larval brains
at 2 dpf using Tg(huc:GFP) (B) and Tg(Isl1:GFP)
(D) lines showed a decrease in the neuronal
population and a defective development of the
cranial nerves, in a dose dependent manner. (C)
Larvae stained for acetylated α-tubulin at 2 dpf,
showed reduced axon network clusters in the
brain. All comparisons are performed with
control, each trial has a n of 7 for control and
treated over 4 trials, * represents a significance
of p < 0.05, ** represents a significance of
p < 0.01. Significance was determined using
one-way ANOVA and all data are represented as
Mean ± SEM. T: Telencephalon, MB:
Midbrain, HB, Hindbrain. A, P represent ante-
rior and posterior side of the head respectively.
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