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Abstract

Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenerative disease
characterized by the progressive dysfunction and death of motor neurons. About 4% of
familial ALS cases can be attributed to point mutations in the TAR DNA binding protein
(TARDBP) gene, encoding the TDP-43 nuclear protein. To date, little is known about
the pathophysiological deficits following the loss of TDP-43 as TDP-43 loss-of-function
murine models die before birth. Here, we use a previously described mutant zebrafish
line (obtained by TILLING mutagenesis) containing a premature stop codon (denoted
‘'Y220X’) in the tardbp gene. tardbp"??®"?20X zeprafish do not produce tdp-43 but
develop normally as they are compensated by an alternative splicing of the tardbp-
like ortholog. In order to obtain a true TDP-43 loss-of-function model, we injected
homozygous tardbp"???"22%X fish with an antisense morpholino oligonucleotide (MO)
targeting the tardbp-like gene. We then examined swimming activity, the structure of
neuromuscular junctions (NMJs) and the synaptic input from motor neurons onto
muscle fibers. tardbp™??%"¥?2% mutants injected with the tardbp/ MO displayed
decreased survival, gross morphological defects, impaired locomotor activity,
impairments in passive muscle membrane properties and an increased frequency of
miniature end-plate currents (MEPCs). These results indicate that TDP-43 is involved in
synaptic vesicle release during vertebrate development and may be relevant for

understanding synaptic dysfunction in ALS.
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Résumé

La sclérose latérale amyotrophique (SLA) est une maladie neurodégénérative
caractérisée par la mort des motoneurones. Environ 4 % des cas familiaux de la SLA
peuvent étre attribués a des mutations dans le géne TARDBP, codant pour la protéine
TDP-43. Jusqu’a présent, les défauts biochimiques liés a la perte de TDP-43 restent
incompris. De plus, les recherches sont limitées dans les modeéles animaux murins de la
maladie car ceux-ci meurent durant 'embryogenése. Pour étudier les conséquences de
la perte de fonction de TDP-43, nous utilisons une lignée de poisson-zébré caractérisée
précédemment contenant un codon stop prématuré (notée Y220X) dans le géne
TARDBP. Les poissons tardbp"?2%Y229X y’expriment pas la protéine tdp-43, mais ils se
développent normalement. Ceci est expliqué par la présence d'un second geéne
orthologue (nommé tardbp-like) dans le génome du poisson-zébré qui compense la
perte de tdp-43. Afin d’obtenir un modéle plus rigoureux de la perte de TDP-43, nous

avons injecté des embryons tardbpvzzoxwzzox

avec un morpholino oligonucléotide (MO)
dirigé contre le gene tardbp-like. Nous avons observé chez les larves
tardbp?2%XY22%X iniectés avec la MO contre tardbp-like une diminution de la survie, des
défauts morphologiques, un sévére phénotype moteur, des défauts dans les propriétés
passives de la membrane musculaire ainsi qu’'une augmentation dans la fréquence des
événements miniatures synaptiques (MEPCs). Ces indices suggeérent que la protéine
TDP-43 est impliquée dans la libération des vésicules synaptiques au cours du

développement vertébré. Ainsi, ces nouvelles données peuvent étre pertinentes pour

comprendre le dysfonctionnement synaptique observé dans la SLA.

Mots-clés: Poisson-zébré, TDP-43, SLA, morpholino antisense, perte de fonction
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1. Introduction

1.1 Amyotrophic lateral sclerosis

1.1.1 Discovery and definition

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disorder
characterized by the progressive loss of upper and lower motor neurons (Motor
neurons) (Boillee et al., 2006; Kiernan et al., 2011; Mulder, 1982; Rowland and
Shneider, 2001). ALS was first characterized in 1869 by the French neurologist Jean-
Martin Charcot, initially known as the Charcot disease, and was only called amyotrophic
lateral sclerosis in 1874 (Kumar et al., 2011). In the United States, ALS has also
become more popularly known as Lou Gehrig’s disease and is recognized as one of the
five main motor neuron diseases (MNDs) (Leigh and Ray-Chaudhuri, 1994; Talbot,

2002; Tan and Shigaki, 2007).

1.1.2 Symptoms of ALS

Symptoms usually appear midlife, with an average age of onset between 50-65
years old (Kiernan et al., 2011; Logroscino et al., 2008; Logroscino et al., 2010). The
main clinical presentations of ALS include weakness and muscle atrophy in the affected
limbs and may include impairments in swallowing, breathing and speaking (Kiernan et
al., 2011; Patten et al., 2014). In some cases, neurodegeneration may also occur in the
cortex resulting in frontotemporal dementia (FTD). FTD and ALS share many
pathological features, suggesting that two diseases may represent a spectrum of a

single disease (Arai et al., 2006; Neumann et al., 2006).



At the cellular level, loss of neuromuscular connectivity and die-back of the distal
ends of motor neurons are two of the earliest pathological hallmarks of ALS and are
believed to be a phenomenon in which the degeneration of motor neuron axons far
precedes any effect on the cell bodies in the spinal cord. This die-back is presumed to
lead to weakened inputs on to distal muscles. Eventually, neurodegeneration spreads
into the phrenic nerve, causing respiratory failure. Other major pathological features
include evidence of motor neuron hyperexcitability, mitochondrial deficits related to
reduced calcium buffering ability and evidence of protein aggregates in the cytosol, all

of which are closely related and lead to motor neuron degeneration.

1.1.3 Epidemiology and prognosis

The incidence of ALS is around 2.7/100 000 individuals per year, making it the
most prevalent MND (Kiernan et al., 2011; Logroscino et al., 2008; Patten et al., 2014;
Zarei et al., 2015). Additionally, ALS has been observed to be more prevalent in men
(3/100 000 people per year) than in women (2.4/100 000 people per year) (Kiernan et
al., 2011). Though relatively rare, ALS is aggressive in nature, progressing rapidly,
where most patients succumb to the disease within 2-5 years following diagnosis
(Kiernan et al., 2011; Logroscino et al., 2008). Furthermore, no cure exists for ALS and
the only US Food and Drug Administration (FDA)-approved drug available, Riluzole,
prolongs life by only a few months (Miller et al., 2012). No reliable diagnostic tests or
biological markers exist to screen patients with ALS-like symptoms and ultimately the
diagnosis of ALS is made by ruling out other MND diagnoses (Rowland and Shneider,

2001).



1.1.4 ALS genetics

Approximately 90% of ALS cases occur sporadically in the population (sALS),
whereas the remaining 10% of ALS cases are familial (fALS), where the inheritance of
ALS-related genes follows a clear Mendelian pattern and is primarily autosomal
dominant (He et al., 2015). fALS and sALS are clinically indistinguishable from one
another. Fortunately, symptom progression and response to Riluzole is similar in
patients with sALS and fALS, therefore the development of animal models to study the
disease may potentially be useful for both sALS and fALS patients (Chio et al., 2009;
Sojka et al., 1997). Furthermore, the fact that we are unable to prescreen patients
emphasizes the need to develop animal models to examine pre-clinical pathology as
well as highlights the value of animal models for performing chemical screens and
testing small molecules.

The first gene implicated in ALS, called superoxide dismutase 1 (SODT), was
discovered in 1993 (Rosen et al., 1993). Since then, advances in genetic tools used to
study other families with ALS have resulted in the identification of genetic mutations
causing fALS in over 18 other genes, as well as multiple candidate genes (Zarei et al.,
2015). Among the genetic discoveries was the identification of three other major ALS-
causing genes: TAR-DNA binding protein (TARDBP) (Chio et al., 2010; Sreedharan et
al., 2008), fused in sarcoma (FUS) (Kwiatkowski et al., 2009; Vance et al., 2009) and
most recently C9O0RF72 (Dedesus-Hernandez et al., 2011; Renton et al., 2011).

A landmark discovery among the recently discovered genes was that the TDP-43
protein, encoded by the TARDBP gene, was found to be a major component of

cytoplasmic aggregates in ubiquitin-positive tau-negative neuronal inclusions that are



prevalent in a variety of neurodegenerative diseases such as ALS, Parkinson’s disease,
Alzheimer’s disease and Huntington’s disease (Amador-Ortiz et al., 2007a; Amador-
Ortiz et al., 2007b; Geser et al., 2008; Higashi et al., 2007). Furthermore, these
inclusions were found to be a hallmark of both ALS and FTD (Arai et al., 2006;
Neumann et al., 2006). TDP-43 is a DNA/RNA binding protein that has since been
found to contain 44 different mutations, most of which are missense mutations that
cause ALS and/or FTD. Mutations in TDP-43 account for 4-6% of fALS and 1-2% sALS
(Arai et al., 2006; Neumann et al., 2006). Unfortunately, even after a decade since its
discovery, little is known about the function of TDP-43 and how mutations of its gene
affect neurodegeneration (Neumann et al., 2006). | am interested in furthering our
understanding of how the loss of TDP-43 affects locomotor behaviour and synaptic
properties at the level of the neuromuscular junction, the initial site of pathology in
patients with ALS (Rowland and Shneider, 2001). Understanding these synaptic
abnormalities will aid in our understanding of the mechanisms that result in motor
neuron death in TDP-43-related ALS cases and may also help identify targets for new

therapeutic agents.



1.2 Pathological features of ALS

1.2.1 Motor neuron hyperexcitability in ALS

Work by Vucic and Kiernan assessed muscle fasciculations in 26 ALS patients.
Fasciculations are a major feature of ALS involving the twitching activity of muscles that
reflects ectopic activity of motor neuron axons upstream. This study was achieved by
stimulating the median motor nerve at the wrist and recording muscle activity using
surface electrodes positioned over the abductor pollicis brevis muscle in the hand. They
observed that compound muscle action potentials were significantly reduced in ALS
patients and that they had significant changes in axonal ion conduction, including
increased persistent sodium channel conduction and abnormalities in potassium
channel function (Vucic and Kiernan, 2006). Furthermore, these changes were
accompanied by an increase in superexcitability during the recovery cycle of excitability.
Together, these observations could underlie the hyperexcitability of motor neurons and
subsequent cramps and fasciculations typical of ALS patients. Other studies have also
identified changes in sodium and potassium currents underlying motor neuron
hyperexcitability in ALS patients (Bostock et al., 1995; Kanai et al., 2006; Nakata et al.,
2006). Furthermore, the degree of hyperexcitability in ALS patients has been found to
correlate with patient survival (Kanai et al., 2012).

Hyperexcitability has also been found to relate to the susceptibility to disease in
Huntington’s disease (HD), Parkinson’s disease (PD) and Alzheimer’s disease (AD)
(Saxena and Caroni, 2011). Similarly, the hyperexcitability of motor neurons has been
proposed to result in excitotoxicity and may explain the selective vulnerability of motor

neurons to axonal degeneration in ALS (Vucic et al., 2008). A body of evidence
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suggests that this selective vulnerability is due to excitotoxic cell death mediated by the
release of glutamate and activation of a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionate (AMPAR), kainic acid (KAR) receptors and N-methyl-D-aspartate
(NMDAR) receptors (Beal, 1992; DiFiglia, 1990; Levine et al., 1999; Shehadeh et al.,
2006). For example, in a HD mouse model, in acutely dissociated striatal neurons from
transgenic mice expressing a yeast artificial chromosome (YAC) that leads to the over-
expression of the mutant Huntingtin protein (htt), striatal medium-sized spiny neurons
(MSNs) were observed to have an increased NMDAR current and an increased
sensitivity to excitotoxic cell death induced by NMDAR activation (Zeron et al., 2002).
Hyperexcitability of motor neurons has also been reported in induced pluripotent
stem cells (iPSC)-derived motor neurons generated from the fibroblasts of patients with
SOD1-associated ALS (Wainger et al., 2014). Whole-cell patch-clamp recordings of the
iPSC-derived motor neurons heterozygous for the mutant SOD1 allele (mSOD1) were
found to fire significantly more action potentials in response to a slow ramp
depolarization, and were not found to have any significant differences in the resting
membrane potential, action potential threshold or input resistance (Wainger et al.,
2014). Additionally, the iPSC-derived motor neurons expressing mSOD1 were observed
to have a decreased ratio of outward delayed rectifier potassium current to inward
transient sodium current. By normalizing these current amplitudes to the motor neuron
capacitance, it was determined that the delayed rectifier potassium current was the
main contributor to this change in ratio. This voltage-gated potassium channel-mediated
current, which repolarizes the membrane following an action potential, was significantly

smaller, suggesting that the neurons may be slightly more depolarized and likely
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contributes to increased action potential firing and motor neuron hyperexcitability
(Wainger et al., 2014).

In a transgenic mouse model of SOD1 that overexpresses mutant human SOD1
bearing the G93A mutation (mSOD71%%*"), hypoglossal motor neurons from acutely
prepared brainstem slices were also found to display hyperexcitability in response to
depolarizing current steps (van Zundert et al., 2008). Furthermore, mSOD71%** mice
were observed to have reduced fidelity of transmission, in which action potentials in the
motor neurons failed to elicit EPPs (Souayah et al., 2012) as well as had de-innervated
endplates specifically at fast-fatigable NMJs (Fischer et al., 2004; Frey et al., 2000).
Evidence of hyperexcitability was present 2-3 months before the appearance of motor
neuron degeneration or clinical symptoms in the mice, suggesting that changes in
synaptic transmission may be an early event in ALS (van Zundert et al., 2008).

In addition to an increased level of excitability, these motor neurons displayed
APs with increased amplitude, but otherwise did not show different electrophysiological
properties compared to their wild type counterparts (van Zundert et al., 2008). These
researchers went on to show that the increased level of motor neuron excitability in

mice expressing mSOD71%9%

could be attributed to an increase in peak amplitude of the
persisting Na* current (PCna), a current that is selectively blocked by riluzole, the only
FDA-approved drug available to ALS patients (van Zundert et al., 2008).

Interestingly, after performing whole-cell voltage clamp recordings on
hypoglossal motor neurons, it was found that the inter-event interval of spontaneous

AMPA (sAMPA) and glycinergic (sIPSC) events was decreased leading to a higher

frequency of events, as well as significantly shorter decay constant in spontaneous
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NMDA events. Furthermore, it was suggested that this increase in frequency was likely
due to an increase in activity-dependent transmission following an AP, since no
changes in quantal amplitude or frequency were observed in miniature AMPA (mMAMPA)
events. In other words, an increase in frequency of excitatory sSAMPA events occurred
in the hypoglossal motor neurons of mSOD7°%*# mice, indicating higher levels of
activity. It is suggested that the simultaneous increase in frequency of inhibitory sIPSCs
may be a homeostatic response to the increased sAMPA activity. These researchers
suggest that the observed increase in PCya in hypoglossal motor neurons may be a
result of an early switch of Na* channel isoforms caused by accelerated development, in
which embryonic Na* channels Nav1.2 and 1.3 are replaced by channels Nav1.1 and
1.6 earlier than normal. Furthermore, these researchers found other evidence of
accelerated development by observing an early switch of NMDA channel subunit
composition, which involved a premature switch from slow-decaying NR2B to fast-
decaying NR2A subunits, which could account for the change in NMDA decay constant.
Other possible explanations for the observed increase in PCya in hypoglossal motor
neurons include increased levels of oxidative stress and increased protein kinase C

(PKC) activity, which can affect mitochondria and Na* channel behaviours, respectively.

1.2.2 Reduced calcium buffering ability and mitochondrial deficits

It is hypothesized that Ca®* may be linked to hyperexcitability and may also play
a role in the selective vulnerability of motor neurons in ALS. Additionally, riluzole, the
only available drug used to treat ALS, acts as an inhibitor of NMDAR and KAR, though it

exerts only minimal benefits for the patients (Debono et al., 1993). In studies using
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dissociated spinal cultures from rat or mouse embryos, motor neurons were reported to
express high levels of Ca®*-permeable AMPARs and were reported to be selectively
vulnerable to Ca*-dependent, AMPAR/KAR-mediated injury(Carriedo et al., 1995;
Carriedo et al.,, 1996; Leal and Gomes, 2015; Van Den Bosch et al., 2000). Motor
neurons in healthy controls have also been found to have a low Ca?* buffering capacity
due to a reduced expression of Ca®" buffering proteins such as parvalbumin and
calbindin compared to other neuronal tissue (Alexianu et al., 1994; Jaiswal, 2013;
Palecek et al., 1999). Furthermore, in transverse spinal cord sections obtained from
ALS patients, reduced levels of calretinin and parvalbumin, Ca?* buffering proteins,
were observed compared to spinal cord sections obtained from healthy control subjects
(Hayashi et al., 2013). Ultimately, it is suggested that a reduction in Ca®** buffering
capacity in motor neurons, particularly under pathological condition, may lead to Ca?*
overload and decreased Ca?* homeostasis, leading to a decline in the cell’s ability to

compensate for oxidative stress, resulting in cell death (Lewerenz and Maher, 2015).

1.2.3 Cytosolic aggregates

In spinal cord sections of transgenic mice expressing mSOD1 bearing the G93A
mutation (mMSOD71°%*4), misfolded mutant SOD1 protein was observed to accumulate in
the mitochondrial intermembrane space, suggesting that a decreased Ca?* buffering
capacity in motor neurons may lead their mitochondria to assume a more prominent role
in Ca”* buffering (Hayashi et al., 2013). Additionally, the presence of Ca®* overload has
been shown to promote mutant SOD1 protein aggregation. In dissociated mouse spinal

cultures, following intranuclear microinjection of plasmid expression vectors, cultures
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expressing human mSOD1 bearing either the G93A, G41R or N139K mutation, were
found to have a significantly higher percentage of motor neurons containing cytoplasmic
mutant SOD1 protein aggregates as well as increased levels of motor neuron death
(Durham et al., 1997; Roy et al., 1998).

Interestingly, the addition of kynurenic acid or 6-cyano-7-nitroquinoxaline-2,3-
dione disodium (CNQX), nonspecific ionotropic glutamate receptor blocker and
AMPAR/KAR blocker respectively, into the culture medium prevented motor neuron cell
death as well as significantly reduced the percentage of motor neurons containing
cytoplasmic mutant SOD1 protein aggregates (Roy et al., 1998). Conversely, treatment
with D-2-amino-5-phosphonovaleric acid (APV), an NMDAR blocker, did not have
neuroprotective effects on motor neuron cell death, but did reduce the percentage of
motor neurons containing cytoplasmic mutant SOD1 protein aggregates (Roy et al.,
1998). In other work in lumbar spinal cords of mSOD1 transgenic mice, treatment with
NMDA did not have a prominent degenerative effect on motor neurons, whereas the
non-NMDA agonist, kainate, did preferentially affect motor neurons, suggesting that
NMDAR may not confer excitotoxicity in ALS (lkonomidou et al., 1996). However,
NMDAR-mediated excitotoxicity in motor neurons has been documented in chick

embryo organotypic slice cultures (Brunet et al., 2009).
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1.3 TARDBP gene

1.3.1 TARDBP function

The TARDBP gene, located on chromosome 1 in humans, is a gene that is
widely conserved among many species. This gene contains 6 exons, where exons 2-6
encode the TDP-43 protein (Wang et al., 2004a). This protein is 414 amino acids in
length, is a heterogeneous nuclear ribonucleoprotein with two RNA recognition motifs
(RRM1 and RRM2) and is expressed ubiquitously throughout the organism (Ayala et al.,
2005). The c-terminal of the TARDBP gene contains a glycine-rich region that is thought
to be involved in protein-protein interactions and which contains most of the ALS-
causing mutations.

Though its precise function is unclear, TDP-43 is proposed to be involved in
development, transcription, splicing regulation, mRNA stability and microRNA
processing. A study by Sephton and colleagues used an RNA immunoprecipitation
method followed by deep sequencing (RIP-seq) on primary cultured rat cortical neurons
to determine RNA targets of TDP-43 under normal conditions (Sephton et al., 2011). It
was discovered that TDP-43 interacted with either exonic regions, intronic regions, or
both (Sephton et al., 2011). Interestingly, genes with TDP-43 exonic reads were
enriched for those involved in RNA splicing, processing and maturation such as Sfrs1,
Tardbp itself and Fus/Tls. Genes with TDP-43 intronic reads were enriched for those
involved in synaptic formation and function as well as regulation of neurotransmitter
signaling, such as neurexin (Nrxn1-3), neuroligin (Nign1-3) and slit homologs (Slit1-3).
Genes observed to have both intronic and exonic reads were enriched with genes

whose functions were related to various aspects of central nervous system development
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and differentiation such as notch homolog 1 (Notch1), neurotrophic tyrosine kinase
receptor 2-3 (Nirk2-3) and myelin transcription factor 1-like (Myt1l) (Sephton et al.,
2011). Additionally, TDP-43 was found to bind to a number of RNAs encoding proteins
involved in neurodegeneration, proteins such as tdp-43 itself, fus/tls, progranulin, tau
and ataxin (Sephton et al., 2011).

Other studies using cross-linking, immunoprecipitation and high-throughput
sequencing (CLIP-seq) in the adult mouse brain have also identified a large number of
TDP-43 mRNA targets (Polymenidou et al., 2011). This study revealed binding sites for
TDP-43 within 6 304 annotated protein-coding genes, representing approximately 30 %
of the murine transcriptome. Interestingly, the majority of TDP-43 binding sites were
found within introns, many of which were identified to be located near exon-intron
boundaries. Furthermore, many TDP-43 targets were enriched for genes involved in
RNA splicing, processing and maturation, synaptic formation, regulation of
neurotransmitter processes, central nervous system development, differentiation and
neurodegeneration (Polymenidou et al., 2011; Sephton et al., 2011).

TDP-43 is a nuclear protein that responds strongly and characteristically to
neuronal stress. Following a exposure to a chemical stressor (Kedersha et al., 2000),
environmental stressor (Kedersha and Anderson, 2002), heat shock (Nover et al.,
1989), changes in osmolarity (Dewey et al., 2011) or viral infection (Esclatine et al.,
2004), TDP-43 is translocated out of the nucleus and into the cytoplasm and colocalizes
with transient cytoplasmic structures, called stress granules (Liu-Yesucevitz et al.,
2010). Stress granules are composed of ribonucleoprotein particles that form during

stress and that repress the translation of a subset of RNAs in order to help the cell
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survive the period of stress, suggesting that TDP-43 is involved in the neuronal stress
response (Nover et al., 1989).

Similarly, in tissues obtained from the hippocampus, neocortex and spinal cord
from ALS patients, TDP-43 was found to be shuttled to the cytoplasm and was one of
the major constituents of cytoplasmic inclusions (Neumann et al., 2006). Furthermore,
these cytoplasmic inclusions are a pathological hallmark of a range of
neurodegenerative disorders, confirming the important role TDP-43 plays in
degenerative disease. Within the cytoplasmic inclusions of patients with ALS, TDP-43 is
ubiquitinated and hyperphosphorylated and has also been observed to be abnormally
spliced, generating a smaller protein fragment that is more prone to aggregation (Arai et
al., 2006). Given the large number of transcripts that TDP-43 regulates, including
autoregulation of its own expression, it is suggested that the presence of TDP-43 in
these cytoplasmic inclusions, and particularly in neurodegenerative disease, could lead
to a loss of normal TDP-43 function for a subset of its RNA targets. However, while it is
clear TDP-43 is implicated in neurodegeneration, it is still unclear whether TDP-43,
located within these cytoplasmic inclusions, is simply a pathological marker, or whether

it may actively participate in the development of neurodegenerative disease.

1.3.2 TARDBP in ALS

Both gain-of-function and loss-of-function mechanisms have been proposed for
conferring TDP-43 pathology. The pattern of genetic inheritance, in that a wild type
allele is still expressed in patients who have ALS, suggests that the mutant allele

confers a toxic gain-of-function property. However, evidence for the loss-of-function
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mechanism arose from observations in brain and spinal cord tissues of ALS patients
where mutant TDP-43 could be found in the cytoplasm, suggesting that loss of normal
TDP-43 nuclear localization could participate in disease pathology (Neumann et al.,
2006). Though it remains to be determined, a combination of both a loss of nuclear
function and a toxic gain of cytoplasmic function may be involved in developing the

disease pathology.

1.3.3 Animal models of TDP-43-related ALS

1.3.3.1 TDP-43 C. elegans models

Many studies have used Caenorhabditis elegans in order to study the function of
TDP-43 as it is a well-characterized animal model and has a relatively simple nervous
system. In studies investigating the overexpression of TDP-43 in transgenic C. elegans,
pan neuronal expression of human wild type TARDBP (wtTARDBP) led to motility
deficits and degeneration, as well as defasciculation of GABAergic motor neurons (Ash
et al., 2010; Liachko et al., 2010). Interestingly, in worms, GABAergic neurons seem to
be particularly sensitive to the expression of the TDP-43 protein. In one study by
Mcintire and colleagues, overexpression of mutant TARDBP (mTARDBP), but not
wtTARDBP, specifically in GABAergic neurons, led to an adult-onset, progressive
paralysis phenotype as well as led to GABAergic neurodegeneration and synaptic
transmission impairments (Mclintire et al., 1997).

Worms have also been used to study the loss of TDP-43 function as they have

an ortholog called TDP-1. In one study, the loss of TDP-1 was studied using tdp-1
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mutants that contained a large ~1.2kb genome deletion, and were presumed to be tdp-1
null mutants (Zhang et al., 2012). Upon the loss of tdp-1 expression, these tdp-7 mutant
worms displayed deficits in fertility, growth and a significant locomotor phenotype
(Zhang et al., 2012). Interestingly, worms lacking tdp-1 expression have also been
observed to have a longer lifespan and are more resistant to neurodegeneration, but
display evidence of a reduced tolerance to oxidative or osmotic stress (Vaccaro et al.,
2012; Zhang et al., 2012). The pan-neuronal overexpression of the c-terminal fragment
of TDP-43 (TDP-C25) in transgenic worms, which is a 25-kDa carboxyl fragment of
TDP-43 and which is a primary component of cytoplasmic inclusions in ALS and FTD
patients, led to a severe ALS-related phenotype (Zhang et al., 2012; Zhang et al.,
2011). This phenotype included the generation of protein aggregates and severe
locomotor deficits. Interestingly, the overexpression of TDP-C25 in tdp-1 mutants
significantly improved the locomotor deficits caused by TDP-C25 and reduced the
degree of protein aggregation (Zhang et al., 2012). Ultimately, these results revealed an

important role for tdp-1 in lifespan and protein homeostasis.

1.3.3.2 TDP-43 Drosophila melanogaster models

Work in Drosophila showed that genetic suppression of the conserved TARDBP
homolog, called TBPH, creating a null mutant (TBPH"), lead to alterations in the
organization of motor neuron terminals, locomotor defects and a reduced lifespan
(Romano et al., 2014). The loss of TBPH expression led to a disorganization in the
microtubules inside terminal boutons and was found to be caused by the

downregulation of a microtubule-associated protein, MAP1B/futsch, whose mMRNA

20



normally directly interacts with the TBPH protein. Furthermore, it was shown that TBPH
produces a protein that is involved in the modulation of synaptic vesicles and that is
permanently required throughout fly development in order to sustain normal locomotor
function (Romano et al., 2014). These results suggest that the lack of TBPH expression
likely causes synaptic transmission defects. Interestingly, the re-introduction of TBPH at
later stages of development was able to recover synaptogenesis and locomotion,
suggesting that late therapeutic approaches may also be successful in human
pathology.

Additionally, this study used the previously described temporal and regional gene
expression targeting (TARGET) system to induce the conditional expression of a
double-stranded RNAIi against TBPH in mature third instar larval neurons (Romano et
al., 2014). The reduction in neuronal TBPH protein levels following RNAi led to
locomotor defects in these larvae compared to controls. These larvae, following RNAI
knockdown, were also observed to have a reduction in the expression of secretory
synaptic  machinery, such as syntaxin and synapsin, observed by
immunohistochemistry. However, proteins involved in the structural organization of
synapses, such as bruchpilot, were unaffected. These results suggest that the loss of
TBPH function, leading to motor deficits, may be causing severe changes in vesicular
release in the presynaptic component of the NMJ.

In studies investigating the gain of TBPH protein function, transgenic flies
expressing human wild type TARDBP mRNA (wtTARDBP) in various neuronal
populations were generated (Li et al., 2010). Overexpression of wtTARDBP specifically

in the Drosophila eye lead to progressive photoreceptor degeneration with aging and
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was characterized by degenerating mitochondria, multilamellar bodies, multivesicular
bodies and autophagic vacuoles (Li et al., 2010). Interestingly, the overexpression of
human mutant TARDBP mRNA (mTARDBP) lacking the amino-terminal RNA
recognition motif, which otherwise causes neuronal death in vitro, did not display
evidence of photoreceptor degeneration. Furthermore, overexpression of wtTARDBP
specifically in mushroom bodies caused axonal loss and neuronal death. Similarly, in
this same study, the knockdown of TBPH expression using RNAI also resulted in axonal
loss and neuronal death, but to a lesser degree. When wiTARDBP was overexpressed
specifically in motor neurons, larvae failed to hatch in the late pupa stage and evidence
of motor neuron cell death was observed. Motor neurons that contained mutant TDP-43
in the cytoplasm were also found to contain cytoplasmic aggregates in both the cell
bodies and axons and showed signs of cell death, whereas motor neurons expressing
TDP-43 in the nucleus did not. These results suggest that simply increasing the
expression of wWiTARDBP may be enough to cause neurotoxicity and that the abnormal

regulation of decreased clearance of TDP-43 may be an active contributor to pathology.

1.3.3.3 TDP-43 murine models

Studies investigating the loss-of-function of TDP-43 in murine models have
proven difficult as mice homozygous for loss of TDP-43 are not viable and die in
embryonic development (Kraemer et al., 2010; Sephton et al., 2010; Wu et al., 2010).

In early work, the development of gain-of-function TDP-43 murine models of ALS
had also proven difficult as the first mouse models exhibited early paralysis followed by

death as well as lacked significant characteristics of ALS pathology (Stallings et al.,
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2010; Wegorzewska et al., 2009; Wils et al., 2010; Xu et al., 2010). More recently,
newly developed transgenic TDP-43 mouse models expressing human mutant TDP-43
mutations (G348C or A315T) were observed to have cytoplasmic inclusions in spinal
cord tissue, impairments in contextual learning/memory and spatial learning/memory, as
well as significant motor deficits (Swarup et al., 2011). However, expression of wild type
human TDP-43 also showed pathology, compromising the usefulness of mouse models.

In another study, the constitutive expression of TARDBP bearing the M337V
substitution mutation (TDP-43"3*"V) in transgenic rats caused all three founder rats to
die within 30 days after birth. Using the tetracycline off (Tet-off) regulatory system, they
then generated double transgenic rat lines with the expression of the tTa transgene and
the expression of TDP-43"3%"V under the control of the Tet-controlled transactivator-
activated promoter (TRE) (TRE-TDP-43"33"V) Expression of TRE-TDP-43"33"V could be
stopped with the introduction of the Tet derivative Doxycycline (Dox), allowing normal
embryogenesis and birth of rat pups (Zhou et al., 2010). By introducing Dox into the

water of breeding rats only during embryogenesis, TDP-43"337V

only became fully
expressed in post-natal rats by post-natal day 10. Rats expressing TDP-43"**"V had
significant motor deficits, shown by a reduction in running time in a Rotarod test and
showed progressive limb weakness and paralysis. The number of motor neurons in the

3337V and fewer intact

spinal cord was significantly reduced in rats expressing TDP-4
motor neuron axons were observed (Zhou et al., 2010). During disease onset, confocal
microscopy and electron microscopy revealed de-innervation of endplates in skeletal

muscle and degeneration of motor neuron axons, respectively. Following motor neuron

axon degeneration, groups of skeletal muscles atrophied and correlated with
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progressive paralysis, despite no simultaneous loss of motor neuron cell bodies (Zhou
et al., 2010). Furthermore, using electromyography, a higher frequency of muscle

fibrillation potentials was detected in rats expressing TDP-43M337V

compared to non-
transgenic rats, characteristic of muscle de-innervation and re-innervation. Though
these TDP-43 rat models display a phenotype relevant to ALS, little is known about the
changes in synaptic transmission that occur at the NMJ of these rats. It is likely that the
expression of mTARDBP in these rats may also confer a toxic gain-of-function that

leads to similar disturbances in synaptic activity that were observed in the mSOD1 over-

expression studies done in mice.

1.3.3.4 TDP-43 zebrafish models

1.3.3.4.1 Neuromuscular junction in larval zebrafish

In work addressing the TDP-43 function, researchers have used the zebrafish
animal model as it has several key advantages as a vertebrate model organism.
Zebrafish have an external development and optical transparency, facilitating
experimental investigations and high-resolution imaging. Additionally, zebrafish are
highly amenable to genetic manipulations where one can injected genetic constructs at
the one-cell embryonic stage and alter the genome of future generations. Furthermore,
zebrafish have high fecundity and low cost of maintenance, which facilitates high
throughput screening of potential therapeutics and enables large sample sizes. More
importantly, from a neuroscience perspective, zebrafish are also highly amenable to

neurophysiological analyses in the spinal cord and musculature (Buss and Drapeau,
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2002). Another major advantage of this vertebrate model is its high gene homology to
human genes and as a result, many models of human disease have been generated in
zebrafish that closely resemble the human condition (Lieschke and Currie, 2007).

In order to define the cellular physiological defects underlying reduced motility,
recordings can be performed at the zebrafish neuromuscular junction (NMJ). In a
vertebrate, motor neuron cell bodies arise in the spinal cord and project their axons
ventrally, forming synapses with downstream skeletal muscles fibers, a synapse called
the NMJ. At the NMJ, Motor neurons release acetylcholine (ACh) into the synaptic cleft
opposite regions of the muscle fibers that contain a high density of nicotinic
acetylcholine receptors (nAChR).

The release of presynaptic ACh can be initiated by two mechanisms; either
massively by the arrival of an action potential or weakly by spontaneous release,
independent of an action potential. Action potential evoked-release is associated with
several dozen synaptic vesicles releasing their contents into the NMJ, which bind to
post-synaptic nAChRs resulting in an inward end-plate current (EPC). This large inward
current subsequently causes a large depolarization of the muscle, called an end-plate
potential (EPP), which may then be sufficiently large to initiate an action potential and
contraction in the muscle. Spontaneous quantal release, which involves the exocytosis
and release from a single synaptic vesicle, results in a miniature EPC (mEPC) and
miniature EPP (mEPP) in the muscle. These mEPCs can be recorded by the application
of tetrodotoxin (TTX), which blocks voltage-gated sodium channels, preventing the
generation of action potentials. Changes in the properties of mMEPCs have been used

previously to identify defects in synaptic transmission at the NMJ (Armstrong and
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Drapeau, 2013b). For example, one can observe changes in the frequency of events
and amplitude of mEPC events, which reflect the frequency of vesicle release and
quantal content, respectively.

In early work done in zebrafish, Buss et al. characterized the membrane,
contractile, electric coupling and synaptic properties of muscles in the zebrafish trunk in
which the slow- and fast-twitch muscle fibers are referred to as embryonic red (ER) and
embryonic white (EW) muscle fibers, respectively. Interestingly, in early stages of
development, the EW and ER muscle fibers have similar properties but are not identical.
The superficial ER muscle fibers have a small diameter, are populated by many
mitochondria and are extensively electrically coupled, enabling them to maintain and
drive sustained muscle activity and swimming, but not rapid muscle contractions.
Additionally, ER fibers do not express voltage-gated Na+ channels and do not conduct
action potentials, indicating that they are most similar to tonic muscle fibers (Ahmed and
Ali, 2015). Conversely, the deep EW muscle fibers have the opposite characteristics,
making them more suitable for short, fast and powerful muscle contractions, activity that
is better suited for the initiation of swimming and resemble more fast-fatiguable muscles

in humans.

The first larval zebrafish movements are observed at 17 hours post-fertilization
(hpf), and appear shortly after neuromuscular innervation begins (Liu and Westerfield,
1992). The first synapses observed appear between primary motor neurons and the EW
muscle pioneers, leading to the first contractions in the muscles (Melancon et al., 1997).
Following this, secondary motor neurons begin to innervate muscles at around 26 hpf

and swimming activity is observed at around 27 hpf (Myers et al., 1986). At this point in
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development, all muscle fibers have similar metabolic properties compared to adult
white muscle fibers, but EW and ER fibers still maintain their own distinct myofibrillary
properties (Blagden et al., 1997; van Raamsdonk et al., 1978). In early development, at
1 day post-fertilization (dpf), both muscle fiber types display a normal distribution of
amplitude, rise-time and half-width, but ER muscle fibers display a higher frequency of
mEPPs, with a broader distribution of rise times (20-80%) and half-width, compared to
the EW muscle fibers (Buss and Drapeau, 2000). Interestingly, by 5 dpf, ER and EW
muscle fibers display similar mEPP frequencies and both are observed to have a
proportion of muscles that display two different populations of mMEPPs. The existence of
these two different mEPP populations was further demonstrated in scatterplots that
plotted their kinetic properties, where the second mEPP populations have smaller
amplitudes, slower rise times and longer half-widths (Buss and Drapeau, 2000). It was
suggested that these two populations of mEPPs may be present in all ER and EW
muscle fibers, but that it may be harder to detect them when there is significant noise in
the recording, as this noise may mask the presence of these smaller events. Upon
further investigation by performing paired recordings, the smaller, slower mEPPs
observed and recorded from a given muscle were found to arise from electrically-
coupled neighboring muscle cells. As they develop, muscle cells are found to
progressively decrease the level of electrical coupling with their homologous neighbors
as seen by dye coupling, but these paired recordings also indicated that the muscle
fibers may not yet be fully uncoupled from their homologous neighbors even at 5 dpf in
both ER and EW muscle fibers (Buss and Drapeau, 2000). Furthermore, it was

suggested that this second population of smaller and slower mEPP events may not only
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arise from electrical coupling between cells, but that they may also in fact be evidence

of newly formed, immature synapses.

Other work has also examined the development of synaptic transmission at the
NMJ in zebrafish using whole-cell voltage clamp recordings. It was discovered that as
the zebrafish embryo develops into a larvae there are significant and distinct changes in
mEPC kinetics and amplitude. In one study, 27 hpf embryos, 3 dpf and 6 dpf larvae
were bathed in TTX, blocking APs, and subsequent mEPCs were recorded. The mean
ampltiude of mEPCs from 27 hpf embryos were 12.3 pA in size and had slow kinetics,
such as a decay tau constant of 7.2 ms. Conversely, 3 dpf larvae had a mean amplitude
of 62.3 pA and a decay tau constant of 1.3 ms. Finally, 6 dpf larvae had a mean
amplitude of 122.2 pA with a decay tau constant of 2.1 ms (Nguyen et al., 1999).
Ultimately, it was determined that the transition from embryonic to larval mEPC
characteristics occurred between 36-42 hpf and was largely complete by 3 dpf (Nguyen
et al., 1999). Furthermore, scatterplots of mEPCs amplitudes (pA) versus decay time
constants (ms) at all stages indicated the presence of two separate populations of
mEPC events, where one population was confined to smaller amplitudes and slower
kinetics, and the other population ranged larger amplitudes with faster kinetics,
consistent what was observed in the distribution of mMEPPs described earlier (Buss and
Drapeau, 2000; Nguyen et al., 1999). These results suggest extensive electrical
coupling exists throughout development from embryonic stages to 6 dpf. It was also
suggested that in 6 dpf larvae, as electrical coupling decreases among neighboring
muscle fibers, the small amplitude (<100 pA) and slow (>4 ms decay constant) mEPC

events may represent immature synapses, such as those observed in younger 27 hpf
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embryos. Alternatively, these smaller and slower events detected in 6 dpf may also be
due to a gradual decrease in the effectiveness of the space clamp, suggesting that as
the muscles grow in size, it becomes increasingly difficult to properly voltage clamp

muscle cells (Nguyen et al., 1999).

In order to assess changes in AChRs during early zebrafish development, single-
channel activity was recorded from dissociated muscle cells and two distinct channels
were identified in both embryonic and larval stages (Nguyen et al., 1999). Interestingly,
the AChR characteristics observed in 24-36 hpf embryos and 3 dpf larvae displayed
different conductances, which would account for the changes in mEPC amplitude
throughout development, but shared similar mEPC kinetics. It was concluded, therefore,
that the same two types of AChRs are present throughout early development despite
mEPCs displaying significantly different decay tau constants. Though unclear, it was
suggested that this difference in mEPC decay tau constant could be accounted for by
the effects of acetylcholinesterase (AChE) in the synaptic cleft, which is an enzyme that
hydrolyzes and inactivates ACh. Additionally, it was suggested that the loose apposition
of presynaptic terminals onto muscles at newly formed synapses may lead to a longer
diffusion of ACh before it reaches the postsynaptic muscle, causing a delay and

prolonged activation of the AChRs and a longer subsequent decay tau constant.

Knowing that zebrafish muscles are highly electrically coupled, in more recent
studies by Ahmed and Ali, whole-cell voltage-clamp recordings were obtained from fast-
twtich and slow-twitch muscle fibers in 1.5 dpf, 2 dpf, and 3 dpf fish bathed in both TTX
and carbenoxolone. Carbenoxolone is used in order to block gap junctions, which

blocks event activity detected from neighboring muscle fibers. Despite blocking gap
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junctions, scatterplots of mEPCs amplitudes (pA) versus decay time constants (ms) at
all stages still indicated the presence of two separate populations of mEPC events and
reported decay tau constants ranging up to 40 ms (Ahmed and Ali, 2015). Recordings
from 1.5 dpf and 2 dpf fish showed a proportion of small amplitude and slow kinetic
mEPC events despite being bathed in carbenoxolone, indicating that these types of
events may in fact be due to immature or developping synapses. Furthermore, these
small amplitude and slow kinetic mEPC events were also still present in 3 dpf animals,
though to a lesser degree, suggesting that these immature synapses may be becoming
progressively stabilized into mature and fully functional synapses as the fish develops

(Ahmed and Ali, 2015).

1.3.3.4.2 tdp-43 gain-of-function in zebrafish

In order to further our understanding of a possible TDP-43 toxic gain-of-function,
a study by Kabashi and colleagues in our lab investigated the consequences of
overexpressing human mutant mRNA (mTARDBP) in zebrafish embryos. Embryos were
injected with either wild-type human TARDBP (wtTARDBP) or mTARDBP encoding
either the ALS-related G348C, A382T or A315T mutation, resulting in a transient
overexpression of mutant TDP-43 (Kabashi et al., 2010). This overexpression of mutant
TDP-43 was associated with a significant motor phenotype, characterized by shorter
motor neuron axons in embryos expressing G348C and A382T, premature and
excessive branching in embryos expressing G348C, as well as swimming deficits in
embryos expressing G348C, A382T and A315T mutations (Kabashi et al., 2010). The

expression of wtiTARDBP did not confer toxicity, which is an important control validating
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the use of zebrafish models. Similarly, transient overexpression of human mutant SOD1
MRNA (mSOD7) was performed in zebrafish and these larvae were also reported to
display motor neuron-specific axon outgrowth defects and abnormalities in branching
during development (Lemmens et al., 2007).

With the goal of investigating the effects of mTARDBP overexpression on motor
neurons in zebrafish, work by Armstrong and Drapeau found that expression of
mTARDBP bearing the G348C mutation in larval zebrafish also led to significant
locomotor and synaptic defects at the NMJ compared to larvae expressing wiTARDBP
(Armstrong and Drapeau, 2013b). They also observed that both motor neurons and
fast-twitch EW muscles in larvae expressing mTARDBP maintained a similar resting
membrane potential, whole cell capacitance and membrane resistance compared to
their wtTARDBP-injected siblings. This indicates that both motor neurons and fast-twitch
muscles maintained normal passive electrophysiological properties despite severe
impairments in locomotor behaviour.

One striking observation made was that the motor neurons in animals expressing
mTARDBP were more excitable than motor neurons in larvae expressing wtTARDBP, in
that they generated higher frequencies of evoked action potentials (APs) following
current injection (Armstrong and Drapeau, 2013b). More specifically, they examined
synaptic transmission between caudal primary (CaP) motor neurons, one of the three
primary motor neurons in zebrafish, and fast-twitch muscle fibers. These motor neurons
are ideal for analysis at the neuromuscular junction due to their large cell body and
projection pattern to ventral regions of the trunk musculature, which synapse onto both

slow- and fast-twitch muscle fibers (Westerfield et al., 1986). Interestingly, when later
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assessing motor neuron spontaneous events onto fast-twitch muscle fibers compared to
wtTARDBP, the hyperexcitable mTARDBP CaP motor neurons were associated with
muscle mEPCs that were decreased in amplitude, frequency and quantal content and
exhibited a reduced fidelity of transmission at the NMJ, in which motor neurons failed to
elicit a corresponding EPC downstream in the fast-twitch muscles, suggesting a
presynaptic defect (Armstrong and Drapeau, 2013b). Finally, the NMJ of mTARDBP-
expressing zebrafish was also observed to have an increased number of orphaned
synapses, observed as a reduction in the number of overlapping pre- and post-synaptic
labeled puncta (Armstrong and Drapeau, 2013b). It was suggested that a decrease in
synaptic transmission might be due to a reduced level of AP Ca®" entry through L-type
voltage-dependent Ca®* channels (VDCCs), which mediate the release of ACh
(Arenson and Evans, 2001; Nurullin et al., 2011; Thaler et al., 2001). Following a 12-
hour chronic application of L-VDCC agonists, the fidelity of synaptic transmission,
mEPC amplitude, synaptic connectivity and swimming behaviour were restored in
mTARDBP-expressing zebrafish. Conversely, the application of nifedipine, a Ca?
channel antagonist, led to significant swimming deficits in all conditions. These results
suggest that mTARDBP expression may lead to a toxic gain-of-function in the zebrafish
associated with Ca**-dependent presynaptic defects that lead to the hyperexcitability of
CaP motor neurons and an increased incidence of de-innervated endplates.
Interestingly, similar deficits were observed in a zebrafish model of SOD1
(Ramesh et al., 2010). In this study, the zebrafish SOD1 ortholog (sod7) was mutated
by changing the glycine 93 residue to arginine (G93R), which is a mutation often

observed in SOD1-related fALS cases. Transgenic zebrafish lines were then generated
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to either overexpress the mutated or wild type form of zebrafish sod7, and were
compared to non-transgenic counterparts (nTg). Zebrafish overexpressing the G93R
mutation did not show any significant changes at early larval stages. However, by 11
dpf, these fish were found to have a significant reduction in the number of overlapping
pre- and post-synaptic labeled puncta at the NMJ, as well as a reduction in the post-
synaptic volume in muscles, suggesting a progressive de-innervation of the
musculature. Despite these alterations, these larvae grew to adulthood. At 12 months of
age, zebrafish overexpressing the G93R sod?1 mutation were found to have a more
severe reduction in the number of overlapping pre- and post-synaptic labeled puncta at
the NMJ and were found to have a decreased NMJ volume. Furthermore, these adult
zebrafish displayed a reduction in swimming endurance and swimming strength against
an increasing current. Interestingly, no differences were observed in terms of maximal
twitch force in the skeletal trunk musculature, suggesting that muscle contractile
properties remained intact. These fish were also found to have a significant reduction in
spinal motor neuron number, suggesting that deficits observed in these fish were likely
due to defects in the neural input on these muscles (Ramesh et al., 2010). Lastly,
despite growing normally into adulthood, by 18 months of age, fish overexpressing the
G93R sod1 mutation exhibited a significant reduction in survival.

It is unknown, however, if the toxic gain-of-function following expression of
mutant TDP-43 is the sole cause of synaptic pathophysiological disturbances. In fact,
many researchers speculate that the disease pathology is due to happloinsufficiency of
the TARDBP gene, in that the single functional copy of the gene is not producing

enough of the gene product to bring about a wild type condition, leading to diseased
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state. Therefore, it is crucial to investigate the changes in synaptic activity that arise
following the loss of TDP-43 function, something that has not yet been thoroughly

explored.

1.3.3.4.3 tdp-43 loss-of-function in zebrafish

The zebrafish tardbp gene has a 74% nucleotide and 72% amino acid identity
with its human TARDBP ortholog. Due to this high level of gene homology, a study by
Kabashi et al. was able to investigate the loss-of-function of endogenous zebrafish tdp-
43 using the injection of an antisense morpholino (MO) that targets the endogenous
tardbp gene in one-cell stage zebrafish embryos. This MO was designed to specifically
bind and transiently inhibit the translation of the zebrafish tardbp gene. Following the
MO injection, the zebrafish larvae displayed developmental and motor defects,
decreased expression of tdp-43 and motor neuron projection deficits, similar to deficits
observed in the zebrafish mTARDBP overexpression studies mentioned earlier
(Kabashi et al., 2010). Interestingly, zebrafish possess two gene orthologs of TARDBP:
tardbp, which produces the tardbp mRNA transcript, and tardbp-like (tardbpl), which
produces two tardbpl transcripts (Fig. 1A). The tardbp and tardbpl genes are located on
chromosomes 6 and 23, respectively. The duplication of this gene exists in zebrafish
due to a whole genome duplication that occurred in the stem lineage of teleost fish, after
the divergence of fish and mammal ancestors, some 350 million years ago (Amores et
al., 1998; Gates et al., 1999; Meyer and Schartl, 1999; Postlethwait et al., 1998). In the
zebrafish, the tardbp gene transcript is predicted to generate a full length 412 amino

acid protein, whereas the shorter tardbpl gene transcript generates a truncated protein
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that is only 298 amino acids long and which lacks the glycine-rich c-terminal domain
(Fig. 1B). A study by Kabashi et al. showed that, unlike the injection of a MO against
tardbp, the injection of a MO targeting the second gene, tardbpl, did not lead to any
significant phenotype, suggesting that the latter may not play an active role in early
development and that the tardbp gene is more crucial to normal development (Kabashi
et al., 2010). Contrary to these results, other zebrafish researchers have found evidence
that tardbpl gene in zebrafish does in fact play a compensatory role upon the complete
loss (knockout) of tardbp, an effect that may be masked by non-specific and off-target or
partial effects following the use of a MO. Furthermore, injecting a MO into one-cell
staged embryos causes a knockdown effect that is only transient in nature and
ultimately, the generation of a stable knockout of tardbp is needed in order to

investigate the loss-of-function hypothesis both more thoroughly and more accurately.
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Figure 1. Genomic structures of zebrafish tardbp and tardbpl. A, Arrow in tardbp
denotes the location of the TILLING-induced mutation (C->A) in exon 5. Arrow in tardbpl
indicates the ATG morpholino (MO) target site that inhibits translation of both tardbp/ and
tardbpl V1 transcripts. B, The C->A mutation confers a premature stop codon (Y220X)
resulting in a truncated and degraded tdp-43 (Hewamadduma et al., 2013). Loss of tdp-
43 is compensated by the increased expression of tardbpl V1 that contains a c-terminal
glycine-rich region. L, nuclear localization sequences; E, nuclear export sequences;
RRM, RNA recognition motifs C, Example electropherograms of selected sequences
encompassing the 660 C->A mutation in wild type WTL heterozygous carriers of the
mutation encoding the Y200X missense mutation (tardbp **) and homozygous larvae
(tardbp Y?2XY220%y ‘D Zebrafish carrying this mutation were identified based upon loss of
Rsal restriction enzyme binding and cleavage (shaded sequence and red line in C).
Undigested or uncut amplicon size was 168 nt in length. Rsal-digested amplicons were
97 and 71 nt in length.
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A knockout of the tardbp gene in zebrafish was achieved in work done by
Hewamadduma et al, in which they generated a stable tardbp deficiency model by
Targeted Induced Local Lesions in Genome (TILLING) mutagenesis (Fig. 1B). These
researchers identified that the mutated tardbp gene contained a base substitution at the
220 amino acid residue (Y220X) (Fig. 1C,D), introducing a premature stop codon
(Hewamadduma et al.,, 2013). By in-crossing this Y220X line, these researchers

generated a homozygous null mutant (tardbp*?2%Y#2%) (

Hewamadduma et al., 2013).
Interestingly, they observed that the loss of the tardbp protein lead to the upregulation of
a novel, full-length, alternative transcript from the tardbpl/ gene, called tardbp-like-V1
(Fig. 1A), which produces a protein that is 401 amino acids in length and contains a
glycine-rich c-terminal domain, similarly to the tdp-43 protein (Fig. 1B). They observed
that the tdp-43-like-V1 protein could compensate for the loss of tdp-43, leading the
tardbp'???Y22%X fish to show no significant phenotype (Hewamadduma et al., 2013). As
it was shown that the tardbp and tardbpl genes can compensate for one another, the
loss-of-function of tdp-43 in zebrafish could only be assessed once both tardbp and
tardbpl gene products were eliminated. Following these conclusions, these researchers

injected one-cell staged tardbp"22%X/Y220%

embryos with an antisense morpholino (MO)
targeting tardbpl in order to create a double mutant-morphant condition. The
simultaneous loss of tardbp and tardbpl in early development lead the zebrafish larvae
to have a MO dose-dependent phenotype characterized by a significantly reduced
survival, locomotor phenotype and abnormal morphology of motor neuron axon

projections in the spinal cord, similar to that of the mTARDBP overexpression studies

performed in zebrafish (Hewamadduma et al., 2013). These observed deficits indicated

37



that the presence of functional tdp-43, through the expression of either the tdp-43 or
tdp-43-like-V1 proteins, plays a significant role in motor development and if absent,
leads to a strong motor phenotype reminiscent of what is seen in patients with ALS.
Another important study that investigated the relative roles of tardbp and tardbpl
was one conducted by Schmid et al. In this study, the researchers generated a double
knockout of both endogenous tardbp and tardbpl (tardbp"'; tardbpf/'), and showed that
zebrafish lacking both tardbpl and tardbp gene expression led zebrafish larvae to
display severe swimming deficits, motor neuron projection defects and degenerating
skeletal muscle tissue (Schmid et al., 2013). Furthermore, a significant vascular
phenotype was observed following whole mount in vivo imaging of tardbp™; tardbpl”
fish compared to their wild type counterparts. The imaging results suggest that TDP-43
may also play an important role in vessel patterning, perfusion and muscle
maintenance. Interestingly, these researchers showed that the vascular and muscle
phenotype are not a result of hypoperfusion of erythrocytes since the early zebrafish
embryo is normally not dependent on the oxygen supply provided by circulating
erythrocytes (Schmid et al., 2013). Furthermore, the circulation phenotype was rescued
by the injection of either wtTARDBP mRNA or tardbp-like-V1 mRNA, but could not be
rescued by the injection of the shorter tardbpl transcript, demonstrating the importance
of the glycine-rich c-terminal domain in the tardbp-like-V1 transcript. These results
indicate that the upregulated longer alternative tardbp-like-V1 transcript is specifically
required to compensate for the loss of endogenous tdp-43 function in the tardbp™;
tardbpl” fish (Schmid et al., 2013). Interestingly, these researchers also identified a

phenotype specific to muscle, in which the trunk of the zebrafish larvae displayed
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severe myocyte degeneration. Using electron microscopy, disorganized patterns of
thinner myofibrils and sarcoplasmic reticulum were observed and quantitative proteomic
analysis revealed a reduction in the abundance of muscle-specific proteins. They also
identified a large upregulation of Filamin Ca, a protein implicated in cytoskeletal
dynamics as well as smooth muscle cells and vasculature (Chiang et al., 2000; Feng
and Walsh, 2004; Thompson et al., 2000; van der Ven et al., 2000). In fact, Filamin Ca
MRNA is also found to be upregulated in human frontal cortex of FTLD-ALS patients.
Though Filamin Ca has not been identified as an RNA target bound to TDP-43, the
researchers of this TDP-43 study speculate that it may have an effect on proper
neurovascular function and may compromise cerebral blood flow and blood-brain
barrier, effects which have been observed in patients with ALS (Schmid et al., 2013;
Winkler et al., 2013).

Following the loss of both tardbp and tardbpl zebrafish gene products, it
becomes clear that the muscles and motor neurons are deeply affected by the loss of
tdp-43 function. Despite this pronounced phenotype, no electrophysiological data yet
exists for these models and as a result no conclusions can be made about where the
tdp-43 pathology is initiated. As such, it will be crucial to gather electrophysiological
data that would help elucidate what pathological changes are occurring in terms of the
electrical activity of the muscles and neurons following the loss of normal tdp-43
function. Furthermore, as very little electrophysiological data exists for animal models of
TDP-43-related ALS in general, it will be important to consider and investigate
convergent electrophysiological characteristics between ALS models bearing different

gene mutations, such as comparing TDP-43 and SOD1 mutations.
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Ultimately, the phenotype described in the loss-of-function zebrafish models of
TDP-43 display similar morphological and motor neuron phenotypes as in the
mTARDBP overexpression zebrafish studies. Seeing as these overexpression studies
share a similar motor neuron hyperexcitability compared to the mSOD7%%** mouse
models, it is possible that a loss-of-function TDP-43 model may also display a similar
electrophysiological phenotype. The studies aforementioned are consistent with the
notion of hyperexcitability and excitotoxicity of motor neurons as a basis for ALS
pathology, suggesting that these various genetic mutations implicated in ALS may also
respond similarly to future therapies. In fact, riluzole is known to stabilize sodium
channels and reduces the release of glutamate from cerebrocortical nerve terminals on
to motor neurons, reducing the level of excitability in these neurons (Debono et al.,
1993; Wang et al., 2004b). As such, it is possible that SOD1 and TDP-43 mutations,
whether loss-of-function or gain-of-function, may lead to deficits in different molecular
pathways of the disease, but may still converge downstream leading to a common

pathophysiology at the level of the neuromuscular junction.
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2. Scientific project

2.1 Rationale and specific aims

Unfortunately, even after a decade since its discovery, very little is known about
the function of TDP-43 and how it influences ALS pathology (Neumann et al., 2006).
Much of the past research has characterized the expression patterns and changes in
localization of mutant TDP-43, but very little is known about how this mutant protein
affects the electrophysiological properties of motor neurons and muscles, the tissues

that are most vulnerable to and first affected in the disease.

In order to investigate the role this gene plays in the context of ALS, researchers
are trying to understand how the function of TDP-43 is affected and how it promotes
disease pathology. Two major theories are hotly debated in this field that suggest either
a loss- or toxic gain-of-function of TDP-43. When the TARDBP gene is mutated, the
TDP-43 protein is shuttled out of the nucleus and into the cytoplasm, suggesting a loss
of its native nuclear function. Additionally, researchers speculate that the disease
pathology is due to happloinsufficiency of the TARDBP gene, in that the single
functional copy of the gene is not producing enough of the gene product to maintain a
wild type condition. Those in opposition suggest that the TDP-43 protein may instead
have a toxic gain-of-function in the cytoplasm. It is also possible, however, that the
disease may manifest as a combination of both a loss of nuclear function and toxic gain

of cytoplasmic function.

My project explored synaptic dysfunction resulting from reduced tdp-43 and tdp-

43-like expression. We used a similar experimental setup as was used in the
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Y220X/Y220X em bryOS

Hewamadduma et al. study, where we injected one-cell stage tardbp
with an antisense morpholino (MO) targeting all tardbpl transcripts. Understanding the
synaptic abnormalities that arise following knockdown of TDP-43 will aid in our
understanding of the pathological mechanisms that ultimately result in motor neuron
death. In particular, at pre-clinical stages of the disease, where very little is known about
the early pathophysiological disturbances that occur in this disease. Additionally, this

project may help eventually identify novel therapeutic targets to improve synaptic

function in ALS patients, as well as among patients with other motor neuron diseases.

The specific aims of this project included:

« Aim 1: Reproduction of the phenotype observed in tardbp'??>/Y?2%

injected with
tardbpl MO
* Aim 2: Assess alterations in neuromuscular junction transmission by examining

passive muscle membrane properties, miniature synaptic events in the muscles

and examining morphology of the NMJ.

2.2 Hypothesis

The loss of complete tdp-43 function in the zebrafish, through the loss of tardbp
and tardbpl gene product expression, will lead to a significant locomotor phenotype
characterized by reduced survival, abnormal swimming behaviour, deficits in motor
neuron branching and aberrant synaptic activity between the motor neurons and fast-

twitch muscle fibers.
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3. Results

3.1 Aim 1: Reproduction of the tardbp'??**Y22X jnjected with tardbpl/ MO
phenotype

In order to reduce tardbpl expression, we used an antisense morpholino (MO)
knockdown approach. Antisense MO (CCACACGAATATAGCACTCCGTCAT) (Gene
Tools, OR, USA) sequence was designed complimentary to the region of translational
initiation of the tardbpl gene (ATGACGGAGTGCTATATTCGTGTGG) in order to inhibit
tdp-43-like and tdp-43-like-V1 protein translation. We also tested, as a control, the
injection of a standard controil MO (CoMo) with the sequence
CCTCTTACCTCAGTTACAATTTATA. The use of the control mismatch morpholino
would help reveal any off-target effects of microinjection at the one-cell embryonic
stage. The MO functions to prevent translation of all transcripts of the tardbpl gene but
does not degrade the mRNA transcripts, therefore the mRNA transcripts are still being
produced. The microinjection of MO and CoMo in zebrafish larvae is a widely used
method that enables a transient disruption in the translation of mRNA transcripts.
Additionally, studies the use of a MO targeting tardbpl has already been published,
validating the use of the MO in our study (Hewamadduma et al., 2013).

The tardbp'??®*¥22%X null mutant zebrafish line has been characterized in
previously published data and is expected to show no phenotype on its own. An in-cross

Y220X/Y220X

between a tardbp male and tardbp'??*Y?2%X female is expected to yield

healthy tardbp'??®X"?2°X embryos. Based on previously published data, we expected

that the injection of a MO targeted against tardbpl in one-cell stage tardbp'???/¥220%
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zebrafish embryos will lead to a transient reduction in the translation of the tardbpl
transcripts, generating double mutant-morphant larvae.

It is clear that the simultaneous loss of tardbp and tardbpl in early development
has tremendous effects on zebrafish larvae and leads to severe motor neuron defects.
With the goal of further investigating the role of tdp-43, it is important to ensure the
reproducibility of existing published results. With that in mind, we wanted to generate
the double mutant-morphant conditions in our own hands. Using the previously

Y220X

described tardbp mutant, we injected an antisense MO targeting the ATG site of the

tardbpl gene into wild type (tardbp™*), heterozygous (tardbp'?***'")

and homozygous
(tardbp'??*Y22%X) mutants and characterized the subsequent phenotype. In order to
assess the locomotor phenotype we elicited larval swimming by a touch-evoked escape
response, which appears 2 days post fertilization (dpf).

These mutant-morphant larvae will undergo a transient reduction in tdp-43-like
and tdp-43-like-V1 expression in a tdp-43 null background and we expect to see a
significant reduction in survival, tdp-43, tdp-43-like and tdp-43-like-V1 protein
expression, gross morphological defects and severe locomotor phenotype characterized

by a reduction in swim duration, swim distance, mean swim velocity and maximum swim

velocity.

3.1.1 Gross morphology
The 6 main larval zebrafish conditions were monitored for changes in gross
morphological features over a period of 7 days. Following the first 2 dpf, body length

and eye diameter were assessed in order to establish any major changes in size and
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development, as these measurements are good indicators of developmental progress in
zebrafish (Parichy et al., 2009). Each day, until 7 days, the larval zebrafish were
assessed for major changes in pericardium and spine curvature morphology and were
later quantified.

While assessing the gross morphology of larvae up until 7 dpf, we expected that
there would be no significant differences in gross morphology in wild type, wild type +
MO and tardbp*Y??°* conditions. Additionally, we expected that tardbp??%X"?2%X and
tardbpY???XY229X + CoMo conditions would be smaller in size, measured by eye diameter
and body length, as this was previously reported in adult tardbp'??**Y22%X fish
(Hewamadduma et al., 2013). We expected, however, that the tardbp'?2**¥?2%% + MO
fish would display a significant morphological phenotype, in addition to a reduction in
size, due to the lack of expression of both tardbp and tardbpl protein products. We

Y220X/Y220X

expected some tardbp + MO fish to display no morphological phenotype

initially, but we expected this phenotype to worsen as the fish aged.

Y220X/Y220X

Consistent with previous findings, tardbp embryos treated with tardbpl

MO developed abnormally (Fig. 2A). Specifically, we observed that tardbp'?20X/¥220%
larvae treated with the MO displayed a smaller eye diameter compared to all other
treatment groups (p < 0.01, one-way ANOVA, post-hoc Tukey test; Fig. 2B). These
animals were also found to have a shorter body length than all other treatment groups
(p < 0.01, one-way ANOVA, post-hoc Tukey test; Fig. 2C). However, wild type larvae
treated with the tardbp/ MO also resulted in a small, but significant reduction in body

length (p < 0.05, one-way ANOVA, post-hoc Tukey test; Fig. 2C). Additionally, we

observed that without MO treatment, or treatment with the standard control MO (CoMo),
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tardbp 222X |3rvae were shorter when compared to wild type larvae (p < 0.05, one-
way ANOVA, post-hoc Tukey test; Fig. 2C). These results suggest that loss of tardbp
expression or knockdown of tardbpl alone can impact normal trunk development, which
is exacerbated when both are coincident. More generally, we also observed a higher
incidence of atypical morphological defects such as abnormal trunk curvature, inflated
pericardium, or a combination of both in tardbp"??°¢Y?2%% |arvae treated with the tardbpl

MO (Fig. 3).

A B

WT WT + tardbp/ MO

tardbpYZZOXH tardbpYZZOXIYZZOX

o O

tardbpY?20X/Y220X + CoMo tardbpY?20XY220X + tardbpl MO

Eye diameter (mm)

Body length (mm)

Figure 2. Gross morphology of 2 dpf larvae. A, Representative images of 2 dpf
larvae from the following treatment groups: WT, WT + MO, tardbp ??*,
tardbpY?2XY220X tardbpY?22XY229X + Control MO (CoMo), tardbp?2°XY22%X + MO. Scale
bar represents 1 mm, arrow indicates cardiac defect in the tardbp'?2*¥Y?2%X + MO
treated larva. B, E)g/e diameter and C, body length was determined for each treatment
group. tardbp'??*¥22%X + MO 2 dpf larvae displayed significantly reduced eye
diameter compared to all other treatment groups (p < 0.01). WT + MO,
tardbp'?2¥229% and tardbp"??°*'¥?2%% + CoMo larvae displayed significantly reduced
body length compared to WT larvae (p < 0.05) and tardbp"??°XY%%* + MO displayed
reduced body length compared to all treatment groups (p < 0.01). N=2, n=50. Data
expressed as mean = SEM: *p < 0.05; **p < 0.01.
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Figure 3. Incidence of gross morphological defects in 7
dpf larvae. Quantification of gross morphological defects
observed in all treatment groups indicating a higher incidence
of defects in the tardbp"??>"%?°X + MO condition. N=2, n=50.
3.1.2. Protein expression
Western blot analysis was performed in order to assess whether the injected MO
transiently knocked down the translation of tardbpl gene product in both 1 dpf and 2 dpf
embryos. Additionally, this assay would show the basal levels of protein expression of
tardbp, tardbp-like and tardbpl-like-V1 transcripts and demonstrates any compensatory
regulation of protein expression between tardbp and tardbpl gene products, as
previously described in other zebrafish studies (Hewamadduma et al., 2013; Schmid et
al., 2013).
As we used an antibody that only recognizes the c-terminal fragment of the tdp-
43 protein, we only expected to detect the expression, or lack thereof of tardbp gene
products, and did not expect to detect any changes in the tardbp/ gene products. We

expected wild type fish to display strong expression of tdp-43, as was previously

reported (Hewamadduma et al., 2013; Schmid et al., 2013). We expected the
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tardbp???XY229X condition to lack tdp-43 expression, as this is a null mutant. Finally, we

expected that the injection of a MO targeting tardbp! into tardbp?2°'"?2°% fish would

display the same lack of tdp-43 expression, as this too was a mutant null for tdp-43.
Other published work on zebrafish has already shown that the injection of the

Y220X/Y220X

MO targeting tardbpl into tardbp mutants led to a down-regulation of both

tardbpl transcripts in a tardbp null background, and that the loss of tdp-43 alone in

uninjected tardbp"?20X/Y220%

mutants showed an upregulation of the tardbp-like-V1
transcript with a relative down-regulation of the tardbp-like short transcript. Though we
are currently working with and optimizing new antibodies, one of our early attempts at
Western blot analysis was successful when using an antibody that recognizes the c-
terminal region of the tdp-43 protein (Novus Biological). As expected, we demonstrated
that a WT fish shows expression of tdp-43, whereas a tardbp'??%XY220X o

tardbp"?2®¥229X + MO animals, which are null for the tdp-43 gene, do not show the

expression of tdp-43 (Fig. 4).
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Figure 4. Protein expression of tdp-43 in 36 hpf larvae.
Proteins extracted from 36 hpf WT, tardbp'??*¥?2°%X and
tardbpY???Y229X injected with tardbp/ MO. Using a c-
terminus antibody from Novus biological (1:250). The
tardbp??%Y22%X zeprafish is indeed a null mutant due to the
loss of a 43kDa signal. Arrow marks tdp-43 at 43kDa. 48



3.1.3. Survival assessment

While assessing the survival rate of 10 dpf larvae, we expected that wild type,
wild type + MO, tardbp ?*™*, tardbp"??**¥?2%X and tardbp'?***¥??* + CoMo conditions
would show no significant differences in survival rate. We expected this as these
conditions all contained and expressed at least one protein that could assume the role
of tdp-43, those being either the gene products of tardbp or the gene products of
tardbpl, which are suspected to compensate fully for tdp-43. We expected that the fish
in the tardbp'??**¥?2°% + MO condition would have a significantly reduced survival rate
compared to the other conditions, as previously published data suggests, because they
lack the expression tdp-43 as well as will lack, at least transiently, the transcription of
the tardbpl gene, resulting in a lack of compensation for the loss of tdp-43.

The 6 main larval zebrafish conditions, WT, WT + MO, tardbp %",
tardbp ??0XY220X  tardpp?29XY220X + CoMo and tardbp'??*¥Y?2X + MO conditions were
monitored over a period of 10 days in order to assess survival rate as was previously
published (Hewamadduma et al., 2013). We also assessed the survival of tardbp'?2***
fish injected with CoMo or MO as controls and found they had no significant difference
in terms of the their survival compared to wild type (data not shown). The unaffected
survival of these fish indicate that despite losing the expression of tardbpl through the
injection of the MO, the presence of at least one functional and expressed copy of the
tardbp gene was sufficient to keep a wild type condition. As a result, we did not include
these control groups for later experiments. After the first 5 days following fertilization,
zebrafish larvae are normally taken out of the 28.5°C incubators and put in larger tanks.

However, for the purpose of these experiments, the larvae were not fed nor taken out of
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the incubators in order to facilitate the tracking of larval survival as well as recording
changes in their morphological features. In addition to the developmental abnormalities
observed in tardbp ??Y?29X |arvae treated with the tardbpl MO, we also assessed
changes in mortality and observed a significant decrease in survival compared to all
other treatment groups (p < 0.0001, Logrank test; Fig. 5) with many animals
succumbing to death by 7 dpf and no larvae surviving beyond 11 dpf. These data
confirm a previous report utilizing this mutant line in combination with a tardbp/ MO
(Hewamadduma et al., 2013) as well as a double tardbp™; tardbpl’™ mutant line (Schimd

et al., 2013) displaying early mortality.
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Figure 5. Larval survival assessment. Percentage
survival curves of all treatment groups tracked over 12
days. tardbp'??°X¥?20X 4+ MO-treated larvae displayed
reduced survival, with all animals dying by 11 dpf (p <

0.0001). N=2, n=50. Data expressed as mean £ SEM: *p <
0.05; **p < 0.01.
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3.1.4. Locomotor behaviour

Touch-evoked swim escape response was tested at 52 hpf (hatching), a
response that first arises at 21 hpf, as previously described (Saint-Amant and Drapeau,
1998). At this point in development, larvae are able to perform bursts of swimming that
occur at a frequency of 30 Hz and have developed V-shaped somites that
encompasses both slow- and fast-twitch muscle fibers that are innervated by primary
and secondary motor neurons (Drapeau et al., 2002). Additionally, at this stage of
development, these bursts of swimming are enabled by larger and faster synaptic
currents that lead to an increased efficiency of transmission of the maturing endplates
and the muscle fibers display electrical coupling that resembles what is seen in adult
fish during swimming. Ultimately, at this point in development, the larvae display mature
patterned activation of the myotome along with a finer control of muscle contractions,
indicating a valuable time period for assessing swimming ability in early development.

We expected that there would be no significant differences in swimming ability in
WT, WT + MO, tardbp"?*, tardbp"??*Y22X and tardbp"??°¢Y?2°X + CoMo conditions.

We expected, however, that the tardbp?2%/"220%

+ MO fish would display a significant
locomotor phenotype characterized by a reduction in mean swim duration, mean swim
distance, mean swim velocity and maximum swim velocity. This locomotor phenotype
was expected to be due to the lack of expression of both tardbp and tardbpl protein
products.

To quantify changes in locomotor behaviour, we performed high-speed video
Y220X/Y220X

analyses of touch-evoked swim escape responses in 2 dpf larvae. tardbp

larvae treated with the tardbp/ MO displayed a dramatic impairment in locomotor
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behaviour compared to all other treatment groups (Fig. 6A). More specifically, these
larvae displayed a significant reduction in mean swim duration (p < 0.01, one-way
ANOVA, post-hoc Tukey test; Fig. 6B) mean swim distance (p < 0.01, one-way ANOVA,
post-hoc Tukey test; Fig. 6C), mean swim velocity (p < 0.01, one-way ANOVA, post-hoc
Tukey test; Fig. 6D) and maximum swim velocity (p < 0.01, one-way ANOVA, post-hoc
Tukey test; Fig. 6E) compared to all other treatment groups. These results are
consistent with the severe deficit in locomotor function characterized previously
(Hewamadduma et al., 2013; Schmid et al., 2013). Unexpectedly we also observed a
slight, but significant increase in the mean and maximum swim velocity of
tardbp 229X |5rvae when compared to wild type and wild type zebrafish treated with
the tardbpl MO (p < 0.05, one-way ANOVA, post-hoc Tukey test; Fig. 6D,E). However,
we did not observe the same finding when we treated these animals with the standard
CoMo, suggesting that microinjection of embryos may in itself have a slight effect on

these two parameters of locomotor performance later in development.
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Figure 6. tardbp'??*®¥?*®* embryos injected with the tardbp/ MO
displayed severely impaired locomotor behaviour. A, 10 superimposed
locomotor path traces from each treatment group. Swim duration B, swim
distance C, mean swim velocity D, and maximum swim velocity E, were
calculated for each treatment group. tardbp'??**¥?2%% + MO fish displayed
significant impairments in all measures of locomotor performance compared
to all treatment groups (p < 0.01). N=2, n=20. Data expressed as mean *
SEM: *p < 0.05; **p < 0.01.
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3.2 Aim 2: Alterations in neuromuscular junction transmission

In overexpression studies investigating a toxic gain-of-function, researchers have
induced the overexpression of mutant human TARDBP (mTARDBP) in various animal
models. In zebrafish, researchers have observed that following the mTARDBP
overexpression, the animals displayed profound locomotor phenotypes, associated with
deficits in motor neuron axon projection and branching, as well as significantly higher
levels of motor neuron excitability compared to animals overexpressing wild type
TARDBP (WtTARDBP) (Armstrong and Drapeau, 2013b; Kabashi et al., 2010). This
higher level of excitabilty was also observed in a transgenic mouse model
overexpressing mutant human SOD1 (mSOD1) (van Zundert et al., 2008). Furthermore,
though patients with ALS bearing SOD71 mutations do not show TDP-43-positive
cytoplasmic inclusions, they are clinically indistinguishable from patients bearing TDP-
43 mutations. Together, these findings suggest that various gene mutations of ALS may
involve different pathways, but may also have pathologies that lead to similar changes

in electrophysiological activity.

In work by Armstrong et al.,, this increase in excitability following the
overexpression of mTARDBP was observed in motor neurons that generated higher
frequencies of action potentials (APs) following current injection (Armstrong and
Drapeau, 2013b). Interestingly, hyperexcitable CaP motor neurons in mTARDBP-
injected fish lead downstream muscle mEPCs to be decreased in amplitude, frequency
and quantal content compared to wiTARDBP-injected fish (Armstrong and Drapeau,
2013b). These results suggest that the changes in synaptic inputs onto both the motor

neurons and fast-twitch muscles may be what leads to disease pathology and
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degradation. Furthermore, these researchers found a significantly increased number of
orphaned synapses characterized by an increased number of orphaned pre-synaptic
puncta, indicating a possible retraction of motor neuron connections from fast-twitch
muscle fibers. These results are consistent with the notion of motor neurons
progressively losing synaptic contact onto muscle fibers, leading to a lack of proper

muscle stimulation and subsequent degeneration.

Based on previous studies, it is clear that the simultaneous loss of tardbp and
tardbpl in early development has tremendous effects on zebrafish larvae survival and
leads to a severe locomotor phenotype. Furthermore, the loss of tdp-43 leads to
significant deficits in motor neuron projection, vascular patterning defects and skeletal
muscle integrity in the zebrafish larva (Hewamadduma et al., 2013; Schmid et al.,
2013). Despite this pronounced phenotype, no electrophysiological data yet exists for
these models and as a result no conclusions can be made about where the tdp-43
pathology is initiated nor about how the pathology affects the behaviour of the affected
tissues. Interestingly, a very early marker of ALS in patients is the presence of muscle
fasiculations which are persistent muscle twitches that are a result of the ongoing
disruption of signals from the nerves to the muscles. The presence of fasiculations is an
important criteria in the diagnosis of ALS and often depicts motor unit instability.
Furthermore, the presence of fasiculations are an early marker and are consistent with
a very early phase of increased axonal excitability in motor neurons. Additionally, the
muscles of ALS patients have been observed to have a larger distribution of innervation
zones, in which the orphaned muscles, which have lost innervation, are newly adopted

by adjacent motor neurons that extend a new collateral in the attempt of re-innervating
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the muscle (Jahanmiri-Nezhad et al., 2015). Consequently, the newly adopted muscles
have a wider scatter of innervation zones compared to a narrow and organized band of

innervation in the muscle of healthy individuals.

Interestingly, this previously characterized mutant-morphant loss-of-function
phenotype is comparable to the locomotor phenotype observed in mTARDBP zebrafish
overexpression studies (Armstrong and Drapeau, 2013b; Kabashi et al., 2010).
Additionally, the hyperexcitability observed in mTARDBP zebrafish overexpression
studies is also observed in transgenic mice overexpressing mSOD1 bearing the G93A
mutation (mMSOD7%%*), in which hypoglossal motor neurons from acutely prepared
brainstem slices were also found to display hyperexcitability in response to depolarizing
current steps (van Zundert et al., 2008). By extension, it is possible that the loss of tdp-
43 in zebrafish may also show a similar electrophysiological phenotype as these
overexpression studies, in which the motor neurons may display hyperexcitability and
the fast-twitch muscle fibers may experience reduced synaptic contact and smaller and
less frequent mEPCs. Furthermore, there is reason to speculate that upon the loss of
tdp-43 function in zebrafish, one may observe the die-back of motor neurons with a
simultaneous presence of fasiculations in the fast-twitch muscles. Additionally, one may
expect to observed the presence of newly formed synapses between the motor
neurons. This progressive loss of synaptic connectivity between motor neurons and
muscles and their attempt to form new connections may lead to the presence of a wider
scatter of motor neuron innervation zones in the muscles and may be reflected as an
increase in mEPC frequency. Conversely, the muscle re-innervation process may also

fail to make connections, and may result, instead, in a reduced frequency of mEPCs.
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In order to further investigate how motor neuron and muscle activity are affected
following the loss of tardbp and tardbpl gene products, we performed
electrophysiological patch-clamp recordings of mEPCs in fast-twitch muscle fibers in 2
dpf larvae. Furthermore, we assessed changes in NMJ morphology by assessing motor
neuron branching as well as the level and distribution of synaptic connectivity between
motor neurons and muscle fibers using immunohistochemistry. We expected to see a
pattern of disorganized motor neuron branching as well as a reduction in number of
synaptic connections at the neuromuscular junction characterized by an increase in the
number of orphaned pre- and post-synaptic puncta, as was previously described in the
mTARDBP overexpression zebrafish model (Armstrong and Drapeau, 2013a).
Furthermore, we expect fast-twitch mEPCs of double mutant-morphant larvae to be
reduced in frequency, amplitude and quantal content compared to WT, MO-injected WT

Y220X/Y220X

and tardbp null mutants. We also expected to observe the detection of two
populations of mEPCs. The first population would include mEPCs that arise from the
muscle being recorded and will be characterized by faster mEPC kinetics. The second
population of mMEPCs would be those detected from neighboring muscle fibers due to
their electrical coupling, and would be expected to possess slower mEPC kinetics.
Furthermore, we expected that the loss of both the zebrafish tardbp and tardbpl gene
products would lead fast-twitch muscle fibers to be weaker and more frail, as was
previously reported in tardbp™;tardbpl™ mutants (Schmid et al., 2013), but are not
expected to have differences in electrophysiological membrane properties and as a

result will not have any significant changes in membrane potential, whole-cell

capacitance or membrane resistance.
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3.2.1. Passive muscle membrane properties

Previous work has established that trunk musculature in larvae lacking both
tardbp and tardbpl display severe defects in muscle patterning characterized by
disordered and smaller myofibrils poorly separated from one another (Schmid et al
2013). To further our understanding of the defects arising in trunk musculature we
performed whole-cell patch clamp recordings of fast twitch muscle cells to examine

v220XY220X Zabrafish treated with the

physiological abnormalities arising in larval tardbp
tardbpl MO. More specifically we examined the electrophysiological properties of fast-
twitch muscle fibers in 2 dpf zebrafish larvae as these muscle fibers are similar to
muscle fibers that are innervated by fast-fatigable (FF) motor neurons which are
selectively vulnerable to early degeneration in ALS and which precede the onset of
clinical deficits (Frey et al., 2000; Pun et al., 2006).

While performing whole-cell voltage-clamp recordings, we noted the membrane
potential (Vm) of the cell as well as its whole-cell capacitance (Cm), membrane
resistance (Rm) and access resistance (Ra). The Vm is a measure of the muscle cell's
resting membrane potential, the Cm is a measure of muscle size, the Rm is a measure
of the number of open channels in the postsynaptic membrane and the Ra is the
additional resistance that is introduced due to the use of a microelectrode and which
must be accounted for.

We expected wild type fish to have normal membrane properties as in previously
published data (Armstrong and Drapeau, 2013b; Buss and Drapeau, 2000).

Additionally, we expected no significant differences in membrane properties when

comparing WT, WT + MO and tardbp"??®""#2%X conditions. However, we did expect to
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see significant changes in membrane properties in recordings obtained from
tardbp'?2Y229X + MO fish, as these fish display weakened and highly frail musculature,
potentially jeopardizing the integrity of the cell’'s membrane properties. We therefore
expected to see significant changes in the membrane potential (Vm) and membrane

resistance (Rm). Accordingly, these tardbp"??9/Y#20%

+ MO fish were expected to be
smaller in size, therefore we expected to observe a significantly reduced whole-cell
capacitance (Cm). We did not expect to see significant changes in the access
resistance (Ra) as this is a resistance introduced by the electrode during the recording
itself (not reported).

Fast-twitch muscles fibers in wild type and tardbp??°*'Y?2%X |arvae, where at least
one gene product of either tardbp or tardbpl was present, showed no significant
differences in membrane properties in terms of membrane potential (Vm), membrane
capacitance (Cm) and membrane resistance (Rm) (Table 1). Interestingly, wild type
larvae treated with the tardbp/ MO displayed a significantly smaller membrane
resistance (Rm) compared to the wild type condition (p < 0.05, one-way ANOVA, post-
hoc Tukey test; Table 1). tardbp'?2**Y?2%% |arvae treated with the tardbp! MO showed no
significant differences in terms of the membrane potential (Vm) and membrane
resistance (Rm), but contrary to our expectations, these larvae showed a significant
increase in membrane capacitance (Cm) compared to all treatment groups (p < 0.01,
one-way ANOVA, post-hoc Tukey test; Table 1). These results suggest that the muscles

Y220X/Y220X

recorded from tardbp + MO larvae are not smaller in size, but may, in fact, be

larger in size compared to all other treatment groups. We conclude that a transient
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knockdown of tardbpl gene products through the injection of the MO may alter the

electrophysiological properties of fast-twitch muscle fibers.

Table 1. Properties of fast-twitch muscle fibers in 2 dpf larval zebrafish.

Vm (mV) Cm (pF) Rm (MQ)
WT -68.5+ 1.8 (12) 22.76 + 2.42 (12) 39.77 + 5.22 (12)
WT + tardbpl MO -68.99 + 2.16 (12) | 21.08 +2.94 (12) 20.14 + 2.25 (12)*
tardbp"#20X/Y220X -69.33 £ 1.1 (15) |22.73+2.2(15) 30.69 + 3.32 (15)
tardbp"?2Y20X 4 -66.29 +2.68 (7) |47.73+14.39(7)** |33.79 +5.87 (7)
tardbpl MO

One-way ANOVA, post-hoc Tukey test. Asteriks represent statistical significance compared to wild type
larvae. *p < 0.05; **p < 0.01. Numbers in parentheses represent sample sizes.

3.2.2. Whole-cell muscle patch-clamp recordings

Larval zebrafish offer several key advantages as a vertebrate model organism. In
particular, zebrafish are highly amenable to neurophysiological analyses in the spinal
cord and musculature (Buss and Drapeau, 2002). As mentioned earlier, at 2 dpf,
zebrafish larvae display mature, patterned activation of the myotome along with a finer
control of muscle contractions and are also at a stage of development that is conducive
to in vivo whole-cell patch clamp recordings. At this point in development, the fast-twitch
muscle fibers are innervated by primary and secondary motor neurons, where a single
motor neuron will innervate a muscle with multiple branches, and each muscle fiber
receives inputs from a single primary motor neuron and multiple secondary motor
neurons. In this case, we are interested in assessing the synaptic connections between

motor neurons and the fast-twitch or embryonic white (EW) muscle fibers as these are
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the muscles that perform fast and powerful contractions, muscles that are relevant to
the ALS disease pathology. To determine where defects in locomotor behaviour may
arise we performed patch-clamp recordings of spontaneous miniature endplate currents
(mEPCs) in fast-twitch trunk muscles. These quantal events occur naturally at healthy
synapses and defects occurring here could account for the impaired locomotor function
in larvae lacking tdp-43/tdp-43-like. Changes in the properties of mEPCs in larval
zebrafish have previously been used to identify defects in synaptic transmission at the
NMJ (Armstrong and Drapeau, 2013b). We perfused the muscles with tetrodotoxin
(TTX), a toxin that blocks voltage-gated sodium channels, preventing the generation of
action potentials and allowing for the detection of muscle miniature end-plate currents
(mEPCs) in all treatment groups. It is important to assess mEPC activity as it can reveal
defects both pre- and post-synaptically, defects that may help elucidate what changes
are occurring in a disease model of ALS. For example, a decreased frequency of mEPC
events may suggest defects in presynaptic basal calcium levels or calcium influx as well
as defects in presynaptic machinery or vesicle release. A decrease in the amplitude of
mMEPC events may also suggest defects in the degree of presynaptic vesicle packaging.
Alternatively, mEPCs may also reveal postsynaptic defects, where a decrease in
amplitude of events may suggest a decrease in the density of postsynaptic AChRs or a
decrease in the size of the endplate in the postsynaptic muscle membrane. Additionally,
assessing the rise-time, half-width and decay constant of the mEPC events may also
reflect changes in receptor density, receptor class, as well as changes in the opening
and closing kinetics of the postsynaptic receptor. Changes in these various

characteristics following genetic manipulation can help show what influence a given
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gene has on presynaptic or postsynaptic machinery and can help researchers better
understand the role of the protein of interest.

Previous work in our lab has recorded miniature end-plate potentials (mEPPs)
from fast-twitch muscle fibers using current-clamp recording. mEPPs are the quantal
post-synaptic membrane depolarizations that occur in muscle fibers and lead to inward
mMEPCs. In zebrafish, one can observed the presence of two separate populations of
mEPP events, where one population is confined to smaller amplitudes and slower
kinetics, and the second population ranges larger amplitudes with faster kinetics (Buss
and Drapeau, 2000; Nguyen et al., 1999). It was determined that the events with smaller
amplitudes and slower kinetics arose from muscles neighboring the recorded muscle
fiber. These studies suggest extensive electrical coupling exists throughout zebrafish
development from embryonic stages to 6 dpf. As expected, our whole-cell voltage clamp
recordings in all treatment groups detected a range of mEPCs of varying amplitude and

decay constant.

Previous research from our laboratory utilizing a human TDP-43 over-expression
model has revealed defects in quantal release at the NMJ in zebrafish expressing
mutant human TARDBP®**¢ pbut not in larvae expressing wild type human TARDBP
(Armstrong and Drapeau, 2013a). It remains to be determined what synaptic defects
arise following loss of tdp-43/tdp-43-like expression. To address this, we recorded
miniature end-plate currents (MEPCs) in the following treatment groups: WT, WT
treated with tardbpl MO, tardbp'??®"22%X and tardbp ??°Y?2%% |arvae treated with
tardbpl MO (Fig. 7A,B), and then plotted all detected events by their decay tau constant

(fau) and mEPC amplitude. mEPCs displaying slower kinetic properties has been
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previously demonstrated to arise in neighbouring muscle cells and are filtered
electrically through gap junctions (Buss and Drapeau, 2000; Nguyen et al., 1999). As
expected, whole-cell voltage clamp recordings revealed a range of mEPCs varying in
amplitude and decay constant (Fig. 7B). In our experiments, all detected events were
plotted on scatterplots in order to assess the presence of two separate populations in all
treatment groups (Fig. 7C). One population of mMEPCs spanned a range of slower decay
constants (tau>4ms) and seemed to associate with mEPCs that had smaller peak
amplitudes, and were classified as events arising from neighbouring muscle fibers. The
second population of mMEPCs possessed faster decay constants (tau<4ms) and seemed
to associate with mEPCs that had larger peak amplitudes (Fig. 7C). By examining the
scatterplots, it was evident that there was a larger raw number of events in the

tardbp'??%Y229X + MO condition.
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Figure 7. Whole-cell voltage-clamp recordings of tardbp'??*XY?2%* + MO

larvae displayed a higher frequency of mEPC events at 2 dpf. A, 60
second sample traces from 10 minute recordings from the following 4
treatment groups: WT, WT + MO, tardbp'?***¥?2%X and tardbp"??*""22%% + MO.
B, Overlay of all mEPC events recorded during a 10 minute recording in each
treatment group. C, Scatterplots graphing exponential decay constant (tau) vs
amplitude distributions for 5 individual recordings from each treatment group.
Plotted mEPCs can be divided into two populations; slow decay tau (tau > 4
ms), activity detected from neighbouring muscle fibers, and fast decay tau (tau
< 4 ms), arising from the recorded muscle itself. Black dotted lines indicate the
separation of these event types. Amplitude (pA) D, half-width (ms) E, decay
tau (ms) F, and mean instantaneous frequency (Hz) G, were measured for
mMEPCs in each treatment group. Only fast mEPCs (tau < 4 ms) arising from
the recorded muscle were analyzed. tardbp ??°XY22%% + MO larvae displayed a
significantly higher mean instantaneous frequency compared to all other
treatment groups (p < 0.01). No other significant differences were observed.
Numbers in parentheses represent sample sizes. Data expressed as mean %
SEM: *p < 0.05; **p < 0.01.

To determine if there was a significant change in the number of mEPC events
among the four conditions, we examined the raw number of both fast and slow mEPCs,
as well as the total overall number of events in each recording for all conditions. Larvae
in the tardbp'?2**Y22%X + MO condition were found to have a significantly higher number
of overall events, comprised of both fast and slow mEPC events (p < 0.01, Kruskal-
Wallis, Post-hoc Dunn’s multiple comparison test; Fig. 8A). To determine if the

Y220X¥220X 4 MO larvae was

increased number of total MEPCs events observed in tardbp
driven by a particular population of events, we examined whether there was a change of
equal magnitude in both the number of fast and slow events by comparing the
proportions of these two event types (Fig. 8B). No significant differences were observed
in the relative proportions of slow (p > 0.05, Kruskal-Wallis, Post-hoc Dunn’s multiple

comparison test; Fig. 8C) and fast mEPC events (p > 0.05, Kruskal-Wallis, Post-hoc

Dunn’s multiple comparison test; Fig. 8D), indicating that the proportion of slow and fast
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events remained consistent among the four treatment groups. Furthermore, these equal

proportions indicated that the higher number of events detected in the tardbp"?2X/Y220% +

MO larvae were not driven by a single population of mEPCs.
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Figure 8. Number of fast and slow mEPC events A. Raw number of slow
and fast mEPC events obtained from 10 minute-long recordings in 2dpf
zebrafish larvae in all conditions. A significantly higher number of events was
observed in the tardbp??**¥?2°X MO condition. (Kruskal-Wallis, Post-hoc
Dunn’s multiple comparison test. p < 0.01) B. Proportions of slow and fast
mEPC events obtained from approximately 10 minute-long recordings in all
conditions. C,D. Comparison of the proportions of slow and fast events
respectively among all conditions. No significant difference was observed in
either the slow or fast events, indicating that an increase in the frequency of
events in the tardbp'??*"#%X MO condition was not driven by a particular
mEPC population. (Kruskal-Wallis, Post-hoc Dunn’s multiple comparison test.
p > 0.05). Numbers in parentheses represent sample sizes. Data expressed 66
as mean £ SEM: *p < 0.05; **p < 0.01.



After establishing that there was an equal increase in the number of slow and

fast mMEPC events in the tardbp"2*/"22

+ MO condition, we went on to assess
changes in the characteristics of fast mEPC events only, as these are the mEPCs that
presumable arise from the recorded muscle itself. Each mEPC event was characterized
in terms of peak amplitude (Fig. 7D), half-width (Fig. 7E), decay tau (Fig. 7F), rise-time
10%-90% (data not shown), area (data not shown) and instantaneous frequency (Fig.
7G). No significant differences were observed in terms of mean peak amplitude, half-
width, decay tau, rise time 10%-90% and area among all treatment groups (p > 0.05,
one-way ANOVA, post-hoc Tukey test; Fig. 7D-F). However, we did observe a
significant increase in mMEPC mean instantaneous frequency in larvae in the
tardbp'??Y22%X + MO condition compared to all other treatment groups (p < 0.01, one-
way ANOVA, post-hoc Tukey test; Fig. 7G). Furthermore, quality and consistency of
recordings were assessed by plotting rise time 10%-90% over amplitude, where the
presence of a strong correlation would indicate poor quality of recordings, in which the
detected amplitude would have been dependent on the rise time of the detected event
(Fig. 9). All conditions displayed weak correlations between the rise time and amplitude
of events (wild type: r = -0.1892, wild type + MO: r = -0.5541, tardbp"??°XV?20%; = +

0.03707, tardbp'??%Y22%X + MO: r = -0.4161) indicating a consistent quality of

recordings.
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Figure 9. Quality check of whole-cell voltage clamp recordings.
Quality and consistency of recordings were assessed by plotting rise
time over amplitude, where the presence of a strong correlation would
indicate poor quality of recordings, in which the detected amplitude
would have been dependent on the rise time. All conditions displayed
weak correlations between the rise time and amplitude of events,
indicating proper quality of recordings.

3.2.3. Synaptic connections at the neuromuscular junction

As ALS is a disease that primarily affects motor neurons and involves the
progressive de-innervation of the musculature, we examined the projections of motor
neurons from the spinal cord in the zebrafish trunk following the knockdown of tardbpl in
tardbp 222X |arvae. The first larval movements in zebrafish are observed at 17 hpf,
appearing shortly after neuromuscular innervation begins and both primary and
secondary motor neurons will have formed neuromuscular connections by 27 hpf (Liu
and Westerfield, 1992; Myers et al., 1986).

Thus far, we found that mEPC events were significantly increased in frequency in

the tardbp"?®¥??* + MO condition compared to other conditions, suggesting an
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increase in the number of synaptic vesicles released, indicating a presynaptic change in
the motor neurons.

As mentioned earlier, ALS patients often present with muscle fasciculations,
which are the twitching of the muscle fibers and reflect motor neurons attempting to re-
innervate orphaned muscles. This phenomenon can be viewed as a last attempt at
keeping muscles innervated, and are often characterized by the widespread branching

Y220X/Y220X + MO COﬂdItIOI’l,

of motor neurons and wider innervation zones. In the tardbp
where fish lack tdp-43 and have a transient loss of tdp-like, it is possible that, for
unknown reasons, muscles are progressively becoming de-innervated, and in response,
the presynaptic motor neurons are becoming hyper-branched and are forming new
synapses with those orphaned muscles in an attempt to prevent muscle loss, similarly
to what occurs in patients (Jahanmiri-Nezhad et al., 2015). Consistent with an increase
in the innervation of muscles, we would expect a higher frequency of mEPC events in
the tardbp'?2*¥'¥22%X + MO condition.

Y220X¥220X 4 MO condition become

Alternatively, as muscle fibers in the tardbp
progressively de-innervated, it is possible that instead of motor neuron hyper-branching
and forming new synapses, existing synapses from motor neurons are simply being
reinforced in response to a failing connection, resulting in the release of more synaptic
vesicles. In order to investigate which of these two phenomena are occurring, we
needed to perform immunohistochemistry at the NMJ and establish what changes were

occurring in terms of the degree of motor neuron branching and assess the number of in

tact, versus orphaned synapses.
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We expected no significant differences in motor neuron branching in WT, WT +
MO, tardbp ??** | tardbp??°XY22%X and tardbp'?**¥?2°X + CoMo conditions as they were
expected to maintain normal synaptic connectivity and normal swimming behaviour. We
also expected no significant differences in the number of orphaned pre- and post-
synaptic in WT, WT + MO, tardbp %", tardbp'?***Y?2%X and tardbp"??*'¥%2%X + CoMo

conditions. We expected, however, that the tardbp">2?/Y#2%

+ MO fish would display a
significant increase in motor neuron branching phenotype as this was previously
reported in studies using tardbp-null fish injected with an MO targeting tardbpl, as well
as in studies using mutant fish null for both tardbp and tardbp/ (Hewamadduma et al.,
2013; Schmid et al., 2013). This increase in branching could represent motor neurons
attempting to re-innervate orphaned muscle fibers in the tardbp??®/¥?2% + MO
condition, but that would still fail to elicit normal swimming behaviour. Furthermore, we
expected an increase in the number of synapses made between motor neurons and

muscles in the tardbpvzzoxwzzox

+ MO larval trunk, which would be consistent with an
increase in motor neuron branching and attempt of re-innervation at multiple new sites.
Alternatively, we could expect an increase in the number of orphaned synapses,
instead of an increase in the number of stable synapses, where the muscles may be
progressively losing motor neuron innervation and which are still in a period of
transition, before being re-innervated by motor neuron collaterals. This increase in the
number of orphaned synapses at the level of the NMJ may help account for the swim
phenotype observed in fish lacking both tardbp and tardbpl gene products. An increase

in the number of orphaned synapses was previously shown in mTARDBP

overexpression studies in zebrafish larvae, as well as in other published data in mice
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and rat models of TDP-43-related ALS (Armstrong and Drapeau, 2013b; Swarup et al.,
2011; Zhou et al.,, 2010). In this previous zebrafish study, researchers found a
significant increase in the number of orphaned synapses observed as an increase in
orphaned presynaptic markers and postsynaptic receptors (Armstrong and Drapeau,
2013b). These observations suggest signs of increased die-back of motor neurons in
animals overexpressing mTARDBP which also displayed a strong swim phenotype.

As we had assessed locomotor behaviour in our experiments at 48 hpf, we
assessed motor neuron axon projections and NMJ morphology both pre- and
postsynaptically at this stage (Fig. 10A). We used the ZNP-1 antibody in order to
visualize presynaptic puncta, which stains for synaptotagmin 1, a calcium sensor protein
localized in synaptic vesicles and that is involved in vesicle exocytosis. Postsynaptically,
we used sulforhnodamine-conjugated a-bungarotoxin (a-BTX), which binds irreversibly to
nicotinic acetylcholine receptors in the muscle fibers, to visualize acetylcholine receptor
clusters in the musculature. Previous work has shown that upon the knockdown of
tardbpl in a tardbp null background (tardbp'?**¥?2%X) using antisense morpholino
targeting tardbpl, at 36 hpf zebrafish larvae displayed a significantly higher number of
motor neuron axon defects (Hewamadduma et al., 2013). Other work, using 28 hpf
zebrafish mutants lacking expression of both tardbp and tardbpl, observed a significant
reduction in motor neuron axon projection length in the zebrafish trunk (Schmid et al.,
2013).

We observed that WT + tardbp! MO (p < 0.05) and tardbp'??**’¥?2%X + MO larvae
(p < 0.01) both displayed a significantly higher number of spinal motor axon defects

compared to WT larvae (one-way ANOVA, post-hoc Tukey test; Fig. 10B). Additionally,
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we discovered that WT + MO (p < 0.05), tardbp"??*X"%2%X (5 < 0.01) and tardbp"?2*%/Y220X
+ MO larvae (p < 0.01) all had a significantly reduced number of synapses formed at the
NMJ compared to WT larvae (one-way ANOVA, post-hoc Tukey test; Fig. 10C).
Consistent with this last finding, we also found that WT + MO, tardbp"??%¥22%X and
tardbp'???XY229X + MO larvae all had higher proportions of orphaned presynaptic (ZNP-
1) puncta compared to WT fish (p < 0.01, one-way ANOVA, post-hoc Tukey test; Fig.

10D). Interestingly, only tardbpY?20X/Y220X

+ MO larvae had a higher proportion of
orphaned postsynaptic puncta (aBTX) compared to WT fish (p < 0.05, Kruskal-Wallis,

Post-hoc Dunn’s multiple comparison test; Fig. 10E).
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Figure 10. Motor neuron projections in tardbp'?°X¥?2%* + MO larvae show

increased number of orphaned presynaptic and postsynaptic puncta. A, Double-
labeling immunohistochemistry of ZNP-1 presynaptically and aBTX postsynaptically in
all treatment groups. Scale bar represents 100 um. B, Quantification of the number of
axonal projection defects observed in all treatment groups. WT + MO (p < 0.05) and
tardbp"#?*Y22%X + MO larvae (p < 0.01) displayed a higher incidence of motor axon
projection defects compared to WT larvae. C, Quantification of the number synapses
formed, quantified as the number of colocalizations of ZNP-1 and aBTX. WT + MO (p <
0.05), tardbp'?2°X¥220X (5 < 0.01) and tardbp 222X + MO larvae (p < 0.01) all had a
significantly reduced number of synapses formed at the NMJ compared to WT larvae.
D, Quantification of orphaned presynaptic ZNP-1 euncta over total number of ZNP-1
puncta. WT + MO, tardbp'??®"#% and tardbp'??®Y2 + MO larvae displayed
significantly higher proportion of orphaned ZNP-1 puncta compared to WT animals (p <
0.01). E, Quantification of orphaned postsynaptic aBTX puncta over total number of
aBTX puncta. tardbp ?°XY?2%% + MO fish displayed significantly higher proportion of
orphaned aBTX puncta compared to WT larvae (p < 0.05). No other significant
differences were observed. Numbers in parentheses represent the number of somites
analyzed for each treatment group. Data expressed as mean + SEM: *p<0.05;
**p<0.01.
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4. Discussion

The role of TDP-43 remains poorly understood, but the implication of TDP-43
pathology in ALS and FTD highlights the need to gain a better understanding of its
biological function. Investigating the physiological and functional consequences of the
loss of TDP-43 function will help elucidate its cellular role and may help identify future
therapeutic targets to treat patients with TDP-43-related ALS. The presence of
hyperphosphorylated, truncated and ubiquitinated TDP-43 in the cytoplasmic inclusions
of patients with ALS and a reduction of normal nuclear TDP-43 have been widely
observed (Neumann et al., 2006) and suggest a loss of nuclear TDP-43 function such
as transcription, translation, alternative splicing and involvement in the cellular stress
response may be conferring disease (Liu-Yesucevitz et al., 2010; Sephton et al., 2011).
Previous work studying TDP-43 loss-of-function in vertebrates has proven difficult as
mouse models (Kraemer et al.,, 2010; Sephton et al., 2010; Wu et al., 2010) and
Drosophila models (Fiesel et al., 2010; Romano et al., 2014) display early embryonic
lethality. Here, building on previous work by Hewamadduma et al. who used a zebrafish
model to study the loss-of-function of tdp-43, we demonstrated that the loss of tdp-43
expression with a simultaneous reduction of tdp-43-like expression led to a reduction in
survival, severe morphological defects and impairments in locomotor behaviour.
Furthermore, we observed that the fast-twitch muscle cells in these larvae displayed
changes in electrophysiological membrane properties and showed evidence of higher
synaptic input from motor neurons, seen as an increased in mEPC frequency.

In the Hewamadduma study, it was observed that homozygous tardbpY?2%%/Y220X

larvae, which are null for tdp-43 expression, survived until adulthood, swam normally
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and were viable, but were observed to have shorter body lengths and weighed less
(Hewamadduma et al., 2013). This work also demonstrated that the loss of tdp-43
expression in tardbp'??**¥?2%X |arvae led to the upregulation of a novel full-length tdp-
43-like transcript (tdp-43-like V1) and suggested that it may provide a compensatory
mechanism in these tardbp mutants. Interestingly, they also observed expression of tdp-
43-like V1 at basal levels in the wild type fish, suggesting tdp-43-like V1 may play a role
in the cell other than compensation for tdp-43. They then injected tardbp'??**¥?2°% one-
cell stage embryos with a translation site-directed antisense morpholino targeting
tardbpl in order to reduce the expression of all tdp-43-like transcripts in a tardbp null
background. These larvae were found to display reduced tdp-43 and tdp-43-like
expression, reduced survival, a curly tail phenotype and severe swimming deficits. In

the present study, we found that at 2 dpf, tardbp"?2%X/Y220%

embryos injected with a
morpholino targeting tardbp/ were significantly smaller and displayed significant
developmental defects compared to other treatment groups, as they had shorter body
lengths and smaller eye diameters (Fig. 2B,C). Though it was not investigated further in
the Hewamadduma study, we looked at larval morphology in more detail and observed

Y220X/Y220X and

that wild type larvae injected with a morpholino targeting tardbpl, tardbp
tardbp'???Y22%X |arvae injected with a control morpholino (CoMo) all displayed shorter
body lengths compared to wild type fish, but did not have any changes in eye diameter
(Fig. 2B,C). These results, consistent with observations in the Hewamadduma study,
suggest that larvae among the treatment groups that underwent a reduction in the

expression of either tardbp or tardbpl alone, displayed deficits in their overall growth, but

had otherwise normal larval development. It is therefore likely that basal expression of
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tdp-43-like in wild type fish plays an important role in zebrafish growth and likely
functions complimentary to tdp-43 as a compensatory mechanism. Conversely, larvae
that were null for tardbp as well as underwent a reduction of tardbp/ did show evidence
of developmental defects, suggesting a loss of any compensatory mechanism.

In work by Schmid et al., 2 dpf mutant larvae lacking both tdp-43 and tdp-43-like
(tardbp™; tardbpl") displayed abnormalities in vascular patterning and showed signs of
degeneration in the musculature. As zebrafish at the larval stages are not dependent
oxygen supply from erythrocytes, it was suggested by Schmid et al. that these muscle
deficits were a result of the loss of both tdp-43 and tdp-43-like expression, and not a
result of insufficient oxygenation of the developing musculature. Similarly, in our

experiments, tardbp"?2%X/Y220X

embryos injected with tardbpl morpholino displayed a
significantly higher incidence of morphological defects in which the trunk curvature and
heart pericardium of the larvae were abnormal (Fig. 3), confirming tdp-43’s role in trunk
and vascular development. Anecdotally, we also observed that the muscle fibers of
these larvae seemed smaller in size and were frail, but we did not quantify or pursue
these observations in the present study. Furthermore, consistent with previous work on
tdp-43 loss-of-function in zebrafish (Hewamadduma et al., 2013; Schmid et al., 2013),

we observed that tardbp'?20X/Y220X

embryos injected with a morpholino targeting tardbpl
displayed reduced survival (Fig. 4) as well as displayed a general deficit in swimming
ability (Fig. 6). We decided to characterize these changes in further detail and found

that these larvae displayed a reduction in mean swim distance, mean swim duration,

mean swim velocity and maximum swim velocity compared to all other treatment groups
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(Fig. 6), indicating a deficit in the ability to initiate and maintain swimming and further
supporting the important role of tdp-43 in motor control.

We also observed changes in the electrophysiological properties of fast-twitch
trunk muscle fibers in 2 dpf larvae, suggesting that tdp-43/tdp-43-like may play a role in
the maintenance of passive muscle membrane properties (Table 1). We observed that
wild type embryos injected with the tardbp/ morpholino had a smaller membrane
resistance (Rm) compared to wild type larvae. Furthermore, homozygous
tardbp'??Y22%X |arvae injected with the tardbp/ morpholino displayed an increased
membrane capacitance. An increase in membrane capacitance suggests the presence
of larger fast-twitch muscle fibers, which was unusual as these larvae were smaller in
size predicating that the musculature would correspondingly be smaller. Wild type and
un-injected tardbp'??*¥?2%X |arvae did not show changes in passive membrane
properties. It has been previously reported that tardbp™; tardbpl™ mutants, null for both
tdp-43 and tdp-43-like, displayed a loss of muscle integrity as early as 1.5 dpf, and
displayed myocyte degeneration at 2 dpf (Schmid et al., 2013). Additionally,
ultrastrutctural analysis of these muscles fibers by electron microscopy displayed a
highly perturbed organization of myofibrils and revealed smaller muscle fibers compared
to wild type larvae, contrary to what we observed in passive membrane properties
(Schmid et al., 2013). The changes we observed in membrane capacitance suggest
there may be an incomplete decoupling of gap junctions at embryonic stages of muscle
development. Gap junctions are essential for direct cellular communication and are
involved in the exchange of small molecules and ions. Though we did not examine

hemichannel expression patterns, it is conceivable that the combined loss of tardbp and
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tardbpl expression perturbs gap junction assembly/disassembly. Work by Polymenidou
et al. in the adult mouse brain achieved a reduction of TDP-43 in vivo using antisense
morpholino injection and observed the up- and downregulation of 362 and 239 genes
respectively. The identified genes were found to be involved with ion transport, synaptic
transmission, the plasma membrane, ion channel activity, gap junctions and passive
transmembrane transporter activity, among others (Polymenidou et al., 2011). More
specifically, one of these observed changes was the upregulation of Gje7 expression,
encoding Connexin 29 (Cx29), a protein involved in forming the hemichannels that
compose a gap junction. Cx29 is normally localized to the small myelin sheath inner
membrane in oligodendrocytes (Kleopa et al., 2004) and expression of Cx29 has been
found to be increased in the penumbra following traumatic brain injury (Moon et al.,
2010). In our experiments, it is possible that, following the combined loss of tdp-43 and
tdp-43-like expression, significant regulatory changes occur among the targets of tdp-
43/tdp-43-like. These regulatory changes may then result in impairments in various
pathways affecting membrane conductance and/or gap junctions, which could explain
changes in passive membrane properties that we observed. Furthermore, as we
observed changes in membrane resistance in wild type larvae injected with the tardbpl
morpholino, but not in tardbp??**¥?2%X |arvae, suggests that tardbp/ may itself play
some independent role from tdp-43 in the maintenance of the electrophysiological
balance in muscle membranes. However, what precise role gap junctions play in the
nervous and muscular systems of TDP-43-related ALS cases has yet to be investigated,

but could be an interesting avenue for future studies.
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The most interesting finding in this study was our observation of deficits in
synaptic transmission in fast-twitch muscle fibers following the combined loss of tdp-43
and tdp-43-like expression (Fig. 7), which has never been characterized in a loss-of-
function model of TDP-43. Using the patch-clamp technique, we recorded miniature
synaptic end-plate current (quantal) events in the fast-twitch muscles of the zebrafish
trunk at 2 dpf (Fig. 7A,B). As larval muscle fibers are electrically coupled at 2 dpf, we
separated coupled and direct mEPC events, arising from neighboring muscle fibers and
the recorded muscle respectively (Fig. 7C). We then assessed changes in mEPC
properties arising only from the recorded muscle itself. Previous assessments of quantal
release at the NMJ in a TARDBP zebrafish model revealed that expression of mutant
human TARDBP®**%¢, put not wild type TARDBP, was associated with a reduction in
spontaneous release of acetylcholine at the NMJ (Armstrong and Drapeau, 2013a). We
were therefore surprised to observe a significant increase (3.5 times larger than wild
type) in the frequency of spontaneous release of synaptic vesicles in zebrafish with
depleted tdp-43/tdp-43-like (Fig. 7D-G). This change suggests a presynaptic defect and
indicates that there is a higher degree of motor neuron synaptic input on the fast-twitch
muscle fibers in these larvae despite their inability to initiate swimming activity.

An increase in mEPC frequency may occur through a number of mechanisms,
such as an increase in the number of endplates in muscle fibers or elevated intracellular
calcium ion concentrations at the presynaptic side of the NMJ, resulting in a higher
degree of vesicle release at each synapse. To examine the former possibility, we
performed immunohistochemistry on the NMJ to investigate structural changes that

could account for increased quantal vesicle release. We found that tardbp"22%X/Y220%
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larvae injected with tardbp/ morpholino displayed an increase in both the number of
orphaned presynaptic (ZNP-1) and postsynaptic (aBTX) puncta compared to WT (Fig.
10D,E). This could indicate muscle de-innervation. Furthermore, wild type larvae
injected with tardbpl/ morpholino, tardbp'??*¥?2%% |arvae and tardbp'??*XY%?%X |arvae
injected with tardbpl morpholino all displayed a decrease in the number of synapses
formed compared to wild type larvae, as seen by a reduction in the level of
colocalization between pre- and postsynaptic puncta (Fig. 10C). The presence of fewer
synapses, as well as evidence of significant axonal projection defects (Fig. 10B) and
progressive muscle de-innervation in tardbp'??®¥?2% |arvae injected with tardbpl
morpholino suggests that the increase in frequency of spontaneous release of synaptic
vesicles at the NMJ is likely not a result of supernumerary endplates, but rather an
augmentation in the mechanisms that facilitate vesicle fusion presynaptically.
Additionally, tardbp??°*'Y?2%X |arvae injected with tardbpl morpholino appeared to
have an abnormal hyperbranching of their motor neurons in the larval trunk, though we
did not pursue these observations in the present study. Motor neuron hyperbranching
and truncated axonal projections were previously observed in TDP-43 overexpression
studies in which wild type larvae overexpressed mTARDBP®**¢ (Kabashi et al., 2010).
Hyperbranching of motor neurons has also been widely observed in patients with ALS
and is thought to be a result of muscle fasciculations, which are the uncontrollable
twitching of muscle fibers. Muscle fasciculations are thought to reflect motor neuron
hyperexcitability (Vucic and Kiernan, 2006), followed by progressive muscle de-
innervation. Following de-innervation by retracting motor neurons, neighboring motor

neurons are thought to extent collaterals in an attempt to re-innervate those orphaned
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muscles, resulting in widespread branching of motor neurons and wider innervation
zones (Jahanmiri-Nezhad et al., 2015).

Despite sharing similarities with tardbp'??%*"#2%X |arvae and wild type larvae
injected with the tardbpl morpholino, tardbp'??°XY?2%X |arvae injected with tardbpl
morpholino were unable to swim. The difference may lie in the functional output of the
muscles themselves, which has previous been reported to be disorganized and
degenerating in tardbp™; tardbpl” larvae (Schmid et al., 2013). The combined loss of
tdp-43 and tdp-43-like may be causing inherent muscular defects and changes in
passive muscle membrane properties, suggesting that an increase in motor neuron
synaptic input may be a homeostatic change in response to a lack of muscle activity.
Furthermore, the presence of hyperbranched motor neurons may reflect an additional
homeostatic restructuring response of the motor neurons in response to muscle de-
innervation, though we did not quantify these observations. Alternatively, the combined
loss of tdp-43 and tdp-43-like may instead lead to defects arising initially in the motor
neurons. Changes in motor neuron output and abnormal motor neuron projections may
be what leads to the deleterious changes observed in the musculature and may result in
the inability to synchronously recruit muscle fibers, causing the inability to swim.

Though we are unable to conclusively determine where the pathology arises, we
identified electrophysiological changes occurring simultaneously with muscular deficits
in larvae null for tdp-43 with a reduction in tdp-43-like expression. Therefore, in future
studies, it will be important to assess electrophysiological properties earlier in zebrafish
development in order to determine whether aberrant synaptic activity precedes

muscular deficits.
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5. Conclusion

In this project we found that tardbp'??**Y?2%X |arvae injected with a MO targeted
against tardbpl had a significantly reduced survival rate, were significantly smaller in
size in terms of eye diameter and body length, and had a higher incidence of gross
morphological defects such as an inflated pericardium and bent spine. These larvae
were also observed to have severe locomotor deficits characterized by a reduction in
swim duration, swim distance, mean swim velocity and maximum swim velocity.
Additionally, we have identified changes in quantal release of synaptic vesicles at the
NMJ in 2 dpf larval zebrafish. To our surprise, we observed augmented quantal release
of synaptic vesicles despite a reduction in the number of synapses at the NMJ in larvae
lacking tdp-43 expression and reduced tdp-43-like expression. Though the exact
mechanisms coordinating this phenomenon remain to be determined, it represents a
hitherto undocumented presynaptic defect in an ALS model. This research project has
validated previously published data regarding the injection of a morpholino targeted
against tardbpl into a tardbp'??*Y?2°X packground, and has identified associated
synaptic deficits resulting from reduced expression of tdp-43/tdp-43-like. The zebrafish
model described in this research proposal is uniquely suited to address the cellular
consequences of tdp-43 loss-of-function as murine models die in utero preceding any
experimental analysis.

Although the exact mechanisms that result in the severe phenotype following tdp-
43 depletion are not completely understood, loss of either tdp-43 or tdp-43-like alone
may have mild consequences on larval growth and synaptic function, but may not be

enough to perturb motor output. This study further supports the idea that tdp-43 and
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tdp-43-like compensate for one another and that they have significant overlap in their
cellular function, but may still have an evolutionary divergent biological role from one
another. Additionally, other compensatory mechanisms may exist that maintain normal
NMJ transmission and motor output. Finally, parallels between mMTARDBP
overexpression studies and our work here suggest that mutated TDP-43 in patients
may, in fact, be a combination of both a TDP-43 gain- and loss-of-function.

In this study we extended our understanding of the physiological and anatomical
defects that arise at the NMJ in a vertebrate loss-of-function model of TDP-43. In order
to gain a better understanding of tdp-43/tdp-43-like loss-of-function in zebrafish, future
studies should focus on investigating when electrophysiological changes first arise at
the NMJ, as well as focus on assessing changes over time in motor neuron activity and
axon outgrowth. It remains important to further our understanding of the muscular
deficits in animal models that do not express TDP-43. Specifically, assessing gross
muscle morphology, changes in membrane properties following blockage of gap
junctions, functional output of the fast-twitch muscle fibers using a tetanus test
throughout early development as well as assessing functional connectivity of the NMJ
(e.g. synaptic transmission). Though little is known about the cellular function of tdp-43,
its pathological significance necessitates further in-depth studies with the ultimate aim of
forming a comprehensive understanding of its biological role, which | believe will aid in
the eventual development of therapeutic strategies to treat ALS patients with TDP-43-

related pathology.
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6. Materials and methods

Zebrafish

Wild-type zebrafish (Danio rerio) were bred and maintained according to
standard procedures (Westerfield, 1995). All experiments were performed in compliance
with the guidelines of the Canadian Council for Animal Care and conducted at the
Centre de recherche du centre hospitalier de I'Université de Montréal (CRCHUM). All
experiments were performed on sexually undifferentiated zebrafish larvae between 1-10

days post-fertilization (dpf).

Restriction fragment length polymorphism assay

Genomic DNA was extracted from individual 48 hours post fertilization (48 hpf)
larvae using the REDExtract-N-AMP Tissue PCR kit (Sigma-Aldrich) and used as a
template for PCR using the following primer sets:

tardbp-forward: CAAGGTATAGATGAACCAATGAGGA

tardbp-reverse: GTCATCTGCAAAGGTGACAAAAG

An amplified PCR product of 168 nucleotides was digested with Rsal resulting in
two bands (97 and 71 nucleotides respectively) in wild type (WT) larvae. The Rsal
restriction site is lost in zebrafish carrying the 660 (C->A) point mutation (Fig. 1C),

facilitating genotyping of larvae with the Y220X missense mutation (Fig. 1D).
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Preparation and injection of tardbp-like antisense morpholino (MO)

An antisense MO with the following sequence:
CCACACGAATATAGCACTCCGTCAT (Gene Tools, OR, USA) was designed
complimentary to the region of translational initiation of the tardbpl gene
(ATGACGGAGTGCTATATTCGTGTGG) in order to inhibit tdp-43-like protein
translation, as previously described (Hewamadduma et al.,, 2013). As a control, the
injection of a standard control MO (CoMo) was used with the following sequence:
CCTCTTACCTCAGTTACAATTTATA. Microinjections in the 1-2 cell stage embryo
were performed as previously described (Hewamadduma et al., 2013). The injection
concentration was optimized by dose-dependent MO toxicity and MOs were injected at
a final working concentration of 100 uM to minimize morpholino-induced developmental
delay and to yield a consistent phenotype. The MO stock solution was diluted in distilled
water with 0.01 % Fast Green (Sigma) to a final concentration 100 uM and backfilled in
a pulled (Sutter Instrument) thin-walled borosilicate capillary tube and pressure injected
into the embryo using a PicoSpritzer Il (General Valve). The volume of the injected MO
was 5-8 nl. This MO concentration and volume are within the range of a previous report
where tardbpl gene expression was significantly decreased following the injection of the

MO (Hewamadduma et al., 2013).

Survival and gross morphological analysis
The number of dead or deformed embryos or hatched larvae were counted for
Y220X/-

the following six treatment groups every day: WT, WT injected with MO, tardbp ,

tardbpY??Y22X tardbpY??XY22%X injected with CoMo, tardbp?2°XY22%X injected with MO.
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At 2 dpf, deformed embryos or larvae were categorized into three groups of deformities:
inflated pericardium, abnormal body curvature, a combination of both inflated
pericardium and abnormal body curvature. We also examined larval length and eye

diameter to examine subtle defects that may have arisen in our treatment groups.

Western Blot analysis

Protein was extracted from 2 dpf zebrafish embryos from the following
conditions: WT, tardbp'??™Y?2X and tardbp??®¥?2°X + MO. For protein extraction,
approximately 40 embryos were isolated and the embryos were de-yoked in 200 uL of
Ringer’s solution and spun down at 300 rcf for 30 seconds. The Ringer’'s solution was
removed and was replaced with Radioimmunoprecipitation assay buffer (RIPA) solution
containing proteinase inhibitor (1:50) in order to lyse the tissue. The embryos were then
lysed using a hand held electric lysis instrument for 5-7 minutes and then spun down at
10 000 rpm for 10 minutes at 4 °C. The supernatant was removed and saved, and the
pellet discarded. The concentration of the proteins was tested using a DC protein assay
(Biorad) and an appropriate amount of sample was diluted in a solution of dithiothreitol
(DTT) and loading buffer and boiled for 10 minutes at 75 °C. The samples were then
loaded into the wells of a stain-free gel (Biorad) and run at 30 mA per gel. Following the
migration of the samples in the gel, the gel was UV activated and then the proteins
underwent a transfer at 100 V onto a polyvinylidene difluoride (PVDF) membrane that
was previously soaked in ethanol and transfer buffer. The membrane was then
incubated in a freshly made blocking solution composed of 5 % milk in PBS for 1 hour at

room temperature. Following this, the membrane was incubated in the C-terminal
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primary antibody from Novus biological (1:250) dissolved in block solution overnight at 4
°C. This antibody is designed to recognize only the C-terminal fragment of the tardbp
gene product, but not the tardbpl gene products. Following this, the membrane was
washed in PBST 3x for 10 minutes and then incubated in the secondary antibody
dissolved in block solution overnight at 4 °C and then washed again in PBST 3x for 10
minutes. The membrane was then revealed using enhanced chemiluminescence
solution (Biorad) and imaged using a ChemiDoc (BioRad) stain-free visualization

machine and analyzed and quantified using ImageLab software.

Locomotor behaviour

Touch-evoked swim escape response was tested at 52 hpf (hatching). 2 dpf
Larvae were place in the center of a circular aquarium water-filled arena (150 mm
diameter) and touched lightly at the tails with a pair of forceps. The water temperature
was controlled at 28.5 °C. Locomotor behaviour was recorded digitally at 30 Hz for 10 s
(Grasshopper 2 camera; Point Gray Research). Swim duration, swim distance, and
maximum swim velocity were quantified off-line using the manual tracking plug-in for

Imaged.

Whole-cell voltage-clamp recordings in fast-twitch muscle fibers

As previously described (Buss and Drapeau, 2002), zebrafish were
anaesthetized in 0.02 % tricaine (Sigma) dissolved in modified Evans solution
containing the following (in mM): 134 NaCl, 2.9 KClI, 2.1 CaCl2, 1.2 MgClI2, 10 HEPES,

and 10 glucose, adjusted to 290 mOsm, pH 7.8. The zebrafish were then pinned with
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fine (0.001 inch) tungsten wires through their notochords to a Sylgard-lined dish. The
outer layer of skin was removed using a fine glass electrode and forceps, exposing the
musculature. The preparation was visualized by oblique illumination (Olympus
BX51WI). Standard whole-cell voltage-clamp recordings were obtained from fast-twitch
(embryonic white) muscle cells (Buss and Drapeau, 2002). In these recordings, 1 uM
tetrodotoxin (TTX) was perfused over the preparation to inhibit the generation of action
potentials and record spontaneous (quantal) miniature endplate currents (mEPC). Glass
electrodes (8-12 MQ) were pulled from filament-containing thin-walled borosilicate glass
capillary (A-M Systems) and filled with the following intracellular solution containing (in

mM): 116 K-gluconate, 16 KCI, 2 MgClp, 10 HEPES, and 10 EGTA adjusted to pH 7.2,

290 mOsm. Cells were held near their resting potential at -65 mV and series resistance
was < 35 MQ compensated to 40—60%. All electrophysiological data were sampled at
50 kHz using an Axopatch 200B amplifier (Molecular Devices), digitized using a
Digidata 1440A (Molecular Devices) and analyzed off-line using pCLAMP 10.1 software
(Molecular Devices). It should be noted that the Clampfit software will occasionally
detect events that are due to drift in the recordings and report extremely long mEPC
kinetics. Based on previously published work (Ahmed and Ali, 2015; Nguyen et al.,
1999), we established that fast events arising from the muscle we recorded from would
be categorized as having a decay tau constant that is shorter than 4 ms and that slow
events, which arise from electrically coupled, neighbouring muscle fibers would be
categorized as having a decay tau constant that is between 4 ms and 50 ms. In addition

to recording mEPCs, we also recorded the muscle cell membrane potential (Vm),
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whole-cell capacitance (Cm), membrane resistance (Rm) and access resistance of the

electrode (Ra).

Immunohistochemistry

For whole-mount immunohistochemistry, animals were fixed in 4 %
paraformaldehyde overnight at 4 °C. After fixation the larvae were rinsed several times
(1 hr) with phosphate buffered saline (PBS) and then incubated in PBS containing 1
mg/ml collagenase (25 min) to remove skin. The collagenase was washed off with PBS
(1 hr) and the larvae were incubated in PBS with Triton X-100 (PBST) for 30 min. The
larvae were then incubated with PBST containing 10ug/ml sulforhodamine-conjugated
a-bungarotoxin (aBTX; 30 min), which binds irreversibly to acetylcholine receptors
(AChRs). The larvae were then rinsed several times with PBST (30 min) and then
incubated in fresh block solution prepared from PBS containing goat serum, bovine
serum albumin, dimethyl sulfide (DMSO) and Triton X-100, for 1 hr at room temperature
and then treated with a solution containing a primary antibody against pre-synaptic
synaptotagmin 1 (ZNP-1) (1:100; Molecular Probes) overnight at 4 °C. Samples were
then washed in PBST and were incubated in block solution containing a secondary
antibody (Alexa Fluor 488, 1:1000; Invitrogen) for 6 hr at 4 °C. Before imaging, larvae
were transferred to a solution containing 70 % glycerol and mounted the following day
on a slide. The NMJs were visualized using a Quorum Technologies spinning disk
confocal microscope with a CSU10B (Yokogawa) spinning head mounted on an

Olympus BX61W1 fluorescence microscope and connected to a Hamamatsu ORCA-ER
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camera. Images were acquired using Volocity software (Improvision) and analyzed

using Imaris software (Bitplane).

Statistical analysis

GraphPad Prism 6 was used to assess data groupings for significance. Statistical
analyses used one-way unpaired ANOVA, followed by a post hoc Tukey multiple-
comparison test. For datasets with a non-normal distribution, nonparametric tests were
used where an unpaired Kruskal-Wallis test was performed, followed by Dunn’s post
hoc test for multiple comparisons. Significance was assessed at p < 0.05. N is the
number of datasets examined and n is the total number of larvae used in each

treatment group. Data are presented as mean + SEM.
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