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Abstract
Large expansions of hexanucleotide GGGGCC (G4C2) repeats (hundreds to thousands) in the first intron of the chromosome 9
open reading frame 72 (C9orf72) locus are the strongest known genetic factor associated with amyotrophic lateral sclerosis
and frontotemporal lobar degeneration. Different hypotheses exist about the underlying disease mechanism including loss of
function by haploinsufficiency, toxicity arising as a result of RNA or dipeptide repeats (DPRs). Five different DPRs are
produced by repeat-associated non-ATG-initiated translation of the G4C2 repeats. Though earlier studies have indicated tox-
icity of the DPRs in worms, flies, primary cultured cells and cell lines, the effect of expressing DPRs of amyotrophic lateral
sclerosis-relevant length has not been tested on motor behaviour in vertebrate models. In this study, by expressing con-
structs with alternate codons encoding different lengths of each DPR (40, 200 and 1000) in the vertebrate zebrafish model, the
GR DPR was found to lead to the greatest developmental lethality and morphological defects, and GA, the least. However, ex-
pressing 1000 repeats of any DPR, including the ‘non-toxic’ GA DPR led to locomotor defects. Based on these observations, a
transgenic line stably expressing 100 GR repeats was generated to allow specific regional and temporal expression of GR re-
peats in vivo. Expression of GR DPRs ubiquitously resulted in severe morphological defects and reduced swimming. However,
when expressed specifically in motor neurons, the developmental defects were significantly reduced, but the swimming phe-
notype persisted, suggesting that GR DPRs have a toxic effect on motor neuron function. This was validated by the reduction
in motor neuron length even in already formed motor neurons when GR was expressed in these. Hence, the expression of
C9orf72-associated DPRs can cause significant motor deficits in vertebrates.

Introduction

Intronic GGGGCC (G4C2) expansions in the evolutionarily con-
served gene, C9orf72, have been identified in a large proportion
of familial and sporadic amyotrophic lateral sclerosis (ALS) and

frontotemporal lobar degeneration (FTLD) patients (1,2). C9orf72

is the most strongly associated gene in ALS/FTD across cohorts
and considerable research efforts have been undertaken to elu-
cidate the pathological mechanisms associated with this muta-
tion. Affected individuals typically have large G4C2 expansions
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in the first intron of C9orf72, ranging from hundreds to several
thousands, while in healthy control individuals the G4C2 ex-
pansion is far shorter (<30). The disease pathology has been as-
cribed to three possible mechanisms (3): reduced transcription
of C9orf72 leading to haploinsufficiency; toxicity of the tran-
script from the expanded repeats, which forms RNA foci and
can sequester RNA binding proteins; and repeat-associated
non-ATG-initiated (RAN) translation of the mutant transcript in
the sense and antisense direction resulting in the generation of
five different dipeptide repeats (DPRs): Gly-Ala (poly-GA), Gly-
Arg (poly-GR), Gly-Pro (poly-GP) and Pro-Ala (poly-PA), Pro-Arg
(poly-PR) and Gly-Pro (poly-GP) from the sense and antisense
transcripts. Experiments using Drosophila have demonstrated
that translation of the G4C2 repeat expansion is important for
its toxicity (4), leaving an urgent need to further our under-
standing of how DPRs may impair motor function in a verte-
brate model.

Several studies have demonstrated that DPRs are toxic in
cell, fly and zebrafish models (4–6). Among the DPRs, arginine-
containing DPRs are especially toxic in cellular models where
they are believed to bind to the nucleolus and disrupt ribosome
biosynthesis and splicing (4,7). While these studies have fo-
cused on understanding the molecular pathways underlying
the toxic nature of the arginine-rich DPRs, whether DPRs of
ALS-relevant length actually differ in their effect on motor neu-
rons and hence on motor behaviour has not been explored. In
this study, we aimed at investigating in vivo and in a vertebrate
model: (1) the effects of expressing different chromosome 9
open reading frame 72 (C9orf72)-associated DPRs on survival
and morphology, (2) the correlation between DPR length and
motor impairment and (3) the effects of stable expression of a
toxic DPR on motor neurons and motor function. To do so, DPRs
of different lengths (40, 200, 1000) were transiently expressed in
zebrafish embryos and morphological defects were assessed to
estimate toxicity and motor activity was quantified in these em-
bryos. Though some of the peptides showed differential length-
dependent toxicity, expressing 1000 DPRs resulted in impaired
swimming in all cases irrespective of the developmental defects
and lethality caused by the expression of the DPR. Since GR was
found to be the most toxic DPR upon transient expression, a
transgenic zebrafish line was generated to stably express 100 GR
repeats. While ubiquitous GR dipeptide expression led to severe
developmental defects, specific expression in motor neurons re-
sulted in an impairment of swimming specifically, without ma-
jor defects. Moreover, shortening of motor neurons and
increased cell death in the spinal cord were observed upon spe-
cific expression of GR repeats in motor neurons.

Hence, this study demonstrates that expression of C9orf72-
associated DPRs of physiologically relevant length affects motor
neurons and motility in a vertebrate model which could be im-
portant for furthering our understanding of the mechanisms
underlying DPR toxicity in vivo.

Results
DPRs show length-dependent and peptide-dependent
differences in toxicity and motor function

Studies using flies, cultured cells and primary neurons (8,9)
showing that DPR expression (especially arginine-containing
DPRs) is toxic, but there is no in vivo study comparing the differ-
ential toxicity of DPRs of ALS-relevant lengths in vertebrates
and its correlation to motor behaviour. External fertilization
and development of zebrafish embryos makes this vertebrate

model conducive to the study of developmental toxicity and
defects. In order to perform comparative toxicity studies, con-
structs encoding DPRs of different sizes used previously on cul-
tured cells (10) were injected into zebrafish embryos and these
were monitored over 3 days (post fertilization and hatching)
(Fig. 1A). These constructs utilize alternative and non-repeating
codons rather than the G4C2 repeats to encode specific DPRs,
without the formation of other DPRs by RAN translation or tran-
scription of G4C2 RNA. Embryos injected with empty vector
were considered controls (expressing GFP) and 40 repeats were
used to resemble the normal individual condition while 200 and
1000 repeats were used to represent pathological conditions.

Apart from lethality, the phenotypes were classified as mild
(cardiac edema) or severe (pericardiac expansion) depending on
the intensity of the defects observed at 48 hours post fertiliza-
tion (hpf) (Fig. 1B). Due to technical difficulty in cloning large GP
repeats (10), GP could not be tested in these experiments. When
quantified, specific patterns depending on peptide type and
length were observed (Fig. 1C). Of the DPRs, GA was observed to
be the least toxic, correlating with previous reports (4,8,9), and
expression of even 1000 GA repeats did not result in increased
lethality or developmental defects. Expression of 1000 repeats
of the other DPRs led to increased lethality and developmental
defects, but interestingly the intermediate length showed differ-
ences between the DPRs and between GR, AP and PR, GR showed
the greatest effect on survival and development.

We next sought to determine the effect of DPR expression on
the touch-evoked escape response. To specifically assess motor
activity without the potentially confounding effects of gross de-
velopmental abnormalities, larval zebrafish that did not display
any of the abnormal morphological defects described above
were selected and assessed. A striking decrease in swimming
was observed in embryos expressing the different 1000 DPRs,
while no such defects were observed upon expressing 40 DPRs
(Fig. 2A and B). Notably, expression of 1000 GA repeats, which
did not result in the development of gross abnormalities
(Fig. 1C), was observed to impair motor behaviour measured as
a reduction in the touch-evoked swim distance. Among the 200
DPRs, GR showed an extreme motor impairment phenotype, but
larvae expressing other DPRs appeared to be less affected, in-
cluding PA200, which showed some effect on survival and over-
all development. Upon quantifying the distance swam, a clear
DPR length-dependent decrease was observed (Fig. 2B).

Generation and characterization of a transgenic
zebrafish model expressing C9orf72-associated GR
repeats

Since GR was the most toxic of the DPRs causing severe devel-
opmental defects, and mosaic expression of 200 GR repeats was
sufficient to cause a strong effect on touch-evoked escape re-
sponses, a transgenic zebrafish line was generated. We overex-
pressed the less toxic 100 GR repeats using the Tol2 transposon-
based system (Fig. 3A) to stably express these under the control
of an upstream activation sequence (UAS). In order to facilitate
screening, the construct contained the GFP sequence under a
cmlc2 promoter for heart-specific expression. Hence, transgenic
embryos could be sorted based on the presence of a green heart.
In order to drive specific regional or temporal expression of the
GR repeats from the UAS, specific Gal4 driver lines were crossed
with this transgenic line (Fig. 3B). For this study, three different
Gal4 promotor lines were used: heat shock protein 70 (Hsp:
Gal4), where expression can be triggered ubiquitously following
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heat shock; Hb9: Gal4 for motor neuron specific expression; and
HuC: Gal4 for pan-neuronal expression.

In order to confirm the expression in the transgenic line, GR
DPRs were expressed ubiquitously (Hsp: Gal4) from 48 to 72 hpf
and the expression of the DPR was confirmed by western blot-
ting analysis (Fig. 3C). Many larvae showed cardiac edema and
when the proportion of defective larvae was quantified very few
larvae were found to be normal after GR expression (Fig. 3D).
Non-transgenic siblings also subjected to heat shock did not de-
velop morphological defects. In addition, when GR DPRs were
expressed specifically in motor neurons (Hb9: Gal4), the propor-
tion of dead larvae was negligible and few larvae developed mi-
nor defects like mild cardiac edema (Fig. 3D), probably due to
the restricted expression of the DPRs in motor neurons. In these
and in the following experiments, progeny from at least two
transgenic founder lines were used for experimentation to ac-
count for biological variability of transgenics. These results

confirmed that 100 GR DPRs is expressed in our transgenic lines
when crossed with a Gal4 line and the extent of defects ob-
served depends on the pattern of expression of the DPR.

Expression of GR DPR results in motor deficits without
morphological alterations

We next investigated locomotor behaviour in larvae 7 days post
fertilization (dpf) expressing GR. For the swim tests, only normal
appearing larvae were chosen so as to avoid the effects of defec-
tive circulation or edemas on swimming behaviour. Whether
GR was expressed ubiquitously (Hsp: Gal4) or in motor neurons
specifically (Hb9: Gal4), it resulted in a reduction in swimming
behaviour (Fig. 4A and B). In an attempt to analyse any other
possible defects, the heartbeat rate of these larvae was mea-
sured, since a large percentage of the larvae expressing GR DPRs
ubiquitously showed cardiac edema. However, no differences in
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Figure 1. Expression of DPRs of physiologically relevant length has differential effects of survival and morphology. (A) Scheme showing the different constructs used

for transient expression. GA, PA, GR and PR DPRs of different lengths (40, 200 and 1000) with C-terminal GFP were used for the toxicity analyses. (B) Different types of

defects were observed in the injected larvae at 48 hpf, ranging from slight edema (mild defects) to severe pericardiac edema (severe defects). (C) Quantification of the

number of normal, slightly defective, severely defective and dead embryos at 30 hpf after injecting different constructs showed that GA was the least toxic DPR, and GR

was the most toxic (N¼ 3, n¼100 embryos per construct).
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heartbeat rate were observed (Fig. 4C), showing the specificity of
the swimming phenotype in the GR line. Similar to heartbeat
rate, when spontaneous coiling at early stages in development
(e.g. the initial stages of Hb9 expression) was analysed, no
change was observed (Fig. 4D), showing that the motor defects
observed at later stages were specifically due to the expression
of GR.

Interestingly, the motor phenotype manifested much earlier
than 7 dpf, since even at 3 dpf many larvae responded poorly to
touch and/or swam short distances in response to touch (mov-
ies 1 and 2 show touch response upon ubiquitous expression
and motor neuron–specific expression respectively). As with our
previous observations in experiments using transient expres-
sion of DPRs, assessment of locomotor function in transgenic
larvae expressing GR DPRs also revealed impaired motor
function.

GR DPRs affects motor neuron growth

In an effort to further our understanding of the underlying
cause of motor impairment, the morphology of ventral root pro-
jections in larvae expressing GR DPRs was examined. When GR
was expressed in motor neurons it led to a significant reduction
in motor neuron length (Fig. 5A and B). In order to assess if the
reduction in length of the motor neurons expressing GR DPR
was either because the DPR expression affects early develop-
ment of motor neuron (thus leading to their shortening), or

because of its effect on the growth of an already developed mo-
tor neuron, the Hsp: Gal4 driver line was employed to induce GR
expression at 48 hpf, i.e. after the formation of motor neurons
and elongation of their axons. Motor neuron morphology and
length was recorded before heat shock (48 hpf) and after heat
shock (80 hpf), i.e. before and after expression of GR DPR.
Interestingly, although no difference in motor neuron length
was observed before heat shock in transgenic fish, the length
was significantly reduced one day after heat shock (Fig. 5C and
D), indicating that GR DPR does not necessarily affect motor
neuron development, but rather retards the growth of the cell
once expressed. Further, analysis of the number of apoptotic
cells in the spinal cord also showed a considerable increase
(Fig. 5E and F). As a result, expression of GR DPR in motor neu-
rons led to reduction in motor neuron length and increased cell
death with reduced swimming but without broad developmen-
tal defects.

Discussion
The identification of intronic repeat expansions in a previously
uncharacterized gene, C9orf72, as the most common genetic
cause of FTD/ALS has led to widespread interest in understand-
ing the disease mechanisms and also the biological role of
C9orf72. Among the three possible disease mechanisms, the
toxicity of DPRs remains a poorly understood area of disease
pathobiology. In this study, we connect DPR toxicity to motor
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Figure 2. DPR expression impairs locomotor activity. (A) Examples of 5 superimposed swimming paths of zebrafish larvae expressing empty vector (control) or 40, 200

or 1000 repeats of different DPRs tested for touch-evoked escape response. While the expression of 1000 DPRs uniformly resulted in impaired touch-evoked escape re-

sponses, expression of 200 DPRs showed variability among the dipeptides. (B) Quantification of the mean distance swam upon a light touch on the tail (N¼2, n¼ 15 lar-

vae per construct). Expression of 1000 DPRs resulted in impaired swimming in all treatment groups including the GA construct. (Statistical significance was estimated

by one-way ANOVA was performed for the different groups: GA: P< 0.0001, GR: P<0.0001, PA: P<0.0001, PR: P¼0.003.)
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behaviour using transient or stable DPR expression approaches
in a vertebrate model. Though earlier studies have compared
the toxicity of the DPRs and demonstrated the exceedingly toxic
nature of arginine-containing DPRs in flies and cultured cells
(4,8,9), this study for the first time shows the effect of DPR ex-
pression on motility in a vertebrate model using longer DPRs
similar to what has been observed in ALS patients.
Furthermore, this study shows that the expression of GR DPRs
by itself (i.e. without the expression of RNA from the G4C2 re-
peats or decreased C9orf72 levels) leads to motor deficits that
can be correlated with symptoms observed in ALS patients.
These results thus reinforce the notion that DPRs play a role in
the pathogenicity of ALS-associated C9orf72 mutations.

With regard to the underlying mechanisms, some studies
have suggested a role for C9orf72 loss of function, where a re-
duction in C9orf72 protein levels were observed in patients (2)
and knockdown or mutation of C9orf72 in Caenorhabditis elegans
and zebrafish resulted in motor phenotypes (11,12). Though
studies in mice have shown no effect of knockdown or knockout
of C9orf72 on motor function (13,14), homozygous C9orf72 mu-
tant mice show splenomegaly and defects in immunity (15),
which is also observed in patients. A previous transgenic zebra-
fish model expressing 80 GA DPR (6) reported toxicity but no de-
fects in motor neurons or behaviour, consistent with our
observations of weak toxicity and lack of effect on motility of
shorter, but not long (1000) repeats. Another very recent report
showed that PR and GR DPRs lead to motor axonopathy in
zebrafish (16). Here, we show that GR expression on its own is

sufficient to induce motor dysfunction and motor neuron length
shortening. Thus, although the contribution of reduced expres-
sion of C9orf72 and/or of the expression of RNA repeats to the
disease pathology cannot be discounted, our results suggest
that DPR expression may play a role in the pathogenicity.

Another interesting aspect of the C9orf72 G4C2 repeat expan-
sion is that the spectrum of diseases extends beyond FTD/ALS
to a small percentage of Parkinson’s disease, Huntington’s dis-
ease and Alzheimer’s disease (17). Further, some animal models
also show anxiety and social deficits (18). It would be interesting
to also study whether transgenic fish expressing the GR DPR
also display other defects in addition to motor defects by per-
forming age-correlated behavioural analysis and analysing
other neuronal cell populations.

Owing to the lack of effective drugs to treat ALS and fast pro-
gression of this disease, a better understanding to eventually
target C9orf72 repeat expansions would help a larger fraction of
the patients than before. Though antisense oligonucleotide
approaches have proved effective to target the expansion (19),
the feasibility of this approach would be dependent on how es-
sential the basic function of C9orf72 is and the challenges asso-
ciated with efficient delivery of antisense oligonucleotides (20).
Hence, the discovery of small molecule drugs to target C9orf72-
associated ALS in models such as our GR DPR zebrafish line may
aid in the discovery of new effective molecules and potentially
lead to the development of novel therapeutic strategies for ALS
patients who have intronic expansions in C9orf72. As this verte-
brate model facilitates the study of different relevant

A
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Figure 3. Stable expression of GR repeats results in abnormal development. (A) Schematic representation of the construct used for generation of the transgenic zebra-

fish. (B) Schematic showing the cross between the UAS transgenic line and Gal4 driver line. Gal4 driver lines were used to trigger expression of the construct ubiqui-

tously or in motor neurons specifically (using Gal4 under a ubiquitous Hsp, motor neuron-specific Hb9 or pan-neuronal HuC promoter). (C) Western blotting analysis of

lysates from 3 dpf transgenic larvae from two transgenic founder lines (GR100-1 and -2) crossed with a Hsp: Gal4 driver subjected to 1 h heat shock at 48 hpf confirms

the expression of the GR DPR. Transgenic embryos not subjected to heat shock were used as control. a-tubulin was used as loading control. (D) Proportion of larvae

which were morphologically normal, slightly defective, severely defective or dead upon ubiquitous expression of GR100 (left panel; Hsp: Gal4 driver) or motor neuron

specific expression of GR100 (right panel; Hb9-Gal4 driver) at 72 hpf. For the heat shock Gal4 expression, heat shock was performed at 37�C at 48 hpf (N¼2, n¼100 lar-

vae per condition).
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phenotypes like motor neuron morphology and locomotor ac-
tivity, it could be an important model to study the disease
mechanisms associated with ALS cases with repeat expansions
in C9orf72 and especially in chemical screening for new drugs.

Materials and methods
Fish husbandry

Routine zebrafish (Danio rerio) maintenance was performed ac-
cording to standard protocols (Westerfield) at 28.5�C under 12 h
light 12 h dark cycles in the animal facility at the Centre
Hospitalier de l’Université de Montréal Research Centre
(CRCHUM), Montréal, Québec, Canada. All protocols followed
were in compliance with the Canadian Council for Animal Care
guidelines.

Transient expression of DPRs of different lengths

DNA sequences containing alternate codons encoding different
lengths of the four DPRs: GR, GA, PR and PA were cloned into
pEGFP-N1 vector using BamHI and EcoRI restriction enzyme
sites. Construction and confirmation of all constructs is de-
scribed in (10). Each construct was injected into �100 single cell
embryos at 5 fmol DNA per embryo and expression of GFP in in-
jected embryos was verified at 24 hpf. Counting the dead, se-
verely and slightly defective was performed by an experimenter
blind to the construct injected.

Touch-evoked escape response

Zebrafish locomotor activity was assessed by placing 48 hpf lar-
vae in the middle of a circular dish (15 cm diameter) filled with
aquarium water at 28.5�C. Swimming was triggered by a slight
touch to the tail and the activity was recorded using a
Grasshopper 2 camera (Point Grey Research). Path tracing and
calculation of swim distance was performed using manual
tracking in ImageJ software.

Generation of UAS-GR transgenic line

The multisite Gateway technology-based Tol2kit was used to
assemble the construct to generate the transgenic zebrafish line
(21). The pDONR221 middle donor vector containing the GR con-
struct was a gift from Prof. Aaron Gitler, Stanford University.
This was used along with the 50 entry clone p5E-UAS and 30 en-
try clone p3E-polyA to insert these elements into the
pDestTol2CG2 destination vector. For the recombineering reac-
tion, 10 fmol of each of the entry/donor vectors and 20 fmol of
the destination vector were mixed with LR Clonase II Plus en-
zyme mix (Invitrogen), and incubated at 25�C for 16 h. A part of
the reaction mix was transformed into chemically competent
Escherichia coli following proteinase K treatment. The presence
of the GR construct in plasmids extracted from selected clones
was confirmed by sequencing.

A mixture containing 40 ng/ll of the destination vector with
the GR construct and 40 ng/ll of transposase mRNA was in-
jected into 1 cell stage embryos (�1 nl per embryo). Screening
was done by performing outcrosses and checking for the pres-
ence of progeny with green heart.

Western blotting

At 48 hpf larvae sorted as transgenic or non-transgenic were
subjected to heat shock at 38.5�C for 60 min with mild agitation.
Following this, they were quickly transferred back to 28.5�C for
DPR expression and further development. At 80 hpf, larvae were
anaesthetized and collected for lysate preparation, deyolked
and homogenized in Laemmli lysis buffer. The lysates were cen-
trifuged and protein concentration in the supernatant was esti-
mated using Bradford assay (Biorad). Western blotting was
performed using 100 lg total protein per sample which was re-
solved on a 12% SDS-polyacrylamide gel. After electrophoresis,
proteins were electrotransferred from the gel onto a 0.2 micron
PVDF membrane. The membrane was blocked with 5% non-fat
milk solution in 1� phosphate-buffered saline followed by im-
munoblotting with a-GR (MABN778; Millipore; rat monoclonal)
or a-c-tubulin (T6557; Millipore Sigma; mouse monoclonal).
Detection was performed using anti-rat or anti-mouse antibod-
ies conjugated with horse radish peroxidase. Bands were visual-
ized with ECL and imaged using ChemiDoc (Biorad).
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Figure 4. Expression of GR DPRs results in locomotor defects. (A) Swimming ac-

tivity assessed at 7 dpf ubiquitously shows a reduction in swimming activity in

transgenic larvae expressing GR DPR (with distance swam by the control in mm

normalized to 100%). Non-transgenic larvae subjected to heat shock (negative

control) and transgenic larvae not subjected to heat shock were used as controls

(N¼2, n¼8 larvae per condition, two-tailed P<0.0001 calculated by unpaired t-

test). Larvae subjected to heat shock are represented using black bars. (B)

Swimming behaviour assessed at 7 dpf was observed to be reduced in transgenic

larvae expressing GR DPRs specifically in motor neurons. Non-transgenic larvae

were used as controls (N¼3, n¼ 8 larvae per condition, two-tailed P<0.0001 cal-

culated by unpaired t-test). (C) Measurement of heart beats per minute in 72 hpf

transgenic zebrafish larvae expressing GR DPR ubiquitously using the Hsp: Gal4

driver, subjected to heat shock at 48 hpf. Non-transgenic larvae subjected to

heat shock were used as control. No significant difference was observed (N¼2,

n¼5 larvae per condition, two-tailed P¼0.0679 by unpaired t-test). (D)

Spontaneous coiling activity in 20 hpf embryos monitored over 20 min repre-

sented as percentage burst activity (percentage of total time during which em-

bryos showed activity), which shows no difference in coiling activity between

control and transgenic embryos since no DPRs would be expressed at this stage

since Hb9 expression has just begun (N¼2, n¼40 larvae/genotype per

condition).
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Measurement of activity

Coiling analysis was performed on 20 hpf embryos embedded in
low melting agarose and their movements inside the chorion
were digitally recorded using a camera for 20 min during which
time they were kept hydrated. The Danioscope software
(Noldus) was then used to quantify the percentage of time the
embryos were active (burst activity).

Swimming activity was measured in 7 dpf larvae transferred
individually into a 96-well plate and incubated in the
Daniovision recording chamber (Noldus) for 1 h in the dark for

habituation. Activity was then recorded over 2 h using Basler
GenIcam camera. Analysis was performed using the Ethovision
XT 12 software (Noldus) to quantify the distance swam.

Measurement of heartbeat rate

72 hpf larvae which had been subjected to heat shock for 1 h at
48 hpf were mildly anaesthetized so as to not affect heartbeat
rate and gently positioned laterally. Videos of the larvae were
acquired for 3 min. The boundary of the heart was specified,

A B

C D

E F

Figure 5. GR expression results in reduction of motor neuron length with increased cell death. (A) Example images of GFP-positive motor neurons in 48 hpf zebrafish

larvae expressing GR DPR, and a non-transgenic larva as a control. Axons of motor neurons in GR100-expressing larvae appear shorter and less branched. (B)

Measurement of the length of motor neurons in the spinal cord showed a significant decrease in motor neuron length when GR DPR is expressed (N¼2, measurement

performed from seven embryos per condition, five ventral roots per embryo; two-tailed P<0.0001 calculated by unpaired t-test). (C). Measurement of the length of mo-

tor neurons in the spinal cord before expression of the GR DPR at 48 hpf and at 80 hpf after 24 h of GR100 expression showed a significant decrease in motor neuron

length only when GR DPR is expressed (N¼2, measurement performed from seven embryos per condition, five ventral roots per embryo; before heat shock group: two-

tailed P¼0.7693 calculated by unpaired t-test; after heat shock group: two-tailed P<0.0001 calculated by unpaired t-test). (D) Examples of GFP-positive motor neurons

in 48 hpf and 80 hpf zebrafish larvae (prior to and after expressing GR DPR), with non-transgenic larvae served as a control. Axons of motor neurons abnormal after

GR100 expression. (E) Examples of acridine orange–stained zebrafish larval spinal cords expressing GR DPR in neurons with larvae not expressing the DPR was used as

a control. HuC expression was used to set limits while imaging, boundary of the cord is marked with black dotted lines. GR100 DPR expressing larvae show visibly more

acridine orange positive cells (black dots, indicated by arrowheads), many of which located in the ventral region of the spinal cord. (F) Quantification of the number of

acridine orange positive cells/larva/field in the spinal cord of larvae expressing GR DPR showed significantly greater number of AO positive cells in the spinal cord in

comparison to larvae not expressing GR DPR (n¼12 larvae per genotype; two-tailed P¼0.0068 calculated by unpaired t-test).
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and heartbeat rate was monitored using the Danioscope soft-
ware. Non-transgenic larvae after heat shock and transgenic
larvae with no heat shock were both used as controls.

Motor neuron morphology

Double transgenic zebrafish with UAS: GR100 and Hb9: GFP were
crossed with Hb9: Gal4. At 30 hpf, embryos with GFP in spinal
cord with/without green heart were sorted separately. At 48 hpf,
larvae were anesthetized, embedded in 1% agarose lateral side
facing up and the spinal cord was imaged using a Quorum
Technologies spinning disk confocal microscope with CSU10B
spinning head (Yokogawa) mounted on an Olympus BX61W1
microscope connected to a Hamamatsu ORCA-ER camera.
Further analysis was performed using the Volocity software
(Improvision). For temporally regulated expression, double
transgenic zebrafish with UAS: GR100 and Hb9: GFP were crossed
with Hsp: Gal4. At 48 hpf, larvae were anesthetized, embedded
in 1% agarose lateral side facing up and the spinal cord was im-
aged as described earlier. Following heat shock for 1 hour at 54
hpf at 38.5�C with mild agitation, larvae were incubated at
28.5�C for 24 h and motor neurons were imaged again at 80 hpf.

Acridine orange staining

HuC: Gal4 transgenic zebrafish were crossed with UAS: GR100
line. At 30 hpf, embryos were sorted based on the presence/ab-
sence of green heart. At 48 hpf, zebrafish embryos were incu-
bated in 1 lg/ml acridine orange for 15 min followed by washing
for about 10 min till no background signal was observed. Larvae
were anaesthetized, embedded with lateral view facing up in 1%
agarose and imaged using a Quorum Technologies spinning
disk confocal microscope with CSU10B spinning head
(Yokogawa) mounted on an Olympus BX61W1 microscope con-
nected to a Hamamatsu ORCA-ER camera. The spinal cord was
imaged using Volocity (Improvision) setting the limits to the
HuC positive neurons. The number of AO positive cells was only
counted in the spinal cord (with red signal), and other regions
were excluded.
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