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Abstract
The neuromuscular junction (NMJ) defines the functional interface between nerve
and muscle. Reactive oxygen species (ROS) are linked to pathological denervation
in multiple neurodegenerative diseases, but whether and how ROS causes
denervation is unclear. Our main hypothesis was that ROS recapitulates the
signalling pathways of developmental denervation to cause pathological denervation
in multiple diseases. To address our hypothesis, we made the local consequences of
NMJ detectable as motor deficits by using disparate exogenous and endogenous
models to induce synaptic inactivity in developing Xenopus laevis tadpoles. We
resolved whether: (1) synaptic inactivity increases mitochondrial ROS; (2) chemically
heterogeneous antioxidants rescue synaptic inactivity induced motor deficits; (3)
ROS and mitochondrial calcium (mtCa2+) crosstalk exists; and (4) denervation is
achieved by activating non apoptotic caspase 3. Regardless of whether it was
achieved with muscle (α-Bungarotoxin), nerve (α-Latrotoxin) targeted neurotoxins or
an endogenous pruning cue (SPARC), synaptic inactivity increased mitochondrial
and cytosolic ROS in vivo. In addition, selectively inducing mitochondrial ROS—
using mitochondria-targeted Paraquat (MitoPQ) - recapitulated synaptic inactivity
induced motor deficits. In α—Bungarotoxin, α-Latrotoxin and SPARC, but not
MitoPQ denervation models Ru360, specific

mtCa

2+

uptake inhibitor, blocked Ca2+

uptake in mitochondria and regulated ROS. In addition, Z-DEVD-FMK and AZ10417808, specific caspase inhibitors, blocked caspase 3 activation, prevented
denervation and

2+
mtCa

increase. Most importantly, the manganese porphyrins,

MnTE-2-PyP5+ and MnTnBuOE-2-PyP5+ two novel antioxidants, blocked ROS and
mtCa2+ increase, prevented caspase 3 activation and abolished nerve, muscle and
environmental toxin-induced pathological denervation. We conclude that ROS are a

shared biochemical feature of pathological denervation and recapitulate an
endogenous

redox-regulated

developmental

denervation

pathway.
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1 Chapter

One

-

Biological

phenomena

implicated

in

neuromuscular ageing
1.1 Introduction
The global population of seniors aged > 65 is projected to grow from an estimated
524 million – 8% of world’s population- in 2010 to nearly 1.5 billion – 16 % in 2050
(World Health Organization, 2011). This rise can be directly linked with increased
provision of medical and social care, which leads to an inevitable increase in the
financial costs of healthcare systems (World Health Organization, 2011).
Ageing is the time‐dependent functional decline of cells, organs and tissues
throughout the body and is the primary risk factor for many major human pathologies
including neuromuscular ageing, neurodegenerative / neuromuscular diseases,
including Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis
(ALS), and muscular dystrophies (Lin and Beal, 2006; Jang and Van Remmen, 2011;
Terrill et al., 2013). Age-related progressive skeletal muscle mass and strength loss
negatively affect the quality of life of older people (Figure 1.1) (Lexell, Taylor and
Sjöström, 1988; Newman et al., 2006). The age-associated decrease in muscle
strength leads to instability and increases the risk of falls, which leads to increased
demand on medical and social care, and an increase in mortality rate (Newman et
al., 2006). A decline in skeletal muscle mass and strength starts from the age of 40
and continues until the end of life (Cobley et al., 2019). Also, by the age of 70, there
is a 25–30% decline in the cross-sectional area of skeletal muscle and 30-40 %
reduction in muscle strength, compared with young adult (Newman et al., 2006).
Age-related skeletal muscle loss is associated with numerous neurological
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malformations and malfunctions including loss of motor units (Campbell, Mccomas
and Petito, 1973), structural changes in neuromuscular junction (NMJ) (Campbell,
Mccomas and Petito, 1973; Porter, Vandervoort and Lexell, 1995) a decline in motor
nerve function (Valdez et al., 2010; Jang and Van Remmen, 2011), increased
fibre‐type grouping, and a decrease in fibre number (Hepple and Rice, 2016).
Age‐dependent skeletal muscle atrophy and weakness is a life‐long process with a
complex and multifactorial aetiology that involves both intrinsic and extrinsic factors
(Hepple and Rice, 2016). Importantly, changes in reactive oxygen species (ROS)
levels is a shared feature of multiple neurodegenerative diseases (Lin and Beal,
2006; Terrill et al., 2013). However, despite the importance of this area, the
fundamental biochemical and molecular mechanisms regulating age-related muscle
loss or associated neurodegenerative illness have remained elusive (Valdez et al.,
2010; Sakellariou et al., 2017; Wilkinson, Piasecki and Atherton, 2018).
In this chapter, I will explain NMJ denervation, ROS and their potential involvement
in muscle denervation in health and disease. Importantly, because the majority of
this research was focussed on developing models that mimic denervation in vivo, I
will also rationalise the denervation models that I used in the thesis. Furthermore, in
this chapter, I will introduce different specific inhibitors and antioxidants that I have
used with specific probes to manipulate the signalling pathways and record ROS
changes. In addition, to develop a better understanding of the potential signalling
pathways that are involved in synapse elimination, I decided to investigate the role
not only of ROS but also of the two other possible signalling molecules,
mitochondrial calcium (mtCa2+) and caspase, which have both been suggested to be
involved in muscle loss in disease (Ricci et al., 2004; Siu, 2009; Shoshan-Barmatz,
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De and Meir, 2017). Finally, at the end of this chapter I will present my aims and
objectives for the remaining thesis chapters.

Figure 1.1. Schematic representation of the morphological skeletal muscle changes occurring during ageing.

Skeletal muscle ageing is associated with increased fibre ‐type grouping, axonal degeneration and motor neuron
death leading to the reduced number of motor axons innervating myofibres. Particular skeletal muscle changes
result in the loss of motor units and atrophy of the remaining muscle cells. Copyright © Sakellariou et al., 2017.

1.2 Innervation of skeletal muscle
A single motor axon innervates each skeletal muscle fibre. The motor neuron has
only one motor axon that reaches to its targeted muscle. The motor axon can be
subdivided into 20–100 terminal fibres, each of which innervates a single muscle
cell. A single motor axon together with all the muscle fibres that it innervates is
defined as a motor unit (Figure 1.2 A) (Hayyan, Hashim and AlNashef, 2016). In
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innervated muscle, an action potential can travel from motor neurons to the muscle
fibre, causing muscle contraction (Huxley and Hanson, 1954; Huxley and
Niedergerke, 1954).
The NMJ is a chemical synapse between a motor neuron and a muscle cell. The
NMJ is a site located midway along the length of a muscle fibre. An action potential
from the motor axon at the NMJ stimulates the release of neurotransmitters acetylcholine (Ach) into the junctional cleft between axon and muscle membranes
(Hirsch, 2007). Released Ach from presynaptic terminals diffuse across the synaptic
cleft to the postsynaptic terminal and bind to specific receptors in the membrane
(Südhof, 2012). The essential NMJ receptors in the postsynaptic terminal are
nicotinic acetylcholine receptors (nAChRs). The nAChR transmembrane protein is
composed of five subunits (two α, and one β, δ, and ε subunits), arranged in a
cylindrical shape to form a central transmembrane pore. Channel gating requires a
molecule of ACh binding to the receptor at each of the α subunits on the nAChR
receptor. ACh binding to the receptor α subunit initiates receptor conformational
changes allowing ACh binding to the second α subunit. These two ACh molecules
binding to the AChRs cause conformational changes that allow channel opening and
Na+ ion influx to the muscle fibre (Figure 1.2 B) (Hirsch, 2007). Na+ ion influx initiates
postsynaptic cell membrane depolarisation (Tintignac, Brenner and Rüegg, 2015),
which in turn promotes activation of the voltage-gated Ca2+ channels located on the
plasma membrane, causing Ca2+ entry leading to a significant increase in
intracellular Ca2+ (Catterall, 2011). The intracellular Ca2+ that accumulates after a
skeletal muscle cell depolarisation initiates and maintains the contraction of the
sarcomere. This increase in intracellular Ca2+ and increase in sarcomere produced
contraction force initiates action potential circulation across the surface of the muscle
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leading to muscle contraction (Figure 1.2 B) (Huxley and Hanson, 1954; Huxley and
Niedergerke, 1954).

Figure 1.2 Schematic representation of innervated muscle.

A) Schematic representation of an NMJ motor unit, in which a single motor axon innervates muscle fibres; B)
Schematic of single NMJ in innervated muscle, indicating cellular changes in the motor neuron and the muscle
fibre that initiates muscle contraction. An action potential propagates down the axon to the presynaptic terminal,
causes increase in intracellular Ca2+, causing Ach release into the synaptic cleft. Ach then binds to two nAChR
subunits on the postsynaptic terminal, causing changes in postsynaptic membrane potential by allowing Na 2+ and
Ca2+ influx. The increase in Ca2+ in the postsynaptic terminal causes muscle fibre contraction.

1.2.1 Pathological muscle denervation
There is strong evidence that in ageing and ageing-related neurodegenerative
diseases, morphological changes occur in both the nervous system and the
muscular system, leading to a continual cycles of denervation and reinnervation, and
overall loss in muscular strength and mass (Vandervoort, 2002; Tallon et al., 2016).
Rodent studies have shown that in the ageing animal, NMJ morphology is
extensively modified with changes in muscle endplate morphology, end plate
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fragmentation and progressive fast motor unit loss (Tallon et al., 2016).
Morphological changes in NMJ lead to a functional impairment of the junction,
meaning that motor nerve conduction velocity slows down and the amplitude of
compound muscle action potential decreases (Park, 2015).
Interestingly, fast muscle fibres are the most vulnerable to muscle denervation and
loss (Carlson et al., 2002). In particular, in senior adults, age-related muscle
weakening, and loss was mostly detected in fast (type II) muscle fibres (Porter,
Vandervoort and Lexell, 1995; Kung et al., 2014). Similar to human ageing studies,
fast type muscle fibres were also most affected in animal ageing studies (Evans and
Lexell, 1995; Lexell, 1997; Chai et al., 2011). Unsurprisingly, the most significant loss
of - moto neurons is of those that supply type II muscle fibres (Evans and Lexell,
1995; Lexell, 1997; Chai et al., 2011).
In ageing, neuron loss (cell death) is progressive and irreversible (Nakajima and
Kuranaga, 2017). However, in young adults, the loss of motor units and denervation
results in muscle fibre reinnervation by sprouting from other motor neurons (Carlson,
2004). Motor unit remodelling, in which muscle may be secondarily reinnervated by
axonal sprouting from the axons in the vicinity (Hepple and Rice, 2016). The
reinnervation can happen multiple times; however, continual denervation –
reinnervation cycles lead to a decrease in muscle mass and strength (Sakuma et al.,
2015) (Figure 1.3). In addition, axon sprouting typically develops from slow axons,
such that there is an expansion of the size and resulting force of slow motor units in
the old muscle (Hepple and Rice, 2016). In most ageing cases, this continual
denervation and reinnervation occurs until old motor neuron capacity to sprout and
reinnervate denervated fibres are significantly decreased (Porter, Vandervoort and
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Lexell, 1995; Li, Lee and Thompson, 2011). Continual denervation reinnervation
results in larger motor units becoming smaller, and more fatigable and is a significant
reason for atrophy of muscle fibres in ageing and ageing-associated diseases
(Huebner and Strittmatter, 2009; Menorca, Fussell and Elfar, 2013). Also, in some
neurodegenerative disease, such as ALS, constant neuron degradation and resulting
muscle denervation leads to muscle atrophy or sometimes even a patient death
(Sakowski et al., 2012; Taylor, Brown and Cleveland, 2016).
The overall denervation effect in an ageing muscle shows quite significant NMJ
changes. However, because a single denervation event affects only a small
proportion of the muscle fibres in a particular muscle, it makes it very difficult to
quantify the influence of a particular denervation to the overall muscle (Carlson,
2004). For this reason, the majority of the denervation studies relate to the fully
denervated muscle (Carlson et al., 2002). Fully denervated muscle studies, for
example muscle ageing studies, provided us with valuable information about
morphological and cellular changes that are associated with muscle denervation in
old muscle in comparison to young muscle (Campbell, Mccomas and Petito, 1973;
Grimby and Saltin, 1983). However, the mechanistic action of how synaptic repair
after denervation occurs or the reason why and how ineffective reinnervation and
neuromuscular dysfunction in ageing occurs, is still an open question.
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Figure 1.3.Schematics representing muscle denervation and reinnervation.

(A) Healthy fully junctional muscle is innervated. (B) When NMJ junction is lost muscle becomes denervated. (C)
Young muscle has capacity to be reinnervated by axonal sprouting, which restores NMJ and muscle functionality.
(D) However, continual denervation and reinnervation cycles cause decrease in muscular mass and strength.
This loss has been identified in ageing and neurodegenerative diseases.

1.2.2 Developmental denervation
In developmental stage, muscle denervation is an essential step for NMJ maturation.
Importantly, in mature and stable NMJ, muscle is mono-innervated, which means
that one muscle fibre is innervated only by one motor neuron axon (Lanuza et al.,
2014). However, during the early days after birth most vertebrates muscle fibres are
poly-innervated, in which there is more than one motor neuron axon innervating the
same muscle fibre (Figure 1.4). Just before birth, embryonic axons become
maximally connected as they innervate up to 10 times more muscle fibres than are
innervated in maturity (Sanes and Lichtman, 1999). Poly-innervation is created by
multiple motor axons merging on the same muscle fibres (Sanes and Lichtman,
1999). However, during the first two weeks of postnatal life, the majority of the inputs
are lost, leading to only a single synapse per muscle fibre remaining. This process of
muscle fibre transformation from poly to mono innervated is called synapse
elimination (Slater, 1982). The loss of multiple innervations is achieved as a result of
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some terminal branches retracting from muscle fibres (a process known as
denervation).
Even though neuronal retraction is a well-recognised event in NMJ maturation the
signalling mechanism making some axon branches retract and become eliminated
and others to remain is still poorly defined (Tintignac, Brenner and Rüegg, 2015).
During developmental denervation, it is believed that axon branches innervating the
same synaptic site are competing with one another, and synaptic territory vacated by
a loser is filled by a dominant axon branch (Walsh and Lichtman, 2003). One of the
reasons why two separate motor nerves cannot innervate the same muscle fibre
together is that after birth, neurons start independent stimulation which would lead to
asynchronous firing (Favero et al., 2010). Before birth, motor neuron input strength is
roughly equal, and they are all stimulated synchronously (Favero et al., 2010). After
birth asynchronous impulse timing and differences in neuron synaptic activity
promote one neuron to remain and others to retract. However, it is still unknown how
the decision is reached about which are “losing axons” and which are “winners”.
Some studies suggest that selection occurs randomly (Turney and Lichtman, 2012),
whereas others suggest that selection occurs based on synaptic activity competition
manner (Favero et al., 2010).
Irrespective of the reason why the some neurons retract, the remaining input
gradually gains axon territory (Brown, Jansen and Van Essen, 1976; Sanes and
Lichtman, 1999). The process of neuron elimination occurs in a stepwise and
controlled manner. Each axon branch undergoes a controlled atrophy, detachment,
and withdrawal, and formation of an axon retraction bulb. Final axon branch
withdrawal from the end-plate leads to the progressive separation of each axon
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territory (Je et al., 2012; López-Murcia, Terni and Llobet, 2015).Finally, the remaining
axon forms a mature and stable junction with the muscle fibre (Nadal et al., 2016).

Figure 1.4. Schematic representing developmental synapse elimination.

First few weeks after birth the muscle is poly-innervated: more than one neuron is trying to send a signal to each
muscle fibre. However, the mature NMJ has one motor neuron innervating one muscle fibre. Most of the motor
neurons retract from the muscle fibre and the remaining neuron occupies the retracted axon space to form a
stable and functioning NMJ. However, it is still unknown what triggers initiate or determine which axon gets
eliminated.

Even though similar synapse elimination processes occurs in developmental
denervation and ageing denervation, the mechanism of both denervation types is still
an open question. Presently, there were several suggestions about what plays the
most crucial part in synapse repair and denervation (Carlson, 2004; Park, 2015).
However, mitochondria and oxidative stress is a leading hypothesis for the
mechanism underlying ageing and neurodegeneration disease-related muscle
denervation (Muller et al., 2007; Abruzzo et al., 2010; Pollock et al., 2017).
Mitochondrial morphological changes, including cristae disruption and swelling, in
axonal terminals have been correlated with significantly increased levels of oxidative
damage, decreased number of synaptic vesicles and or a decrease in the probability
of neurotransmitter release during depolarization in denervated muscle fibres
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(Florian L. Muller et al., 2007; Abruzzo et al., 2010; Hepple, 2014). Interestingly,
ROS have also been suggested to play crucial regulatory roles in neuron
development and functioning, which includes: establishing neural polarity, growth
cone pathfinding, synapse connectivity and also synaptic transmission to the tuning
of neuron networks (Oswald et al., 2018). As ROS is essential in neuron
developmental stage and pathological denervation, it allows me to suggest that ROS
plays important role in NMJ functioning and fate decision. Therefore, studying the
role of ROS in pathological and developmental denervation should allow us to help
confirm whether pathological and developmental denervation share ROS-mediated
pathways and identify their molecular basis.

1.3 Reactive species
Reactive species is a common term used to define a chemically reactive chemical
species, which includes: (ROS), reactive nitrogen species (RNS), reactive sulphur
species (RSS) and reactive chlorine species (RCS) (McMullen, 2018). Reactive
species are divided into different groups depending on their central atom.
Reactive species are also subdivided into two main groups: radicals and nonradicals.
Radicals are chemical compounds that have one or more unpaired electrons in the
outer molecular orbit. The simplest example of a radical is atomic hydrogen (H .-). In
chemistry, a radical ion is typically indicated by a superscript dot followed by the sign
of the charge. Nonradicals are compounds with no unpaired electron in the outer
orbit, but are chemically active; the example of the nonradical is molecular hydrogen
(H2) (Figure 1.5). However, it is important to note that not all reactive species are
radicals, but all radicals are reactive species (Murphy, 2009; McMullen, 2018).
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Figure 1.5. A simplified version of outer orbits in the Hydrogen.

A) Atomic hydrogen has one proton and one unpaired electron in outer orbit, which means that it is a free radical.
B) Molecular hydrogen (H2) forms when two hydrogen atoms bond together. H2 consists of two protons and two
electrons and has a neutral charge, for this reason H2 is not a free radical.

1.3.1 Principal of reactive species formation
Molecular O2 has a unique electronic configuration and is a radical itself. In the
ground state, O2 is a biradical with two parallel unpaired electrons in antibonding π ∗
orbitals (Figure 1.6). Electron donation or acceptance has to occur for the process of
new radical or nonradical formation from the oxygen molecule (Kalyanaraman,
2013). The primary requirement for this process is that both electrons must have the
same spin to fit into a vacant space in the π* orbitals. A pair of electrons in an atomic
or molecular orbital cannot meet this criterion, since they have opposite spins (+½
and −½), as shown in Figure 1.6. This spin restriction makes O2 prefer to accept its
electrons one at a time and helps explain the slow reaction of O 2 with most
nonradicals, but much faster reaction with other radicals by single electron transfers
(McMullen, 2018).
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Figure 1.6. A schematic of molecular oxygen π* orbitals

A simplified version of vacant spaces in the π* orbitals in the molecular oxygen molecule and after one electron
acceptance (superoxide radical (O2•−). Adapted from Halliwell and Gutteridge (2006).

1.3.2 ROS
ROS are molecules that contain oxygen and are highly reactive, with the ability to
change the oxidation states of atoms. Any such reaction involves two key concepts;
an oxidation reaction, in which an atom, molecule or ion lose an electron, and a
reduction process, in which an atom, molecule or ion gain an electron (Jones, 2008;
Winterbourn, 2008).
Importantly, in human physiology, ROS are one of the essential reactive species.
ROS for a long time were only considered to be harmful agents, contributing to a
vast range of pathologies including: Alzheimer’s disease, Huntington’s disease,
Parkinson’s disease, ALS, neuromuscular ageing and muscular dystrophies (Lin and
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Beal, 2006; Terrill et al., 2013; McMullen, 2018). In recent years, ROS have been
recognised not only as a destructive, but as signalling molecules, which has driven a
wealth of research into their roles in both healthy and pathophysiological states
(Murphy, 2009; Sikora et al., 2009; Batinic-Haberle, Tovmasyan and Spasojevic,
2015). ROS signalling pathway is termed “redox signalling”. Redox signalling refers
to the reversible and compartmentalised oxidation of amino acids that are candidates
for reversible modification (Bhattacharya et al., 2009; Sena and Chandel, 2012).

1.3.2.1Three main ROS and their formation
The most simple reaction of the O2 molecule, also known as the initial reaction, is the
production of the superoxide radical (O2•−), one of the primary redox metabolites (Lü
et al., 2010). O2•− is an anion radical formed by one electron reduction step, where
one molecular O2 (dioxygen) receives an electron donated by another dioxygen. The
addition of one electron to dioxygen fills one of the π∗ orbitals, leaving the second
dioxygen molecule with one unpaired electron, also known as O2•− (Figure 1.7)
(Jansirani et al., 2016). Hydrogen peroxide (H2O2) is another major redox metabolite.
H2O2 formation involves four electrons and four protons (Sánchez-Sánchez and
Bard, 2009). In mammals, H2O2 is produced during O2•− dismutation, the process in
which the radical is used to produce oxygen (O2) and non-radical H202, two O2•−
radicals react together in an electron transfer process between two O2.- and two free
H+ protons (Augusto and Miyamoto, 2011; Jansirani et al., 2016). The third essential
redox metabolite is a hydroxyl radical (•OH), which is produced by the Fenton
reaction (Equation 1). In this reaction, the ferrous iron (Fe2+) causes the oxygenoxygen (O-O) bond in H2O2 to break and produce a •OH radical (Halliwell and
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Gutteridge, 1992; Winterbourn, 1995). The formation of all three main ROS are
shown in Figure 1.7

Fe2+ +H2O2 -> Fe3+ +OH- + .OH
Equation 1. Fenton Reaction formula.

Hydrogen peroxide radical produced from H2O2 in presents of Fe2+

Figure 1.7. A schematic of the production of three main ROS.

The active oxygen system: four single-electron reduction steps from molecular oxygen to the hydroxyl
radical.

1.3.3 Chemical heterogeneity
All radicals and non-radicals have specific reaction preferences, kinetics (their halflives (t1/2)), rate and site of production, degradation and diffusion characteristics,
(Figure 1.8) (Winterbourn, 2008; Murphy, et al., 2011).
The most reactive oxygen species is •OH, with a very short half-life of t1/2 s ~ 10-9
(Giorgio et al., 2007) making it extremely unstable. O2•− has a much longer half-life
than the •OH radical (Figure 1.8). H2O2 has a long half-life (t1/2 s~ 10-7), and for this
reason, it is a reasonably stable molecule (Giorgio et al., 2007; Winterbourn, 2008).
H2O2 high stability makes it a poor reactant with most biomolecules. However,
reactivity not only depends on kinetics but also on reaction preferences. Stable H 2O2
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has a selective, rapid reaction rate with exchangeable transition metals, such as
Fe2+, leading to the production of •OH (Winterbourn, 2013).
The other very important factor about reactive species is their diffusion capacity.
H2O2 has the fastest diffusion capacity, with a diffusion distance 1 m. Where the
most reactive, •OH radical, diffusion capacity is 1000 times shorter than H2O2
(Giorgio et al., 2007; Winterbourn, 2008).
H2O2 is a stable molecule that can diffuse within and between cells, which make it a
useful intra and intercellular signalling compound (Winterbourn, 2013). O2•− is not as
diffusible as H2O2 because of its shorter half- life and negative charge, which
prevents it from passing through membranes and requires cellular channels to be
transported. Since •OH has a very short t1/2 time and migration ability its reactivity is
restricted to a local area that is close to its generation site (Figure 1.8) (Giorgio et al.,
2007; Winterbourn, 2008, 2013).
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Figure 1.8. ROS chemical heterogeneity

Table of three main ROS metabolites preferences, kinetics (their half-lives (t1/2)), and diffusion capacity and
reactivity. Adapted from (Das and Roychoudhury, 2014).
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1.3.4 Mitochondria – as a ROS source
In living organisms, ROS are generated in several cellular systems localised on the
plasma membrane, in the cytosol, in the peroxisomes, endoplasmic reticulum and
mitochondria (Thannickal and Fanburg, 2000). Mitochondria are one of the most
critical sites of ROS production (Murphy, et al., 2011; Scialò et al., 2016). There are
at least ten sites in mitochondria that can produce ROS (Adam-Vizi and
Chinopoulos, 2005). For this reason, in this study I have focused on mitochondrial
ROS.

Figure 1.9 Mitochondria structure.
Mitochondria has two membranes: outer and inner membrane, dividing mitochondria to an
intermembrane space and a mitochondrial matrix. The inner membrane is differentiated into the inner
boundary membrane and the cristae. The mitochondrial matrix contains mitochondrial DNA, granules,
ribosomes and ATP particles. Copyright © 2000 Elsevier Science Ltd.
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1.3.4.1Mitochondria outer membrane
However, to understand ROS formation in mitochondria it is important to understand
mitochondrial structure and respiratory complex. Mitochondrial structure includes two
mitochondrial membranes, outer and inner, an intermembrane space and a
mitochondrial matrix (Malek, Hüttemann and Lee, 2018).
The outer mitochondrial membrane is 60 to 75 angstroms (Å) in thickness and has a
protein-to-phospholipid ratio similar to eukaryotic plasma membranes. This
membrane is permeable to oxygen, pyruvate, adenosine triphosphate (ATP), ions
and other small molecules. However, larger molecules than 5000 Daltons or large
proteins cannot diffuse through porin channels in the membrane and require active
transporters to move across the membrane (Vaidya, 2014).

1.3.4.2Mitochondria inner membrane
The most significant difference between the outer and inner membrane is that the
inner membrane is highly impermeable (Vaidya, 2014). The membrane permeability
difference is achieved by absence of pore-forming membrane proteins (porins), such
as the voltage-dependent anion channel (VDAC), which are proteins that allow small
molecule free movement (Vaidya, 2014). Secondly, in the inner membrane the
phospholipids are replaced by cardiolipin, which contains four fatty acids rather than
two (Cooper, 2000; Vaidya, 2014). These membrane changes are believed to make
the inner membrane unusually impermeable to ions, small molecules and proteins,
which therefore require transporters. The inner membrane contains five of the
essential protein-enzyme complexes which form the mitochondrial respiratory
complex (described in 1.3.4.5).
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1.3.4.3Mitochondria intermembrane space
The

intermembrane

space

contents

are

highly dependent

on

membrane

permeability. Because the outer membrane is highly permeable to all small
molecules, and the inner membrane is not, ion and sugar concentrations in the
intermembrane space are the same as in the cytosol. However, because both
membranes control protein movement, the protein content of the intermembrane
space differs from that of the cytosol (Cooper, 2000; Vaidya, 2014). In particular, the
intermembrane space has a high concentration of cytochrome c, which is an
essential protein for mitochondrial oxidative energy production (Vaidya, 2014).

1.3.4.4Mitochondria matrix
The space enfolded by the inner membrane is the mitochondrial matrix. This space
is a highly concentrated mixture of enzymes, ribosomes and mitochondrial DNA. It
contains nearly all the enzymes that participate in ATP production through the Krebs
cycle (TCA cycle). The TCA cycle not only produces ATP but also reduces NAD + to
NADH, which can be used in the electron transport pathway (Figure 1.10) in the
inner membrane (Cooper, 2000; Vaidya, 2014).

1.3.4.5Mitochondrial respiratory complexes
The mitochondrial respiratory complex is also known as the electron transport chain
(ETC). The ETC is made up of five protein complexes: NADH/ubiquinone
oxidoreductase (I), succinate dehydrogenase (II), cytochrome c reductase (III),
cytochrome c oxidase (IV) and ATP synthase (V) and each complex is a subunit of
several enzymes and proteins (Malek, Hüttemann and Lee, 2018; Sousa, D’Imprima
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and Vonck, 2018). The ETC is essential in the synthesis of ATP by oxidative
phosphorylation (Figure 1.10).
During oxidative phosphorylation, reduction and oxidation steps, and proton (H + ions)
transfer across the inner mitochondrial membrane are essential. Oxidation and
reduction reactions in the ETC create an unequal electrical charge on either side of
the inner mitochondrial membrane through step by step electron transfer across the
inner membrane. All five complexes are involved in oxidation and reduction
reactions, but three central complexes generate the proton gradient: complex I, III
and IV (Figure 1.10) (Capaldi et al., 1994).
In complex I (NADH dehydrogenase), NADH is oxidised to NAD+, by passing two
electrons to ubiquinone (Q), reducing it to ubiquinol (QH2) (Capaldi et al., 1994;
Sharma, Lu and Bai, 2009; Malek, Hüttemann and Lee, 2018). Most importantly this
electron exchange allows four protons to cross the inner membrane into the
intermembrane space, thus producing a proton gradient across the membrane
(Adam-Vizi and Chinopoulos, 2005).
Complex II is a parallel electron transport pathway to complex I. In complex II flavinadenine dinucleotide (FAD) is reduced to Flavin adenine dinucleotide (FADH 2) and
as in Complex I the electron is donated to Q. Reduced Q is highly lipid-soluble
allowing it to travel to the next complex to deliver the electrons. While Complex II
does not directly contribute to the proton gradient, it serves as another source for
electrons (Capaldi et al., 1994; Berg, Tymoczko and Stryer, 2002).
Complex III contains two coenzyme Q binding sites, which use QH2 in two ways.
Complex III accepts electrons from QH2 and transfers them onto cytochrome c,
known as the Q cycle (Sousa, D’Imprima and Vonck, 2018). The Q cycle involves
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two step reactions in which a single Q cycle reduces two cytochrome c molecules,
forms a single QH2 molecule, pumps four H+ into the intermembrane space and
takes up two protons form the matrix (Lenaz and Genova, 2009).
Complex IV is the last complex contributing to the proton gradient (Berg, Tymoczko
and Stryer, 2002; Sousa, D’Imprima and Vonck, 2018). Complex IV is known as
cytochrome C oxidase because oxidation of four cytochrome C molecules occurs at
this step. Each cytochrome C releases 1 electron. The four electrons passing
through the complex cause conformational changes in the complex leading four H +
to be pumped from the matrix. Two released H+ are used to make water, and two H+
are released into the intermembrane space (McMullen, 2018). After complex IV, the
proton gradient drives ATP synthesis in complex V.
Complex V is the last stage of the mitochondrial respiratory process to produce
energy. This complex is also known as F1F0 ATP synthase because of its structure:
F1-knob; F0-stock. The proton gradient is also called the proton motive force (Δp). H+
in the intermembrane space binds to the F0 portion of the protein causing F0 rotation
and leading to F1 subunit rotation in the opposite direction. Rotation generator F0
fuelled by the proton-motive force provides energy to the F1 subunit, that is required
for ATP synthesis from adenosine diphosphate (ADP) and inorganic phosphate (P i).
Three protons must pass through the F0 subunit to receive enough energy to
produce one ATP molecule production, and for every full turn of the protein, three
ATP molecules are produced (Capaldi et al., 1994).
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Figure 1.10. Schematic representation of the electron transport chain (ETC) in a mitochondrion.

Complex I oxidise NADH to NAD + to reduce ubiquinone (Q) to ubiquinol (QH2). Electron transfer is coupled to
the transport of four H+ from the mitochondrial matrix to the inner membrane space. Complex II flavin-adenine
dinucleotide (FAD) is reduced to flavin adenine dinucleotide (FADH2) and reduces Q without H+ movement. The
electrons are then transferred from QH2 to cytochrome c via complex III, accompanied by the translocation of four
H+ to the intermembrane space. In complex IV, two molecules of cytochrome c are used to reduce oxygen to
water, coupled to the transport of two H+ to intermembrane space. Overall, a total of ten protons are translocated
across the mitochondrial membrane during complexes I to IV. The protonmotive force Δp is used to produce ATP
from ADP. Three H+ are used for one ATP molecule synthesis. Electron and proton transfer processes are
depicted with grey and blue, respectively.

1.3.5 ROS produced in mitochondria
The production of ROS by mitochondria was first recognised in the 1960s (Collins et
al., 2012). ROS production can occur by the synthesis of superoxide at complexes I
and III (Figure 1.11), although other mitochondrial sites can also contribute (Collins et
al., 2012). Complexes I and III generate a small amount of O2•− as a side product of
electron transport during oxidative phosphorylation (Murphy, 2009).
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O2•− generated in complex I can be released to the matrix, whereas complex III
generated O2•− can be released to both the matrix and the intermembrane space
(Hirst, King and Pryde, 2008; Murphy, 2009; Brand, 2016). The relative importance
of complex I and III sites in O2•− mitochondrial output depends on mitochondria
respiratory status and its kinetic and thermodynamic factors, including ATP demand,
[NADH] and ∆p (Hirst, King and Pryde, 2008; Murphy, 2009; Brand, 2016). In fully
respiring mitochondria, when ATP demands and the electron flow are high, but ∆p is
low and NADH to NAD+ ratio decreased, O2•− is dominantly produced by complex III.
In this respiratory condition O2•− production is highly controlled and is produced
proportionally to the electron flow rate of complex III (Camello-Almaraz et al., 2006).
In this condition, O2•− is formed through cycling of the electron acceptor Q, which can
donate electrons to molecular oxygen to both sides on the inner mitochondrial
membrane (Figure 1.11 A) (Murphy, 2009). In complex I, O2•− production is most likely
to occur after the NADH dehydrogenase step, when two free electrons are carried to
Q molecule to form QH2. These free electrons can be easily accessed by the O 2
molecule to form O2•− (Figure 1.11 B) (Murphy, 2009; Hernansanz-Agustín et al.,
2017). ROS production at complex I can be further enhanced when there is reverse
electron flow (RET) (Hirst, King and Pryde, 2008; Brand, 2016). The complex I O2•−
produced during RET is well-recognised, but it is poorly understood mechanistically.
RET occurs when the electron supply in mitochondria reduces the Q pool, which, in
the presence of a significant Δp, forces electrons back from QH2 into complex I, and
can reduce NAD+ to NADH at the complex I site (Murphy, 2009). One possible
mechanism is that RET forces electrons right back through the complex I site and
that free electrons get used by O2 as in O2•− production in response to an elevated
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NADH/NAD+ ratio, described above (Figure 1.11C) (Liu, Fiskum and Schubert, 2002;
Murphy, 2009).

A.

B.

C.

Figure 1.11. Three main modes of O2•− production in mitochondria.
A) In mode 1, ATP demands are high, O2•− produced in complex III in moderate levels. In mode 2 and 3 ATP
production and demands are low. B) In mode 2, when NADH/NAD+ ratio is low, electrons from NADH
dehydrogenase are used to form O2•−. C) In mode 3, when high Δp and a reduced CoQ pool, RET through
complex I occurs producing large amounts of O2• but the mechanism is poorly understood. However, it is believed
that electrons received by RET are used in the same way as in mode 1. O2•− production pathways are shown in
red arrows.
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1.3.6 Redox control
In aerobic organisms, ROS levels are tightly controlled (McMullen, 2018). All aerobic
organisms have cellular defence systems with enzymatic and/ or non-enzymatic
detoxification mechanisms for ROS. These defence systems are also known as
antioxidants.
Enzymatic antioxidants are the most critical ROS level controllers (Jeeva et al.,
2015). They are localised in different subcellular compartments and can directly
react with and neutralise or stabilise ROS. The main three enzymatic antioxidants
include superoxide dismutase (SOD), Catalase (CAT) and Glutathione peroxidase
(GPx) (Batinic-Haberle, Tovmasyan and Spasojevic, 2016).

1.3.6.1Superoxide dismutase
SOD is the first line of defence against ROS to prevent cellular damage. SOD is a
metalloenzyme, which means that a metal cofactor in the enzyme structure is
essential for enzyme activity (Murphy, 2009). There are at least three types of SODs
depending on their metal ion binding site and location: cytosolic (Cu/Zn-SOD),
mitochondrial (Mn-SOD), and extracellular (EC-SOD) (Miller, 2012), all of which
remove O2•− (McCord, 1969). SOD can donate or accept an electron, enabling O2•− to
undergo a reduction reaction to form H2O2 or to be oxidised to H2O (Buettner, 2011;
Miller, 2012). The mechanism of dismutation of O2•− to H2O2 or H2O involves
reduction and re-oxidation of the SOD enzyme active site redox-active transition
metal, for example, Cu or Mn, as shown in Figure 1.12Figure 1.12.
Most importantly, SOD in most cases can inhibit the reaction between O2•– and •NO
and the formation of a potent oxidant, ONOO −, or protect against the Fenton
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reaction. The importance of SOD has been shown using mice lacking the SOD
enzyme. In particular, in MnSOD

-/-;

lack of the SOD enzyme was lethal at the

embryonic stage (Li et al., 1995; Huang et al., 1998).

Figure 1.12. The mechanism of O2•− dismutation by SOD enzyme.
SOD enzyme removes two O2•−. The first radical is removed by an oxidation step, in which oxidised SOD donates
an electron to produce O2. The second reaction is a reduction reaction, in which SOD receives an electron from
O2•− and produces H2O2. After the reduction reaction SOD is re-oxidised and can start the cycle of O2•− removal
again.

1.3.6.2H2O2 scavengers: CAT and GPx
CAT and GPx further reduce H2O2 to H2O and O2 (Figure 1.13) (Chance, 1948;
Kirkman and Gaetani, 2007; Toppo et al., 2009; Flohé et al., 2011). CAT is a
ubiquitous antioxidant enzyme present in the cytosol of almost all living aerobic cells.
CAT is a highly efficient defence system as it can break down millions of H2O2
molecules in one second (Chance, 1948; Giniatullin et al., 2005; Kirkman and

26

Gaetani, 2007; Winterbourn, 2013). However, CAT is absent in the mitochondria,
and mitochondrial H2O2 reduction to H2O is therefore carried out by GPx. GPx1 is
the most abundant isomer found in all cells, and GPx4 is found in the mitochondrial
matrix, respectively (Murphy, 2012). GPx uses reduced glutathione (GSH) as a
substrate and it is converted to the oxidized glutathione form (GSSG). Reduced GSH
is regenerated in a reaction catalysed by glutathione reductase with subsequent
oxidation of NADPH (Figure 1.13) (Toppo et al., 2009).

Figure 1.13. Schematic of H2O2 removal by CAT and GPx

H2O2 produced by SOD enzyme can be further reduced to H 2O and O2 by catalase (CAT) and glutathione
peroxidase (GPx). CAT enzymatically breaks down to H 2O and O2. GPx oxidises reduced GSH to oxidized form
(GSSG), which can be converted back to GSH by NADPH reductase.

1.3.7 Non-enzymatic therapeutics
Second line defence antioxidants are non-enzymatic antioxidants, sometimes known
as small nutritional antioxidants. These antioxidants include ascorbic acid- (better
known as vitamin C), α-tocopherol (vitamin E) and trace elements, such as
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manganese and zinc (Blahová et al., 2013). Many of these antioxidants (e.g. vitamin
E, vitamin C) were previously used in clinical trials to treat ROS associated diseases.
However, many well-conducted clinical trials show no convincing results of using
these particular antioxidants to reduce ROS levels in ROS-associated diseases
(Halliwell, 2000; Ueda and Yasunari, 2006). There can be many plausible reasons to
explain the unfortunate outcome of clinical trials of non-enzymatic antioxidants, but
nutritional antioxidants like vitamin E and/or vitamin C may be insufficient to deal with
particular hotspots of oxidative damage (Murphy, 2014). One of the reasons is that
nutritional antioxidants often fail to react with relevant species in the signalling
microdomain, for example, most non-enzymatic antioxidants are not able to
accumulate in mitochondria, where most of the O2•– is produced (Cobley et al.,
2015). Besides, only very few of all non-enzymatic antioxidants will be able to react
with O2•– or H2O2 (Ighodaro and Akinloye, 2018). Also, non-enzymatic antioxidant
reaction rates with O2•– or H2O2 is considerably slower than the enzymatic defence
system (Day, 2014; Murphy, 2014).
However, recently novel antioxidant compounds have been developed (e.g. SS-31
and MitoQ). The more specific mode of action of particular antioxidant caused the
significant interest of researchers. SS-31 has been considered as a promising
antioxidant in mitochondria-based diseases for a few reasons. First of all, SS-31 can
target cardiolipin on the inner mitochondrial membrane and therefore increase ATP
production, thus restoring cellular function and preserving vital ATP-dependent
processes (Zhao et al., 2004; Szeto, 2014). Secondly, it can work as an antioxidant
in 2 ways: scavenging H2O2 and ONOO- and/or inhibiting lipid peroxidation (Yin,
Manczak and Reddy, 2016). However, the therapeutic effect in mice studies is not
very straightforward. For example, SS-31 resulted in an overall decrease in markers
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of oxidative damage, improved specific aspects of skeletal muscle mitochondrial
function and organelle integrity in aged mice (Sakellariou et al., 2016). However, the
particular antioxidant treatment showed no effect on sarcopenia mice (Sakellariou et
al., 2016). The other novel antioxidant - MitoQ is a mitochondria-targeted derivative
of the antioxidant ubiquinone that rapidly in the mitochondrial matrix (Sakellariou et
al., 2016). MitoQ works an antioxidant by continually being reduced by the
respiratory chain to its active form (Sakellariou et al., 2016). Due to mitochondrial
specific accumulation and continual recycling within mitochondria, MitoQ has been a
compound of significant interest that has undergone phase 1 and 2 clinical trials
(Sakellariou et al., 2016). MitoQ showed affective in many oxidative damage-related
pathologies, including ischemia-reperfusion injury (Sakellariou et al., 2016),
cardiovascular diseases (Graham et al., 2009). However, similarly, to SS-31
antioxidant, in the context of musculoskeletal ageing, MitoQ intervention failed to
prevent the muscle mass loss associated with ageing of skeletal muscle in old mice
(Graham et al., 2009).
Overall, targeted antioxidant compounds such as SS-31 and MitoQ are useful
antioxidants; however, a better understanding of redox homeostasis and
maintenance in neuromuscular integrity in humans is essential.
1.3.8 Oxidative stress
Oxidative stress is an imbalance between the production of ROS and antioxidant
defences (Sies, 2015). ROS is tightly controlled by many different antioxidants, as
described above, and antioxidants help to control the tight balance between ‘healthy’
and ‘damaging’ amounts of ROS (Figure 1.14). Oxidative stress can happen either
because antioxidants are depleted or through an accumulation of ROS, or both
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together (Thannickal and Fanburg, 2000). Oxidative stress is such a big topic
because of its harmful consequences, known as oxidative damage to DNA, lipids
and protein (Terrill et al., 2013; Cobley et al., 2015). Damage can also cause
activation of several stress-induced transcription factors, and production of
proinflammatory and anti-inflammatory cytokines and redox signalling.

Figure 1.14. Schematic representation of Redox unbalance

Oxidative stress happens when the tight balance between ‘healthy’ and ‘damaging’ amounts of ROS is disrupted.
Oxidative stress happens when this balance is either broken because antioxidants are depleted or through high
accumulation of ROS or both together.

1.4 ROS and denervation
Decades of research reports attempt to understand cellular and molecular changes
responsible for ageing associated muscle loss (Campbell, Mccomas and Petito,
1973; Grimby and Saltin, 1983; Kallman, Plato and Tobin, 1990). A long-standing
association between ROS and neurodegeneration exists: elevated oxidised
macromolecule adduct levels are a common feature of multiple neurodegenerative
diseases, including: Alzheimer’s, Huntington’s, Parkinson’s, ALS, neuromuscular
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ageing and muscular dystrophies (Lin and Beal, 2006; Jang and Van Remmen,
2011; Terrill et al., 2013). Importantly, ex vivo studies show that acute (mechanically
induced) synapse loss elevates ROS (Muller et al., 2007; Bhattacharya et al., 2009;
Karam et al., 2017). In addition to mechanically induced denervation models, many
genetic knock-out (KO) models were used to study ROS in denervation or
neurodegenerative diseases. One of the best known KO mice for denervation and
ROS studies is a genetic ablation of SOD enzyme (Sod1-/- mice) (Yampolsky, Pacifici
and Witzemann, 2010; Witzemann et al., 2013). Sod1-/- mice have shown that when
ROS levels are increased there is accelerated age-related muscle loss and
weakness (Muller et al., 2007; Park, 2015; Sakellariou et al., 2018). KO models and
mechanically induced denervation models are important models that have allowed
us to learn about the synapse and identify primary synapse regulators. However,
present approaches may not allow us to distinguish between changes arising from
the disruption of molecular signalling pathways and changes caused by the absence
of synaptic transmission as a result of genetic mutation or mechanical damage. In
addition, the most significant disadvantage of surgical and KO denervation is the
limited possibilities to study ROS changes in vivo. The majority of surgical and KO
models require ex vivo redox analysis, as they are not optically accessible for in vivo
ROS probes. Using ex vivo redox analysis is a problem because of the highly
reactive nature of ROS, described in 1.3. Also, it is well established that tissue
exposure to atmospheric O2 distorts ex vivo redox analysis (Halliwell and Whiteman,
2004; Cochemé et al., 2011). This indirect oxidative footprint on the sample may
have artificially amplified ROS changes that are just a result of an ex vivo redox
analysis (Halliwell and Whiteman, 2004; Cochemé et al., 2011).
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1.5 Proposed denervation model
To overcome technical problems of most denervation models I suggested that by
using Xenopus laevis tadpoles I could exploit the advantage of the possibility to
study physiological and pathological denervation in parallel in a developmental
system without sacrificing tractability. Present denervation models make it extremely
difficult to resolve the causality of the denervation (Yaron and Schuldiner, 2016). In
contrast, my suggested (
Figure

1.15)

exogenous compounds can invoke compound specific denervation

(Balice-Gordon and Lichtman, 1994). Related advantages are two-fold: first, by
blocking neural activity with exogenous compounds, my approach allowed me to
study a changeover between innervated and denervated muscle (Piochon, Kano and
Hansel, 2016). Second, by using multiple exogenous compounds, I could discern
whether redox-regulated denervation is common to development and pathological
conditions.
Initially I used secreted protein acidic and rich in cysteine (SPARC) to establish
whether I can mimic partial developmental denervation. SPARC is a conserved
punishment signal in developmental denervation with an unknown mode of action
(López-Murcia, Terni and Llobet, 2015). Next, to mimic pathological models, I
decided to target NMJ at the nerve and muscle terminal, and mitochondria itself. I
induced nerve-derived neurodegeneration using alpha - Latrotoxin (α-LTX), which
binds to nerve terminals to induce partial denervation secondary to mass Ca2+ influx,
vesicle release and ATP depletion (Rigoni et al., 2008). The degeneration that
accompanies α-LTX induced denervation is a clinical model of envenomation that
broadly mimics neuronal dye-back in ALS, Guillain-Barre and Miller-Fisher
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syndromes (Rigoni et al., 2015). For muscle-derived denervation, I used alpha bungarotoxin

(α-BTX),

which

inhibits

the

nAChR

to

block

cholinergic

neurotransmission to induce partial denervation (Balice-Gordon and Lichtman, 1994;
Akaaboune et al., 1999). Importantly, α-BTX provides a clinically relevant model of
myasthenia gravis and a broad model of the muscle-derived denervation that
accompanies neuromuscular ageing and muscular dystrophies (Li, Lee and
Thompson, 2011). However, while α-LTX and α-BTX are valuable models of
neurodegeneration, they do not cause neurodegeneration in disease. I therefore
used environmental toxin to induce and mimic the mitochondrial dysfunction that
accompanies multiple neurodegenerative diseases (Schon and Przedborski, 2011).
Chronic exposure to environmental toxins disrupts mitochondrial function to cause
death, but whether acute exposure induces denervation is unclear (Drechsel and
Patel, 2008). To test the hypothesis that intoxicated mitochondria release ROS to
trigger denervation, I used mitochondria-targeted paraquat - MitoPQ to increase
matrix superoxide concentration directly ([O2•−]), without sacrificing tractability
(Drechsel and Patel, 2008). Mito-PQ redox cycles with mitochondrial complex I and
O2 to generate O2•− (Robb et al., 2015). Mito-PQ confers the chemical advantage
that the site and identity of the ROS induced are clear (i.e. matrix O2•−) (Florian L
Muller

et

al.,
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2007)

Figure 1.15 The Schematic of proposed new partial denervation models.
Developmental model – SPARC, is conserved as a synapse punishment signal in developmental partial denervation with an unknown mode of action. Pathological models
include two toxin derived models, that target synapse pre or post- synaptically and one mitochondrial targeted model. α-LTX is a pre-synaptic model that affects the synapse by
causing mass Ca2+ influx, vesicle release and ATP depletion. α-BTX is a post-synaptic model that affects the synapse by inhibiting the nAChR in muscle fibre. MitoPQ is a
redox cycler with mitochondrial complex I and O2 to generate O2•−. MitoPQ was chosen to support the hypothesis that an increase in mitochondrial ROS can cause partial
denervation.
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1.6 Xenopus laevis
To study partial muscle denervation I used Xenopus laevis tadpoles (Figure 1.16), a
classic developmental model (Harland and Grainger, 2011) that is tractable—NMJ
structure and function is conserved from frog to human—and permits parallel
chemical and behavioural analysis in vivo.

Figure 1.16 Xenopus laevis-life cycle.
Xenopus laeveis embryo grow and develop within a couple of days. By 36hours Xenopus reaches
tadpole stage with fully functional set of organs and is widely used as developmental model. Copyright
© xenbase.org.
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Human nervous and muscle systems are very complex, so to acquire a better
understanding of NMJ development, function and disease in human, simpler animal
models are required. When evaluating human disease, currently most people turn to
the mouse (Mus musculus) and zebrafish (Danio rerio), which are considered the
bona fide model organisms in which to study human disease mechanisms, whereas
Xenopus – and amphibians in general – are used as experimental models. However,
with the complete sequencing of the Xenopus genome, and the advent of genome
editing, Xenopus has also become a member of the family of genetic model
organisms (Ishibashi et al., 2017). Importantly, Xenopus have been identified to have
a very similar genome to that of humans, including the identification of orthologs of
1700 human disease genes (Blum and Ott, 2019). Besides, Xenopus is genetically
closer to humans than the more popular Zebrafish model because it is a tetrapod
and therefore a more recently evolved member of the land based chordates
(Postlethwait et al., 2004; Nakatani et al., 2007; Rash et al., 2012). Wide variety and
easy access to many different Xenopus genetic lines with specific genetic mutations
made Xenopus gain its popularity in modelling of congenital human diseases
(Duncan and Khokha, 2016; Pratt et al., 2019).
Among amphibians, Xenopus laevis have been widely used in many neuronal
studies since the 1990s and in both developmental and adulthood stages (Yergeau
and Mead, 2007). There are a few reasons why Xenopus laevis are so widely used
and why I chose it as our animal model in this study. Firstly, Xenopus laevis contain
a more straightforward neuronal organisation compared with higher vertebrates (e.g.
mouse), such as fewer neuronal cell types and fewer synapses (Erdogan, Ebbert
and Lowery, 2016). Nevertheless, the main kinds of neuronal types (i.e., sensory
neurons, interneurons, motor neurons and glial cells) are still present. Most
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importantly, this simpler model is compatible with mammals as they share the basic
structure of the pathways as well as the molecules involved in the pathway
development and maintenance (Mann, Harris and Holt, 2004). Secondly, X. laevis
tadpoles from stage 32 develop the reflex of swimming by generated spinal rhythm
circuits (Roberts, Hill and Hicks, 2000). Importantly, generation and control of
locomotor behaviour in X. laevis have been extensively studied and around ten
different types of neuron and their synaptic connections that are involved in the
swimming circuit have been identified (Kahn and Roberts, 1982; Mann, Harris and
Holt, 2004). Xenopus laevis tadpole swimming can be initiated by a brief stimulus on
the animal skin mechanically or electrically. This excitation of sensory neurons
initiates rhythmical activity of interneurons and motor neurons, causing rhythmic
muscle contraction; rhythmic muscle contraction generates swimming rhythms
(Roberts, Li and Soffe, 2010). This consistent and well understood locomotor
behaviour is a useful and widely used measurement in behavioural studies (Kahn
and Roberts, 1982; Roberts, Li and Soffe, 2010). Thirdly, Xenopus laevis is a robust
and cost and time effective model. Xenopus laevis egg laying can be induced
several times a year by simple human chorionic gonadotropin hormone injections,
and a single female can lay more than 1,000 eggs per ovulation (Ishibashi et al.,
2017). Also, the developmental rate of Xenopus laevis is much faster than for
rodents, and developmental rate can be altered by manipulating environmental
temperature because these animals are ectotherms (Ishibashi et al., 2017). Fourthly,
another very important advantage of using Xenopus is a relatively high permeability
of the tadpole blood-brain barrier. High permeability is particularly important as the
other technical caveat of present denervation models is the usage of mechanical
denervation. By using Xenopus laevis I can achieve pharmacological manipulations
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of the nervous system by merely adding the pharmacological agent to the tadpole
rearing solution without mechanical damage of muscle or neuron. Fifthly, Xenopus
laevis produce eggs that are large in diameter (around 1-2 mm), allowing easy
handling (Harland and Grainger, 2011). Also, egg fertilisation occurs ex utero and
provides the opportunity to track or manipulate embryonic development from any
desired developmental stage (Ishibashi et al., 2017). Sixthly, embryos can tolerate
extensive surgical manipulations including microinjection, s and cell and tissue
transplantation, and can be used in primary cell cultures (Harland and Grainger,
2011; Lowery et al., 2012; Ishibashi et al., 2017). Xenopus laevis cells can not only
be easily isolated from the embryo, but also do not require any strict maintenance
conditions; such as CO2, humidity or specific temperature incubators (Lowery et al.,
2012). Furthermore, Xenopus models allows evaluation of large sample sets of
healthy and disease states rapidly and at a manageable cost (Blum and Ott, 2019).
Finally, Xenopus laevis, during its embryonic stage, is transparent, enabling the
direct visualisation of the spinal cord morphogenesis or recognition probes through
non-invasive imaging approaches (Harland and Grainger, 2011). One of the
significant challenges to studying signalling pathways involved in denervation is that
the molecular basis of denervation is unclear because of a lack of availability in vivo
developmental and pathological denervation models and technical issues to
measure and manipulate ROS. As discussed in 1.4 the most significant
disadvantage of present denervation models is requirement of use an ex vivo or in
vitro ROS analysis and problems arising from oxidation by atmospheric O 2
associated with these methods (Halliwell and Whiteman, 2004; Murphy, Holmgren,
N.-G. Larsson, et al., 2011). Ability to measure ROS changes in vivo is highly
desirable but not accessible in majority animal models. Using Xenopus I was able to
38

overcome the main technical caveat of other animal models while studying redox
changes.

1.7 Experimental approach to studying ROS
There are many methods used to measure oxygen free radicals and their derived
oxidants

with

various

levels

of

sensitivity

and

accuracy;

which

include

spectrophotometry and chemiluminescence assays (Pavelescu, 2015). ROS-induced
oxidative stress can be measured, for example, by targeting products resulting from
DNA damage by free radicals such as 8-hydroxydeoxyguanosine (8-OHdG)
(Spencer et al., 1996). Also, there are many assays used to measure lipid
peroxidation, for example, levels of hydroperoxides (ROOH) by ferrous oxidation with
Xylenol Orange (FOX) assay coupled with triphenylphosphine (Heinecke, 1997).
These assays and ROS markers are useful tools for diagnosing oxidative stress,
pinpointing likely redox components in a physiological or pathological process, and
also in estimating the severity, progression and/ or regression of a disease.
However, oxidative stress biomarkers are not suitable for studying redox signalling
(Margaritelis et al., 2016).
The more suitable method to study ROS changes in redox signalling context is to
use redox fluorescent probes. Fluorescence probe methods are based on the
interaction of chemical compounds with reactive species, which leads to consecutive
fluorescence emission. Various chemical speciality probes can be used to measure
O·−2, H2O2, or •OH generation within the cell and recently some of the probes have
been improved to allow us to localize redox changes within different cellular
compartments (Woolley, Stanicka and Cotter, 2013).
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1.7.1 In vivo ROS recognition probes
To study ROS changes in vivo I used permeable intensity based free radical and
non-radical ROS recognition probes (Figure 1.17). I used dihydroethidium (DHE) and
peroxyfluor-6 acetoxymethyl ester (PF6-AM) to monitor cytosolic ROS. Free radicals
oxidise DHE to fluorescent ethidium or 2-hydroethidium products (Zielonka and
Kalyanaraman, 2010); whereas H2O2 or peroxynitrite (ONOO-) oxidise PF6-AMs
arylboronate moiety to a fluorescent phenol (Sikora et al., 2009; Dickinson et al.,
2011). I also used mitochondria targeted DHE (Mito-dihydroethidium (MitoSOX)) and
PF6-AM (Mitochondria peroxy yellow 1 (MitoPY1)) analogues with identical
recognition chemistry to assess mitochondrial ROS (Robinson et al., 2006; Dickinson
and Chang, 2008).
The oxidation of the probe reflects their in vivo concentration in the relevant cellular
compartment and the rate of reaction with radicals (such as O2•−), H2O2 and ONOO-,
which is influenced by the in vivo concentration of O2•−, H2O2 and ONOO- (Chang et
al., 2004; Miller, Albers and Chang, 2005).
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Figure 1.17 Schematic of used ROS probe oxidations.

(A) DHE (cytosolic) and Mito-SOX (mitochondrial) probes can be oxidised by free radicals. (B) PF6-AM
(cytosolic) and MitoPY1 (mitochondrial) probes can be oxidised by non-radicals. Free radicals and non- radicals
of interest are circled in red.

1.7.2 Manipulating ROS
To study the importance of ROS in denervation, I assessed the ability of spatially
and chemically distinct redox active compounds to prevent the oxidation of free
radical and non-radical recognition probes and thereby abolish exogenous activitydependent partial denervation in vivo in Xenopus laevis ( Figure 1.18).
I used chemically and spatially heterogeneous redox active compounds to
manipulate

the

redox

environment.

Specifically,

Mn(III)

meso-tetrakis(2-

pyridyl)porphyrin (MnTe-2-PyP5+), Mn(III) meso-tetrakis(N-(n-butoxyethyl)pyridinium2-yl

(MnTn-BuOe-2-PyP5+),

Mn(III)

meso-tetrakis(4-carboxylatophenyl)porphyrin

(MnTBAP-3) and 2,2,6,6-tetramethyl-4-[5-(triphenylphosphonio)pentoxy] piperidin-1oxy (Mito-Tempol) were used. Chemically, MnTe-2-PyP5+ and MnTn-BuOe-2-PyP5+
react appreciably with all biologically important ROS; whereas MnTBAP-3 and MitoTempol react appreciably with a subset: lipid radicals, ONOO- and its radical progeny
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(e.g. nitrogen dioxide radical) (Batinić-Haberle et al., 2009; Trnka et al., 2009, 2008).
Spatially, MnTBAP-3 and Mito-Tempol localise to cytosol and mitochondria,
respectively; whereas both MnTn-BuOe-2-PyP5+ and MnTe-2-PyP5+ can accumulate
in both cellular compartments (mitochondria and cytosol), just MnTn-BuOe-2-PyP5+
preferentially accumulates in mitochondria compared with MnTe-2-PyP5+ (Rajic et
al., 2012; Batinic-Haberle, Tovmasyan, Vujaskovic, Spasojevic, 2014; BatinicHaberle, Tovmasyan and Spasojevic, 2015). As a result, one can disambiguate the
relative importance of O2•− /H2O2 vs lipid radicals / ONOO- progeny in cytosol and
mitochondria.
Com pound
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Figure 1.18 Redox active compounds used
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MnTn-BuOe-2-PyP5+ and MnTe-2-PyP5+ can accumulate in both cellular compartments (mitochondria and
cytosol) and directly react with O2•− or H2O2. However, neither MnTBAP3- nor MitoTempol react with O2•− or
H2O2.
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1.8 Other signalling molecules required in muscle denervation
Several progressive neuromuscular diseases, including ageing-induced sarcopenia,
Parkinson's disease, multiple sclerosis, Huntington's disease and ALS clinical
symptoms are associated with severe muscle atrophy and muscle fibre loss (Csukly
et al., 2006). Indeed, the muscle fibre loss in progressive neuromuscular diseases is
associated with increased cell death- through apoptosis (Lu, Huang and Carlson,
1997; Siu and Alway, 2005). Although the mechanisms responsible for apoptotic
muscle fibre wastage are not defined, there is some evidence that mitochondria may
play a crucial role (Wang and Youle, 2009). Indeed, various denervation disorders
have shown an increase in the apoptosis regulator protein ration, for example, bax /
bcl-2 (Tews and Goebel, 1996; Siu and Alway, 2005). In addition, rat denervation
studies have shown an increase in several mitochondrial pro-apoptotic proteins (e.g.
cytochrome c) (Li et al., 1997; Sprengart, Wati and Porter, 1998; Siu and Alway,
2005). One of the most commonly described mechanisms associated with proapoptotic protein leakage from mitochondria is the permeability transition pore (PTP)
opening (McIlwain, Berger and Mak, 2013; Shoshan-Barmatz, De and Meir, 2017).
Although PTP opening circumstances could vary, the essential trigger for pore
opening is Ca2+ build up in the mitochondrial matrix (Duchen, 2012).
Since apoptosis activation is associated with most denervation disease progression,
I decided to assess caspase 3 activity and importance in SPARC, α-LTX, α-BTX and
MitoPQ denervation models. I also studied

mtCa

2+

because it is not only an essential

apoptosis protein activation initiator in many pathological conditions, but Ca 2+ is also
essential in cell metabolism and ATP production (Sanganahalli et al., 2013; Brini et
al., 2014; Liao, Dong and Cheng, 2017).
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2+
mtCa

1.9

The Ca2+ ion, as a ubiquitous intracellular messenger involved in regulation of many
different cellular functions, including cell proliferation, survival and cell death, muscle
contraction and neurotransmission (Catterall and Few, 2008). Previous research has
indicated that the endoplasmic reticulum (ER) and mitochondria are the two
intracellular compartments that play a central role in cellular Ca2+ homeostasis. The
ER is the primary intracellular Ca2+ storage site, whereas mitochondria are cell
signalling sites because of their ability to take up and then release Ca 2+ (Duchen and
R., 2000). Ca2+ signalling is controlled by numerous ion channels, pumps, and
exchangers that drive the fluxes of Ca2+ across the plasma membrane and the
membrane of intracellular organelles (Brini et al., 2014).
1.9.1
mtCa

2+

mtCa

2+

control

influx and efflux are essential in normal cell functioning.

mtCa

2+

is tightly

controlled by cell membranes and transporters that move ions in and out of the
mitochondrial matrix, as shown in Figure 1.19. The

mtCa

2+

uniporter (mCU) is the

primary uniporter for Ca2+ movement across the mitochondrial membrane (White et
al., 1996; Santo-Domingo and Demaurex, 2010). The force that allows Ca2+ uptake
across the mitochondrial inner membrane is a mitochondrial potential (Δψm) gradient
for Ca2+. This force is generated by the increase in extracellular / intracellular Ca2+
concentrations ([Ca2+]) generated by the ETC, (Santo-Domingo and Demaurex,
2010), ETC is described above in 1.3.4.5. In addition to

mCU

uniporter, two other

very important mechanisms are controlling Ca2+ entry into mitochondria. One of the
receptors is known as “rapid-mode” uptake (RaM). This Ca2+ entry can occur in a
millisecond timescale allowing fast changes in the mitochondrial matrix [Ca 2+] even
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when cytosolic [Ca2+] changes are minimal. Another Ca2+ receptor present in
mitochondria is the ryanodine receptor (RyR). There are many RYR isoforms found
in different tissues and participate in different signalling pathways (White et al., 1996;
Santo-Domingo and Demaurex, 2010; Sanganahalli et al., 2013). However, an
increase of [Ca2+] in the mitochondrial matrix is rapidly reversed by Ca 2+ efflux from
the matrix. The primary way to reduce [mtCa2+] is by Na+ / Ca2+ exchange pump,
during which a proton is pumped into the matrix (Figure 1.19). Proton movement
back to the matrix is essential to maintain the mitochondrial respiratory chain, as
Ca2+ influx reduces negative mitochondrial potential and H+ pumped in the matrix
can be used in ETC to restore Δψm (Maier, 2012). An additional mechanism to
reduce [mtCa2+] is the permeability transition pore (PTP), which can open and release
Ca2+ to the matrix when Ca2+ binds to the binding site on the matrix side. However,
when the matrix [Ca2+] is high, prolonged PTP opening can occur and cause
cytochrome c release that can be used to activate caspase (as described in
1.10.1.1), which can result in various pathological consequences, including
Parkinson’s, Alzheimer's disease and ALS (White et al., 1996; García-Rivas et al.,
2006).

45

Figure 1.19. Schematic of mtCa2+ import and export.

The top of the diagram represents ETC cycle. Three influx uniporters (mCU; RaM and RyR) presented in grey
and blue colours. All three uniporters allow Ca2+ influx when extracellular Ca2+ is high and membrane potential
difference (Δψm) is present. Once Ca2+ is increased in matrix, it is primary removed by Na +/Ca2+ exchange pump
(green colour) by H+ exchange. Ca2+ can also be removed from matrix by PTP opening. However, prolonged
opening can cause increase in cytochrome c release.

1.10 Caspase
Caspases are a group of protease enzymes that hydrolyse peptide bonds. This
group of enzymes have a specific cysteine protease active site that is inactive unless
a caspase specific aspartic acid residue is present in the substrate (Scott, 2003).
There are fourteen different caspases identified in mammals; caspases for a longtime were only associated with apoptosis and inflammation, they have been broadly
classified in two main groups by their known roles. Caspase -3, -6, -7, -8 and -9 as
apoptotic caspases and caspase -1, -4, -5 and -12 as inflammatory caspases,
whereas other caspases are less easy to categorise (Shin et al., 2009; Shalini et al.,
2015).
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1.10.1 Apoptotic caspase group
There are four caspases associated with caspase apoptotic function and this
caspase group can be further subdivided into two groups: initiator caspases
(caspase -8 and -9) and executioner caspases (caspase -3, caspase -9) (Shalini et
al., 2015). Initiator caspases are required to activate executory caspases, but the
initiator caspase needs to be itself activated prior to activating the executory
caspase. For example, initiator caspase, caspase 9, is activated by mitochondrial
cytochrome c, when it is present in the cytosol. Activated initiator caspase activates
the executory caspase by cleaving the executory caspase into a large and small
subunit. Once the executory caspase is activated, it can coordinate and break key
structures of proteins and enzymes (Nuñez et al., 1998; Shalini et al., 2015).

1.10.1.1

Intrinsic pathway- mitochondrial pathway

There are many apoptosis pathways involving initiatory and executory caspases, but
most of them can fit in in two main categories: extrinsic and intrinsic pathway. In this
study, I will focus on the intrinsic pathway because it is associated with mitochondrial
signalling (Wang and Youle, 2009).
The best-known intrinsic pathway involves initiatory caspase 9 activating executory
caspase 3. This pathway is also sometimes known as the mitochondrial pathway
because its activation depends on mitochondria (Wang and Youle, 2009) pathway
activation shown in Figure 1.20. This pathway can be activated by cellular stress
causing PTP opening and causing cytochrome c leakage from mitochondrial to the
cytosol. This cytochrome c leakage is an essential step in caspase intrinsic pathway
initiation (Slee et al., 1999; Wang and Youle, 2009). Released cytochrome c binds to
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adapter protein- apoptotic protease-activating factor-1 (APAF1), which is present in
the cell cytosol all the time. Seven such activated APAF1 monomers then assemble
into an oligomeric complex and activate caspase 9. Activated caspase 9 multiprotein
complex containing cytochrome c, APAF1 and caspase 9 complex is also known as
an apoptosome (Li et al., 1997). Activated caspase 9 cleaves and activates other
executory caspases, e.g. caspase 3 (Slee et al., 1999; Shin et al., 2009; Wang and
Youle, 2009). Activated caspase 3 can cleave hundreds of different substrates.
Active caspase 3 is one of the essential caspases required for cleavage of a large
number of

nuclear proteins associated

with

chromatin margination,

DNA

fragmentation, and nuclear collapse (Sprengart, Wati and Porter, 1998; Porter and
Janicke, 1999). Importantly, caspase 3 activity is an essential protein required for
synapse elimination (D ’amelio et al., 2009).

Figure 1.20.Schematic diagram of intrinsic caspase pathway activation.

Cellular stress causes cytochrome c release from mitochondria that together with APAF1 makes an apoptosome
complex. Formed protein complex cannot activate initiatory caspase 9, which activates executory caspase 3.
Activated caspase 3 cleaves many proteins.

48

1.11 Aims and Objectives
The current study was undertaken for the elucidation and functional characterisation
of a mechanism of muscle denervation. The main aims of the current work are
categorised into two sections.


One part of the research was aimed at developing a novel partial denervation
model that targets synapses directly without mechanical muscle damage that
is reversible, optically accessible and allows us to study redox changes in
vivo.



The second part of the study aimed at determining if common mechanisms for
pathological and developmental denervation exist.

Thus, the overall objective of this PhD was firstly to fill the gaps in our existing
knowledge and understanding of the molecular processes involved in NMJ
denervation associated with ageing muscle loss and neurodegenerative diseases.
Secondly, the objective was to determine the regulatory role of ROS,

mtCa

2+

and

caspase 3 activity and their effect on muscle denervation. I hope this information will
provide insight into possible therapeutic routes for targeting the denervation process
with impacts on treatments for neuromuscular disease and ageing.
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2 Chapter two - Methods
2.1 Animal model
2.1.1 Xenopus laevis supply and maintenance
For all the studies wild- type Xenopus laevis tadpoles were used. Xenopus laevis
tadpoles are a classic developmental model (Harland and Grainger, 2011) that is
tractable (NMJ structure and function are conserved from frog to man) and permits
parallel chemical and phenotypical analysis in vivo.
Wild-type Xenopus laevis embryos were either supplied by Prof Keith Sillar (St
Andrews University, UK) or purchased from the European Xenopus Resource Centre
(XERC, Portsmouth University, UK).
Received Xenopus laevis embryos were kept in de-chlorinated mains water in a
glass dish. Xenopus are ectotherms so colony stage can be staggered by varying
temperatures between 17-25C (Babošová et al., 2018). Non-viable embryos were
removed at regular intervals and dechlorinated water was replaced every 24 hours to
maintain colony health. All used and unused tadpoles were euthanized with MS-222
(3-aminobenzoic acid ester, Sigma, UK) overdose.

2.1.1.1Ethical statement
Experiments received institutional ethical approval (Abertay University Ethical
Committee) and complied with UK Home Office regulations Xenopus laevis supply
and maintenance
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2.1.2 Xenopus laevis developmental staging
Nieuwkoop–Faber developmental stage 37–38 Xenopus laevis tadpoles were used
because this stage tadpole neural control of their swimming behaviour is wellunderstood (Nieuwkoop and Faber, 1994). Xenopus laevis embryos were staged
using the at Nieuwkoop–Faber (NF) system (Niuewkoop and Faber, 1956),
development stages can be found at http://www.xenbase.org. The main external
morphological criteria for NF stage 37/38 are: shaded eyecups that have not closed
yet, cement glands have darkened and melanophores spread over the tail, also the
posterior outline of proctodaeum straight and forms an obtuse angle with the ventral
border of tail myotomes.

Figure 2.1 Xenopus laevis 37-38 NF developmental stages representative images.

The external morphological criteria for stage 37- 38 tadpoles are: shaded eyecups that have not closed yet,
cement glands have darkened and melanophores spread over the tail. Copyright © Digital photographs of
Xenopus embryos permitted to use by Barbra Lom. Permission attached in (Appendix B).
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2.2 Experimental models
2.2.1 Optimising drug access to the central nervous system


Saline solution (mM: 8.9 NaCl, 0.102 KCl, 0.02381 NaHCO 3, 0.04081 CaCl2,
1 Na+-HEPES, 0.08114 MgSO4, 0.03388 Ca(NO3)2, pH 7.6)



0.1% MS-222 (3-aminobenzoic acid ester) (Sigma-Aldrich, UK)

To ensure optimal drug perfusion to the NMJ, fine cuts on the tadpole dorsal fin were
performed (Figure 2.2). This is a routine process which has been shown to produce
good and uniform drug access to NMJ (Zhang et al., 2009; Zhang, Issberner and
Sillar, 2011). Before dissection embryos were briefly anaesthetised in 0.1% MS-222
(3-aminobenzoic acid ester) until movement ceased (Zhang et al., 2009; Zhang,
Issberner and Sillar, 2011). To remove excess MS222, embryos were washed
3x1min using fresh saline. Anesthetised embryos were placed on the dissection
plane of the dissection chamber filled with room temperature saline and a fine cut
made to the dorsal fin using a fine 23 gauge needle (Figure 2.2). To maintain cell
viability, the embryos were maintained in saline solution (mM: 8.9 NaCl, 0.102 KCl,
0.02381 NaHCO3, 0.04081 CaCl2, 1 Na+-HEPES, 0.08114 MgSO4, 0.03388
Ca(NO3)2, pH 7.6) during and after the cut. To reduce the result variance due to cuts
all cuts were attempted to be located in a similar position, at the middle point of the
dorsal fin, and similar depth, cuts finished just before the spinal cord was reached.
After fine dorsal fin cut, embryos were moved to fresh saline and allowed to recover
from the anaesthetic (15min) at room temperature. Tadpoles that showed
unexpected morphological or physiological changes after the cut, were not used in
further experiments and were disposed of as described earlier.
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Figure 2.2. Xenopus Laevis with incision in dorsal fin.
Image adopted from xenbase.org.

2.2.2 Suggested Denervation models


SPARC (Bio-Techne Ltd, UK)



α-Latrotoxin (Alomone Labs, Israel)



α-Bungaratoxin (Abcam, Cambridge, UK)



Mito-PQ (kindly donated by Mike Murphy)



0.1% MS-222 (Sigma-Aldrich, UK)



Saline solution



DMSO (Sigma-Aldrich, UK)

Four mechanistically distinct compounds were used to establish new denervation
models that mimic developmental and pathological denervation by specific targeting
of the neuromuscular junction.
To establish developmental denervation model, we used Secreted Protein Acidic and
Rich in Cysteine (SPARC; 50 nM for 30 min). To mimic pathological denervation we
used: nerve targeted compound – Alpha - Latrotoxin (α- LTX; 15 nM for 30 min),
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muscle targeted compound – Alpha - Bungarotoxin (α-BTX; 8 µM for 30 min), and
mitochondrial - targeted compound - MitoParaquat (Mito-PQ; 5µM for 60 min). Saline
solvent was used to prepare SPARC, α-LTX , α-BTX , and saline + DMSO for
MitoPQ. Each reagent concentration and incubation time was selected based
previous research and / or based on pilot experiments (M, G and W, 1999; LópezMurcia, Terni and Llobet, 2015; Rigoni et al., 2015; Robb et al., 2015).
Concentrations and incubation times were optimised on pilot experiment data using
the Rhodamine assay or locomotion assay, described in section 2.3.12.3.2. The aim
was to develop models that were relatively quick and reversible, therefore incubation
times between 30-60 min with the concentrations that were able to reduce swimming
efficiency by 7-20 % and cause a significant decrease in Rhodamine dye uptake in
pilot data. Care was taken to choose conditions which did not cause any external
malformation (i.e. colour change, edema - dermal swelling, deterioration of the yolk
sack, tail bending) indicating toxicity.
Before tadpole incubation in denervation compound solution, tadpole dorsal fin cuts
were performed as described in section 2.2.1. After 15min recovery from anaesthetic
tadpoles were transferred to saline solution plus one of four suggested denervation
compounds (SPARC, α- LTX, α-BTX, Mito-PQ). After 30-60min incubation tadpoles
were washed 3x1min in fresh saline and kept in saline (up to 3min) before
performing in vivo analysis (behavioural analysis, Rhodamine analysis or in vivo
fluorescent imaging) as described in section 2.3 or fixed for ex vivo analysis (TUNEL
assay ) (Figure 2.3) as described in sections 2.4.1.
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Figure 2.3. Timeline of treatments and incubation times of proposed denervation models.

2.2.3 Investigating the mechanisms underlying the denervation models


MnTE-2-PyP5+ (kindly donated by Ines Batinic- Haberle)



MnTnBuOE-2-PyP5+ (kindly donated by Ines Batinic- Haberle)



MnTBAP-3 (kindly donated by Ines Batinic- Haberle)



MitoTempo (Sigma-Aldrich, UK)



Ru360 (Merk-Milipore.UK)



AZ10417808 (Bio-Techne Ltd, UK)



Z-DEVD-FMK (Bio-Techne Ltd, UK)



0.01% MS-222 (Sigma-Aldrich, UK)



Saline solution

To investigate the mechanisms and signalling pathways underlying the denervation
process three likely contributors: ROS, mitochondrial calcium (mtCa2+) and activated
caspase 3 were sassed in SPARC, α- LTX, α-BTX and Mito-PQ suggested
denervation models (Section 2.2.2. ).
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In particular to investigate whether the denervation involves ROS we used several
redox - active compound (antioxidant) ability to prevent ROS changes in suggested
partial denervation models, described above. Specifically, Mn(III) meso-tetrakis(2pyridyl)porphyrin (MnTe-2-PyP5+), Mn(III) meso-tetrakis(N-(n-butoxyethyl)pyridinium2-yl

(MnTn-BuOe-2-PyP5+),

Mn(III)

meso-tetrakis(4-carboxylatophenyl)porphyrin

(MnTBAP-3) and 2,2,6,6-tetramethyl-4-[5-(triphenylphosphonio)pentoxy] piperidin-1oxy (Mito-Tempol) were used, antioxidants described in more detail in chapter 1. To
investigate whether the denervation involves mtCa2+ we used Ru360 (oxygen-bridged
dinuclear ruthenium amine complex) to block calcium uptake in mitochondria through
the mitochondrial calcium uniporter. Finally, to block caspase 3 activation we used
two different caspase 3 inhibitors: AZ10417808 and Z-DEVD-FMK.
As described in section 2.2.1, before incubating tadpoles in any drug solution,
tadpole dorsal fin cuts were performed. After the cut, for antioxidant experiments,
tadpoles were pre-treated for 30 min with either MnTE-2- PyP5+ (1 μM),
MnTnBuOE-2-PyP5+ (1 μM), MnTBAP3- (1 μM) and MitoTempo (20 μM).
Concentrations were selected based on previous research (Batinic-Haberle et al.,
2014; Batinic-Haberle, Tovmasyan and Spasojevic, 2015). For calcium experiments,
tadpoles were pre- treated with Ru360 (10 µM) for 30min. Concentration were
selected based on previous research (Sánchez et al., 2001; Karam et al., 2017b)
and preliminary data (Appendix C). For caspase 3 experiments, tadpoles were pretreated with AZ10417808 (20µM) or Z-DEVD-FMK (40µM) for 30min. Concentrations
were selected based on previous research were selected based on previous
research (Scott, 2003; Ruzov et al., 2009). After pre-treatment with antioxidant, Ca2+
or caspase inhibitor tadpoles were washed in saline for 3 x 1 min and treated with
suggested denervation compounds as described in section above and Figure 2.4.
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Figure 2.4. Timeline of treatments and incubation times for investigating the mechanisms underlying the
denervation models.

2.3 In vivo analysis
2.3.1 Behavioural analysis


Saline solution

Stage 37-38 stage tadpoles have predictable behaviour. At this stage, embryos
exhibit reflex swimming of locomotion that is very repeatable- rhythmic motor neuron
(MN) bursts recorded from ventral roots - set swimming frequency (Zhang et al.,
2009; Zhang, Issberner and Sillar, 2011). Any changes in swimming frequency can
be directly linked to NMJ changes and used as partial denervation marker.

2.3.1.1Recording Locomotion
To assess swimming frequency, individual NF stage 37-38 tadpoles were placed in a
saline filled (10 ml) petri dish and evoked swimming was filmed at 400 frames per
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second (fps) with a Nikon 1V2 camera or 240fps with IPhone7. Swimming was
induced by manually touching the skin of the trunk with a pipette tip. A single
swimming episode was recorded at 2-minute intervals, and 5 episodes were
recorded for each tadpole. 2 minutes resting period is required to ensure each
swimming episode is not influenced by preceding activity and give a most accurate
interpretation of the swimming efficiency (Zhang and Sillar, 2012; Zhang et al.,
2015).

2.3.1.2 Locomotion data analysis
The primary step for calculating swimming frequency of the collected videos is
counting frames per cycle, a cycle is defined as one complete tail oscillation (ex.
Figure 2.5 frame 1 to 12 is one full cycle). For each video, a number of frames were
counted for 3 side by side cycles as shown in Figure 2.5. When analysing videos, the
first 3 swimming cycles in the video were always excluded as at this time point
tadpole movement is the initial response to a stimulus. For the same reason cycles
were tadpole touches the edge of the dish were excluded.
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Figure 2.5. Locomotion data analysis example.
Sequential frames were counted making up three complete cycles. One cycle is defined as one complete tail
oscillation. Example video filmed at 240fps using Iphone 7.

2.3.1.3Swimming frequency calculation
Swimming frequency was calculated by dividing the frame rate (fps) by the number
of frames it took to complete a full cycle. In our case, fps was 400 or 240 depending
on which camera was used to collect the data. For all locomotion data, the swimming
frequency was used as a measurement and expressed as a swimming frequency
percentage changes compared to the control. The control data was always set at 0%
and expressed as %δ control. Each tadpole was recorded 5 times and a mean taken
(n=1).
2.3.2 Rhodamine assay


Rhodamine B isothiocyanate–Dextran (Sigma-Aldrich, UK)



0.01% MS-222 (Sigma-Aldrich, UK)



Saline solution
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Methylcellulose (Sigma-Aldrich, UK)

Rhodamine dextract dye was used as a secondary denervation marker. Rhodamine
is only taken up by neurons of muscle intact. When inserted into myotomes,
neuronal rhodamine dye uptake is binary: positive uptake denotes innervation
whereas negative uptake denotes denervation because non-innervated skeletal
muscle fibres release rhodamine. For this reason, a decrease of dye uptake
indicates decreased muscle innervation and is suggestive and drug - induced
denervation (Roberts et al., 2010; Zhang, Issberner and Sillar, 2011).
Rhodamine assay methods were adapted from (Zhang, Issberner and Sillar, 2011).
Fluorescein Isothiocyanate (FITC) conjugated rhodamine dextran dye powder was
made to a thick paste with sterile saline. After tadpole treatment with suggested
denervation model compound (SPARC, α-LTX, α-BTX and MitoPQ), tadpoles were
anesthetised again in a 0.01% MS-222 supplemented saline solution until movement
ceased as described in Section 2.2.1, before placing tadpole on a on the dissection
plane of the dissection chamber. To insert rhodamine dye, the paste was manually
loaded onto the tip of a 22-gauge sterile needle and manually inserted into
myotomes of embryos. Five spaced insertions were made along a lateral axis per
tadpole. After insertion, tadpoles were washed in saline (3 x 1 min) and were placed
on depression glass slides containing 300-500 µl of 3 % methylcellulose. To ensure
that methylcellulose sticks to the glass slide gentle pressure was added with a
pipette tip when adding methylcellulose. Methylcellulose is a plant extract that is
dissolved in saline to make a viscous solution. It puts a relatively loose hold on an
embryo, allowing to keep tadpoles in a required position. Also, methylcellulose is
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non-toxic, and the embryos can quickly recover; for this reason, methylcellulose is
typically used for live imaging (Weber, Mickoleit and Huisken, 2014).
For

florescent

imaging

Lecia

DMR

epifluorescence

microscope

at

excitation/emission: 510/580 nm was used and images were captured with a Nikon
D7100 camera.

2.3.2.1Rhodamine assay analysis
Rhodamine assay can either show positive dye uptake, meaning muscle fibre is
innervated or negative dye uptake, meaning that muscle fibre is denervated. We
scored the innervation of each site, 0% = negative; 100% = positive (Figure 2.7).
Control group tadpole’s rhodamine dye uptake scores were averaged and
normalised to 100%. Once control data is normalised each drug effect on rhodamine
uptake can be calculated and expressed as rhodamine uptake changes comparing
to the control (Rhodamine uptake (%Δ control)). Because this assay was measured
as a binary assay – scored 0% or 100%, we used 20 embryos for each treatment as
with 10 tadpoles data was underpowered.
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Positive

Negative

Figure 2.6 Rhodamine assay example of innervated and denervated muscle.
Image on the right is an example of innervated (positive for rhodamine labelling) and the image on the right is an
example of denervated muscle (negative for rhodamine labelling).

2.3.3 In vivo fluorescence imaging


Dihydroethidium (Sigma-Aldrich, UK)



Mito-dihydroethidium (Invitrogen, USA)



Mitochondria peroxy yellow 1 (Sigma-Aldrich, UK)



Peroxyfluor-6 AM (AdooQ BioScience,CA)



Acetoxymethyl ester ( Fisher Scientific, UK)



CAS-MAP ProBo Caspase 3 DEVD-FMK ( Vergent Bioscience, US)



Saline solution



Methylcellulose (Sigma-Aldrich, UK)
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Stage 37-38 tadpoles are optical accessible, allowing to overcome the technical
caveat of most denervation models, allowing to measure cellular changes in vivo by
measuring fluorescence changes in live tadpoles. To study cellular changes,
intensity - based fluorescent probes were used at a working concentration of 5 μM.
In particular 4 ROS recognition probes were used - Dihydroethidium (DHE), mitodihydroethidium

(Mito-SOX),

mitochondria

peroxy

yellow

1

(MitoPY1)

and

Peroxyfluor-6 AM (PF6-AM); mitochondrial matrix calcium intensity based probe Rhod-2 Acetoxymethyl ester (Rhod-2.AM) and one real - time activated caspase 3
intensity based probe - CAS-MAP ProBo Caspase 3 DEVD-FMK (CAS-MAP).
Specificity of probes and excitation / emission described in Table 1.
Xenopus Laevis in vivo imaging protocol was adopted from (Mugoni, Camporeale
and Santoro, 2014). After a 30 min light-protected incubation in saline with one of the
listed probes, tadpoles were washed in saline solution (3 x 1min) dishes by
transferring from one dish to the next one. Immediately after wash embryos were
placed on depression glass slides containing 300-500 µl of 3 % methylcellulose. For
imaging, a Leica DMR epifluorescence microscope was used, together with a Nikon
D7100 camera. Appropriate excitation/emission wavelengths (nm) were chosen for
each probe solution, as described Table 1. At least two images were taken for each
tadpole, to provide a view of the whole spinal cord (Figure 2.7).
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Probe

Indicator for

Excitation/ emission

DHE

Cytosolic ROS

510/580 nm

MitoPY1

Mitochondrial ROS

488/517 nm

MitoSOX

Mitochondrial ROS

510/580 nm

PF6-AM

Cytosolic ROS

488/517 nm

Rhod-2-AM

Matrix Ca2+

552/581 nm

CAS-MAP

Activated caspase 3

502/511 nm

Table 1. Fluorescence probe information.

Figure 2.7. Example of tadpole fluorescence imaging to acquire a full view of a spinal cord.

2.3.3.1Fluorescence image analysis
Fluorescent images were analysed using Image J (Hartig, 2013; Jensen, 2013).
Each tadpole total florescence intensity was measured by randomly selecting 3-5
areas (600 pixels x 600 pixels size) of interest (ROIs) of tadpole spinal cord and 3-5
background readings. For each ROI’s total fluorescence was calculated by
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subtracting the background mean florescence intensity. Mean fluorescence intensity
was calculated per tadpole with each tadpole mean being reported as n = 1.
Control group data were collected in parallel with each compound data to ensure that
changes in probe oxidation were not due to probe degradation. Also, control tadpole
fluorescence was normalised to 0% fluorescence and any treatment affect
expressed as probe fluorescence changes comparing to the control (probe
fluorescence (%Δ control).

2.4 Ex vivo methodology
To confirm that proposed denervation models do not cause cell apoptosis in neuron
or muscle cells, I performed apoptotic cell labelling on fixed tadpole spinal cord and
myotomes dissections.
2.4.1 TUNEL assay


TACS•XL® DAB Kit (Trevigen,Gaithersburg, MD)

For special detection of apoptosis in neurons and muscle cells, a modified TUNEL
assay kit - TACS•XL® DAB Kit was used. This assay allows the detection of DNA
fragmentation in situ. This assay is based on the incorporation of bromodeoxyuridine
(BrdU) at the 3’ OH ends of the DNA fragments that are formed during apoptosis.
The

protocol

was

adopted

from

Trevigen

Instruction

manual

(https://trevigen.com/docs/protocol/protocol_4828-30-DK.pdf).
2.4.2 Adjusted TUNEL Protocol
To label Xenopus tadpoles with TUNEL assay, provided protocol was adjusted by
adding a few extra steps as detailed below.
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2.4.2.1Sample preparation and Fixation


4% paraformaldehyde (Sigma-Aldrich, UK)



PBS (10X PBS: 25mM NaH2PO4: 1.45M NaCl, Ph7.4)

Before labelling tadpoles with TUNEL assay, tadpoles were fixed in 4%
paraformaldehyde for 30min at room temperature (22˚C). 30 min fixation ensures
good cross-linking but prevents tissue from becoming hard and brittle that could be
caused by over fixing the sample with longer incubation. After fixation tadpoles are
washed in Phosphate-buffered saline- PBS (10X PBS: 75mM Na2HPO4: 25mM
NaH2PO4: 1.45M NaCl, Ph7.4) 3x1min and stored in PBS at 4˚C for up to 2 weeks
prior labelling.

2.4.2.2Dissection


PBS

As tadpole yolk sack stains positively for TUNEL assay, spinal cord and myotomes
were isolated from fixed tadpole prior TUNEL assay. Fixed tadpoles were dissected
in 1X PBS solution using dissection chamber, dissection needle.

66

Spinal cord + myotomes

Figure 2.8. Tadpole spinal cord and myotomes dissection.
Green line indicated where cuts were made on fixed tadpoles to isolate spinal cord with myotomes.

2.4.2.3 Bleaching step


5% formamide (Sigma, UK)



0.5X standard saline citrate (20 X SSC - 3M NaCl; 0.3M pH 7.2)



1% H2O2 (Sigma, UK)



1X PBS

A bleaching step was added to the protocol to overcome the tadpole pigmentation
issue. Unlabelled samples appear to have a high amount of brown pigmentation
which can be misinterpreted and cause false positive results. Bleaching the spinal
cord makes the sample transparent. The bleaching step was adopted from
Xenbase.org

protocols:

http://wiki.xenbase.org/xenwiki/index.php/Immunohistochemistry
Bleaching solution was made by mixing 5% formamide, 0.5X standard saline citrate
(SSC) and 1% H2O2 in the order they are listed. To bleach tadpole dissection,
dissections were incubated in freshly prepared bleaching solution under a bright light
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for 30min. This incubation time is sufficient to cause cell discoloration. After
bleaching dissections were washed in 1X PBS 3 x 1min and rehydrated in fresh 1X
PBS for at least 10min prior to starting labelling steps.
2.4.3 TUNEL protocol


Cytonin solution (Trevigen,Gaithersburg, MD)



Methanol (Sigma, UK)



30% H202 (Sigma, UK)



1X PBS



TdT Labeling Buffer (Trevigen,Gaithersburg, MD)



TdT Enzyme (Trevigen,Gaithersburg, MD)



B-dNTP Mix (Trevigen,Gaithersburg, MD)



Tween20 (Sigma, UK)



TACS-Nuclease (Trevigen,Gaithersburg, MD)



1X TdT Stop Buffer (Trevigen,Gaithersburg, MD)



BrDU (Trevigen,Gaithersburg, MD)



Strep-HRP (Trevigen,Gaithersburg, MD)



DAB (Trevigen,Gaithersburg, MD)



Mounting Medium (Sigma, UK)



95% and 100% ethanol (Sigma, UK)

After tadpoles were fixed, dissected and bleached as described above, Trevigen
Instruction manual was followed (https://trevigen.com/docs/protocol/protocol_482830-K.pdf). Tunel protocol involved 2 steps of sample preparation and 6 steps of
sample labelling.
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The first step in the sample preparation procedure was dissection permeabilization.
To permeabilise the dissections, tadpoles were incubated in Cytonin solution for
30min at room temperature before washing 1XPBS for 2 x 2min. The next step was
quenching step- to block endogenous peroxidase activity. This step is important as
endogenous peroxidase contained in cells would result in high, non-specific
background staining. For this step, samples were incubated in quenching solution
(Methanol and 30% H202) for 5min. After incubation spinal cords were washed in
1XPBS 2 x 2min.
Once samples were prepared as described above, spinal cords with myotomes were
labelled by following next 6 steps. First step in sample labelling was sample
immersion in 1X TdT Labeling Buffer for 5 minutes at room temperature, before 1h at
37C (humidity chamber) incubation in Labelling Reaction solution (B-dNTP mix, TdT
Enzyme and 1x TdT Labelling Buffer; ratio 1:1:50) to utilizes a brominated nucleotide
(BrdU). To stop the enzymatic reaction from previous step, samples were immersed
in 1X TdT Stop Buffer for 5min at room temperature, followed by 1x PBS washes, 2 x
2min. After wash BrdU was detected using a highly specific and sensitive AntiBromodeoxyuridine (BrDU) antibody. After 30min incubation at 37C with antibody
tadpole sections were then washed with 1x PBS with Tween-20 (PBST) 2 x 2min,
prior 10min incubation with Strep-HRP at room temperature, following with 2x 2 min
wash in PBS. Strep- HRP was used to bound BrdU labeled nucleotides that was
then detected using a chromogenic HRP substrate, such 3,3′-Diaminobenzidine
(DAB) staining, solution for 3min following 5x 2min washes with dH2O. Strep-HRP
positively labelled generate a brown colour.
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Labelled samples were fixed on glass slides using mounting medium and coverslip.
Imaged were collected with Leica MZ16 microscope and Nikon D7100 camera. All
the suggested denervation models treated tadpoles (as described in Section 2.2.2 )
were imaged the same day using the same light settings, to ensure that different light
settings do not cause the variation of labelling intensity. Three images were taken for
each sample, to ensure the whole spinal cord was represented.
2.4.4 TUNEL data analysis
To measure BrDU staining intensity, ImageJ was used. The protocol was adopted
Section 2.3.3.1. As before, five areas (400 pixels x 400 pixels size) of interest (ROIs)
of tadpole dissection and 5 background readings were collected. For each ROI’s
BrDU staining intensity was calculated by subtracting background mean florescence
intensity from ROI’s florescence intensity. Control sample average was normalised to
0%. All the other treatments were normalised to this control and expressed as BrDU
staining intensity changes to the control staining (%Δ control)). The data were
expressed as DAB (BrDU) staining intensity. Mean fluorescence intensity was
calculated per tadpole with each mean being reported as n = 1.

2.5 Statistical analysis
Statistical analyses were performed using SPSS and Graph Pad PRISM software.
All individual data sets were tested for normal distribution using a Shapiro-Wilk test
and using normal QQ and histogram plots. Data with a normal distribution were also
tested for a variance on the absolute deviations of the groups or treatments data
from their individual medians using Brown–Forsythe (F ratio) test. Data sets with a
normal distribution and insignificant F ratio p-value were analysed using a parametric
one-way general linear model with post-hoc Tukey tests adjusted for multiple
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comparisons to avoid family - wise errors. Data that were analysed using this
parametric test is represented as (one-way ANOVA), F-value, and p-value. Data sets
that failed either normality tests or Brown–Forsythe (F ratio) tests were analysed
using a non-parametric one-way ANOVA test, to compare the significance of means
between groups using Dunn’s multiple comparison tests.
P values ≤ 0.05 were considered to be significant and indicated by # (significant
comparing with control) or * (significant comparing with main compound). Data in
graphs

are

given

as
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mean

+

SEM.

3 Chapter
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denervation is redox - regulated
3.1 Introduction
In the past decade, there has been high interest in, but a struggle to find, the best
therapeutic approach for preventing or even slowing down ageing associated
neurodegenerative

diseases

and

age-associated

progressive

muscle

loss.

Mitochondrial ROS are proposed to regulate denervation because neuronal activity
should regulate ROS production (Cobley, 2018). Specifically, while neuronal activity
should fulfil essential criteria for comparatively low mitochondrial ROS production
(i.e. high respiration, high ATP demand and low ∆p), on the other hand, neuron
inactivity should fulfil essential criteria for significant mitochondrial ROS production in
promoting mode (i.e. low respiration, low ATP synthesis and [NADH] build-up), as
described in 1.3.5. ROS produced in mitochondria. In addition, skeletal muscle activity
and inactivity, can decrease and increase mitochondrial ROS, respectively as does
neuronal activity (Sakellariou et al., 2013; Goncalves et al., 2015; Cobley et al.,
2017). Further, surgically abolishing muscle activity increases mitochondrial ROS ex
vivo (Karam et al., 2017a; Pollock et al., 2017). However, unravelling the biological
functions of reactive species is challenging (Winterbourn, 2008; Murphy, et al.,
2011). One of the main technical issues is the optical inaccessibility of most model
organisms necessitates ex vivo redox analysis, which can skew probe oxidation by
exposing samples to atmospheric O2, as described in chapter 1 (Halliwell and
Whiteman, 2004). Ambiguity exists because technical issues complicate attempts to
measure and manipulate reactive species (Bjelakovic et al., 2012).
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The hypotheses that developmental maturation / denervation dysregulation may
contribute to disease (Tetruashvily et al., 2016; Yaron and Schuldiner, 2016; Sheu et
al., 2017), such that multiple neurodegenerative diseases (e.g. ALS) subvert
developmental programmes to induce pathological denervation. If the hypothesis is
correct, developmental and pathological denervation should share common
molecular features and regulators. However, progress towards this goal is difficult
because the molecular basis of denervation is unclear and matching developmental
and pathological denervation models for time and severity is challenging.
Targeting a common denervation mechanism could open up new treatments for
multiple neurodegenerative diseases (Taylor, Brown and Cleveland, 2016). To test
the shared molecular features hypothesis, here I match diverse physiological and
pathological synapse loss models for time of onset, severity and phenotype. I use
the same synapse, the NMJ, to unify the phenotype: NMJ loss, termed denervation,
manifests as paralysis and skeletal muscle dysfunction. To test whether ROS
reiteratively regulate denervation, I assess and manipulate ROS using an optically
accessible model compatible with in vivo redox analysis and targeted antioxidants,
respectively. I exploit the advantage that physiological and pathological denervation
can be studied in parallel in a developmental system without sacrificing tractability.

3.2 Methods
For full list of methods please refer to Chapter 2
3.2.1 Ethical Approval
Refer to Chapter 2 (Section 2.1.1.1 )
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3.2.2 Treatments
In accordance with previous research (Zhang et al., 2009; Zhang, Issberner and
Sillar, 2011), stage 37–38 X. laevis tadpoles were anesthetised in 0.1% MS-222 (3aminobenzoic acid ester) in saline solution (mM: 8.9 NaCl, 0.102 KCl, 0.02381
NaHCO3, 0.04081 CaCl2, 1 Na+-HEPES, 0.08114 MgSO4, 0.03388 Ca(NO3)2, pH
7.6) until their movement ceased (2-3min). After being allowed to recover for 30 min
in saline, tadpoles were incubated with either control (i.e. just saline or saline +
DMSO) or saline plus: SPARC (50 nM for 30 min), α-LTX (15 nM for 30 min), α-BTX
(8μM for 30min) or MitoPQ (5μM for 60min) before being washed in saline for 3 min.
Saline controls were used for SPARC, α-LTX , α-BTX denervation models, and
saline + DMSO for MitoPQ denervation model. For antioxidant experiments, tadpoles
were pre-treated for 30 min with either MnTE-2- PyP5+ (1 μM), MnTnBuOE-2-PyP5+
(1 μM), MnTBAP3- (1 μM) and Mitotempol (20 μM) before being washed in saline for
3 min and treated as described above.
3.2.3 Evoked swimming frequency
Evoked swimming was induced by manually touching the skin of X. laevis tadpoles
with a pipette, which robustly initiates movement. Swimming was filmed at 400
frames per second with a Nikon D7100 camera or or 240fps with IPhone7 and
calculated as: swimming frequency = frames per second/ frames per cycle.. A single
swimming episode was recorded at 2 min intervals, five episodes were recorded and
their average calculated and defined as n = 1.
3.2.4 Rhodamine assay
Tadpoles were anesthetised in a 0.1% MS-222 supplemented saline solution until
movement ceased. FITC conjugated rhodamine dextran dye paste was loaded onto
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the tip of a 22-gage sterile needle and manually inserted into myotomes. Three- five
spaced insertions were made along a lateral axis per tadpole. Tadpoles were
washed in saline (3 x 1 min) and imaged using a Lecia DMR epifluorescence
microscope at excitation/emission: 510/580 nm. We scored the innervation of each
site in binary (e.g. 0= negative; 100= positive) to derive a % uptake per tadpole and
the mean calculated, with n defining 1 tadpole.
3.2.5 Redox analysis
DHE, PF6-AM, Mito-SOX and MitoPY1 were used at a concentration of 5 µm in
saline. After a 30-min light-protected incubation, tadpoles were washed in saline (3 x
1 min) and immobilised on a glass cavity slide with methylcellulose. Tadpoles were
imaged (DHE/ MitoSOX excitation/emission: 510/580 nm; PF6 AM/ MitoPY1
excitation/emission: 488/517 nm). After background subtraction, mean florescence
intensity was calculated per tadpole with each mean being reported as n = 1.
3.2.6 Statistical analysis
All data were normalised to control and expressed as % change from control
(%control).
To determine the appropriate statistical test, normal distribution was assessed using
a Shapiro-Wilk test and using normal QQ and histogram plots. Normally distributed
data were analysed using a one-way general linear model with post-hoc Tukey tests.
Data sets that failed either normality tests or Brown–Forsythe (F ratio) tests were
analysed using a non-parametric one-way ANOVA test, Dunn’s multiple comparison
tests. The statistical test used for each data set is stated in the results section.
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Statistical

analysis

were

performed

on

GraphPad

PRISM

7

(https://www.graphpad.com/). P values ≤ 0.05 were considered to be significant and
indicated by # (significant comparing with control) or * (significant comparing with
main compound). Data in graphs are given as mean + SEM.

3.3 Results
3.3.1 SPARC, α-BTX, α-LTX and MitoPQ induce NMJ partial denervation
Firstly, I resolved whether I can mimic developmental and pathological denervation.
For this, I treated stage 37-38 Xenopus laevis tadpoles with SPARC (50 nM for 30
min), α-LTX (15 nM for 30 min), α-BTX (8 µM for 30 min) or MitoPQ (5 µM for 60
min). As expected, all four treatments caused a decrease in swimming frequency
and of dye uptake, indicating changes in NMJ and partial denervation (Roberts et al.,
2010; Zhang, Issberner and Sillar, 2011). SPARC reduced the frequency of tail
oscillation by 12.0% ± 1.7% (Dunn’s multiple comparison test; p ≤ 0.05; n 10;
Figure 3.2.A) and decreased rhodamine uptake by 74.18% ± 6.0% (Dunn’s multiple
comparison test; p ≤ 0.05; n = 20; Figure 3.1 & Figure 3.2B) at 30 min compared to
control. As expected, α-LTX and α-BTX also significantly decreased frequency of the
tail oscillations by 8.3% ± 0.8% and 15.5% ± 1.4% respectively (Dunn’s multiple
comparison test ;p ≤ 0.05; n  10; Figure 3.2B) and decreased rhodamine uptake by
58.7% ± 6.8% & 61.6% ± 6.8%, respectively at 30 min compared to control (Dunn’s
multiple comparison test; p ≤ 0.05; n = 20; Figure 3.1 & Figure 3.2.B). Importantly
Mito-PQ also impaired frequency of tail oscillation by 19.9% ± 1.4% (Dunn’s multiple
comparison test; p <0.05; n 10; Figure 3.2A), and decreased rhodamine uptake by
56.6% ± 6.9% (Dunn’s multiple comparison test; p ≤ 0.05; n = 20; Figure 3.1 &
Figure 3.2.B) compared to control.
76

Figure 3.1. Representative rhodamine assay images in vivo for each partial denervation model (α-BTX, α-LTX, SPARC and MitoPQ) and control. Scale bar is 0.2 mm.
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Figure 3.2 SPARC, α-LTX, α-BTX, MitoPQ induce NMJ functional changes.
(A) Evoked swimming frequency, n  10 in each condition; (B) Rhodamine uptake), n = 20 in each condition; expressed
as %δ control) by main condition compounds (SPARC, α-LTX, α-BTX, MitoPQ). Saline control used for SPARC, α-LTX
and α-BTX denervation models, and DMSO control for MitoPQ denervartion model. Concentrations and incubations: αLTX (15 nM for 30 min), α-BTX (8 µM for 30 min), MitoPQ (5 µM for 60 min). #sig diff denervation compound vs control.
Error bars are SEM. #sig diff denervation model vs control.
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3.3.2 SPARC, α-LTX, α-BTX and MitoPQ increases cytosolic and mitochondrial
ROS probe oxidation.
Next, I made use of the optical accessibility of Xenopus laevis tadpoles (Love et al., 2013)
to assess whether the partial denervation models disrupt redox homeostasis in vivo using
permeable, intensity based, ROS recognition probes.
SPARC increased DHE, PF6-AM, Mito-SOX and MitoPY1 oxidation by 102.1% ± 7.9%,
24.6% ± 5.0%, 42.1% ± 5.5% and 49.5% ± 5.8%; respectively, compared to control
(Dunn’s multiple comparison test; p ≤ 0.05; n = 10, Figure 3.3Figure 3.4.A). Both
neurotoxins, α-LTX and α-BTX, increased ROS probe oxidation: DHE (30.1% ± 4.9% and
42.5% ± 6.0%), PF6-AM (33.5% ± 5.0% and 53.9% ± 5.0%), Mito-SOX (38.9% ± 6.3% and
40.5% ± 4.9%) and MitoPY1 (41.9% ± 5.2% and 30.5% ± 3.5%) compared to control
(Dunn’s multiple comparison test; p ≤ 0.05; n = 10, Figure 3.3Figure 3.4.B & C). MitoPQ
increased mitochondrial and cytosolic ROS evidenced by increased DHE (19.4% ± 3.0%),
PF6-AM (27.6% ± 2.7%), Mito-SOX (44.7% ± 5.3%) and MitoPY1 (34.2% ± 4.3%)
oxidation compared to control (Dunn’s multiple comparison test; p ≤ 0.05; n = 10; Figure
3.3Figure 3.4. D).
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Figure 3.3. Representative images of total florescence of DHE, PF6-AM, Mito-SOX and MitoPY1 oxidation in vivo by
partial denervation model (α-BTX, α-LTX, SPARC and MitoPQ) and saline/ DMSO control.
Images taken from the myotomal region of stage 37–38 X. laevis tadpoles using whole-mount redox imaging. Scale bar
is 0.1 mm.
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Figure 3.4. SPARC, α-LTX, α-BTX, MitoPQ increases cytosolic and mitochondrial ROS.

(A) SPARC, (B) α-LTX, (C) α-BTX , (D) MitoPQ induced probe oxidation (expressed as %δ control) by main redox
recognition probes (DHE, PF6-AM, Mito-SOX, MitoPY1); Saline control used for SPARC, α-LTX and α-BTX denervation
models, and DMSO control for MitoPQ denervartion model; n = 10 in each condition. Error bars are SEM.
Concentrations and incubations: SPARC (50 nM for 30 min), α-LTX (15 nM for 30 min), α-BTX (8 µM for 30 min), MitoPQ
(5 µM for 60 min). #sig diff denervation compound vs control.

3.3.3 Redox - active compounds can regulate ROS probe oxidation in SPARC
models.
If ROS regulate partial denervation, reducing their levels should reduce SPARC, α-LTX, αBTX and MitoPQ- induced partial denervation.
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I assessed the ability of four antioxidants: MnTE-2-PyP5, MnTnBuOE-2-PyP5, MnTBAP3
and MitoTempol to modify ROS in the SPARC partial denervation model. Only MnTE-2PyP5+ and MnTnBuOE-2-PyP5+, which react with O2•− /H2O2, blocked SPARC - induced
increase in ROS recognition probe oxidation. MnTE-2-PyP5+ and MnTnBuOE-2-PyP5+,
respectively, reduced DHE (49.0% ± 10.1% & 55.3% ± 6.6%), PF6-AM (28.6% ± 3.9% &
27.6% ± 2.7%), MitoSOX (33.7% ± 4.2% & 28.77% ± 4.6%) and MitoPY1 (39.2% ± 4.8% &
38.17% ± 2.9%) oxidation compared to SPARC (Dunn’s multiple comparison test; p ≤
0.05; n = 10; Figure 3.5Figure 3.6). MnTBAP3- and MitoTempol did not rescue SPARCinduced probe oxidation of any of the probes (Dunn’s multiple comparison test; p ≤ 0.05; n
= 10; Figure 3.5Figure 3.6).
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Sparc
Figure 3.5. Representative images of total florescence of DHE, PF6-AM, Mito-SOX and MitoPY1 oxidation in vivo by
synaptic inactivity model SPARC denervation model plus : MnTE-2-PyP5+, MnTnBuOE-2-PyP5+, MnTBAP3- and MitoTempol.
Images taken from the myotomal region of stage 37–38 Xenopus laevis tadpoles using whole-mount redox imaging.
Scale bar is 0.1 mm
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Figure 3.6. Antioxidants can regulate ROS probe oxidation in SPARC models.

(A) DHE, (B) PF6-AM, (C) Mito-SOX & (D) MitoPY1 probe oxidation (expressed as %δ control) by condition (SPARC,
SPARC plus: MnTE-2-PyP5+, MnTnBuOE-2-PyP5+, MnTBAP3- or MitoTempol; n=10 in each condition. DMSO control
used for MitoPQ denervation model Error bars are SEM. Concentrations and incubations: SPARC (50 nM for 30 min),
MnTE-2-PyP5+ (1 µM for 30 min), MnTnBuOE-2-PyP5+ (1 µM for 30 min), MnTBAP3- (1 μM for 30 min), MitoTempol
(20 μM for 30 min). #sig diff SPARC vs control. *sig diff antioxidant vs SPARC.
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3.3.4 Antioxidants can regulate ROS probe oxidation in α-LTX models
In the α-LTX partial denervation model, only MnTE-2-PyP5+ blocked the oxidation of every
ROS recognition probe; decreasing DHE (27.8 % ± 3.9%), PF6-AM (23.1% ± 3.7%), MitoSOX (25.6% ± 7.2%) and MitoPY1 (25.9% ± 5.1%) oxidation compared to α-LTX (Dunn’s
multiple comparison test; p ≤0.05; n =10; Figure 3.7Figure 3.8). MnTnBuOE-2-PyP5+
successfully reduced DHE, PF6-AM and MitoSOX oxidation, but failed to protect from
MitoPY1 probe oxidation compared to α-LTX. MnTBAP3- and MitoTempol did not rescue
SPARC - induced oxidation of all four probes (Dunn’s multiple comparison tests; p ≤ 0.05;
n = 10; Figure 3.7Figure 3.8).
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Figure 3.7. Representative images of total florescence of DHE, PF6-AM, Mito-SOX and MitoPY1 oxidation in vivo by αLTX denervation model plus : MnTE-2-PyP5+, MnTnBuOE-2-PyP5+, MnTBAP3- and MitoTempol.
Images taken from the myotomal region of stage 37–38 X. laevis tadpoles using whole-mount redox imaging. Scale bar
is 0.1 mm.
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Figure 3.8 . Antioxidants can regulate ROS probe oxidation in α-LTX models.

(A) DHE, (B) PF6-AM, (C) Mito-SOX & (D) MitoPY1 probe oxidation (expressed as %δ control) by condition (α-LTX, αLTX plus: MnTE-2-PyP5+, MnTnBuOE-2-PyP5+, MnTBAP3- or MitoTempol; n=10 in each condition. Saline control used
for all groups. Error bars are SEM. Concentrations and incubations: α-LTX (15 nM for 30 min) MnTE-2-PyP5+ (1 µM for
30 min), MnTnBuOE-2-PyP5+ (1 µM for 30 min), MnTBAP3- (1 μM for 30 min), MitoTempol (20 μM for 30 min). #sig diff
α-LTX vs control. *sig diff antioxidant vs α-LTX.
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3.3.5 Antioxidants can regulate ROS probe oxidation in α-BTX models.
As in the α-LTX partial denervation model, only MnTE-2-PyP5+ blocked the α-BTXinduced increase in every ROS recognition probe oxidation. MnTE-2-PyP5+ reduced DHE
(42.6% ± 2.5%), PF6-AM (53.9% ± 4.1%), Mito-SOX (38.6% ± 4.7%) and MitoPY1 (31.2%
± 5.0%) oxidation compared to α-BTX (Dunn’s multiple comparison test; p ≤0.05; n =10;
Figure 3.9Figure 3.10). MnTnBuOE-2-PyP5+ successfully reduced DHE, PF6-AM and
MitoPY1 oxidation, but failed to protect from MitoSOX probe oxidation compared to α-LTX.
MnTBAP3- and MitoTempol did not rescue SPARC - induced oxidation of all four probes
(Dunn’s multiple comparison tests; p ≤ 0.05; n =10; Figure 3.9Figure 3.10).
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Figure 3.9. Representative images of total florescence of DHE, PF6-AM, Mito-SOX and MitoPY1 oxidation in vivo by αBTX denervation model plus : MnTE-2-PyP5+, MnTnBuOE-2-PyP5+, MnTBAP3- and Mito-Tempol.
Images taken from the myotomal region of stage 37–38 Xenopus laevis tadpoles using whole-mount redox imaging.
Scale bar is 0.1 mm.
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Figure 3.10. Antioxidants can regulate ROS probe oxidation in α-BTX models.

(A) DHE, (B) PF6-AM, (C) Mito-SOX & (D) MitoPY1 probe oxidation (expressed as %δ control) by condition (α-BTX, αBTX plus: MnTE-2-PyP5+, MnTnBuOE-2-PyP5+, MnTBAP3- or MitoTempol; n=10 in each condition). Saline control
used for all groups. Error bars are SEM. Concentrations and incubations: α-BTX (8 µM for 30 min) MnTE-2-PyP5+ (1 µM
for 30 min), MnTnBuOE-2-PyP5+ (1 µM for 30 min), MnTBAP3- (1 μM for 30 min), MitoTempol (20 μM for 30 min). #sig
diff α-BTX vs control. *sig diff antioxidant vs α-BTX.
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3.3.6 Antioxidants can regulate ROS probe oxidation in MitoPQ models
Mitochondria-targeted antioxidants that react with O2•− should prevent MitoPQ-induced
increases in ROS probe oxidation because MitoPQ has a clear ROS production site. In
support, only MnTE-2-PyP5+ and MnTnBuOE-2-PyP5+, which can accumulate in
mitochondria and reacts with O2•− (Batinic-Haberle et al, 2014), was effective against
oxidation of all four probes by MitoPQ. MnTE-2-PyP5+ and MnTnBuOE-2-PyP5+,
respectively, reduced DHE (18.56% ± 3.7% and 17.7% ± 2.9%), PF6-AM (26.80% ± 4.3%
and 30.5% ± 3.2%), Mito-SOX (33.11% ± 3.8% and 43.1% ± 4.2%), and MitoPY1 (26.92%
± 4.8% and 51.3% ± 4.4%) oxidation compared to MitoPQ (Dunn’s multiple comparison
test; p ≤ 0.05; n = 10; Figure 3.11Figure 3.12).
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Figure 3.11. Representative images of total florescence of DHE, PF6-AM, Mito-SOX and MitoPY1 oxidation in vivo by
MitoPQ denervation model plus : MnTE-2-PyP5+, MnTnBuOE-2-PyP5+, MnTBAP3- and Mito-Tempol.
Images taken from the myotomal region of stage 37–38 Xenopus laevis tadpoles using whole-mount redox imaging.
Scale bar is 0.1 mm.
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Figure 3.12. Antioxidants can regulate ROS probe oxidation in MitoPQ models.

(A) DHE, (B) PF6-AM, (C) Mito-SOX & (D) MitoPY1 probe oxidation (expressed as %δ control) by condition (MitoPQ,
MitoPQ plus: MnTE-2-PyP5+, MnTnBuOE-2-PyP5+, MnTBAP3- or MitoTempol; n =10 in each condition. DMSO control
used for all groups. Error bars are SEM. Concentrations and incubations: MitoPQ (5 µM for 60 min), MnTE-2-PyP5+ (1
µM for 30 min), MnTnBuOE-2-PyP5+ (1 µM for 30 min), MnTBAP3- (1 μM for 30 min), MitoTempol (20 μM for 30 min).
#sig diff MitoPQ vs control. *sig diff antioxidant vs MItoPQ.
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3.3.7 Redox - active compounds prevent the decrease in swimming frequency in all
4 models
If ROS are regulatory, reducing their levels should reduce denervation (decrease in
swimming frequency and loss of rhodamine dye uptake). In all models, the manganese
porphyrins that successfully reduced ROS probe oxidation also prevented reductions in
tail oscillation frequency in all four models. In particular, in the SPARC model both MnTE2-PyP5+ and MnTnBuOE-2-PyP5+ protected against SPARC-induced locomotor deficits by
8.17% ± 1.0% and 8.304% ± 1.1%; respectively compared to SPARC (Dunn’s multiple
comparison test; p ≤ 0.05; n = 10; Figure 3.13 A). In the α-LTX model, only MnTE-2-PyP5+
successfully improved the frequency of the tail oscillations by 11.06 ± 1.9% compared to
α-LTX (p ≤ 0.05; n = 10; Figure 3.13 B). Also, in the α-BTX model, only MnTE-2-PyP5+
successfully improved in the frequency of the tail oscillations by 14.1% ± 1.1% (Dunn’s
multiple comparison tests; p ≤0.05; n =10; Figure 3.13 C). MnTBAP3- and MitoTempol did
not rescue SPARC, α-LTX and α-BTX- induced functional deficits (Dunn’s multiple
comparison test; p ≤ 0.05; n = 10; Figure 3.13). Intriguingly, each redox - active compound
had a protective effect on MitoPQ decreased locomotion compared to MitoPQ (Dunn’s
multiple comparison tests; p ≤0.05; n =10; Figure 3.13 D). However, as expected, MnTE2-PyP5+ and MnTnBuOE-2-PyP5+ were significantly more effective than MnTBAP3- and
MitoTempol (Dunn’s multiple comparison tests; p ≤0.05; n =10; Figure 3.13 D).
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Figure 3.13. Redox - active compounds prevent the decrease in swimming frequency.

Evoked swimming frequency (expressed as %δ control) by main condition compounds (A) SPARC, (B) α-LTX, (C) αBTX, (D) MitoPQ; plus: MnTE-2-PyP5+, MnTnBuOE-2-PyP5+, MnTBAP3- or MitoTempol; n=10 in each conditio. Saline
control used for SPARC, α-LTX and α-BTX denervation models, and DMSO control for MitoPQ denervartion model.
Error bars are SEM. Concentrations and incubations: SPARC (50 nM for 30 min), α-LTX (15 nM for 30 min), α-BTX (8
µM for 30 min), MitoPQ (5 µM for 60 min), MnTE-2-PyP5+ (1 µM for 30 min), MnTnBuOE-2-PyP5+ (1 µM for 30 min),
MnTBAP3- (1 μM for 30 min), MitoTempol (20 μM for 30 min). #sig diff vs control. *sig diff vs compound.
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3.3.8 MnTE-2-PyP5+ and/or MnTnBuOE-2-PyP5+ prevent loss of Rhodamine dye
uptake in all 4 models
Finally, I investigated whether redox active compounds can prevent NMJ structural
changes (i.e loss of denervation marker, rhodamine dye uptake).

MnTE-2-PyP5+ and

MnTnBuOE-2-PyP5+ protected from SPARC- induced decrease in rhodamine dye uptake
by 45.82 % ± 7.7% and 44.13% ± 7.9% respectively (Dunn’s multiple comparison test; p ≤
0.05; n = 20; Figure 3.14Figure 3.15 A. In the α-LTX model, MnTE-2-PyP5+ protected from
the decrease in rhodamine dye uptake by 51.05% ± 6.8 % compared to α-LTX (Dunn’s
multiple comparison tests; p ≤ 0.05; n = 20; Figure 3.14Figure 3.15 B). In the α-BTX
model, MnTE-2-PyP5+ and MnTnBuOE-2-PyP5+ protected from α-BTX -induced decrease
in rhodamine dye uptake by 43.22% ± 6.8% and 37.7% ± 6.8% respectively (Dunn’s
multiple comparison tests; p ≤ 0.05; n = 20; Figure 3.14Figure 3.15 C). In the last model,
only MnTnBuOE-2-PyP5+ significantly reduced the loss of dye uptake by 41.61% ± 6.9%
relative to MitoPQ (Dunn’s multiple comparison tests; p ≤ 0.05; n = 20; Figure 3.14Figure
3.15 D). MnTBAP3- and MitoTempol did not rescue α-BTX, α-LTX, SPARC or MitoPQinduced loss of denervation marker (Dunn’s multiple comparison tests; p ≤ 0.05; n = 20;
Figure 3.14Figure 3.15 ).
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Figure 3.14. Representative rhodamine assay images in vivo by partial denervation model (α-BTX, α-LTX, SPARC and
MitoPQ) plus: MnTE-2-PyP5+, MnTnBuOE-2-PyP5+, MnTBAP3- and Mito-Tempol.
Images taken from the myotomal region of stage 37–38 Xenopus laevis tadpoles using whole-mount redox imaging.
Scale bar is 0.2 mm.
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Figure 3.15. Redox active compounds prevent loss of Rhodamine dye uptake.

(B) Rhodamine uptake (expressed as %δ control) by main condition compounds (A) SPARC, (B) α-LTX, (C) α-BTX, (D)
MitoPQ; plus: MnTE-2-PyP5+, MnTnBuOE-2-PyP5+, MnTBAP3- or MitoTempol; n =20 in each condition). Saline control
used for SPARC, α-LTX and α-BTX denervation models, and DMSO control for MitoPQ denervartion model. Error bars
are SEM. Concentrations and incubations: SPARC (50 nM for 30 min), α-LTX (15 nM for 30 min), α-BTX (8 µM for 30
min), MitoPQ (5 µM for 60 min), MnTE-2-PyP5+ (1 µM for 30 min), MnTnBuOE-2-PyP5+ (1 µM for 30 min), MnTBAP3(1 μM for 30 min), MitoTempol (20 μM for 30 min). #sig diff vs control. *sig diff vs compound.
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3.4 Discussion
If multiple neurodegenerative diseases use a common developmental mechanism to
induce pathological denervation, developmental and pathological denervation should
share features. The main aim of this chapter was to develop a novel partial denervation
model that targets synapses directly without mechanical muscle damage that is reversible,
optically accessible and allows us to study redox changes in vivo. The secondary aim of
this chapter was to determine regulatory role of ROS in proposed denervation models. In
this chapter, I have introduced a new developmental system model where I can study NMJ
molecular changes of physiological and pathological partial denervation in parallel in vivo.
Also, using suggested models, targeted probes and antioxidants I was able to show one of
my key findings is that ROS regulate denervation across multiple exogenous models
raising the possibility of a pervasive redox - regulated denervation mechanism.
I have shown that SPARC, a model of developmental partial denervation (López-Murcia,
Terni and Llobet, 2015), induce partial denervation and increases ROS in vivo, evidenced
by increased oxidation of all four ROS probes. Next, I induced partial pathological
denervation three ways using α-LTX, α-BTX and MitoPQ to model nerve, muscle and
environmental toxin-induced denervation, respectively (Balice-Gordon and Lichtman,
1994; Rigoni et al., 2008, 2015). Analogous to SPARC, α-LTX, α-BTX and MitoPQ
increased the oxidation of four ROS probes in vivo. This date supports the hypothesis that
ROS is a shared feature in developmental and pathological partial denervation. In
addition, it is noteworthy that I describe rapid (30- 60 min) partial denervation - induced
redox changes, in contrast to currently available denervation models, which are limited to
ex vivo redox analysis and only able to show ROS changes 24 h post mechanical
denervation (Florian L Muller et al., 2007; Bhattacharya et al., 2009; Karam et al., 2017).
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Furthermore, to resolve causality, I used four non - mechanical denervation models (to
avoid the cause being mechanical) together with spatially and chemically heterogeneous
antioxidants (MnTE-2-PyP5+, MnTnBuOE-2-PyP5+, MnTBAP3- and MitoTempol) to
manipulate ROS (Trnka et al., 2007, 2009; Batinic-Haberle, et al., 2014; Batinic-Haberle,
Tovmasyan and Spasojevic, 2015). First of all, I tested four different antioxidant for the
ability to modify ROS changes in the SPARC partial denervation model. Only MnTE-2PyP5+ and/ or MnTnBuOE-2-PyP5+ consistently reduced ROS; evidenced by their ability to
block the SPARC, α-LTX, α-BTX and MitoPQ - induced increase in ROS - recognition
probe oxidation. MnTE-2-PyP5+ and MnTnBuOE-2-PyP5+ are the only two of used
antioxidants that can accumulate in both cellular compartments - mitochondria and cytosol
and are reactive with O2•− and H2O2 (Batinic-Haberle et al., 2014; Batinic-Haberle and
Tome, 2019). The value of these results is that MnTnBuOE-2-PyP5+ blocking mitochondrial
ROS in MitoPQ partial denervation suggests that mitochondrial ROS production as a key
stimulus in partial denervation process. Multiple non-mitochondrial ROS sources exist
(e.g. NADPH oxidase (Winterbourn, 2008; Jones and Sies, 2015). However, it is most
likely that mitochondrial ROS generation is the proximal event because their production
reports on ATP use without consuming it, placing mitochondrial ROS as energetically
efficient synaptic activity sentinels (Barja, 1993; Lane, 2002, 2011). Importantly, using
MitoPQ, I explore the role of mitochondrial ROS (Robb et al., 2015) and support the idea
that selectively increased mitochondrial matrix [O2•−] is sufficient to induce redox dependent partial denervation.
Furthermore, to resolve the causality of partial denervation I manipulated ROS. Resolving
causality is essential for two reasons. Firstly, antioxidants used in clinical antioxidant trials,
conflict with kinetics. In other words, their inability to react appreciably with O2•− / H2O2 in
relevant subcellular locales (Forman, Davies and Ursini, 2014; Murphy, 2014). Therefore,
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unsuccessful antioxidant clinical trials suggest ROS are epiphenomena that correlate with
neurodegeneration but may not be causal (Bjelakovic et al., 2012). Secondly, ROS
causality provides a more in-depth test of a shared molecular feature hypotheses (e.g. if
ROS fail to regulate the denervation in some scenarios it argues against a common
mechanism).
In my partial denervation models, MnTE-2-PyP5+ and / or MnTnBuOE-2-PyP5+ were
effective regardless of how forced synaptic inactivity was achieved: reversing motor
deficits induced by disparate exogenous and endogenous models. MnTE-2-PyP5+ and / or
MnTnBuOE-2-PyP5+ were the only antioxidants able to prevent SPARC, α-LTX, α-BTX
and MitoPQ- induced partial denervation. To begin with, the ability of MnTE-2-PyP5+ and /
or MnTnBuOE-2-PyP5+ to reverse denervation makes my forced denervation models
reversible and suitable for functional studies (Akaaboune et al., 1999; Rigoni et al., 2015).
Secondly, antioxidant protection against denervation places mitochondrial O2•− / H2O2 at
the centre of a common redox - regulated partial denervation mechanism.
Importantly, MnTE-2-PyP5+ and MnTnBuOE-2-PyP5+ are well known for their ability to
accumulate in mitochondria and react with O2•− /H2O2 (Batinić-Haberle, Rebouças and
Spasojević, 2010; Batinic-Haberle et al., 2014; Batinic-Haberle, Tovmasyan and
Spasojevic, 2015). However, both compounds have pleiotropic redox biochemistry, and
both compounds are considered to be mimetics of the SOD enzyme and can donate or
receive an electron. Donation of an electron (oxidation reaction) leads to the formation of
non - oxidant H2O. Receiving an electron (reduction reaction) leads to H2O2 formation
(Rajic et al., 2012; Batinic-Haberle et al., 2014; Batinic-Haberle and Tome, 2019). As
MnTE-2-PyP5+ and MnTnBuOE-2-PyP5+ redox biochemistry is so complex, how MnTE-2PyP5+ and MnTnBuOE-2-PyP5+ act in a system is an open question. For example, SOD
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enzyme reduction - reaction activity, could be why MnTnBuOE-2-PyP5+ had no significant
protective effect in α-LTX MitoPY1 oxidation, suggesting that H2O2 levels were not
reduced.
Similarly, there are situations when MnTBAP3- and MitoTempol reduced some of the probe
oxidations. For example, MnTBAP3- successfully reduced DHE oxidation in the SPARC
model and PF6-am oxidation in MitoPQ model; and Mitotempol reduced DHE and PF6-am
probe oxidations. How these two antioxidants reduced probe oxidation is not known.
However, it is essential to remember that neither MnTBAP 3- and MitoTempol can directly
react with H2O2 or O.- , but they are highly reactive with peroxynitrite (ONOO -), which is
increased in the presence of O.- or H2O2 and nitrates (Trnka et al., 2007, 2009; BatinićHaberle et al., 2009; Lü et al., 2010). Hight levels of O.- high initiate nitrate oxidation and
ONOO- formation, that could be the reason why MnTBAP3- and MitoTempol produce a
positive effect in SPARC and MitoPQ model. MnTBAP 3- and MitoTempol can directly
reduce ONOO- levels but not O.- and H2O2 levels. For this reason, I hypothesise that
changes in DHE and PF6-AM probes in presence of MnTBAP3- and MitoTempol is
possibly caused by fast O.- exchange to nitrate oxidation and ONOO-. In addition, it is
important to note that

despite DHE, PF6-AM, MitoSOX and MitoPY1 are the most

recognised and widely used ROS recognition probes (Peshavariya, Dusting and
Selemidis, 2007; Lü et al., 2010; Dickinson et al., 2011), they still have some limitations.
Even though DHE and PF6-AM are considered as O.- and H2O2 recognition probes,
respectively, they both can be oxidised by ONOO- (Chang et al., 2004; Miller, Albers and
Chang, 2005). However, the rate of reaction with O.- and H2O2 of these probes is much
higher than with ONOO- , so it is more likely that they will detect as O.- and H2O2 changes
(Dickinson and Chang, 2008; Sikora et al., 2009; Zielonka et al., 2012).
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In addition, there are some differences between swimming frequency and denervation
between antioxidants, but only SOD mimetics were persistent in preventing both
denervation marker changes and ROS changes. I hypothesise that the variation I see
between prevention of decrease in swimming frequency is not because of drug intake
because the method of drug application in Xenopus laevis is widely accepted (Li and
Moult, 2012; Moult, Cottrell and Li, 2013). It is more likely that the reason for variability is
the chemistry of the antioxidants and ROS itself and this highlights an ongoing knowledge
a gap in the ROS signalling pathways in healthy NMJ and disease stage.
To address the problem and get a better understanding of ROS and the denervation
signalling pathway, in next two chapters I will investigate ROS crosstalk with

2+

and

as ROS and

mtCa

2+

have an exceptional relationship of controlling each other (Hou et al., 2013) and

mtCa

2+

caspase. There are a few reasons why I choice. First of all,

mtCa

2+,

mtCa

has an well recognised link with retrograde axonal retraction (Mukherjee and Williams,
2017). Secondly, caspase 3 and ROS are known to regulate multiple pathways (Dixon et
al., 2012). Lastly, in recent years, caspase 3 activity has been identified to have a
functional role in nervous system remodelling (e.g. denervation; synaptic plasticity)
(Mukherjee and Williams, 2017). In chapter four I am going to investigating the role of
mtCa

2+

in partial muscle denervation

and. chapter five I will investigating the role of

caspase in partial muscle denervation.

3.5 Conclusion
In conclusion, firstly I have shown that by using Xenopus laevis and different
pharmacological compounds, I can study pathological and developmental partial
denervation in parallel and most importantly without losing tractability. Secondly, using
partial denervation models (SPARC, α-LTX, α-BTX and MitoPQ) I support the idea that
103

ROS regulation of the NMJ may recapitulate an endogenous developmental denervation
pathway to cause pathological denervation. Moreover, I have shown that disparate
developmental and pathological partial denervation models are redox regulated. Finally,
by supporting the existence of a common redox - regulated denervation mechanism; I
introduce a possible single drug targeting to treat multiple neurodegenerative diseases.
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4 Chapter four - Investigating the role of mtCa2+ in muscle denervation
4.1 Introduction
The mechanism of denervation requires improved understanding to find a suitable
treatment for NMJ loss-associated diseases. In the previous chapter (Chapter threePathological and Developmental partial denervation is redox - regulated) I showed that
using stage 37-38 Xenopus laevis, it is possible to “hijack” the systems of partial
denervation and track cellular changes in vivo. I also confirmed that ROS is a regulatory
feature in both developmental partial denervation and pathological partial denervation
models.
Ca2+ is an important messenger involved in intracellular and extracellular signalling
cascades and plays a crucial role in both physiological signal transductions and
pathological processes (Hagenston and Baing, 2011; Brini et al., 2014). Ca2+ is controlled
through precise mechanisms, including different channels, transporters and pumps (main
mechanisms described in 1.9.1) (Bean, 1989).
One of the most crucial beneficial roles of Ca2+ in mitochondria is the promotion of ATP
synthesis in the TCA cycle, by alterations in the activities of the mitochondrial
dehydrogenases, which generate NADH and FADH for the respiratory chain. Increase in
Ca2+ can activate very important dehydrogenases, such as pyruvate dehydrogenase,
NAD+-dependent citrate dehydrogenase, and 2-oxoglutarate dehydrogenase (SantoDomingo and Demaurex, 2010; Breckwoldt et al., 2016). In recent years, increasing
attention has been paid to the role of Ca2+ and ATP (together with redox homeostasis) in
various disease states, in which dysregulation of the normal relationship between Ca 2+
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signalling and mitochondrial ATP production occurs (Patron et al., 2013; Petersen and
Verkhratsky, 2016). However, the mechanisms of pathological processes of Ca 2+ in
mitochondria are not as well understood or characterised (Santo-Domingo and Demaurex,
2010; Sanganahalli et al., 2013).
Ca2+ signalling machinery experiences significant age-dependent changes when
comparing neurons from young and old rodents. These changes include an increase in
intracellular Ca2+ levels (Beal, 2005). The mechanisms responsible for age-related
alterations in synapse Ca2+ signalling are not clearly understood (Hempel and Trebak,
2017). However, increasing evidence suggests that there is an interplay between Ca 2+ and
ROS signalling systems in ageing and neurodegenerative diseases (Hempel and Trebak,
2017). The general assumption in pathological conditions includes high [Ca2+] and
excessive ROS generation. However, convincing evidence to support the interaction
between Ca2+ and ROS is lacking (Duchen and R., 2000; Hempel and Trebak, 2017).
Interestingly, several in vitro studies show that in isolated mitochondria, Ca2+ increase can
prevent mitochondrial ROS generation (Patron et al., 2013; Petersen and Verkhratsky,
2016). However, other in vitro studies using isolated brain mitochondria show opposite,
that increases in [Ca2+] promote ROS production (Maciel, Vercesi and Castilho, 2002;
Votyakova and Reynolds, 2005; Hansson et al., 2008).In addition, recent studies have
highlighted the concept that Ca2+ can regulate ROS levels, but also ROS can regulate
Ca2+ levels. ROS and Ca2+ cross-talk are suggested to be a fine-tuning mechanism for
homeostatic regulation of both systems (Duchen and R., 2000; Maier, 2012). The
interactions between Ca2+ and ROS signalling systems, both stimulatory and inhibitory, are
proposed to differ between cell and tissues types (Hempel and Trebak, 2017). For this
reason, the original hypothesis is that Ca2+ and ROS coupling mechanism for signalling
integration in the regulation of physiological functions may also very between healthy and
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pathophysiological systems (Hempel and Trebak, 2017). Importantly, dysfunction in either
ROS or Ca2+ affect many systems and contribute to the pathogenesis of various disorders,
including: Alzheimer’s disease (Rieusset, 2011), Parkinson’s disease (Rieusset, 2011),
atherosclerosis (Kattoor et al., 2017), diabetes (Rieusset, 2011) .
mtCa

2+

is known as an essential signalling molecule in retrograde axonal retraction

(Mukherjee and Williams, 2017). However, there is still a gap in the knowledge about the
cross-talk between ROS and

mtCa

2+

signalling pathways not only in general but also in

synapse loss. Improved understanding of the role of ROS and

mtCa

2+

in denervation

mechanisms could open new treatments for multiple neurodegenerative diseases. To
understand pathology in neurodegenerative conditions, it is crucial to understanding the
factors and conditions that determine mitochondrial ROS generation in vivo in response to
mtCa

2+

changes, and vice versa (Catterall and Few, 2008; Pozzan and Rudolf, 2009;

Hempel and Trebak, 2017).
To investigate the role of

2+

in muscle denervation, I assessed and manipulated

2+

using optically accessible Ca2+ specific probe analysis and specific inhibitors for

2+

flow to mitochondria, respectively. My main aim was to identify the cross-talk

mtCa
mCa

mtCa

between ROS and

mtCa

2+

signalling pathways in developmental and pathological partial

denervation within the same system in vivo.
4.2

Methods

For full list of methods please refer to Chapter 2
4.2.1 Ethical Approval
Refer to Chapter 2 (Section 2.1.1.1)
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4.2.2 Treatments
Stage 37–38 X. laevis tadpoles were anesthetised in 0.1% MS-222) in saline solution until
their movement ceased (2-3min) and a fine dorsal fin cut was made proximal to the
myotomal region. After 30 min recovery, tadpoles were incubated with either control (i.e.
just saline or saline + DMSO) or saline plus denervation model compounds: SPARC (50
nM for 30 min), α-LTX (15 nM for 30 min), α-BTX (8μM for 30min) or MitoPQ (5μM for
60min) in a light-protected Eppendorf before being washed in saline for 3 min. For
antioxidant experiments, tadpoles were pre-treated for 30 min with either MnTE-2- PyP5+
(1 μM), MnTnBuOE-2-PyP5+ (1 μM), MnTBAP3- (1 μM) and Mitotempol (20 μM) before
being washed in saline for 3 min and treated as described above. For Ca 2+ experiments,
tadpoles were pre-treated for 30min with Ru360 (10 µM).
4.2.3 Redox analysis
Mito-SOX and MitoPY1 probes were used at a concentration of 5 µm in saline. After a 30min light-protected incubation, tadpoles were imaged MitoSOX excitation/emission:
510/580 nm; MitoPY1 excitation/emission: 488/517 nm). After background subtraction,
mean florescence intensity was calculated per tadpole with each mean being reported as
n = 1.
4.2.4 Mitochondrial Ca2+ analysis
Rhod-2 Acetoxymethyl ester (Rhod-2.AM) probe was used at a concentration of 5 µm in
saline. After a 30-min light-protected incubation, tadpoles were washed in saline (3 x 1
min) and immobilised on a glass cavity slide with methylcellulose. Tadpoles were imaged
at excitation/emission: 552/581 nm with a Lecia DMR epifluorescence microscope. Images
were captured on a Nikon D7100 camera and regions of interest (ROIs) were analysed on
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Image J. After background subtraction, mean florescence intensity was calculated per
tadpole with each mean being reported as n = 1.
4.2.5 Statistical analysis
All data were normalised to control and expressed as % change from control (%control).
To determine the appropriate statistical test, normal distribution was assessed using a
Shapiro-Wilk test and using normal QQ and histogram plots. Normally distributed data
were analysed using a one-way general linear model with post-hoc Tukey tests. Data sets
that failed either normality tests or Brown–Forsythe (F ratio) tests were analysed using a
non-parametric one-way ANOVA test, Dunn’s multiple comparison tests. The statistical
test used for each data set is stated in the results section.
Statistical analysis were performed on GraphPad PRISM 7 (https://www.graphpad.com/).
P values ≤ 0.05 were considered to be significant and indicated by # (significant
comparing with control) or * (significant comparing with main compound). Data in graphs
are given as mean + SEM.

4.3 Results
4.3.1 Redox regulated partial denervation models increase mitochondrial matrix
mtCa

2+.

Firstly, I assessed whether my partial denervation models disrupt

mtCa

2+

homeostasis in

vivo using a permeable, intensity based Rhod-2 AM probe. My denervation models,
SPARC, α-LTX, α-BTX and MitoPQ, significantly increased Rhod-2.AM fluorescence by
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34.13% ± 5.3%; 25.28% ± 3.1%; 34.15% ± 4.2% and 28.93% ± 3.2% respectively,
compared to the control (Dunn’s multiple comparison test; p ≤ 0.05; n = 10; Figure 4.1)
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Figure 4.1 Redox regulated partial denervation models increases mitochondrial matrix mtCa2+.

(A) Representative total fluorescence Rhod-2 AM probe images (B) RHOD-2 AM probe oxidation (expressed as %δ
control) by partial denervation models (α-BTX, α-LTX, SPARC and MitoPQ), saline & DMSO control. Images taken from
the myotomal region of stage 37–38 Xenopus laevis tadpoles using whole-mount redox imaging. Scale bar is 0.1 mm.
Concentrations and incubations: SPARC (50 nM for 30 min), α-LTX (15 nM for 30 min), α-BTX (8 µM for 30 min), MitoPQ
(5 µM for 60 min). #sig diff vs control.
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4.3.2 Ru360 successfully blocks increase in

mtCa

2+

in SPARC, α-LTX, α-BTX,

MitoPQ models.
I assessed the ability of Ru360, Ca2+ uptake inhibitor, to prevent mitochondrial matrix Ca 2+
changes caused by my partial denervation models. Ru360 successfully reduced the
SPARC, α-LTX, α-BTX and MitoPQ-increased Rhod-2 AM fluorescence compared to main
compound treatment by 40.53% ± 3.2%; 40,15% ± 3.2%; 22.31% ± 2.7%; 20.75% ± 3.7%,
respectively (Dunn’s multiple comparison test; p ≤ 0.05; n = 10; Figure 4.2Figure 4.3).

Control Saline

Control DMSO

SPARC + Ru360

α-LTX +Ru360

α-BTX+ Ru360

MitoPQ +Ru360

Figure 4.2. Representative total fluorescence Rhod-2 AM probe images of partial denervation models (SPARC, α-LTX,
α-BTX & MitoPQ) plus Ru360; saline & DMSO control. Images taken from the myotomal region of stage 37–38 Xenopus
laevis tadpoles using whole-mount redox imaging. Scale bar is 0.1 mm.
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Figure 4.3. Ru360 successfully blocks increase in mitochondria matrix Ca2+ in SPARC, α-LTX, α-BTX, MitoPQ models.

Rhod-2 AM fluorescence (expressed as %δ control) main condition (A) SPARC (B) α-LTX (C) α-BTX (D) MitoPQ
denervation models; plus Ru360; n = 10 in each condition. Error bars are SEM. Saline control used for SPARC, α-LTX
and α-BTX denervation models, and DMSO control for MitoPQ denervartion model. Concentrations and incubations:
SPARC (50 nM for 30 min), α-LTX (15 nM for 30 min), α-BTX (8 µM for 30 min), MitoPQ (5 µM for 60 min), Ru360 (10
µM 30 min). #sig diff vs control. *sig diff vs main denervation compound.

4.3.3 Ru360 successfully abolishes MitoSOX probe oxidation
If Ca2+ regulates mitochondrial [ROS], Ru360 should be able to reduce ROS probe
oxidation in SPARC, α-LTX, α-BTX and MitoPQ partial denervation models. Ru360

112

effectively reduced MitoSOX oxidation in SPARC, α-LTX, α-BTX and MitoPQ models by
68.18% ± 2.7%; 51.47% ± 1.9%; 72.99% ± 2.2% and 57.89 ± 11.2%, respectively,
compared to main compound treatment (Dunn’s multiple comparison test; p ≤ 0.05; n = 10;
Figure 4.4Figure 4.5).

Control Saline

Control DMSO

SPARC + Ru360

α-LTX +Ru360

α-BTX+ Ru360

MitoPQ +Ru360

Figure 4.4. Representative total fluorescence images of MitoSOX probe images of partial denervation models (SPARC,
α-LTX, α-BTX & MitoPQ) plus Ru360; saline & DMSO control. Images taken from the myotomal region of stage 37–38
Xenopus laevis tadpoles using whole-mount redox imaging. Scale bar is 0.1 mm.

113

A

B
60

#

60
40
20
0
-20

#*
R
A
SP

C

A
SP

R

C

+R

#

MitoSOX fluorescence
(%D control)

MitoSOX fluorescence
(%D control)

80

40
20
0

*

-20

60
u3

X
LT
αX
LT
α-

60
u3
+R

D

C

100

#

80

MitoSOX fluorescence
(%D control)

MitoSOX fluorescence
(%D control)

100

60
40
20
0

*

-20

α-

B

TX
B
α-

TX

+R

u

#
80
60
40

#

20
0

0
36

M

it o

PQ

M

i to

PQ

+

R

u3

60

Figure 4.5. Ru360 successfully abolishes MitoSOX probe oxidation in partial denervation model.

MitoSOX probe oxidation (expressed as %δ control) main condition (A) SPARC (B) α-LTX (C) α-BTX (D) MitoPQ
denervation models; plus Ru360; n = 10 in each condition. Error bars are SEM. Saline control used for SPARC, α-LTX
and α-BTX denervation models, and DMSO control for MitoPQ denervartion model. Concentrations and incubations:
SPARC (50 nM for 30 min), α-LTX (15 nM for 30 min), α-BTX (8 µM for 30 min), MitoPQ (5 µM for 60 min), Ru360 (10
µM 30 min). #sig diff vs control. *sig diff vs main denervation compound.
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4.3.4 Ru360 successfully abolishes MitoPY1 probe oxidation induced by SPARC, α
- LTX, α-BTX models, but not MitoPQ model
Ru360 had a similar effect on MitoPY1 probe oxidation as MitoSOX probe oxidation in
SPARC, α - LTX, α-BTX models. Ru360 also successfully blocked MitoPY1 oxidation in
SPARC, α-LTX, α-BTX models by 60.14% ± 2.5%; 47.77% ± 3.3% and 61.71% ± 3.6%
respectively, compared to main compound treatment (Dunn’s multiple comparison test; p ≤
0.05; n = 10; Figure 4.6Figure 4.7A - C). However, Ru360 failed to block MitoPQ induced
MitoPY1 probe oxidation (Dunn’s multiple comparison test; p ≤ 0.05; n = 10; Figure
4.6Figure 4.7 D).

Control Saline

Control DMSO

SPARC + Ru360

α-LTX +Ru360

α-BTX+ Ru360

MitoPQ +Ru360

Figure 4.6. Representative total fluorescence images of MitoPY1 probe images of partial denervation models (SPARC,
α-LTX, α-BTX & MitoPQ) plus Ru360; saline & DMSO control. Images taken from the myotomal region of stage 37–38
Xenopus laevis tadpoles using whole-mount redox imaging. Scale bar is 0.1 mm.
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Figure 4.7. Ru360 successfully abolishes MitoPY1 probe oxidation induced by SPARC, α - LTX, α-BTX models but not
MitoPQ model.

MitoPY1 probe oxidation (expressed as %δ control) main condition (A) SPARC (B) α-LTX (C) α-BTX (D) MitoPQ
denervation models; plus Ru360; n = 10 in each condition. Error bars are SEM. Saline control used for SPARC, α-LTX
and α-BTX denervation models, and DMSO control for MitoPQ denervartion model. Concentrations and incubations:
SPARC (50 nM for 30 min), α-LTX (15 nM for 30 min), α-BTX (8 µM for 30 min), MitoPQ (5 µM for 60 min), Ru360 (10
µM 30 min). #sig diff vs control. *sig diff vs main denervation compound. (15 nM for 30 min), α-BTX (8 µM for 30 min),
MitoPQ (5 µM for 60 min), Ru360 (10µM 30 min). #sig diff vs control. *sig diff vs main denervation model compound.
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4.3.5 Mitochondrial matrix [Ca2+] are redox- regulated
If [mtCa2+] is redox regulated, antioxidants should reduce mitochondrial matrix [Ca 2+] in
SPARC, α-LTX, α-BTX and MitoPQ partial denervation models. Therefore, as in chapter 3,
I assessed the ability of the same four antioxidants (MnTE-2-PyP5, MnTnBuOE-2-PyP5,
MnTBAP3 and MitoTempol) to modify mtCa2+.
Interestingly, MitoTempol failed to prevent increase in [mtCa2+] in all four models (p ≥ 0.05;
n = 10; Figure 4.8Figure 4.9).

Furthermore, MnBAP3- was only able to significantly

decrease Rhod-2AM fluorescence in SPARC and MitoPQ models (Dunn’s multiple
comparison test; p ≤ 0.05; n = 10; Figure 4.8Figure 4.9 A& D). However, manganese
porphyrins: MnTE-2-PyP5+ and MnTnBuOE-2-PyP5+, that were able to prevent ROS probe
oxidation and NMJ denervation, also prevented an increase in [mtCa2+] in all partial
denervation models. MnTE-2-PyP5+ and / or MnTnBuOE-2-PyP5+, respectively, reduced
Rhod-2 AM in SPARC (33.15% ± 4.3% & 44.37% ± 4.3%), α-LTX (24.15% ± 4.5% &
21.01% ± 3.7%), α-BTX (28.97% ± 6.3% & 23.04% ± 6.3%) and MitoPQ (31.88% ± 4.7%
& 38.24% ± 5.7%) compared to partial denervation model itself (Dunn’s multiple
comparison test; p ≤ 0.05; n = 10; Figure 4.8Figure 4.9).
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Denervation
model

Figure 4.8. Representative total fluorescence Rhod-2 AM probe images of partial denervation model (α-BTX, α-LTX,
SPARC and MitoPQ) plus: MnTE-2-PyP5+, MnTnBuOE-2-PyP5+, MnTBAP3- or MitoTempol; images taken from the
myotomal region of stage 37–38 X. laevis tadpoles using whole-mount redox imaging. Scale bar is 0.1 mm.
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Figure 4.9.Mitochondrial matrix Ca2+ levels are redox regulated.

Rhod-2 AM fluorescence expressed as %δ control) main condition (A) SPARC (B) α-LTX (C) α-BTX (D) MitoPQ
denervation models; plus: MnTE-2-PyP5+, MnTnBuOE-2-PyP5+, MnTBAP3- or MitoTempol; n =10 in each condition).
Saline control used for SPARC, α-LTX and α-BTX denervation models, and DMSO control for MitoPQ denervartion
model. Concentrations and incubations: SPARC (50 nM for 30 min), α-LTX (15 nM for 30 min), α-BTX (8 µM for 30 min),
MitoPQ (5 µM for 60 min), Ru360 (10 µM 30 min). #sig diff vs control. *sig diff vs main denervation compound. (15 nM
for 30 min), α-BTX (8 µM for 30 min), MitoPQ (5 µM for 60 min), Ru360 (10µM 30 min). #sig diff vs control. *sig diff vs
main denervation model compound.

119

4.4 Discussion
The main aim of this chapter was to determine if common regulatory role of

mtCa

2+

in

pathological and developmental denervation exist and determine the link between ROS
and

mtCa

2+

signalling systems in partial muscle denervation. So far, I have shown, that

during developmental (SPARC) and pathological (α-LTX, α-BTX and MitoPQ) partial
denervation there is an increase ROS generation (chapter 3) and high mitochondrial [Ca 2+]
(chapter 4). I show an increase in the mitochondrial matrix [Ca2+] in partial denervation in
vivo, evidenced by increased total fluorescence of the Ca2+ indicator probe, Rhod-2 AM.
At the moment, multiple ROS and Ca2+ interplay theories exist (eg. high [Ca2+] decreasing
ROS; high [Ca2+] increasing ROS; high ROS increasing [Ca2+] (Kowaltowski, Castilho and
Vercesi, 1996; Starkov, Polster and Fiskum, 2002). However, most of the ROS and Ca2+
interplay studies are focused on in vitro models, so how they interplay in the more
complex, homeostatic in vivo environment is still an open question. Moreover, the
mechanisms involved in regulating mitochondrial transport under oxidative stress
conditions remain unclear (Liao, Tandarich and Hollenbeck, 2017). Using SPARC, α-LTX,
α-BTX and MitoPQ partial denervation models I was able to study partial denervation in
vivo, where denervation is triggered by a direct increase in ROS or Ca 2+, or by an
unknown mechanism.
First of all, I show using MitoPQ, in which I can selectively increase matrix O2•− without
affecting Δp or ATP synthesis in the mitochondria, that [mtCa2+] is significantly increased.
This ROS production model is important as it does not require

mtCa

2+

changes to promote

ROS production. However, the increase in [mtCa2+] in MitoPQ model suggests that high
ROS initiates [mtCa2+] increase. ROS can oxidise or compromise hundreds and up to
thousands of proteins that are involved in almost every cellular controlling function,
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including proteins controlling [mtCa2+] (Camello-Almaraz et al., 2006; Schaefer, 2014). For
example, ROS can accelerate the overall voltage-dependent Ca2+ channel opening to
enhance opening peak probability (Yoshida and Plant, 1992; Li et al., 1998; Sag, Wagner
and Maier, 2013); ROS can oxidise free thiol groups in the RyR and increased the open
probability of the channel (Kourie, 1998; Yan et al., 2008; Zaidi, 2010); ROS also can
affect many other Ca2+ control elements (Rizzuto, Bernardi and Pozzan, 2000; Hempel
and Trebak, 2017), directly or indirectly including altering Ca2+ homeostasis locally and
globally (Suzuki, Forman and Sevanian, 1997; Catterall and Few, 2008; Santo-Domingo
and Demaurex, 2010).
Secondly, by using the presynaptic model- α-LTX, I can selectively cause mass Ca2+ influx
to the nerve terminal and ATP depletion (Rigoni et al., 2008). Using this model, I show that
I can increase mitochondrial and cytosolic ROS by directly increasing mitochondrial [Ca2+].
Axonal Ca2+ overload rapidly induces mitochondrial dysfunction; including increased
mitochondrial contraction frequency, swelling, fragmentation and redox imbalance
(Breckwoldt et al., 2014). Mitochondrial fragmentation and mPTP opening increase H2O2
regulated calpain-mediated proteolytic pathways (Trachootham et al., 2008). Calpain
modulated proteolysis is implicated in the execution of axonal degeneration.
Finally, using α-BTX and SPARC, I cause muscle partial denervation through a
mechanism that is controlled neither by ROS nor Ca 2+ (López-Murcia, Terni and Llobet,
2015). However, I show that in both partial denervation models, I get increased ROS
generation and a significant increase in [mtCa2+]. The value of these results is, that not only
I can support the hypothesis that ROS and Ca2+ cross-talk to regulate each other no
matter how it is upregulated, but also that this crosstalk happens during both
developmental and pathological partial denervation in vivo.
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To further assess the interplay between ROS and Ca 2+ in partial denervation, I used four
chemically heterogeneous antioxidants (MnTE-2-PyP5+, MnTnBuOE-2-PyP5+, MnTBAP3and MitoTempol) to asses antioxidant ability to modulate [mtCa2+] in partial denervation. I
show that the same antioxidants in chapter 3 (MnTE-2-PyP5+ and MnTnBuOE-2-PyP5+)
that were able to prevent partial denervation and increase ROS, also block Ca2+ increase
in all partial denervation models. It is essential to highlight that only the antioxidants that
were effective against ROS were also effective against mitochondrial Ca 2+ changes. The
Mitotempol antioxidant that failed to prevent an increase in ROS (Chapter threePathological and Developmental partial denervation is redox - regulated) also failed to
prevent an increase in

mtCa

2+.

Mitotempol supports the hypothesis that a successful

antioxidant should be able to control ROS and

mtCa

2+

levels. The ability of MnTBAP3- to

reduce [mtCa2+] in SPARC and MitoPQ was less expected as it was not able to prevent
mitochondrial ROS probe changes.
One of the possible reasons for unexpected MnTBAP3- affect against [mtCa2+] could be due
to Rhod-2 AM probe limitations (Pozzan and Rudolf, 2009). Even though Rhod-2 AM is a
widely accepted probe and has been used in many studies (Tsien, 1981; Del Nido et al.,
1998; Pozzan and Rudolf, 2009), this tool still has some limitations that could affect the
results. For example, Rhod-2 AM also can sometimes show Ca2+ changes in cytosol
instead of the mitochondrial matrix. There is a possibility that the ester gets cleaved off
before the probe reaches the mitochondrial matrix - this cleaved Rhod-2 AM becomes a
hydrolysed Rhod-2 probe that is not cell permeable and gets trapped intracellularly
(MacGowan et al., 2001; Du et al., 2004; Venkataraman et al., 2012). Probe hydrolysis
before reaching the cell could lead to a decrease in probe fluorescence changes that are
not caused by actual mitochondrial Ca2+ levels changes.
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However, also by looking back to the figure (Figure 3.6Figure 3.10) we can also see that
MnTBAP3- did reduce at least one of cytosolic probe oxidation in SPARC and MitoPQ
models. In particular, MnTBAP3- reduce PF6-am probe oxidation in MitoPQ model and
DHE probe oxidation in the SPARC model. These results suggest the possibility that both
mitochondrial and cytosolic ROS changes are essential in maintaining mitochondrial Ca 2+
homeostasis. The value of antioxidant effects on [Ca 2+] is that now I can suggest that by
using antioxidants to control ROS, I also can prevent an increase in mitochondrial Ca 2+.
Next, I assessed Ca2+ on ROS interplay by controlling mitochondrial Ca2+. Using Ru360, I
partially blocked mtCa2+ uptake and thus prevented mitochondria from depolarising through
opening

mPTP.

In vitro mitochondria exposures with Ru360 have shown no effect on

ATPase activity and only affects Ca2+ uniporters in the mitochondria (Zhou et al., 2010;
Duchen, 2012). I showed that Ru360 successfully prevented an increase in [mtCa2+] in all
in vivo partial denervation models, as evidenced by a decrease in Rhod-2 AM total
fluorescence. Also, Ru360 successfully blocked MitoSOX probe oxidation increase caused
by SPARC, α-LTX, α-BTX and MitoPQ models. In addition, Ru360 prevented MitoPY1
probe oxidation in SPARC, α-LTX, α-BTX models. However, Ru360 did not affect MitoPQ
and caused an increase in MitoPY1 probe oxidation. It is important to note, that Ru360
could not have a direct effect on ROS levels in the MitoPQ model because of the
mechanistic action of MitoPQ (explained above). However, Ru360’s ability to reduce
MitoSOX probe oxidation, indicating normalised levels of O2•− suggests that low levels of
Ca2+ are an efficient way to initiate cell defence against ROS. The possible action for the
defence could be that low Ca2+ levels, during mitochondrial dysfunction (increase O2•−
leakage) enhances SOD enzyme activity to reduce O2•− levels (Gordeeva, Zvyagilskaya
and Labas, 2003; Hempel and Trebak, 2017). Increased SOD enzyme activity (described
in chapter 1) is a possible explanation of how Ru360 successfully decreased O2•− levels,
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indicated by a decrease in MitoSOX, but did not affect MitoPY1 probe oxidation (high
H2O2). These results 1)

confirm the hypothesis that

mPTP

opening is essential in

controlling ROS and Ca2+ homeostasis in partial denervation in vivo (Crompton, 1999;
Hempel and Trebak, 2017); 2) show that by preventing increase in mitochondrial Ca 2+
ROS changes during partial denervation can be prevented and 3) show a possible
signalling pathway linking Ca2+ control of ROS during partial denervation.
Since mPTP opening is associated with mitochondrial caspase pathway activation in many
neurodegenerative diseases, in the next chapter, I investigated the role of caspase 3 in
partial denervation in relation to Ca2+ and ROS.

4.5 Conclusion
To conclude, I show that disparate developmental and pathological partial denervation
models require a significant increase in ROS and in [mtCa2+]. My results support the idea
that ROS and

mtCa

2+

signalling pathways are profoundly linked. In addition, I support the

idea that in muscle denervation, I can regulate ROS by blocking Ca2+ uptake in
mitochondria, but also that I can reduce [mtCa2+] by reducing ROS. Furthermore, I suggest
the possible mechanism for Ca2+ controlling ROS is by Ca2+ enhancing cellular antioxidant
defence systems. Most importantly, I suggest that

mPTP

opening is an essential step

required to increase [mtCa2+] and ROS levels, and possibly initiate further signalling
pathway to cause partial muscle denervation.
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5 Chapter five - Investigating the role of caspase in muscle partial
denervation
5.1 Introduction
Knowledge of the signalling interplay between

mtCa

2+,

ROS and caspase 3 could improve

our understanding of denervation mechanisms and help inform therapeutic intervention.
Synapse loss due to extensive neuronal cell death has been recognised in
neurodegenerative diseases, like ALS, Huntington’s disease and Alzheimer’s disease (D
’amelio et al., 2009). More information about caspase 3 activity in synapse elimination
could therefore provide new treatments for multiple neurodegenerative diseases.
Caspases are a well-established family of enzymes that are required for maintaining cell
protein homeostasis through regulation of programmed cell death, apoptosis (Scott, 2003).
Although caspase 3 is primarily associated with cell death, caspase activity is also
required in morphogenesis and organogenesis (Lee, Lim and Frontera, 2017; Nakajima
and Kuranaga, 2017). During development, caspase 3 has a fundamental role in sculpting
or removing tissues by eliminating unwanted cells. For example, in male fly, caspase 3 is
essential to permit tissue rotation-driven looping morphogenesis of male genitalia
(Belmokhtar, Hillion and Ségal-Bendirdjian, 2001).
Importantly, in early neural tube formation during nervous system development, caspase
is activated and persists during neural network terminal differentiation, including in neuron,
glial and neural progenitor cells (Burek and Oppenheim, 1999). Caspase 3 activity helps
establish proper connections in the developing brain (Stepanichev et al., 2005; Huesmann
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and Clayton, 2006). Neural circuits are initially assembled through progressive events that
include a variety of processes, including synapse elimination, dendritic spine constraint,
and axon and dendrite pruning (Riccomagno and Kolodkin, 2015). Axon pruning events
facilitate the removal of axonal branches; synaptic pruning usually precedes synapse
elimination (Riccomagno and Kolodkin, 2015). Disruption of regular pruning events during
circuit maturation and refinement can lead to brain dysfunction and neurological disease,
synapse development and rearrangements (Bravarenko et al., 2006; Tseng et al., 2007;
Messaoud et al., 2015). Also, caspase 3 knockout mice with altered caspase 3 activation
show abnormalities in mouse brain development (Burek and Oppenheim, 1999). On the
other hand, excessive cortical pruning during puberty is strongly correlated with the early
onset of schizophrenia (Lewis and Levitt, 2002).
Recently it has been acknowledged that caspase 3 activity has an essential role in nonapoptotic neuroplasticity (Mattson, Keller and Begley, 1998; Chan and Mattson, 1999;
Bravarenko et al., 2006). Synaptic plasticity allows synapses to strengthen or weaken by
increasing or decreasing their activity, respectively. Importantly, synaptic plasticityassociated changes in neuronal connections in the brain are the primary mechanism for
learning and memory (Lisman et al., 1989). Firstly, the study of caspase 3 activity in
synaptic plasticity showed that non-apoptotic caspase 3 activity is essential for Zebra
finches to learn new songs. Zebra finches learning new songs required localisation of
activated caspase 3 in the postsynaptic terminal of neurons in the auditory forebrain
without activating cell death (Huesmann and Clayton, 2006). Caspase 3 activity
requirement in learning and memory were further studied and confirmed using adult rats
(Bravarenko et al., 2006; Huesmann and Clayton, 2006; Williams et al., 2006). Treatment
of rat cerebral ventricles with a caspase 3 inhibitor showed a decrease in the percentage
of prevention reactions in some behavioural analysis in active avoidance learning
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(Stepanichev et al., 2005).

On the other hand, prolonged synapse silencing during

synaptic plasticity can result in synaptic elimination (Wiegert and Oertner, 2013). However,
even though the interest in caspase 3 activity in synaptic plasticity and synaptic elimination
in the last few years have peaked, the molecular mechanism of non-apoptotic caspase 3
involvement in synapse is still not completely understood. The main question still to be
answered is how caspase is activated and controlled in non-apoptotic cellular processes
and what conditions determine if caspase 3 is pro-apoptotic or non-apoptotic (Nakajima
and Kuranaga, 2017)
Mitochondrial ROS have been suggested as a possible mechanistic link between nonapoptotic caspase 3 activity and synaptic plasticity / synaptic elimination. Whether
mitochondrial ROS regulate synaptic plasticity or elimination is unknown because it is a
novel idea associated with technical challenges (Rakic et al., 1981; Riccomagno and
Kolodkin, 2015). ROS can initiate, proliferate and even intensify intrinsic apoptosis
pathway (Rakic et al., 1981; Liu et al., 1996; J I Kourie, 1998). ROS are known to be able
to activate the intrinsic apoptosis signalling pathway by initiating cytochrome c release
from the mitochondria into the cytosol (Slee et al., 1999; Shoshan-Barmatz, De and Meir,
2017). Because ROS is an active signalling molecule and able to activate the caspase 3
pathway, it is hypothesised that mitochondrial ROS is also an initiator and regulator of
non-apoptotic caspase 3 activity in neuronal plasticity and synaptic elimination.
The other cellular signalling molecule that is involved in intrinsic apoptosis activation is
mtCa

2+

2013).

(Crompton, 1999; Rizzuto, Bernardi and Pozzan, 2000; Sag, Wagner and Maier,
mtCa

2+

overload can activate mitochondrial permeability transition pores and cause

cytochrome c release (Babcock et al., 1997; Crompton, 1999). Nevertheless, as discussed
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in the previous chapter,

mtCa

2+

and ROS changes are highly linked and possibly feedback

to each other (Brookes et al., 2004).
Studying synaptic plasticity in the brain is challenging owing to the brain’s intricate
connectome. The NMJ is an ideal alternative owing to its relative simplicity, size and
accessibility. I suggest that denervation- reinervation could be used as a tractable model
for neuroplasticity associated synapse elimination. In previous chapters, I exploited the
advantage of physiological and pathological partial denervation models (Chapter threePathological and Developmental partial denervation is redox - regulated). In SPARC, αLTX, α-BTX and Mito-PQ models, I can study ROS,

mtCa

2+

and caspase 3 activity

signalling integration in parallel without sacrificing tractability (Chapter four - Investigating
the role of mtCa2+ in muscle denervation). All four models: SPARC, α-LTX, α-BTX and MitoPQ robustly increase ROS, which was reversed by two redox compounds, identifying ROS
as a shared molecular feature of partial denervation. In chapter 4, I investigated the
signalling link between ROS and
and showed that

mtCa

2+

mtCa

2+

in SPARC, α-LTX, α-BTX and Mito-PQ models

can be regulated by ROS and vice versa. In this chapter, I tested

whether non-apoptotic caspase 3 activity is essential in in vivo partial denervation models:
SPARC, α-LTX, α-BTX and Mito-PQ. I also assessed the caspase 3 inhibition effect on
partial denervation,

mtCa

2+

and

mtROS

in vivo. Finally, I assessed the

inhibition effect on caspase 3 activity itself.
5.2

Methods

For full list of methods please refer to Chapter 2
5.2.1 Ethical Approval
Refer to Chapter 2 (Section 2.1.1.1)
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mtCa

2+

and ROS

5.2.2 Treatments
Stage 37–38 X. laevis tadpoles were anesthetised in 0.1% MS-222 in saline solution until
their movement ceased (2-3min) and a fine dorsal fin cut was. After 30 min recover in
saline, tadpoles were incubated with either control (i.e. just saline or saline + DMSO) or
saline plus denervation model compounds: SPARC (50 nM for 30 min), α-LTX (15 nM for
30 min), α-BTX (8μM for 30min) or MitoPQ (5μM for 60min) before being washed in saline
for 3 min. Saline controls were used for SPARC, α-LTX , α-BTX denervation models, and
saline + DMSO for MitoPQ denervation model. For antioxidant experiments, tadpoles were
pre-treated for 30 min with either MnTE-2- PyP5+ (1 μM), MnTnBuOE-2-PyP5+ (1 μM),
MnTBAP3- (1 μM) and Mitotempol (20 μM) before being washed in saline for 3 min and
treated as described above. For Ca2+ experiments, tadpoles were pre-treated for 30min
with Ru360 (10 µM). For Caspase 3 experiments, tadpoles were pre-treated for 30min with
AZ10417808 (20µM) or Z-DEVD-FMK (40µM).
5.2.3 Evoked swimming frequency
Evoked swimming was induced by manually touching the skin of X. laevis tadpoles with a
pipette. Swimming was filmed at 400 frames per second with a Nikon D7100 camera or or
240fps with IPhone7 and calculated as: swimming frequency = frames per second/ frames
per cycle. A single swimming episode was recorded at 2 min intervals, five episodes were
recorded and their average calculated and defined as n = 1.
5.2.3.1 Swimming recovery experiment.


Staurosporine (Sigma-Aldrich, UK)

Swimming recovery experiment was used as an indicator of whether suggested
denervation model SPARC, α-LTX, α-BTX and MitoPQ- induced NMJ loss are irreversible,
caused by cell death. It assessed if the partial denervation model frequency of tail
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oscillation can recover to the healthy (control) tadpole parameters. Also, SPARC, α-LTX,
α-BTX and MitoPQ swimming frequency recovery was compared with an apoptosispositive control treatment, staurosporine (50µM 30min), which is widely used as an
apoptosis inducer. Staurosporine can induce apoptosis through both a caspasedependent and caspase-independent pathway depending on the enzymatic equipment of
the cell (Belmokhtar, Hillion and Ségal-Bendirdjian, 2001).
For swimming recovery experiments denervation model tadpoles were treated with
suggested denervation model compounds as described in Section 5.2.2. Positive control
tadpoles were treated with Staurosporine (50M) for 30min by using the same protocol as
in Section 5.2.2. To assess swimming recovery after each treatment same protocol as in
Section 5.2.3 was used. Tadpoles were filmes after treatment (0 min recovery) and also
filming at 60min, 90min, 120min and 150min recovery time points. All control tadpole
recovery was normalised to first data point (0min recovery) and suggested denervation
model (SPARC, α-LTX, α-BTX and MitoPQ) or Staurosporine treated tadpole all recovery
time points (0min, 30min, 60min, 90min, 120min and 150min recovery) were normalised to
appropriate control 0min recovery point. All recovery time points were expressed as %δ
control at 0min recovery.
5.2.4 Rhodamine assay
Tadpoles were anesthetised in a 0.1% MS-222 supplemented saline solution until
movement ceased, before FITC conjugated rhodamine dextran dye was manually inserted
into myotomes. Three- five spaced insertions were made along a lateral axis per tadpole.
Tadpoles were washed in saline (3 x 1 min) and imaged using a Lecia DMR
epifluorescence microscope at excitation/emission: 510/580 nm. Images were captured
with a Nikon D7100 camera. Positive dye uptake innervated muscle fibre was score 100%,
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negative dye uptake – 0%. To derive a % uptake per tadpole and the mean calculated,
with n defining 1 tadpole.
5.2.5 Redox analysis
As in section 3.2.5, Mito-SOX and MitoPY1 were used at a concentration of 5 µm in saline.
After

a

30-min

light-protected

incubation,

tadpoles

were

imaged

MitoSOX

excitation/emission: 510/580 nm; MitoPY1 excitation/emission: 488/517 nm). After
background subtraction, mean florescence intensity was calculated per tadpole with each
mean being reported as n = 1.
5.2.6 Mitochondrial Ca2+ analysis
As in section 4.2.4, Rhod- 2AM was used at a concentration of 5 µm in saline. After a 30min light-protected incubation, tadpoles were imaged at excitation/emission: 552/581 nm
with a Lecia DMR epifluorescence microscope. Images were captured on a Nikon D7100
camera and regions of interest (ROIs) were analysed on Image J. After background
subtraction, mean florescence intensity was calculated per tadpole with each mean being
reported as n = 1.
5.2.7 Activated caspase 3 analysis
CAS-MAP ProBo Caspase 3 DEVD-FMK (CAS-MAP) probe was used at a concentration
of 5 µm in saline. After a 30-min incubation, tadpoles were washed in saline (3 x 1 min)
and immobilised on a glass cavity slide with methylcellulose. Tadpoles were imaged at
excitation/emission: 502/511 nm with a Lecia DMR epifluorescence microscope. Images
were captured on a Nikon D7100 camera and regions of interest (ROIs) were analysed on
Image J. After background subtraction, mean florescence intensity was calculated per
tadpole with each mean being reported as n = 1.
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5.2.8 TUNEL assay
Tadpoles were fixed in 4% paraformaldehyde for 30min at room temperature (22˚C). After
bleaching myotome and spinal cord dissections, apoptosis was evaluated using biotin
conjugated anti-BrdU antibody and streptavidin-horseradish peroxidase based (TUNEL)
apoptosis detection kit (Trevigen, MD) according to the manufacturer’s instructions.
TUNEL labelled dissections were imaged with Leica MZ16 microscope and Nikon D7100
camera and regions of interest (ROIs) were analysed on Image J. Five ROIs were
selected per image. After background subtraction, mean BrDU staining intensity was
calculated per tadpole with each mean being reported as n = 1.
5.2.9 Statistical analysis
All data were normalised to control and expressed as % change from control (%control).
To determine the appropriate statistical test, normal distribution was assessed using a
Shapiro-Wilk test and using normal QQ and histogram plots. Normally distributed data
were analysed using a one-way general linear model with post-hoc Tukey tests. Data sets
that failed either normality tests or Brown–Forsythe (F ratio) tests were analysed using a
non-parametric one-way ANOVA test, Dunn’s multiple comparison tests. The statistical
test used for each data set is stated in the results section.
Denervation model swimming recovery over time data analysed on SPSS software using
linear mixed model and confirming tree assumptions: 1) linearity of data and predicted
values; 2) Normality of residuals; 3) Independence of Residuals. After confirming an
interaction between treatment and time using Linear mixed model, multiple comparison 1way ANOVA was used to compare denervation compound treated tadpole and control
tadpole swimming frequency difference at the same time point. Also, multiple comparison
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1-way ANOVA was used to compare denervation compound treated tadpole swimming
frequency changes at different time points to starting recovery time (0min).
Statistical analysis were performed on GraphPad PRISM 7 (https://www.graphpad.com/).
P values ≤ 0.05 were considered to be significant and indicated by # (significant
comparing with control) or * (significant comparing with main compound). Data in graphs
are given as mean + SEM.

5.3 Results
5.3.1 Redox - regulated partial denervation models activate Caspase 3
Firstly, I assessed whether the partial denervation models affect caspase 3 activity in vivo.
I confirmed it using a permeable, intensity-based CAS-MAP ProBo Caspase 3 (DEVDFMK) green apoptosis detection assay.

SPARC significantly increased CAS-MAP

fluorescence intensity by 19.43% ± 2.7%, α-LTX by 22.7% ± 5.0%, α-BTX by 27.18% ±
3.05% and MitoPQ by 22.81% ± 3.04% compared to control (Dunn’s multiple comparison
test; p ≤0.05; n =10; Figure 5.1).
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Figure 5.1. Redox-regulated partial denervation models activate Caspase 3.

(A) Representative total fluorescence CAS-MAP DEVD probe images (B) RHOD-2 AM probe oxidation (expressed as
%δ control) by partial denervation models (α-BTX, α-LTX, SPARC and MitoPQ) and control. Saline control used for
SPARC, α-LTX and α-BTX denervation models, and DMSO control for MitoPQ denervartion model. Images taken from
the myotomal region of stage 37–38 Xenopus laevis tadpoles using whole-mount redox imaging. Scale bar is 0.1 mm.
Concentrations and incubations: SPARC (50 nM for 30 min), α-LTX (15 nM for 30 min), α-BTX (8 µM for 30 min), MitoPQ
(5 µM for 60 min). #sig diff vs control.
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5.3.2 Increased caspase 3 activity in partial denervation models does not cause
cell death
I assessed the hypothesis that caspase 3 activity does not activate cell death- apoptosis in
partial denervation models in two ways. Firstly, I used the TUNEL apoptosis assay BrdU
staining. BrdU staining did not increase in any of the partial denervation models (α-BTX, αLTX, SPARC and MitoPQ) (Dunn’s multiple comparison test; p  0.05; n =4; Figure 5.2).
Secondly, I assessed all partial denervation model recovery after α-BTX, α-LTX, and
SPARC and MitoPQ treatment at every 30 min for up to 150min. In the SPARC partial
denervation model, swimming frequency was significantly improved by 3.85% ± 1.0% at
30 min comparing to 0 min post-treatment (Linear mixed model and Tukey's multiple
comparisons test F

(3,193)

p  0.0001; n = 10; Figure 5.3 A) and from 30 min recovery time

point there was no difference between SPARC treated and healthy tadpoles (Dunn’s
multiple comparison test; p  0.05; n = 10; Figure 5.3 A). In the α-LTX partial denervation
model, swimming frequency was significantly improved by 5.92% ± 1.7% at 30 min
comparing to 0 min post-treatment (Linear mixed model and Tukey's multiple comparisons
test; F(3,189); p  0.0001; n=10; Figure 5.3 B) and from 30 min recovery time point there was
no significant difference between α-LTX treated and healthy tadpoles (Dunn’s multiple
comparison test; p  0.05; n = 10; Figure 5.3 B). In the α-BTX partial denervation model,
swimming frequency was significantly improved by 5.92% ± 1.2% at 30 min comparing to
0 min post-treatment (Linear mixed model and Dunn’s multiple comparison test; p ≤ 0.05;
n =10; Figure 5.3 C), and from 30 min recovery time point there was no significant
difference between α-BTX treated and healthy tadpoles (Dunn’s multiple comparison test;
p  0.05; n = 10; ; Figure 5.3 C). In the MitoPQ partial denervation model, swimming
frequency was significantly improved by 19.76% ± 1.2% at 120 min comparing to 0 min
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post-treatment, and at 120 min there was no significant difference between MitoPQ
treated and healthy tadpole (Linear mixed model and Dunn’s multiple comparison test; p 
0.05; n =10; Figure 5.3 D). The positive control for apoptosis, staurosporine, significantly
decreased swimming frequency by 29.28% ± 1.2% at 0min comparing to the control; and
at 60 min swimming frequency was further significantly decreased by 28.16 % ± 3.4 %
comparing to 0 min treatment recovery (Linear mixed model and Dunn’s multiple
comparison test; p ≤ 0.05; n =10; Figure 5.3 E).
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Figure 5.2. Increased Caspase 3 activity in partial denervation models does not cause cell death.

(A) Representative images of TUNEL l assay BrdU staining, (B) TUNEL l assay BrdU staining intensity (expressed as
%δ control) of denervation model (α-BTX, α-LTX, SPARC and MitoPQ), control. Saline control used for SPARC, α-LTX
and α-BTX denervation models, and DMSO control for MitoPQ denervartion model. n =4. Error bars are SEM.
Concentrations and incubations: SPARC (50 nM for 30 min), α-LTX (15 nM for 30 min), α-BTX (8 µM for 30 min), MitoPQ
(5 µM for 60 min). # sig diff vs control at the same recovery time; * sig diff vs treatment at the 0min recovery time.
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Figure 5.3. Denervation models are reversable
(A) SPARC, (B) α-LTX, (C) α-BTX & (D) MitoPQ evoked swimming frequency (expressed as %δ control) at the recovery
times 0 min,30 min,60 min,90 min,120 min and 150 min post-treatment; n = 10 in each condition. Saline control used for
SPARC, α-LTX and α-BTX denervation models, and DMSO control for MitoPQ denervartion model. Error bars are SEM.
Concentrations and incubations: SPARC (50 nM for 30 min), α-LTX (15 nM for 30 min), α-BTX (8 µM for 30 min), MitoPQ
(5 µM for 60 min). # sig diff vs control at the same recovery time; * sig diff vs treatment at the 0min recovery time.

138

5.3.3 Two caspase 3 inhibitors prevent the increase of caspase 3 activation in all
four partial denervation models.
I assessed the ability of caspase 3 inhibitors, Z-DEVD-FMK and AZ-10417808, to prevent
caspase 3 changes seen in SPARC, α-LTX, α-BTX and MitoPQ models. Pre-treatment
with Z-DEVD-FMK and AZ-10417808 successfully reduced the SPARC-induced increase
of CAS-MAP fluorescence by 23.20% ± 3.2% and 17.75% ± 3.4%, respectively, compared
to SPARC treatment alone (Dunn’s multiple comparison test; p ≤ 0.05; n =10; Figure
5.4Figure 5.5 A). Z-DEVD-FMK and AZ-10417808 successfully reduced the α-LTXinduced increase of CAS-MAP fluorescence by 30.30% ± 4.3% and 30.35% ± 3.0%,
respectively, compared to α-LTX alone (Dunn’s multiple comparison test; p ≤ 0.05; n = 10;
Figure 5.4Figure 5.5 B). Z-DEVD-FMK and AZ-10417808 successfully reduced the α-BTXinduced increase of CAS-MAP fluorescence by 32.18% ± 3.2% and 28.67% ± 2.7%,
respectively, compared to α-BTX alone (Tukey's multiple comparisons test; F(3,396); p ≤
0.0001; n = 10; Figure 5.4Figure 5.5 C). Finally, Z-DEVD-FMK and AZ-10417808 also
successfully reduced MitoPQ-induced increase of CAS-MAP fluorescence by 30.11% ±
3.5% and 27.52 % ± 2.9%, respectively, compared to MitoPQ alone (Dunn’s multiple
comparison test; p ≤ 0.05; n = 10; Figure 5.4Figure 5.5 D).
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Figure 5.4. Representative total fluorescence CAS-MAP DEVD probe images
Images of in vivo by partial denervation model (α-BTX, α-LTX, SPARC and MitoPQ) plus caspase inhibitor (AZ10417808 or Z-DEVD-FMK), saline & DMSO control;; images taken from the myotomal region of stage 37–38 Xenopus
laevis tadpoles using whole-mount imaging. Scale bar is 0.1 mm. n=10 in each condition
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Figure 5.5. Caspase 3 inhibitors, Z-DEVD-FMK and AZ-10417808, prevent the increase of caspase3 activation in all four
partial denervation models.

CAS-MAP DEVD total fluorescence (expressed as %δ control) denervation models A) SPARC, (B) α-LTX, (C) α-BTX &
(D) MitoPQ plus caspase inhibitor (Z-DEVD-FMK or AZ-10417808); n = 10 in each condition. Saline control used for
SPARC, α-LTX and α-BTX denervation models, and DMSO. Error bars are SEM. Concentrations and incubations:
SPARC (50 nM for 30 min), α-LTX (15 nM for 30 min), α-BTX (8 µM for 30 min), MitoPQ (5 µM for 60 min), AZ-10417808
(20 µM 30 min), Z-DEVD-FMK (40 µM 3 0min). #sig diff vs control. *sig diff vs denervation model.
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5.3.4 Caspase 3 inhibitors prevent the decrease in swimming frequency in all four
models
If caspase 3 initiates the NMJ changes required for denervation, preventing caspase 3
increase in partial denervation models should prevent partial denervation. Caspase 3
inhibitor, Z-DEVD-FMK and AZ-10417808, pre-treatment successfully prevented the
decrease in the swimming frequency caused by all four partial denervation models. ZDEVD-FMK and AZ-10417808, respectively, improved the swimming frequency in SPARC
(4.39% ± 0.9% & 5.05% ± 1.0%), α-LTX (11.17% ± 1.1% & 9.56% ± 1.2%), α-BTX (7.78%
± 1.0% & 13.93% ± 1.2%) and MitoPQ (23.59% ± 1.1% & 12.34% ± 1.2%) treated
tadpoles compared to each of the denervation models alone (Dunn’s multiple comparison
test; p ≤ 0.05; n = 10; Figure 5.6).
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Figure 5.6. Caspase 3 inhibitors, Z-DEVD-FMK and AZ-10417808, prevent the decrease in swimming frequency in all
four models.

Evoked swimming frequency (expressed as %δ control) of denervation models: (A) SPARC, (B) α-LTX, (C) α-BTX & (D)
MitoPQ plus caspase inhibitor (Z-DEVD-FMK or AZ-10417808); n = 10 in each condition. Saline control used for
SPARC, α-LTX and α-BTX denervation models, and DMSO. Error bars are SEM. Concentrations and incubations:
SPARC (50 nM for 30 min), α-LTX (15 nM for 30 min), α-BTX (8 µM for 30 min), MitoPQ (5 µM for 60 min), AZ-10417808
(20 µM 30 min), Z-DEVD-FMK (40 µM 30 min). #sig diff vs control. *sig diff vs denervation model.
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5.3.5 Caspase 3 inhibitors prevent loss of Rhodamine dye uptake in all four models
Next, I investigated whether caspase 3 inhibitors can also prevent partial muscle
denervation (i.e. loss of rhodamine dye uptake). Pre-treatment tadpoles with Z-DEVDFMK and AZ-10417808 protected neurones from SPARC-induced decrease in rhodamine
dye uptake by 44.76% ± 6.1% and 42.21% ± 6.2% respectively relative to SPARC alone
(Dunn’s multiple comparison test; p ≤ 0.05; n = 20; Figure 5.7 A). In α-LTX and α-BTX
models, Z-DEVD-FMK and AZ-10417808 also protected from the decrease in rhodamine
dye uptake (Tukey's multiple comparisons test; F(3,396); p ≤ 0.0001; n = 10; Figure 5.7 B &
C). In the last model, again caspase 3 inhibitors, Z-DEVD-FMK and AZ-10417808,
significantly reduced the loss of dye uptake relative to MitoPQ (Dunn’s multiple
comparison tests; p ≤ 0.05; n = 20; Figure 5.7 D).
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Figure 5.7. Caspase 3 inhibitors, Z-DEVD-FMK and AZ-10417808, prevent loss of Rhodamine dye uptake in all four
models.

Rhodamine uptake (expressed as %δ control) of denervation models: (A) SPARC, (B) α-LTX, (C) α-BTX & (D) MitoPQ
plus caspase inhibitor (Z-DEVD-FMK or AZ-10417808); n = 10 in each condition. Saline control used for SPARC, α-LTX
and α-BTX denervation models, and DMSO. Error bars are SEM. Concentrations and incubations: SPARC (50 nM for 30
min), α-LTX (15 nM for 30 min), α-BTX (8 µM for 30 min), MitoPQ (5 µM for 60 min), AZ-10417808 (20 µM 30 min), ZDEVD-FMK (40 µM 30min). #sig diff vs control. *sig diff vs denervation model
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5.3.6 Caspase 3 inhibitors successfully abolish MitoSOX probe oxidation induced
by α-LTX, α-BTX, MitoPQ models, but not the SPARC model
If blocking caspase 3 activity initiates a negative feedback signalling mechanism, caspase
3 inhibition in partial denervation models should initiate reduction of ROS. I predicted that
caspase 3 inhibition by Z-DEVD-FMK and AZ-10417808 should, therefore, reduce ROS
probe oxidation in SPARC, α-LTX, α-BTX and MitoPQ partial denervation models. Pretreatment with Z-DEVD-FMK and AZ-10417808 reduced MitoSOX probe oxidation in αLTX model by 37.35% ± 5.4% and 22.73% ± 5.7% respectively relative to α-LTX (Tukey's
multiple comparisons test; F(4,445); p ≤ 0.0001; n = 10; Figure 5.8Figure 5.9 B). Z-DEVDFMK and AZ-10417808 also reduced MitoSOX in α-BTX, and MitoPQ treated tadpoles
(Dunn’s multiple comparison tests; p ≤ 0.05; n = 10; Figure 5.8Figure 5.9 C & D).
However, neither Z-DEVD-FMK nor AZ-10417808 reduced the SPARC-induced increases
in MitoSOX probe oxidation (Dunn’s multiple comparison tests; P  0.05; n = 10; Figure
5.8Figure 5.9 A).
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Figure 5.8. Representative total fluorescence MitoSOX probe oxidation image.
Images of in vivo partial denervation model (α-BTX, α-LTX, SPARC and MitoPQ) plus caspase inhibitor (AZ-10417808 or
Z-DEVD-FMK); saline control used for SPARC, α-LTX and α-BTX denervation models, and DMSO images taken from
the myotomal region of stage 37–38 Xenopus laevis tadpoles using whole-mount imaging. Scale bar is 0.1 mm. n =10 in
each condition
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Figure 5.9. Caspase 3 inhibitors, AZ-10417808 and Z-DEVD-FMK, successfully abolish MitoSOX probe oxidation
induced by α-LTX, α-BTX, MitoPQ models, but not the SPARC model.

MitoSOX probe oxidation (expressed as %δ control) denervation models: (A) SPARC, (B) α-LTX, (C) α-BTX & (D)
MitoPQ plus caspase inhibitor (Z-DEVD-FMK or AZ-10417808); n = 10 in each condition. Saline control used for
SPARC, α-LTX and α-BTX denervation models, and DMSO. Error bars are SEM. Concentrations and incubations:
SPARC (50 nM for 30 min), α-LTX (15 nM for 30 min), α-BTX (8 µM for 30 min), MitoPQ (5 µM for 60 min), AZ-10417808
(20 µM 30min), Z-DEVD-FMK (40 µM 30 min). #sig diff vs control. *sig diff vs denervation model.
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5.3.7 Caspase 3 inhibitors only successfully abolish MitoPY1 probe oxidation
induced by the α-LTX model
Z-DEVD-FMK and AZ-10417808 were less successful in reducing MitoPY1 probe
oxidation. Both Z-DEVD-FMK and AZ-10417808 successfully reduce MitoPY1 probe
oxidation, by 33.43% ± 8.2% and 27.26% ± 6.9% respectively, relative to α-LTX (Dunn’s
multiple comparison tests; p ≤ 0.05; n = 10; Figure 5.10Figure 5.11 B). In SPARC treated
tadpoles, only Z-DEVD-FMK reduced MitoPY1 oxidation (Tukey's multiple comparisons
test; F(3,396); p ≤ 0.001; n = 10; Figure 5.10Figure 5.11 A). In MitoPQ treated tadpoles, only
AZ-10417808 reduced MitoPY1 oxidation (Tukey's multiple comparisons test; F (3,421); p ≤
0.001; n = 10; Figure 5.10Figure 5.11 D). However, neither Z-DEVD-FMK nor AZ10417808 reduced α-BTX- induced increase in MitoPY1 probe oxidation (Dunn’s multiple
comparison tests; p  0.05; n = 10; Figure 5.10Figure 5.11 C).
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Figure 5.10. Representative total fluorescence MitoPY1 probe oxidation images.
Images of in vivo partial denervation model (α-BTX, α-LTX, SPARC and MitoPQ) plus caspase inhibitor (AZ-10417808 or
Z-DEVD-FMK); saline control used for SPARC, α-LTX and α-BTX denervation models, and DMSO. Images taken from
the myotomal region of stage 37–38 Xenopus laevis tadpoles using whole-mount imaging. Scale bar is 0.1 mm. n =10 in
each condition
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Figure 5.11. Caspase 3 inhibitors, AZ-10417808 or Z-DEVD-FMK, only successfully abolishes MitoPY1 probe oxidation
induced by the α-LTX model.

MitoPY1 probe oxidation (expressed as %δ control) denervation models: (A) SPARC, (B) α-LTX, (C) α-BTX & (D)
MitoPQ plus caspase inhibitor (Z-DEVD-FMK or AZ-10417808); n = 10 in each condition. Saline control used for
SPARC, α-LTX and α-BTX denervation models, and DMSO. Error bars are SEM. Concentrations and incubations:
SPARC (50 nM for 30 min), α-LTX (15 nM for 30 min), α-BTX (8 µM for 30 min), MitoPQ (5 µM for 60 min), AZ-10417808
(20 µM 30min), Z-DEVD-FMK (40 µM 30 min). #sig diff vs control. *sig diff vs denervation model.
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5.3.8 Caspase 3 inhibitors successfully block an increase in

mtCa

2+

in SPARC, α-

LTX, α-BTX, MitoPQ models.
If blocking caspase 3 activity initiates a negative feedback signalling mechanism, caspase
3 inhibition in partial denervation models should initiate reduction of
mtCa

2+

mtCa

2+.

As expected,

increase was reversed by both caspase inhibitors, Z-DEVD-FMK and AZ-

10417808, in all partial denervation models. Pre-treatment with Z-DEVD-FMK and AZ10417808, respectively, reduced Rhod-2 AM in SPARC (23.38% ± 3.8% & 18.51% ±
2.2%; Dunn’s multiple comparison test; p ≤ 0.05; n =10; Figure 5.12Figure 5.13 A); α-LTX
(27.51% ± 3.4% & 23.88% ± 3.6%; Tukey's multiple comparisons test; F (3,396); p ≤ 0.0001;
n = 10; Figure 5.13 A & C); α-BTX (40.26% ± 3.15% & 31.91% ± 3.2%; Dunn’s multiple
comparison test; p ≤ 0.05; n = 10; ; Figure 5.12Figure 5.13 B& C) and MitoPQ (21.76% ±
2.3% & 17.46% ± 2.4%; Tukey's multiple comparisons test; F (3,796); p ≤ 0.0001; n = 10; ;
Figure 5.12Figure 5.13 D) treated tadpoles compared to the main compound alone.
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Figure 5.12. Representative total fluorescence Rhod-2 AM probe images
Images of in vivo partial denervation model (α-BTX, α-LTX, SPARC and MitoPQ) plus caspase inhibitor (AZ-10417808 or
Z-DEVD-FMK); saline control used for SPARC, α-LTX and α-BTX denervation models, and DMSO. Images taken from
the myotomal region of stage 37–38 Xenopus laevis tadpoles using whole-mount imaging. Scale bar is 0.1 mm. n =10 in
each condition
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Figure 5.13. Caspase 3 inhibitors successfully block an increase in mtCa 2+ in SPARC, α-LTX, α-BTX, MitoPQ models.

Rhod-2 AM probe fluorescence (expressed as %δ control) denervation models: (A) SPARC, (B) α-LTX, (C) α-BTX & (D)
MitoPQ plus caspase inhibitor (Z-DEVD-FMK or AZ-10417808); n = 10 in each condition. Saline control used for
SPARC, α-LTX and α-BTX denervation models, and DMSO. Error bars are SEM. Concentrations and incubations:
SPARC (50 nM for 30 min), α-LTX (15 nM for 30 min), α-BTX (8 µM for 30 min), MitoPQ (5 µM for 60 min), AZ-10417808
(20 µM 30min), Z-DEVD-FMK (40 µM 30 min). #sig diff vs control. *sig diff vs denervation model.
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5.3.9 Ru360 successfully abolish CAS-MAP fluorescence induced by SPARC, α LTX, α-BTX models but not MitoPQ model
In the previous chapter (chapter 4) I showed that Ru360 failed to prevent oxidation using
one of the ROS probes in the MitoPQ model. I therefore, assessed the effect of Ru360 on
caspase 3 activity in SPARC, α-LTX, α-BTX and MitoPQ partial denervation models. As
expected, Ru360 successfully prevented an increase in CAS-MAP probe fluorescence in
SPARC (Dunn’s multiple comparison test; p ≤ 0.05; n =10; Figure 3.14 Figure 5.15 A), αLTX (Tukey's multiple comparisons test; F(2,297); p ≤ 0.0004; n = 10; Figure 3.14 Figure
5.15 B), α-BTX (Dunn’s multiple comparison test; p ≤ 0.05; n = 10; Figure 3.14 Figure 5.15
C) models, but Ru360 failed to reduce MitoPQ-induced caspase 3 activity changes
(Dunn’s multiple comparison test; p  0.05; n = 10; Figure 3.14 Figure 5.15 D).

Control Saline

Control DMSO

SPARC + Ru360

α-LTX +Ru360

α-BTX+ Ru360

MitoPQ +Ru360

Figure 5.14. Representative total fluorescence CAS-MAP probe images
Images of in vivo partial denervation model (α-BTX, α-LTX, SPARC and MitoPQ) plus Ru360; saline control used for
SPARC, α-LTX and α-BTX denervation models, and DMSO; the images taken from the myotomal region of stage 37–38
Xenopus laevis tadpoles using whole-mount imaging. Scale bar is 0.1 mm. n =10 in each condition
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Figure 5.15. Ru360 successfully abolish CAS-MAP fluorescence induced by SPARC, α - LTX, α-BTX models but not
MitoPQ model.

CAS-MAP fluorescence (expressed as %δ control) denervation models: (A) SPARC, (B) α-LTX, (C) α-BTX & (D) MitoPQ
plus Ru360; n = 10 in each condition. Saline control used for SPARC, α-LTX and α-BTX denervation models, and
DMSO. Error bars are SEM. Concentrations and incubations: SPARC (50 nM for 30 min), α-LTX (15 nM for 30 min), αBTX (8 µM for 30 min), MitoPQ (5 µM for 60 min), Ru360 (10 µM 30 min). #sig diff vs control. *sig diff vs denervation
model.
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5.3.10 MnTE-2-PyP5+ and/or MnTnBuOE-2-PyP5+ prevent an increase of activated
caspase 3 in all four models
Lastly, if denervation is redox regulated, antioxidants should prevent caspase 3 activation
required for the partial muscle denervation in SPARC, α-LTX, α-BTX and MitoPQ partial
denervation models. Both heterogeneous antioxidants that were used in chapter 3 and 4,
MnTE-2-PyP5+ or MnTnBuOE-2-PyP5+, effectively blocked caspase 3 activation in
SPARC, α-LTX, α-BTX and MitoPQ partial denervation models. Tadpole pre-treatment
with MnTE-2-PyP5+ and MnTnBuOE-2-PyP5+ ,respectively, prior incubation with SPARC,
reduced CAS-MAP fluorescence by 27.69% ± 2.8% & 25.05% ± 3.9% relative to SPARC
(Dunn’s multiple comparison test; p ≤ 0.05; n = 10; Figure 5.16Figure 5.17 A). MnTE-2PyP5+ and MnTnBuOE-2-PyP5+, respectively, reduced CAS-MAP fluorescence by 40.42%
± 2.7% & 17.84% ± 2.7% in α-LTX model and by 50.59% ± 2.5% & 31.67% ± 3.3% in αBTX model relative to the appropriate partial denervation model (Dunn’s multiple
comparison test; p ≤ 0.05; n = 10; Figure 5.16Figure 5.17 B & C). MnTE-2-PyP5+ or
MnTnBuOE-2-PyP5+, respectively, reduced CAS-MAP fluorescence by 26.78% ± 2.6% &
31.02% ± 2.8% relative to the MitoPQ model (Tukey's multiple comparisons test; F(3,396); p
≤ 0.0001; n = 10; Figure 5.16Figure 5.17 D).
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Figure 5.16. Representative total fluorescence CAS-MAP probe images.
Images of in vivo partial denervation model (α-BTX, α-LTX, SPARC and MitoPQ) plus two main antioxidants (MnTE-2PyP5+, MnTnBuOE-2-PyP5+); saline control used for SPARC, α-LTX and α-BTX denervation models, and DMSO; the
images taken from the myotomal region of stage 37–38 Xenopus laevis tadpoles using whole-mount imaging. Scale bar
is 0.1 mm. n =10 in each condition.
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Figure 5.17. MnTE-2-PyP5+ and/or MnTnBuOE-2-PyP5+ prevent an increase of activated caspase 3 in all four models.

CAS-MAP fluorescence (expressed as %δ control) denervation models: (A) SPARC, (B) α-LTX, (C) α-BTX & (D) MitoPQ
two main antioxidants (MnTE-2-PyP5+, MnTnBuOE-2-PyP5+); n = 10 in each condition. Saline control used for SPARC,
α-LTX and α-BTX denervation models, and DMSO for MitoPQ. Error bars are SEM. Concentrations and incubations:
SPARC (50 nM for 30 min), α-LTX (15 nM for 30 min), α-BTX (8 µM for 30 min), MitoPQ (5 µM for 60 min), MnTE-2PyP5+ (1 µM for 30 min), MnTnBuOE-2-PyP5+ (1 µM for 30 min); #sig diff vs control. *sig diff vs denervation model.
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5.4 Discussion
In chapter 3 I showed that using stage 37-38 Xenopus Laevis, I can “hi-jack” denervation
systems and track cellular changes in vivo. I also confirmed that ROS is a regulatory
feature in both developmental partial denervation and pathological partial denervation
models. In chapter 4, I showed the cross talk between

mtCa

2+

and ROS in developmental

and pathological partial denervation models. The main aim of this chapter was to
determine if common regulatory role of activated Caspase 3 in pathological and
developmental denervation exist and determine the link between ROS and

mtCa

2+

and

activated caspase 3 signalling systems in partial muscle denervation.
Firstly, I confirmed that an increase in activated caspase 3 levels occurs during partial
denervation in vivo, evidenced by increased total fluorescence of activated caspase 3
using the intensity-based CAS-MAP probe. Secondly, I confirmed that SPARC, α-LTX, αBTX and MitoPQ-induced increases in caspase 3 activity does not cause cell death. I
demonstrated this by using a standard apoptosis assay approach-, the TUNEL assay. The
TUNEL assay showed that there is no significant increase in 3' OH ends of the DNA
fragments that would form during the apoptosis process (Cho, Courtman and Langille,
1995; Iglesias-Guimarais et al., 2013). Secondly, I confirmed non-apoptotic caspase
activity results by assessing the swimming frequency recovery of tadpoles treated with
positive apoptosis control (staurosporine) versus denervation model tadpole recovery. I
showed that in the SPARC, α-LTX and α-BTX partial denervation model, swimming
frequency was restored to control levels after 30 min and MitoPQ swimming frequency
fully recovered after 120 min. With staurosporine treated tadpoles, the movement did not
improve over time and was nearly completely inhibited by the 90 min time point. Partial
denervation model full and rapid swimming frequency recovery in comparison to the
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apoptosis positive control rapid loss in function, allows me to suggest that in partial
denervation models, caspase 3 activity does not activate apoptosis signalling pathway.
Secondly, I assessed the hypothesis that if the denervation process is achieved by
activated caspase 3, inhibiting caspase 3 activity should prevent denervation. I confirmed
that by blocking caspase 3 activity with two different caspase 3 inhibitors, I can prevent the
partial denervation in all four models.
Interestingly previous research has consistently demonstrated that apoptotic machinery is
activated in muscle denervation and in different pathologic and physiologic muscle
atrophic conditions including muscle dystrophy, sarcopenia, and neuromuscular diseases
(Siu and Alway, 2005; Plant et al., 2009; Siu, 2009). However, it also has been previously
noted that during non-disease associated neural remodelling / synapse elimination,
caspase 3 activity increase is required, but not neuronal death (Innocenti, 1981; Yaron
and Schuldiner, 2016). In addition, recently, non-apoptotic caspase 3 activation has been
identified as an essential step in long- term depression (Li et al., 2010; Jiao and Li, 2011).
Long- term depression has been associated with spinal neuron specific morphological
changes, local spine neuron elimination and dendritic pruning (Hasbani et al., 2001).
Finally, it has been suggested that caspase 3 activation is localised and under normal
circumstances, it is tightly controlled to allow local morphological synapse changes while
preventing widespread and cellular damage (Unsain and Barker, 2015). As SPARC, αLTX, α-BTX and MitoPQ partial denervation model results support by the literature (Chan
and Mattson, 1999; Bravarenko et al., 2006; D ’amelio et al., 2009), I therefore suggest
that partial denervation and synaptic plasticity share the same synaptic remodelling
mechanism. Furthermore, non-apoptotic partial denervation in SPARC, α-LTX and α-BTX
denervation models allows me to support the idea that, as with synaptic plasticity, partial

161

denervation is tightly controlled and localised (Unsain and Barker, 2015), and the
apoptotic denervation is a result of uncontrolled continues denervation – reinnervation
process while remodelling NMJ.
In previous chapters, I have shown that the partial denervation process is highly
dependent on cellular ROS and [mtCa2+] and it is crucial to understand how caspase 3
inhibition affects ROS and [mtCa2+]. In this chapter I show that Z-DEVD-FMK and AZ10417808, two caspase 3 inhibitors, successfully prevented MitoSOX probe oxidation in αLTX, α-BTX and MitoPQ models However, caspase 3 inhibitors were less successful in
preventing MitoPY1 probe oxidation. How caspase 3 inhibition prevented ROS increase is
not clear. However, previous studies have shown that caspase inhibition significantly
enhanced mitochondrial SOD activity (Petrache et al., 2008). Because an increase in SOD
enzyme activity (described in chapter 1) is associated with producing H2O2 to reduce O2•−
levels, this would explain why caspase 3 inhibitors are more successful in reducing
MitoSOX probe oxidation. Importantly, the MitoPQ model allows us to suggest a possible
partial denervation signalling pathway. First, I showed that excessive mitochondrial
production of O2•− activates caspase 3 activity and causes partial denervation. Secondly,
by blocking caspase 3 activity, I prevented partial denervation, which also lead to the
reduction of ROS. So my data support the hypothesis that caspase 3 activity is redoxregulated (Higuchi et al., 1998; Wang and Youle, 2009). Additionally, inhibition of caspase
3 can successfully activate the negative feedback to reduce mitochondrial ROS, possibly
by enhancing SOD enzyme activity. However, further studies for understanding ROS and
caspase 3 signalling pathway interplay are required. The importance of SOD enzyme
activity has been widely studied in muscle denervation and all neurodegenerative
diseases (Sakowski et al., 2012; Ringer et al., 2016; Giorgos K Sakellariou et al., 2018).
Nevertheless, there is lack of information on how SOD levels change when caspase 3
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activity is inhibited in synaptic plasticity or disease/ ageing associated denervation. Further
studies on my hypothesis that caspase 3 inhibition reduces ROS levels by enhancing SOD
enzyme activity could provide crucial information about the signalling pathway that decides
synapse fate.

In addition, it would be interesting to know how exactly ROS activates caspase 3 and how
it is determined when caspase 3 activity is used to strengthen the synapse or to remove it.
However, this question is challenging as ROS and caspase activity are both essential for
maintaining synaptic plasticity (Snigdha et al., 2012; Ertürk, Wang and Sheng, 2014), and
at the same time, ROS induced caspase activation can result in neurodegenerative
diseases or muscle atrophy (Adhihetty et al., 2007). For this reason, it is important to
understand what the main cellular changes are that trigger and determine the fate of the
NMJ. To do so, a better understanding of both synapse death and synapse strengthening
- rearmament processes are required. For example, mitochondrial proton leak is a wellrecognised consequence during oxidative stress, and mitochondrial structural changes are
characteristic of ageing and muscle atrophy diseases (Maciel, Vercesi and Castilho, 2002;
Lin and Beal, 2006; Hepple, 2014). However, whether there are any mitochondrial
structural adjustments during synaptic plasticity or non-disease associated denervation is
still unknown.
I also assessed the ability of Z-DEVD-FMK and AZ-10417808 to prevent [mtCa2+] changes
in SPARC, α-LTX, α-BTX and MitoPQ partial denervation models. Both caspase 3
inhibitors prevented an increase in [mtCa2+]. The mechanism of caspase 3’s inhibition of
[mtCa2+] is not yet identified. However,

2+
mtCa

can regulate antioxidant defence systems,

including SOD, GSH, and catalase (Hempel and Trebak, 2017). In addition, Z-DEVD-FMK
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and AZ-10417808 were able to reduce most of the ROS probe oxidation, leading me to
suggest that inhibition of the caspase 3 initiates the negative feedback to normalise
cellular levels of [mtCa2+]. However, as [mtCa2+] changes are mostly associated with
caspase 3 activation (Patron et al., 2013), the mechanism through which caspase 3
inhibition can reduces [mtCa2+] is not elucidated yet (Sharma and Rohrer, 2004). Antiapoptotic protein studies show that inhibition of caspase 3 prevents reduction of
endoplasmic reticulum (ER) [Ca2+] and, consequently, reduces the amount of Ca2+ transfer
from the ER to mitochondria (Foyouzi-Youssefi et al., 2000;; Palmer et al., 2004). The
reduction of [mtCa2+] in partial denervation models after caspase 3 inhibition does suggest
that Ca2+ transfer changes between ER and mitochondria could have achieved these
changes. However, to confirm this hypothesis in our models, further studies on ER and
mtCa

2+

level changes are required. Nevertheless, this hypothesis leads us one step closer

to understanding how caspase 3 inhibition may reduce [mtCa2+].
Additionally, as caspase 3 activity is highly associated with

mtCa

2+ overload

and mPTP pore

opening (García-Rivas et al., 2006; Baumgartner et al., 2009; Karam et al., 2017), I
checked if partially blocking the mPTP pore opening with Ru360 and preventing [mtCa2+]
changes can prevent caspase 3 activation. Interestingly Ru360 successfully prevented an
increase in caspase 3 activity in SPARC, α-LTX and α-BTX models. However, Ru360 was
unable to decrease caspase 3 activity in the MitoPQ model. Notably, in chapter 4, I also
showed that in the MitoPQ model Ru360 was only able to prevent an increase in [ mtCa2+]
and increase in [O2•−] but not able to prevent [H2O2] increase. It, therefore, again suggests
that Ca2+ and ROS signalling pathways are linked and that both are equally important in
controlling the partial denervation process (Duchen and R., 2000).
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Lastly, and probably most importantly, I show that caspase 3 activity can be blocked by
antioxidants, MnTE-2-PyP5+ and MnTnBuOE-2-PyP5+. Each antioxidant successfully
prevented partial denervation (chapter 3) and also prevented an increase in [mtCa2+]
(chapter 4). It is important to note that antioxidants not only prevent ROS changes but can
also fully prevent caspase 3 activation and muscle partial denervation. This final data set
supports my hypothesis that antioxidants are a suitable treatment to prevent ROS
changes in pathological and developmental partial denervation if they can be targeted to
the appropriate subcellular compartment.

5.5 Conclusion
To conclude, I showed that partial developmental and pathological partial denervation
require non-apoptotic caspase 3 activation. Importantly, I also showed that partial
denervation mechanisms share similar signalling pathway with synaptic plasticity, which
includes increased caspase 3 activation that is activated by increased

mtCa

2+

Secondly, I proposed that caspase 3 inhibition can normalise mitochondrial

and ROS.
mtCa

2+

by

reducing Ca2+ movement from ER to mitochondria. However, to confirm this pathway,
further studies are required. Most importantly, I confirmed that SOD mimetics can prevent
caspase 3 activation and I have supported the idea that denervation is redox- regulated.
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6 Chapter Six- Conclusion
Selective loss of vulnerable neurons secondary to lost synaptic connectivity is a unifying
feature of different neurodegenerative diseases (Saxena and Caroni, 2011). If various
disease inputs unite on a common synapse loss mechanism, therapies that prevent
synapse loss should be effective in multiple conditions. Developing common therapies is
important as treatments that delay neurodegeneration are lacking (Taylor, Brown and
Cleveland, 2016). Progress towards this goal is challenging as neurodegenerative
diseases differ in their time of onset, kinetics, severity and phenotypes (Bishop et al.,
2004; Tapia et al., 2012; Brill et al., 2016).However, the latter caveat helps us to reveal the
common mechanism by informing the idea that diverse disease is an enhanced
developmental synapse loss (Tetruashvily et al., 2016; Yaron and Schuldiner, 2016; Sheu
et al., 2017). If so, developmental and pathological synapse loss should share molecular
features.
This study aimed to investigate biological phenomena implicated in NMJ ageing in vivo. To
mimic the process of muscle denervation, I developed partial denervation models using
hatchling Xenopus laevis. Using Xenopus laevis tadpoles, a classic developmental model,
and four different compounds (developmental model: SPARC- a developmental synapse
retraction promoter; pathological models: α-BTX - post-synaptic toxin, α-LTX - pre-synaptic
toxin and MitoPQ – mitochondrial targeted toxin) I was able to mimic physiological and
pathological partial denervation and study them in parallel in vivo. Using each model, I
was able to test the original hypotheses that developmental denervation / pathological
denervation processes should share a common synapse rearrangement / elimination
mechanism, with ROS proposed to be a shared regulatory feature.
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Using proposed partial denervation Xenopus models, I measured and manipulated cellular
changes in vivo and extended our current state of knowledge regarding signalling pathway
complexity in the synapse rearrangement and elimination process in vivo. Also using
Xenopus partial denervation models, I was able to improve our knowledge about the
signalling pathway involved in both developmental and pathological denervation stages.
Importantly in chapter 3, I showed that by directly targeting mitochondria with MitoPQ to
promote O2•−, MitoPQ can initiate partial muscle denervation. MitoPQ’s ability to induce
partial denervation not only suggests that ROS is a shared feature in all four denervation
models, but also that developmental and pathological denervation models are redoxregulated (chapter 3).
Crosstalk between ROS and [mtCa2+] have been previously recognised (Gordeeva,
Zvyagilskaya and Labas, 2003), for this reason, in the next chapter (chapter 4) I
investigated the relationship between ROS and

mtCa

2+

in pathological and developmental

partial denervation. Most importantly, I showed that partial denervation requires an
increase in both ROS and [mtCa2+] and that ROS can regulate
the information about the interplay between ROS and

mtCa

2+

mtCa

2+

and vice versa. As

is controversial (Duchen and

R., 2000; Hempel and Trebak, 2017) the exact mechanism of how

mtCa

2+

controls ROS is

still not fully understood. However, based on MitoPQ data from chapter 4, I support the
present hypothesis that

mtCa

2+

can reduce ROS levels by boosting antioxidant defence

systems like the SOD enzyme (Gordeeva, Zvyagilskaya and Labas, 2003; Hempel and
Trebak, 2017).
In support of the hypothesis that

mtCa

2+

induced SOD can reduce ROS , in chapter 4 I

showed that mPTP opening is an essential step required to regulate Ca 2+ and ROS and
possibly initiate muscle denervation. As mPTP opening is an established step in activating
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the caspase 3 signalling pathway (Crompton, 1999; Hempel and Trebak, 2017), in chapter
0, I showed that caspase 3 activation is required to initiate partial denervation.
In chapter 0, I showed that in partial denervation, elevated caspase 3 activity does not
cause cell death. Where previous muscle loss- associated denervation models have
shown significant increase in cell apoptosis (Siu and Alway, 2005; Plant et al., 2009; Siu,
2009). Interestingly, recent studies of synaptic plasticity and synaptic remodelling also
highlight caspase 3 activity without cell death (Yaron and Schuldiner, 2016). Suggesting
that synaptic plasticity and my suggested developmental and pathological partial
denervation models both require non-apoptotic caspase 3 activity; and supporting the idea
that all synaptic remodelling share the same mechanism that is tightly controlled under
normal circumstances. Furthermore, I support the hypothesis that the chronic muscle
wastage result in apoptosis whereas the non-apoptotic process is the upstream. In other
words, changes from non- apoptotic to apoptotic caspase 3 activity is the cause of
progressive neuron death associated with neurodegenerative diseases (Unsain and
Barker, 2015).
Chapter 0 data also allowed me to propose the mechanistic action between Ca 2+, ROS
and caspase 3. Firstly, in chapter 4, I showed that Ru360 was not able to reduce the
MitoPQ-induced increase in [H2O2]. In chapter 0, I showed that Ru360 was unsuccessful
in inhibiting caspase 3 activation in the MitoPQ model. Based on these observations, I
suggest, therefore, that H2O2 is essential in initiating non-apoptotic caspase 3 activation.
In addition, H2O2 has also been previously recognised as an essential signalling molecule
regulating events underlying synaptic plasticity (Kamsler and Segal, 2004). Importantly,
H2O2 being a shared signalling mechanism supports my previous hypothesis that
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controlled muscle denervation associated NMJ remodelling shares the same signalling
pathway with synaptic plasticity.
Based on previous research and my findings in chapter 5, I suggest that by blocking
caspase 3 activation, the reduction of Ca2+ movement from ER to mitochondria lead to
normalised [mtCa2+]. In chapter 4, I suggested that low levels of

mtCa

2+

can enhance

antioxidant activity leading to reduced ROS levels. I therefore propose that blocking
caspase 3 activity will activate a negative feedback pathway that activates the antioxidant
defence system to decrease

mtROS,

which in turn inhibits ROS signalling associated with

oxidative stress by decreasing [mtCa2+] (Figure 6.1). However, to confirm the hypothesis,
further studies on ER and

mtCa

2+

level changes and SOD enzyme activity are required.

Nevertheless, this hypothesis leads as one step closer to understanding how caspase 3,
mtCa

2+ and

ROS work together.
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Figure 6.1 Schematic of the suggested caspase 3 signalling pathway involved in partial muscle denervation in vivo.

(A)I suggest that partial muscle denervation caused by SPARC, α-LTX, α-BTX and MitoPQ causes an increase in ROS
and

mtCa

2+,

which leads to mPTP opening and activation of inactive caspase 3 to initiate partial muscle denervation. (B)

Adding caspase 3 inhibitors (Z-DEVD-FMK and AZ-10417808) prevents caspase 3 activation and inhibits partial muscle
denervation. I suggest that caspase 3 inhibition initiates a negative feedback signalling pathway to reduce

mtROS.

I

suggest that the inhibition of caspase 3 activation, prevents Ca 2+ flow from the endoplasmic reticulum (ER) to
mitochondria. Reduced Ca2+ flow normalises [mtCa2+], which can enhance redox defence system (possibly SOD
enzyme) to restore [ROS] in mitochondria.

Furthermore, chapter 4 and 0 data support the hypothesis that caspase 3 inhibition could
be a possible future treatment for neurodegenerative diseases (D ’amelio et al., 2009).
However, because caspase 3 activity is also required in all healthy cell and tissue cell
signalling (Dash, Blum and Moore, 2000; Khan et al., 2015) maintaining low toxicity in this
therapeutic approach could be challenging. In support of this in chapter 0, using the
SPARC model I propose that caspase 3 activity is essential in developmental partial
muscle denervation, and as discussed in chapter 1.2, developmental denervation is an
essential step in NMJ maturation and maintaining junctional muscle. In addition, caspase
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3 activity is recognised as an essential element in synaptic plasticity and memory, and
caspase 3 inhibition has been reported to cause dysfunction in these essential neuronal
functions (Dash, Blum and Moore, 2000; Bravarenko et al., 2006; Huesmann and Clayton,
2006). For this reason, it is essential to get a better understanding of what causes
caspase to initiate apoptotic and non-apoptotic activity, as unspecific caspase 3 inhibition
could initiate other dysfunctions or diseases.
Even though caspase 3 inhibition could be a possible future therapeutic, I feel that
antioxidants are a more appropriate treatment in redox associated neurodegenerative
diseases. I have come to this conclusion despite previous clinical trials showing that the
antioxidants used to date consistently fail to prevent or improve redox associated diseases
(Forman, Davies and Ursini, 2014; Murphy, 2014), which suggests ROS are
epiphenomena. Instead, as discussed in chapter 3, my data support the hypothesis that
previous clinical trial therapeutic failure of antioxidants may be due to the use of kinetically
incompatible antioxidant treatment (Forman, Davies and Ursini, 2014; Murphy, 2014). The
advantage of SOD mimetics over antioxidants, like beta-carotene, vitamin A, vitamin C,
vitamin E, and selenium, that were used in unsuccessful clinical trials, are that SOD
mimetics can accumulate in mitochondria and react with O2•− / H2O2 and work as the firstline defence against ROS changes. Previous clinically applied antioxidants are lacking
efficacy and are more like redox scavengers as they will reduce the bio product of O._ /
H2O2 (Forman, Davies and Ursini, 2014; Murphy, 2014).
Using developmental and pathological partial denervation models, in chapter 3, I showed
that by using antioxidants that act as SOD mimetics, which can directly react with ROS
(O2•− / H2O2) in mitochondria and cytosol, I was able to regulate ROS during partial
denervation. Most importantly, I showed that the particular SOD mimetic antioxidants, that
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reduced mitochondrial and cytosolic ROS, therefore, prevented [mtCa2+] increase (chapter
4), also prevent caspase 3 activation (chapter 4) (Figure 6.2) These findings provide not
only SOD mimetic as a possible therapeutic but also provide a mechanistic detail and
demonstrate a direct causal role for ROS in partial denervation, showing that they cannot
be epiphenomena as previously argued.

Figure 6.2. Schematic of the suggested ROS regulatory signalling pathway involved in partial muscle denervation in vivo.

(A) Partial muscle denervation caused by SPARC, α-LTX, α-BTX and MitoPQ causes an increase in ROS and

mtCa

2+,

which leading to mPTP opening and activation of inactive caspase 3 to initiate partial muscle denervation. (B) Adding
antioxidants – SOD mimetics (MnTE-2-PyP5+ or MnTnBuOE-2-PyP5+) prevent an increase in ROS, which leads to
normalised

mtCa

2+

levels, prevention of prolonged mPTP opening, and prevention of caspase 3 activation. As a result of

caspase 3 activation inhibition NMJ remains stable and muscle does not become denervated.

In addition, my results support the idea that ROS may recapitulate an endogenous
developmental denervation pathway to cause pathological denervation. The ability of
antioxidants to defend the synapse in all models allows me to support previously
suggested hypotheses that in healthy active NMJ, ROS production is highly controlled by
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antioxidant defence systems, whereas in later stages mitochondrial ROS abnormally
combined with a weakened antioxidant system recapitulate developmental denervation
and lead to neurodegenerative disease (Cobley, 2018). Lastly, before the most successful
therapeutic intervention in neurodegenerative diseases is achieved, a thorough
understanding of cellular systems that govern controlled and uncontrolled synapse
elimination is necessary.
Moreover, it is essential to note that SOD mimetics (i.e. MnTE-2-PyP5+ & MnTnBuOE-2PyP5+) presently are in several clinical trials (Batinic-Haberle, Tovmasyan and Spasojevic,
2015; Batinic-Haberle and Tome, 2019). Clinical trials so far show that Mn porphyrins
antioxidants act as protectors for healthy cells against radiotherapy during cancer
treatment (Batinic-Haberle and Tome, 2019). Seeing a positive progression of SOD in
present clinical studies is one more reason to explore SOD therapeutic effects in other
ROS associated diseases. Further studies using SOD mimetic antioxidants in synapse
elimination could provide us with new therapeutics for neurodegenerative diseases.
Furthermore, there is still an open question where in the NMJ the redox - regulated
signalling is taking place, i.e. is it a pre or post-synaptic mechanism or both. Oxidative
stress is primarily associated with neurodegenerative disorders and neuronal death
(Duchen, 2012; Liao, Dong and Cheng, 2017). Also, the SOD enzyme has been widely
suggested to play an important role in Alzheimer’s disease. In addition, SOD2 –/– mice
showed significant abnormalities in the brainstem and cortical regions (McMullen, 2018).
These results indicate that redox plays a vital role in neuron loss in the brain However,
unravelling the redox anatomy of the NMJ is difficult owning not only to redox but also to
NMJ complexity. For this reason, it is still an open question which NMJ micro domain is
the most ROS regulated. Interestingly, it has been previously shown that homozygous
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Sod1−/− mice lead to accelerated age-related muscle loss and weakness, but specific
deletion of CuZnSOD in skeletal muscle or neurons resulted in only mild muscle functional
deficits and failed to recapitulate the loss of mass and function observed in Sod1 −/− mice
(Sataranatarajan et al., 2015; Giorgos K. Sakellariou et al., 2018). These results suggest
the concept that SOD deficits in either the motor neuron or muscle alone are not sufficient
to initiate complete NMJ and muscle mass loss (Sataranatarajan et al., 2015; Giorgos K.
Sakellariou et al., 2018). However, particular results also suggest that redox unbalances in
either muscle or neuron terminal can initiate mild NMJ changes, possibly reversible
denervation. Finally, understanding in which NMJ domain signalling pathway is initiated is
still critically needed and partial denervation models could possibly provide us with crucial
information what happens in NMJ before the irreversible disease stage.
Like any other present denervation models, my suggested denervation is not perfect. The
most significant disadvantage of Xenopus laevis model is no real possibility to extend this
study and to compare the signalling pathways between drug-induced denervation and
ageing NMJ. There are several reasons for this. The first reason is the metamorphosis of
Xenopus laevis, change from tadpole to frog, which means that the same methods that
been used in this study cannot be applied in adult Xenopus. Secondly, Xenopus laevis has
long long-life spam (³16 years), which would make study non-robust and very expensive.
However, using my proposed models, we can still acquire some essential information
about the denervation process and involved signalling pathways, as there still are many
answered questions. For example, as in this study, antioxidant, caspase and Ca 2+
treatments were used before inducing denervation; it is still an open question of what
would happen if they were introduced after denervation?
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Despite disadvantages and still present knowledge gaps, my proposed pharmacologically
targeted in vivo partial denervation model system is a step forward to improving our
knowledge about the redox associated signalling pathways in muscle denervation.
Knowledge in pathways controlling partial denervation not only will provide information
about the non-disease state denervation or even long- term synaptic depression control
mechanisms but also could give as crucial information about how neurodegenerative
disease associating synapse elimination start and when to target therapies.
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Appendix C. Preliminary data of Rhod-2 AM fluorescence changes in Xenopus at two different Ru360 concentrations.
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