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The development of small animal models is of major interest to unravel the pathogenesis and treatment of
neurodegenerative diseases, especially because of their potential in large-scale chemical and genetic screen-
ing. We have investigated the zebrafish as a model to study amyotrophic lateral sclerosis (ALS), a fatal neu-
rodegenerative disorder characterized by the selective loss of motor neurons, caused by mutations in
superoxide dismutase 1 (SOD1) in a subset of patients. Overexpression of mutant human SOD1 in zebrafish
embryos induced a motor axonopathy that was specific, dose-dependent and found for all mutations studied.
Moreover, using this newly established animal model for ALS, we investigated the role of a known modifier in
the disease: vascular endothelial growth factor (VEGF). Lowering VEGF induced a more severe phenotype,
whereas upregulating VEGF rescued the mutant SOD1 axonopathy. This novel zebrafish model underscores
the potential of VEGF for the treatment of ALS and furthermore will permit large-scale genetic and chemical
screening to facilitate the identification of new therapeutic targets in motor neuron disease.

INTRODUCTION

Neurodegenerative diseases are a major medical and
socio-economic problem in western countries. Developing
a therapeutic strategy for these disorders requires the
identification of the genetic and pathogenic factors
involved. Small animal models such as flies and worms
have been shown to be useful tools to unravel the mechan-
ism of neurodegeneration and have been generated for
some, such as Huntington’s disease and other inherited
polyglutamine disorders (1). The potential of the zebrafish
for research in neurodegeneration has been investigated to
a limited extent so far. We have explored a zebrafish
model for amyotrophic lateral sclerosis (ALS). ALS is a
neurodegenerative disease characterized by the selective
loss of motor neurons in the spinal cord, brainstem and
motor cortex, which gives rise to muscle weakness and

atrophy. The disease is uniformly fatal, usually after a
relentlessly progressive course of 3–5 years. Most ALS
patients have the sporadic form of the disease (SALS),
whereas 10% has a familial, usually autosomal dominant
form (FALS). In one out of five of such families,
mutations in the superoxide dismutase 1 (SOD1) gene
underlie the disease (2). SALS is thought to arise from
an interaction between genetic risk factors, aging of the
nervous system and possibly also environmental factors.
Disease-modifying genes are also involved in the patho-
genesis of mutant SOD1-associated ALS, given the vast
variability in disease expression in patients carrying the
same mutation (3).

Currently, there is no cure for ALS. Screens of libraries of
small compounds with potential therapeutic effect, and genetic
screens aimed to identify modifying pathways and new
pharmacological targets, are hampered by the lack of a
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small animal model. Such studies in the available mouse and
rat models are time-consuming and very costly, and attempts
to model mutant SOD1-associated ALS in Caenorhabditis
elegans and Drosophila have not been successful so far
(4,5). In addition, many screens have concentrated on survival
of the motor neuron perikaryon, rather than on the integrity of
the axon, at the risk of identifying compounds that rescue the
neuron but not the organism (6).

We have explored the potential of the zebrafish as a model
for a neurodegenerative disease. This organism is becoming a
promising tool for drug discovery (7,8). A zebrafish model
for a dominant, gain-of-function caused neurodegenerative
disease has not been reported hitherto. Nevertheless, a major
advantage of the zebrafish model is that spinal motor axons
are easily identifiable in the zebrafish embryo and have been
extensively described in both normal and pathological con-
ditions (9,10), which makes it an attractive model to study dis-
eases such as ALS. Motor axonal dysfunction, indeed, is the
first manifestation of ALS in both human patients and
mutant SOD1-overexpressing mice, a reliable rodent model
for ALS (11). Motor axonal abnormalities in the mouse
model are known to occur as early as the first post-natal
week in SOD1G85R mice (12).

We here describe modeling of mutant SOD1-associated
ALS in the zebrafish embryo and the effect of vascular endo-
thelial growth factor (VEGF) and wild type SODI (SOD1WT)
on the identified motor axonopathy.

RESULTS

Expression of SOD1 protein

We injected mRNA encoding human SOD1WT and three
different mutant SOD1 (SOD1MT): SOD1G93A, SOD1G37R

and SOD1A4V in a concentration of 1000 ng/ml. The level of
expression of these proteins at 30 h post-fertilization (hpf)
was determined using western blotting (Fig. 1). SOD1WT

was expressed somewhat more abundantly than SOD1G93A

and SOD1A4V and appeared to be more stable than
SOD1MT, as has been reported before (13).

Mutant SOD1 induces a motor axonopathy

Following mRNA-injection, only embryos with normal mor-
phology and development were used for further analysis
(more than 85% of the embryos injected). Abnormal branch-
ing and length of motor neuron axons were measured in
both SOD1MT and SOD1WT overexpressing fish at 30 hpf.
Motor neurons were scored as abnormal when axons branched
at or above the ventral edge of the notochord (Fig. 2). Embryos
were scored affected when two or more axons per embryo
showed aberrant branching. Overexpression of SOD1WT

(1000 ng/ml) had no effect on axonal outgrowth of motor
neurons when compared with buffer-injected control embryos.
In contrast, overexpression of SOD1A4V, SOD1G93A and
SOD1G37R (1000 ng/ml) induced clear motor axonal abnormal-
ities. Expression of SOD1G93A or SOD1G37R caused 64.6 and
68.8% of the embryos to be affected respectively, with 12.4
and 12.5% of axons showing abnormal branching per embryo
on average, respectively (Table 1). The most pronounced

effect was seen when embryos expressed SOD1A4V, with
73.1% of the embryos being affected with an average of
13.1% aberrant axons per embryo. The average axonal length
of 10 ventral motor axons per embryo was determined and
was significantly decreased by 6.1% of normal length after
SOD1G93A expression, by 14.5% after SOD1G37R expression
and by 18.0% after SOD1A4V expression (Fig. 3A).

As SOD1A4V resulted in the most striking phenotype, a
dose–response test was performed using this mutation. As
the statistical analysis was identical if the length of only five
axons per embryo was evaluated, we limited measurements
to the five most proximal axons. Embryos were injected
with four doses 250, 500, 1000 and 1500 ng/ml SOD1A4V

mRNA and axonal defects were compared with embryos
injected with 1500 ng/ml SOD1WT mRNA. We found 16.1,
34.4, 68.4 and 80.6% of the embryos to be affected, respect-
ively, and thus this effect to be dose responsive. The percen-
tage of anomalous axons per embryo equally showed a dose
relation with 16.9% of axons showing abnormalities at the
highest dose used (Table 2). A similar dose–response relation-
ship was found for axonal length (Pearson’s correlation:
20.73, P , 0.001), with a decrease of 23% at a dose of
1500 ng/ml SOD1A4V mRNA (Fig. 3B).

When morphologically normal embryos at 30 hpf were fol-
lowed during 7 days post-fertilization, we did not observe a
significant difference in survival between SOD1WT and
SOD1A4V (1500 ng/ml) injected embryos.

Effect of mutant SOD1 is specific for motor axons

Although we only evaluated embryos with a normal mor-
phology, we wanted to exclude subtle developmental delay

Figure 1. Overexpression of human SOD1 after mRNA injection. Expression of
SOD1WT, SOD1G93A, SOD1G37R and SOD1A4V in zebrafish embryos 30 hpf. In
each first lane, normal (uninjected) embryos (N) were loaded, SOD1WT-injected
embryos are shown in each second lane (WT) and the third lane contains protein
extracts from mutant SOD1-injected embryos. (A) SOD1G93A; (B) SOD1G37R

and (C) SOD1A4V. b-Actin was used as a loading control.

Figure 2. Specific motor axonal defects in embryos injected with mutant
SOD1 mRNA. Injection with SOD1A4V 1500 ng/ml induced branching in
primary motor neurons (B), compared with SOD1WT (A). White dashed line
defines the ventral edge of the notochord. Scale bar: 50 mm.
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by measuring the total length of the different embryos. This
parameter was found not to be different between SOD1WT

and SOD1MT mRNA-injected embryos.
To determine whether the motor axon abnormalities were

specific, we investigated various other axonal systems at
30 hpf. First, we studied the commissural axon of the
Mauthner neuron in the hindbrain. No differences in the pro-
jection of these axons across the midline and down the
spinal cord between SOD1WT and SOD1MT overexpressing
embryos were observed (data not shown). Similarly, the mor-
phology of the lateral line, a group of sensory neurons that
sends axons over the entire length of the zebrafish embryo,
and Rohon–Beard sensory neurons did not show major

defects after injection with SOD1MT (Supplementary Material,
Fig. S1A–D), whereas expression of SOD1MT in these axons
was similar to that in motor axons, as estimated immunohisto-
chemically (Supplementary Material, Fig. S2).

Validation of the zebrafish model

In order to provide evidence that the model described can be
used as a chemical and/or genetic screening tool, we investi-
gated whether the abnormalities induced by SOD1MT could
be affected by two factors known to modify (rescue or aggra-
vate) the phenotype of mutant SOD1-associated motor neuron
degeneration in rodent models, VEGF and SOD1WT (14–18).

Axonal defects of motor neurons are rescued by VEGF.
Increasing VEGF availability to motor neurons is of benefit
to rodents with mutant SOD1-induced motor neuron degene-
ration (14,17). To investigate the effect of VEGF on the
axonopathy induced by SOD1MT, we treated zebrafish
embryos with GS4012, which has been shown to upregulate
VEGF in zebrafish embryos (8). We confirmed the upregula-
tion of VEGF by real-time polymerase chain reaction (PCR)
and found an increase of 18% after treatment with 1 ng/ml
GS4012 (data not shown). At this dose, the effect on axonal
length in SOD1A4V was completely rescued. The decrease in
axonal length induced by SOD1A4V when compared with
SOD1WT observed in controls (n ¼ 31) was 18.5% versus a
2.1% increase in VEGF-inducer treated embryos (n ¼ 32,
P , 0.001). The substance did not induce an increase in
axonal length in SOD1WT-injected embryos, excluding a
general neurotrophic effect. GS4012 increased the percentage
of affected embryos injected with SOD1WT from 20.7 to
34.5%, showing the inherent effect of the compound. After cor-
rection for this relative increase, GS4012 significantly rescued
the SOD1A4V-induced branching abnormalities: 35.6% of
affected embryos in the GS4012-treated group versus 70.0%
of affected embryos in the vehicle-treated group (P ¼ 0.0068).

Lowering VEGF induces a more severe effect on axonal
outgrowth. Low VEGF expression is a risk factor for motor
neuron degeneration in both animals and humans (15,16).
The effect of knockdown of VEGF using morpholinos (MO)
has been investigated in vascular development of zebrafish
embryos (19). MO knockdown is an antisense technology
used to sterically block access of other molecules to RNA;
an ATG MO obstructs the forming of the initiation complex

Figure 3. Different SOD1 mutants induce shortening of motor neuron axons.
Mutant SOD1 induces shortening of primary motor neurons after injection
with three different mutants G93A (n ¼ 48), G37R (n ¼ 32) and A4V
(n ¼ 52), compared with SOD1WT (n ¼ 101) when injected at the same con-
centration (1000 ng/ml) (A). This effect is shown to be dose-dependent
when SOD1A4V is injected at various concentrations and compared with
SOD1WT injected at the highest dose used (1500 ng/ml) (B). WT 1500 ng/ml
n ¼ 30, A4V 250 ng/ml n ¼ 31, A4V 500 ng/ml n ¼ 32, A4V 1000 ng/ml
n ¼ 38, A4V 1500 ng/ml n ¼ 31. Y-error bars represent standard error of the
mean. �P , 0.001.

Table 1. Mutant SOD1 induces abnormal branching

Affected embryos (%) Odds ratio (CI) P-value Branching axons
per embryo (%)

P-value (Mann–
Whitney test)

WT, n ¼ 101 27.7 4.8
G93A, n ¼ 48 64.6 4.8 (2.3–9.9) 1.7 � 1025 12.4 1.0 � 1025

G37R, n ¼ 32 68.8 5.7 (2.4–13.6) 3.0 � 1025 12.5 2.1 � 1026

A4V, n ¼ 52 73.1 7.1 (3.3–15.0) 8.1 � 1028 13.1 3.3 � 10210

After injection with three different SOD1 mutants (concentration: 1000 ng/ml), we observed abnormal branching of caudal primary motor neurons
when compared with SOD1WT (concentration: 1000 ng/ml). This effect was most pronounced when using the A4V-mutant. SOD1WT did not
induce abnormalities of axonal outgrowth.
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during the first step of transcription. We co-injected the
published VEGF-ATG-MO (3 ng) (19) with SOD1A4V

mRNA (500 ng/ml) in zebrafish embroys and compared the
effect on axonal abnormalities to embroys co-injected with a
standard control MO (3 ng) and SOD1A4V mRNA. Knock-
down of VEGF was confirmed, as we observed the severe
effect on blood vessel formation by the VEGF-MO in these
embryos consistent with previous reports (19,20). Lowering
VEGF increased the number of embryos with abnormal
axonal branching induced by SOD1A4V with 24.2%, as well
as the number of abnormally branching axons per embryo
(Table 3). Decreasing VEGF levels also further reduced
axonal length in SOD1A4V overexpressing embryos (Fig. 4A).
Hence, the motor axonopathy in zebrafish induced by mutant
SOD1 was aggravated by lowering VEGF expression, consist-
ent with findings in animal models of ALS (15).

Co-expression of WT aggravates the mutant phenotype. As
SOD1WT has been reported not to influence SOD1MT-induced
motor neuron degeneration in mice (21), although recently
was shown to be able to convert an unaffected phenotype to
an ALS phenotype in the mutant SOD1A4V transgenic
mouse (18), we investigated the effect of SOD1WT in the
zebrafish model. SOD1WT and SOD1A4V mRNA were
co-injected at the same doses (500 ng/ml) and axonal out-
growth was compared with that seen after injection of
SOD1A4V mRNA (500 ng/ml), whereas SOD1WT mRNA
(1000 ng/ml) was used as the first control (same amount of
mRNA as in the co-injection) and co-injection of green fluor-
escent protein (GFP) mRNA (500 ng/ml) with SOD1A4V

mRNA (500 ng/ml) was utilized as a second control condition.
Overexpression of SOD1WT increased the number of affected
embryos with 30.4% and significantly increased the percentage

of abnormally branching axons per embryo (Table 4). Simi-
larly, SOD1WT overexpression aggravated the effect of
SOD1A4V on axonal length (Fig. 4B). In contrast, co-expression
of GFP and SOD1A4V did not affect the phenotype. Quantitat-
ively, the co-injection of 500 ng/ml of SOD1WT mRNA and
500 ng/ml of SOD1A4V mRNA affected axonal outgrowth to
the same extent as did 1000 ng/ml of SOD1A4V mRNA
(Table 4).

DISCUSSION

Our findings demonstrate that overexpression of SOD1MT

induces a very robust and easily to monitor axonopathy in
the zebrafish embryo. The toxic effect of SOD1MT on axonal
outgrowth was specific and dose-dependent. No effect of
SOD1WT was seen, indicating the selectivity of the effect for
the mutant form of the protein. This SOD1MT axonopathy
appeared motor-specific, as no toxic effect of SOD1MT on
several other examined axonal projections was observed. In
addition, the disease phenotype was independent of the type
of mutation and easy to score quantitatively and in sufficient
numbers to allow high-powered statistics.

It may seem paradoxical to observe a mutant SOD1-induced
embryonic axonopathy, whereas ALS is an adult-onset
disease. However, already very early in life, motor axonal dys-
function is also obvious in the SOD1MT mouse, in which clini-
cal abnormalities only become apparent in adult life. Indeed,
abnormalities of axonal transport have been described in
motor neurons cultured from SOD1G93A mouse embryos on
day 13.5 of gestation (22). Furthermore, motor neurons
cultured from the same age embryos were reported to show
enhanced oxyradical production, lipid peroxidation, increased
intracellular calcium levels, decreased intramitochondrial

Table 3. Lowering VEGF exacerbates the mutant SOD1 phenotype

Affected
embryos (%)

Odds ratio (CI) P-value Branching axons
per embryo (%)

WT 500 ng/mlþ 3 ng Ctr-MO, n ¼ 32 9.4 3.3
A4V 500 ng/mlþ 3 ng Ctr-MO, n ¼ 35 28.6 5.7
A4V 500 ng/mlþ 3 ng VEGF-MO, n ¼ 36 52.8 2.8 (1.0–7.5) 0.038 8.6a

Co-injection of VEGF-MO and SOD1A4V induced abnormal branching in significantly more embryos when compared with Ctr-MO and
SOD1A4V-injected embryos.
aSOD1A4V

þ Ctr-MO versus SOD1A4V
þVEGF-MO, P ¼ 0.027.

Table 2. Injection with SOD1A4V results in dose-dependent abnormal branching

Affected embryos (%) Odds ratio (CI) P-value Branching axons
per embryo (%)

WT 1500 ng/ml, n ¼ 30 13.3a 4.0b

A4V 250 ng/ml, n ¼ 31 16.1a 1.3 (0.3–5.2) 0.76 3.1b

A4V 500 ng/ml, n ¼ 32 34.4a 3.4 (0.9–12.3) 0.053 6.6b

A4V 1000 ng/ml, n ¼ 38 68.4a 14.1 (4.0–49.4) 5.6 � 1026 10.5b

A4V 1500 ng/ml, n ¼ 31 80.6a 27.1 (6.8–107.6) 1.4 � 1027 16.9b

After injection with SOD1A4V, primary motor neurons showed anomalous branching in a dose-dependent manner when compared with SOD1WT over-
expressing embryos, which were injected at the highest concentration used (1500 ng/ml).
aSpearman’s correlation: 0.55, P-value: 1.0 � 1026; Kruskal–Wallis P-value: 3.8 � 10213.
bSpearman’s correlation: 0.58, P-value: 1.0 � 1026; Kruskal–Wallis P-value: 6.6 � 10215.
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calcium levels and mitochondrial dysfunction (23). Increased
vulnerability to excitotoxicity (24) and to a Fas-dependent
pathway (25) has been described as well.

The embryonic nature of this model for a neurodegenerative
disease has several major advantages. MO-based screening
can identify pathogenic pathways, which can lead to new
therapeutic targets for pharmacological intervention. Treat-
ment of embryos with small compound libraries is more feasi-
ble when compared with ALS rodent models and possibly has
more potential than in vitro models currently used for chemi-
cal screening (7). Drug testing can be performed within 2 days
making high throughput screening of compounds, a promising
approach to identify molecules with potential value.

Over the last years, the role of VEGF has been implicated in
motor neuron disease and ALS in particular (14–17). We
therefore investigated whether expression of VEGF could
influence the described axonopathy. Lowering VEGF using
MO knockdown technique aggravated the axonal abnormal-
ities consistent with observations in SOD1G93A transgenic
mice when crossed with mice expressing reduced levels of
VEGF, vegfad/d mice, which shortened their survival (15).
Additionally, using GS4012, a compound that upregulates
VEGF, the mutant SOD1-induced phenotype could be
rescued almost completely. These findings emphasize the

potential of VEGF in treating SOD1-induced motor neuron
degeneration and hopefully for ALS in general.

Because we identified a motor neuron-specific phenotype
and demonstrated two factors known to modify the phenotype
of SOD1MT-associated motor neuron degeneration in rodent
models, VEGF and SOD1WT (14,15,17,18), to be able to influ-
ence this phenotype mimicking observations in these animals,
we suggest the zebrafish to be a suitable model for studies
aiming to identify disease-modifying genes and pathways con-
tributing to pathogenesis of ALS and to screen potential thera-
peutic compounds. This model also is the first to concentrate
on axonal abnormalities, rather than on the diseased perikar-
yon. Since recently it has been demonstrated that the axono-
pathy is an important feature in the pathogenesis of ALS
(6,11), chemical and genetic screens in this model can there-
fore be of particular interest.

To the best of our knowledge, this is the first model for a
neurodegenerative disease in the zebrafish mediated through
a toxic gain of function of a mutated protein, resulting in a
neuronal phenotype. MO-based knockdown of smn has
yielded interesting models for the study of spinomuscular
atrophy, a disease dependent on the loss of function of the sur-
vival of motor neurons (SMN) protein (10). Using the same
MO technique, knockdown of spastin in the zebrafish has
been described as a model for hereditary spastic paraplegia.
Reduced spastin function caused defects in motor axon out-
growth, but also induced widespread defects in neuronal con-
nectivity and extensive central nervous system-specific
apoptosis, resulting in abnormal body morphology (26).
Huntington’s disease has been modeled in the zebrafish
embryo using expression of polyQ-proteins, which resulted
in insoluble inclusions. However, the phenotypes observed
were developmental delay and gross abnormalities in body
plan and differentiation (27) and an increase in the frequency
of embryos with abnormal morphology and the occurrence of
apoptosis (28), rather than a phenotype based on the loss of
striatal neurons. The vertebrate model for ALS presented
here is based on a phenotype specific for motor neurons.
Large-scale screens using the zebrafish may assist in elucidat-
ing the pathogenesis of motor neuron degeneration and con-
tribute to the discovery of a therapy for this dreadful disease.

MATERIALS AND METHODS

Constructs, RNA production, MO, chemicals
and quantitative PCR

Human cDNA of wild-type (WT), G93A, G37R and A4V in
the pCLneo vector were kind gifts from R.H. Brown Jr
(Harvard Medical School, Harvard, USA). SOD1 was cloned
in the pBCM vector behind a T3 promoter. The construct
was linearized using Asp718. By using the mMESSAGE
mMACHINEw T3 Kit (Ambion, Huntingdon, UK), RNA
was transcribed from DNA and purified using the MEGA-
clear

TM

Kit (Ambion). RNA-concentration was determined
using Ribogreen (Invitrogen, Carlsbad, CA, USA). The
VEGF-MO published by Nasevicius et al. (19) (VEGF-A-3:
TAAGAAAGCGAAGCTGCTGGGTATG) was a kind gift
from the Flanders Institute for Biotechnology (VIB) and the
Désiré Collen Research Foundation (Leuven, Belgium). As a

Figure 4. Lowering VEGF and co-expression of SOD1WT aggravate the motor
neuron phenotype. Lowering VEGF by using 3 ng VEGF-MO aggravates the
motor neuron phenotype induced by SOD1A4V 500 ng/ml (n ¼ 36), compared
with 3 ng Ctr-MO co-injected embryos (n ¼ 35). SOD1WT was injected at the
same concentration: 500 ng/ml (n ¼ 32) (A). When SOD1WT and SOD1A4V

are co-expressed, both 500 ng/ml (n ¼ 50), a more severe phenotype is
induced when compared with SOD1A4V 500 ng/ml (n ¼ 110) or co-expression
of GFP and SOD1A4V, both 500 ng/ml (n ¼ 58), equal to SOD1A4V 1000 ng/ml
(n ¼ 90), whereas SOD1WT 1000 ng/ml (n ¼ 51) is used as a negative control
(B). Y-error bars represent standard error of the mean. �P , 0.001.
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control MO (Ctr-MO), we used the standard control MO
(CCTCTTACCTCAGTTACAATTTATA) by Gene tools
(Philomath, OR, USA). For the VEGF-inducer experiment,
zebrafish embryos at 6 hpf were divided in two groups and
placed in GS4012 (Calbiochem, Darmstadt, Germany) dis-
solved in dimethyl sulfoxide (DMSO) 0.001% at a concen-
tration of 1 ng/ml and DMSO 0.001% as a control,
respectively.

Quantitative PCR was performed, as described previously
(8). Total RNA was extracted from eight groups of embryos
(four treated with GS4012 and four treated with 0.001%
DMSO), 60 embryos per group, using the TRIPURE method
followed by RNA quantification and reverse-transcribed
using random hexamer priming and mMLV. Expression was
quantified at 30 hpf and VEGF levels were normalized in
relation to 18S expression. cDNA was quantified using the
Applied Biosystems Sequence Detection System 7300.
Primer and probe sequences for zebrafish VEGF were
50-TGCTCCTGCAAATTCACACAA-30,
50-ATCTTGGCTTTTCACATCTGCAA-30 and probe
50-6FAM-TGCAATGCAAGTCCAGACA-MGBNFQ-3.

Zebrafish maintenance and injection

Adult zebrafish (AB strain) and embryos were maintained and
staged under standard laboratory conditions (29). All experi-
ments performed were approved by the Ethics Committee
of the K.U. Leuven. Different mRNA concentrations were
injected using FemtoJet (Eppendorf, Hamburg, Germany).
Each injection was made in the 2–4 cell stage of the zebrafish
embryo and delivered 1.76 nl mRNA or mRNA/MO solution.
The volume of the droplet was determined by measuring the
diameter of the droplet using a micrometer, with a droplet
of mineral oil on top. The injection pressure, never exceeding
4.5 psi, was altered until the diameter of the droplet was
150 mm.

Analysis of motor neuron outgrowth
and immunohistochemistry

At 30 hpf, only morphologically normal zebrafish embryos
were fixed in 4% paraformaldehyde in phosphate-buffered
saline (PBS) and immunostained using mouse anti-SV2
(1/200; Developmental Studies Hybridoma Bank, University
of Iowa, Iowa City, IO, USA) and secondary Alexa Fluor
555 anti-mouse antibody (1/500; Molecular Probes, Eugene,
OR, USA) in order to visualize motor neurons (30). Observers

were blinded for injection and treatment conditions. We exam-
ined axonal defects in a total of 20 ventral motor nerves, 10 on
each site along the yolk sac extension at 30 hpf. Motor neurons
were scored as affected when axons branched at or above the
ventral edge of the notochord (Fig. 1A). We observed branching
ventral to the notochord to occur frequently in normal embryos
and therefore did not take this into account. Embryos were
scored abnormal when two or more axons per embryo
showed aberrant branching. Axonal length was used as the
second parameter in determining axonal defects. We measured
the length of the first five (or 10 when indicated in the text)
motor axons along the yolk sac extension from the exit point
of the axon at the ventral part of the spinal cord until its
distal tip using Luica software (version 4.60).

Analysis of other neuronal and non-neuronal tissues was
performed after immunohistochemical staining using mouse
anti-acetylated tubulin (1/200; Sigma-Aldrich, CA, USA)
and mouse 3A10 (1/200; Developmental Studies Hybridoma
Bank) and secondary antibody, as described earlier.

Western blot

Zebrafish embryos were dechorionated and deyolked at 30 hpf
and homogenized in Radio Lummuno Precipitation Assay
(RIPA) buffer containing 150 mM NaCl pH 7.5, 1% NP-40,
0.5% Na-deoxycholate, 0.1% sodium dodecyl sulfate and one
tablet Complete-EDTA (Roche, Mannheim, Germany). Protein
concentration was determined using the micro-BCA protein
assay reaction kit 207 (Pierce, Rockford, IL, USA). Equal
amounts of protein were loaded on the same blot. Western
blotting was performed, as described previously (31). Primary
antibodies used were rabbit polyclonal SOD1 antibody recogni-
zing both the zebrafish and human SOD1 protein (1/10,000;
SOD-100 Stressgen, Victoria, Canada) and mouse monoclonal
b-actin antibody (1/5000; Sigma-Aldrich). The blots were
incubated with either secondary anti-rabbit or anti-mouse alka-
line phosphatase-coupled antibody (1/5000; Sigma-Aldrich).
The protein bands were visualized by chemifluorescence using
the enhanced chemical fluorescence (ECF) substrate (Amersham
Biosciences, Buckinghamshire, UK) and scanned on a STORM
840 scanner (Molecular Dynamics, CA, USA).

Statistical analysis

Statistics were performed using SPSS 10. Experiments were
analyzed with the Mann–Whitney U-test or the Kruskal–
Wallis test, or analysis of variance. In the case of multiple

Table 4. Co-expression of SOD1WT with SOD1A4V results in a deterioration of branching in zebrafish embryos

Affected embryos (%) Odds ratio (CI) P-value Branching axons per embryo (%)

WT 1000 ng/ml, n ¼ 51 19.6 4.6
A4V 500 ng/ml, n ¼ 110 43.6 7.9
A4V 500 ng/mlþGFP 500 ng/ml, n ¼ 58 39.7 6.6
A4V 500 ng/mlþWT 500 ng/ml, n ¼ 50 74.0 3.7 (1.8–7.6) 0.00036 12.9a,b

A4V 1000 ng/ml, n ¼ 90 71.1 11.9

Co-injection of SOD1WT and SOD1A4V induced abnormal branching in significantly more embryos when compared with SOD1A4V-injected embryos.
aSOD1A4V (500 ng/ml) versus SOD1WT (500 ng/ml)þ SOD1A4V (500 ng/ml), P ¼ 8.3 � 1025.
bGFP (500 ng/ml)þ SOD1A4V (500 ng/ml) versus SOD1WT (500 ng/ml)þ SOD1A4V (500 ng/ml), P ¼ 2.0 � 1025.
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comparisons, a Bonferroni correction was performed. Bivariate
correlations and tests for dose trends were analyzed using the
Spearman’s rank test or the Pearson’s correlation coefficient,
depending on the distribution of the data; x2 tests were used
for frequency comparisons. All P-values reported are two-tailed
and the significance level was set at 0.05.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG Online.
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