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Abstract

The Ubiquitin Proteasome System as a Regulator of Neuronal Function
Katie Puddefoot

Homeostatic balance between protein synthesis, turn over and degradation is vital for
the stability and viability of all living cells. The primary function of the Ubiquitin Proteasome
System is to degrade intracellular proteins, however perturbation of this system has been
associated with the pathogenesis of neurodegenerative diseases. There is also mounting
evidence for the role of the proteasome in the healthy functioning of neurons, however an
investigation into the effect of proteasomal inhibition on the physiology, morphology and
behaviour within a vertebrate species has yet to be carried out.

In Chapters 3 and 4, whole-cell patch clamp technique has been used to determine
how pharmacological inhibition of the proteasome influences the synaptic and intrinsic
properties of motoneurons within the spinal cord of larval zebrafish. Proteasomal inhibition
increased the frequency of glycinergic miniature inhibitory post-synaptic currents during
chronic and short-term incubations. However, proteasome inhibition did not affect
glutamatergic miniature excitatory post-synaptic currents or firing properties of
motoneurons.

In Chapter 5, changes in the synaptic properties of the neuromuscular junction and
the morphology primary motoneurons following pharmacological proteasomal inhibition
were investigated. Proteasomal inhibition increased the frequency of miniature endplate
potentials, suggesting that inhibition of the proteasome selectively affects neurotransmitter
release at specific synapses. Thereafter, using immunohistochemistry, the effect of
proteasomal inhibition on the morphology of primary motoneurons was assessed. Inhibition
of the proteasome does not affect the outgrowth of primary motoneurons or the formation
of neuromuscular junctions.

Finally, in Chapter 6, the effect of proteasomal inhibition on the free-swimming
behaviour of larval zebrafish was assessed. Inhibition of the proteasome does not affect
overall swimming distance or time spent swimming. However, proteasomal inhibition
increased velocity of swimming, suggesting that changes in synaptic transmission due to

inhibited proteasomes affects the locomotive behaviour of larval zebrafish.
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Chapter 1  General Introduction

Protein synthesis, folding, processing and turnover are central to the control of protein
homeostasis (proteostasis) in eukaryotic cells. Dysfunction of any of these processes can lead
to cellular stress and apoptosis (Hipp et al., 2019). Protein turnover, the process in which
proteins are synthesised and then degraded, is an energy dependent process. As such, it must
be tightly regulated to ensure that it is as efficient as possible. Furthermore, loss of
proteostasis is a hallmark of aging, and dysfunctional proteostasis has been implicated in
many neurodegenerative diseases (Basisty et al., 2018). Here, | will discuss the role of
intracellular protein synthesis and degradation pathways, as well as giving an insight into the

fail safes that are put in place if these systems go wrong.

1.1 Degradation pathways

There are two main intracellular degradation pathways: the ubiquitin proteasome
pathway and the lysosomal-autophagic pathway (Cuervo and Dice, 1998). The system by
which proteins undergo proteasomal degradation is referred to as the Ubiquitin Proteasome
System (UPS). The UPS is exclusively intracellular and is primarily used for the degradation of
transient or misfolded proteins. Alternatively, the lysosomal pathway, which degrades both
intracellular and extracellular components, is primarily used to breakdown large protein
complexes and whole organelles (Dunn, 1994, Yu et al., 2018, Yang and Wang, 2021).

As the name suggests, the principal degradation machinery of the lysosomal pathway
are ‘lysosomes’; organelles which contain hydrolytic enzymes that can degrade proteins,
nucleic acids and lipids (Dell'Angelica et al., 2000, Yang and Wang, 2021). Lysosomes contain
proton-pumps which pump in H* to create an acidic environment (pH 4.8). The acidic interior
environment of the lysosome is important for the action of acidic hydrolases, which function
inside lysosomes to degrade target substrates (Yang and Wang, 2021). These organelles are
formed via a pinching off from a section of the late Golgi apparatus (Bonam et al., 2019).

Extracellular and plasma membrane proteins can be degraded via lysosomal fusion with
vesicular endosomes. Secretory proteins can be degraded in a similar fashion, by a process
called crinophagy, whereby proteins in secretory vesicles fuse with the lysosome (Cuervo and
Dice, 1998). Intracellularly, proteins are trafficked to the lysosome by three processes:

macroautophagy, microautophagy and chaperone-mediated direct transport through the
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membrane of the lysosome (Cuervo and Dice, 1998). Macroautophagy is the most common
method of degradation in the cytosol and involves the formation of a double membrane
bound vesicle termed an autophagophore. The autophagophore can then fuse with the
lysosome which can degrade sequestered components into macromolecules to then be
recycled within the cell. Macroautophagy is frequently used to breakdown organelles,
cytosolic proteins and microbes. As the breakdown of components via the lysosome is a
catabolic process, macroautophagy can be used in situations of cellular stress to generate
energy that is lost during protein synthesis (Cuervo and Dice, 1998, Bernaleset al., 2006, Feng
et al., 2014). Macroautophagy is a constant process within cells, however it can be increased
in times of cellular stress, including being induced through the process of the Unfolded
Protein Response (UPR; (Parzych and Klionsky, 2014). During microautophagy, the lysosomal
membrane takes up cytoplasmic elements for degradation via a process of membrane
invagination. Whilst microautophagy was initially thought to be used for small regions of the
cytosol, further research has revealed it can also be used to degrade peroxisomes,
mitochondria, parts of the nucleus and the endoplasmic reticulum as well as cytosolic
proteins and enzymes. Microautophagy, is therefore, an umbrella term used for non-specific
degradation directly via the lysosome as the process by which these different structures and
components are degraded varies depending on the target of degradation. (Cuervo and Dice,
1998, Li et al., 2012, Schuck, 2020).

Finally, chaperone-mediated autophagy (CMA) is the process via which proteins are
unfolded through the action of molecular chaperones and then translocated across the
lysosomal membrane for degradation (Dice, 2007). This form of autophagy is triggered by
prolonged cellular stress, often due to starvation. Protein substrates bound to molecular
chaperones are trafficked to the lysosomal membrane upon-which, they bind to the receptor
lysosomal-associated membrane protein 2 A (LAMP2A). Proteins are then translocated into
the lysosomal lumen, whereby they are degraded hydrolytically (Dice, 2007, Parzych and
Klionsky, 2014). Whilst previously CMA had only been described in mammalian cells, it has

recently been described in medaka fish (Lescat et al., 2020).
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1.2 Proteasome structure and function

The UPS is the process by which misfolded proteins are degraded within cells,
preventing their accumulation into proteinaceous aggregates and allowing for the recycling
of essential amino acids (Adams, 2003). The proteasome is a large protein complex, the
function of which is to degrade proteins within the cell through proteolysis. The system is
closely linked to ubiquitin (Ub), which is used to tag proteins for trafficking and subsequent

degradation by the proteasome (Tanaka, 2009).

1.2.1 The ubiquitinating enzymes

Until the 1980s, it was thought that most cellular proteins were highly stable with slow
turnover rates. However, work by Hershko et al, revealed that turnover is rapid and mediated
by ubiquitination via three main ubiquitinating enzymes E1, E2 and E3 (Wilkinson et al., 1980,
Ciechanover et al., 1982, Hershko et al., 1984). The three enzymes have been found to tag
specific proteins with ubiquitin in an ATP dependent manner, which acts as a signal for
degradation by the 26S proteasome. The synchronised interaction of the three ubiquitin
enzymes is depicted in Figure 1 and discussed in the following sections.

The first enzyme in this cascade is the E1- activating enzyme. This is the most
conserved of the three enzymes, with only eight human isoforms of E1 identified (Groettrup
et al., 2008, Barghout and Schimmer, 2021). E1 is the activating enzyme, which binds to
ubiquitin to form an activated E1-ubiquitin complex that can then be recognised by the E2-
conjugating enzyme. E1 binds initially to both ubiquitin and MgATP, catalysing a C-terminal
ubiquitin acyl-adenylation reaction. From here, the catalytic cysteine of the E1 attacks the
ubiquitin adenylate, resulting in a E1-S-ubiquitin complex containing a thioester bond
between the E1 and the ubiquitin moiety (Schulman and Harper, 2009). The E1 enzyme, then
transfers the ubiquitin protein to the surface of the E2-conjugating enzyme via a
transthiolation reaction (Stewart et al., 2016, Olsen and Lima, 2013).

Finally, the E3-ligases complete the process of ubiquitinating target proteins. There
are two main subfamilies of E3-ligases- RING (Really Interesting New Gene) and HECT
(Homologous to the E6-AP Carboxyl Terminus) domain families, that act via two different
mechanisms of action. Of these, the subfamilies can be categorised further to include single

catalytic domains or multi-subunit enzymes (Fulga and Van Vactor, 2008, Deshaies and
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Joazeiro, 2009, Weber et al., 2019). The functional diversity of E3 ligases allow them to
interact with specific protein targets, making E3 enzymes the most targeted step in the UPS
enzyme cascade (Morrealeand Walden, 2016). The action of E3 ligasesalso control the speed
of protein turnover, as different E3 ligases can carry out ubiquitination at different rates.
There are some E3 ligases which can slowly produce polyubiquitin chains, eveninthe absence
of a protein target, so that when they encounter a substrate, ubiquitination is fast (Ronchi

and Haas, 2012).
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Figure 1. A schematic of the ubiquitin enzyme cascade

Figure 1 displays the action of the E1, E2 and E3 enzymes that are required for correct tagging of a substrate protein with a
poly-ubiquitin chain. First the E1 activating enzyme attaches a ubiquitin moiety to its surface in an energy dependent
process. ATP is hydrolysed to AMP and inorganic pyrophosphate (PPi), producing the energy required for ubiquitin to attach
to the E1 enzyme via a thioester bond. Next, the ubiquitin molecule is transferred from the E1 Activating enzyme to a
cysteine residue on the E2 Conjugating enzyme. Finally, the ubiquitin is transferred to the substrate via the action of the E3
Ligating enzyme. This can occur via two main transfer system- a scaffold transfer or with E3 acting as intermediary
complex. This process is repeated in order for a poly-ubiquitin chain to be transferred to the substrate. Four ubiquitin

molecules attached to a substrate is the standard signal for degradation via the 26S proteasome.

16



1.2.1.1 Ring E3-ligases

RING finger domains and RING finger-like ubiquitin ligases function as a scaffold to
transfer the ubiquitin molecule from the E2-conjugating enzyme onto the substrate protein
(Metzger et al., 2014a). This means that there is a direct transfer of the ubiquitin from the E2
straight onto the target protein. RING finger domains carry two catalytic zinc residues, which
form a structure that acts asa platformin conjugation with a central alpha helix for E2 binding.
U-box domains (Deshaies and Joazeiro, 2009, Metzger et al., 2014b). RING finger domain E3s
can act as singular subunits or together in multicomplex enzyme structures. SCF complexes
(Skp1, Cullin, F-Box) are an example of a multicomplex RING finger domain E3. SCF complexes
usually consist of a Skp1 linker protein, followed by a scaffold protein such as Cull and finally
a RING finger domain. This complex is highly diverse, with many different combinations of the

subunits resulting in a high level of substrate recognition specificity (Willems et al., 2004).

1.2.1.2 HECT E3-ligases

The mechanism of action of HECT E3-ligases works to use the E3 as an intermediary
complex, which accepts the ubiquitin from the E2-conjugating enzyme before transferring it
onto the final target substrate. Therefore, the catalytic action of a HECT E3 is a two-step
process. Firstly, a second transthiolation reaction transfers the ubiquitin from the E2 enzyme
onto a catalytic cysteine of the E3, followed by a second step, whereby the ubiquitin is
transferred from the E3 onto a lysine residue of the substrate protein. The N terminus of the
HECT domain contains the E2 docking site, whereas the C terminus contains the catalytic
cysteine. A flexible hinge region between the two termini allows for the HECT domain to easily
transition the ubiquitin from the E2 to the E3 enzyme (Weber et al., 2019).

Whilst there are only eight different types of El-activating enzyme and tens of
different types of E2-conjugating enzymes, there are over 600 different variants of E3-ligases
that have been identified in humans (Weber et al., 2019). Thus, E3-ligases allow for the huge
diversity displayed by the UPS, as in addition to there being such heterogeneity in the E3
families, there is added complexity as different combinations of E2 and E3 enzymes working
together can result in the same target substrate being tagged for different eventual fates

(Hegde, 2010).

17



1.2.2 The structure of the proteasome

The 20S proteasome is a barrel like structure consisting of four heptameric ring
complexes. Each 20S complex comprises two identical B rings which are stacked together,
sandwiched between two a rings. The internal 3 rings each contain three catalytic subunits,
which degrade proteins into shorter polypeptide chains. The two flanking a units act as a
pore gate, narrowing the opening of the proteasome to 13 A to ensure tight control over
exit and entry (Lecker et al., 2006, Schrader et al., 2009). The structure of the 26S
proteasome is shown in Figure 2.

Specialised B-subunits have also been identified, including B1i, f5i and B5t. These
are associated with the immunoproteasome (i) and thymoproteasome (t). These specialised
subunits can be inserted into the proteasome to produce more complex, specialised
structures as well as altering the catalytic activity of the proteasomes with which they are

associated (Dahlmann, 2016, Livneh et al., 2016).

O 19S Cap
Alpha Subunit
} 20S Core

O Beta Subunit

26S Proteasome —

Figure 2. The 26S Proteasome.

The 26S Proteasome Structure. A schematic of the 26S proteasome. The 26S proteasome is constituted 20S core
subunits capped at either end by two 19S subunits. The 20S core subunit comprises eight alpha subunits and eight beta
subunits, stacked in concentric rings. The beta subunits contain the proteolytic activity required for the breakdown of
protein substrates, whilst the alpha subunits act as a substrate binding recognition as well as helping to mechanically
unfold proteins.

The 26S proteasome is a complex comprised of two subcomplexes; the 20S catalytic
core and the 19S regulatory particle. The 20S core is a hollow cylindrical structure, which is
capped at either end by a 19S subcomplex. The 19S subcomplex contains 18 different
subunits that give it both its structure and function (Lecker et al., 2006). Within this
structure are two key recognition sites for Ub-tagged proteins. These domains are the S5a

(psmd4a and psmd4b in zebrafish) and Adrm1 (adrml1a and adrm1b in zebrafish). Once
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bound to a substrate, the 19S proteasome helps to unfold and deubiquitylate proteins
before the target passes into the 20S proteasome to be broken down into shorter lengths of
polypeptide (Liu and Jacobson, 2013).

The 20S proteasome also requires additional assembly. The 20S core exists as two
complexes containing a7B7 subunits and assembled into two rings stacked together, which
then dimerise to produce the final 20S core particle containing the four heptameric rings.
The incorporation of the PSMD4 (7) subunit into each ‘half proteasome’ allows for the

subsequent assembly of the complete 20S core particle (Ramos et al., 2004).

1.2.2.1 Proteasome heterogeneity

Whilst the structure of the proteasome is highly conserved across species, studies
have shown that the 26S proteasome can be display subunit heterogeneity and differential
subcellular distribution cell types to produce heterogeneity in the population of
proteasomes present. The first studies to find this heterogeneity were carried out in
developing Drosophila melanogaster and found that subunits could change throughout
development in a cell-type-specific manner, expressing different isoforms of alpha and beta
subunits (Haass and Kloetzel, 1989, Yuan et al., 1996, Dahlmann et al., 2000, Klare et al.,
2007). Differential expression of proteasome alpha subunits have been shown to be
important during neural crest development in the chick embryo (Hutson et al., 1997) and
studies in Drosophila have shown specific changes in proteasome subunit expression
throughout development (Haass and Kloetzel, 1989). Further to this, studies have shown
that even within the same cell, depending on subcellular localisation the proteasome can be
modified to have different activity rates (Palmer et al., 1996). In particular, post-
translational modifications have been shown to be important for regulating enzymatic
activity of the proteasome (Mason et al., 1996, Upadhya et al., 2006, Tsimokha et al., 2020).

Heterogeneity of the proteasome has also been shown in tissue-specific expression
of subunit isoforms. Studies carried out looking at differences in proteasome populations
within heart and liver tissue of mice showed that differing patterns in post-translational
modifications resulted in molecular differences in the proteasomes isolated from the
different organs. These molecular differences showed corresponding changes in the

resulting catalytic activity of the proteasomes present in the different tissue types.
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Moreover, these molecular differences resulted in differing responses to the proteasome
inhibitors epoxomicin and Z-Pro-Nle-Asp-H (Drews et al., 2007, Gomes et al., 2009).

The discovery of immunoproteasome and thymospecific proteasome subunits (i
and ti) also gave further evidence to the heterogeneity of the 20S proteasome. The 20S core
is made up of six concentric rings of 31, B2 and 5 subunits, each containing protease
activity. As there are duplicated rings within this structure, this gave rise to the idea that
immunoproteasome units could be inserted in place of one of the canonical rings in order to
alter the specific function of certain proteasomes. Evidence for this was found in cultured
murine pancreatic-f-cells which showed expression of proteasomes containing a mixture of
both B and Bi subunits following cytokine stimulation (Freudenburg et al., 2013). More
recently, studies have revealed the existence of a 20S proteasome complex that specifically
binds to neuronal plasma membranes in both mammalian neurons (Ramachandran and
Margolis, 2017) and Xenopus laevis tadpoles (He et al., 2022). Hence, despite eukaryotic
proteasomal complexes being highly conserved throughout evolution, modifications to the
structure of the complex results in differing roles for the proteasome within cells (Livneh et

al., 2016).

1.2.3  The function of the proteasome

The proteasome first recognises ubiquitin tagged substrates through substrate
recognition sites on the 19S regulatory particle. The S5a and Adrm1 domains are vital for this
recognition process. Whilst the N-terminus of S5a interacts with the 20S catalytic core, the C-
terminus contains two Ub interacting motifs (UIM), which bind to Ub-tagged proteins. Adrm1
functions in much the same way; however, it contains only one UIM. The recognition domains
bind to Ub-tagged proteins; however, target proteins have two sites of recognition required
for proteasomal degradation (Young et al., 1998).

Eukaryotic proteins contain large unstructured stretches of amino acids that act as
initiation sites for degradation by the proteasome. Studies have found that whilst the Ub-tag
binds to regions of the 19S proteasome, the unstructured regions bind to the 20S
proteasome, acting as the initiation site for protein unfolding. As proteasome mediated
degradation is ATP dependent, it is thought that the translocation of the protein to the 20S

proteasome and the subsequent unfolding happen concurrently (Lee et al., 2001, Prakash et
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al., 2004). The current view is that disordered regions of the target polypeptide chain initiate
degradation through endopeptidase activity instead of the previously held view that proteins
degrade from a free amino or carboxyl terminus through sequential hydrolysis (Liu et al.,
2003).

Once substrates have been recognised by the 19S cap, the protein must next be
unfolded in order for degradation to occur. The a subunits of the 20S proteasome act as a
pore, creating an aperture into the proteasome of 13 A. This means that proteins are
mechanically forced through this pore, thus aiding the unfolding of the protein so that it
sequentially enters the main barrel containing the proteolytic 3 subunits. Of the 7 subunits
that make up the B rings, 6 have proteolytic properties which break down substrate proteins
into short polypeptides (Kumar Deshmukh et al., 2019). Polypeptides are then allowed to
leave the proteasome via a second RP, often another 19S proteasome complex, and can then

be further degraded in the cytosol.

26S Proteasome
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Figure 3. The Functioning Proteasome

The 26S proteasome is combined of the 20S core particle and two 19S cap units that stack on either end of the 20S core. The
19S particle contains substrate recognition and binding regions. Upon binding to a substrate, DUBs contained within the 195
cap remove the ubiquitin chain so that the free ubiquitin can then be recycled. The substrate is sequentially translocated into
the 20S core. The alpha subunits create a small opening, so that the protein becomes mechanically unfolded as it moves
through the core of the proteasome. Proteolytic activity of the beta subunits breaks down the substrate protein into smaller
polypeptides that can then be recycled.

1.2.4 Deubiquitinating enzymes

An additional layer of control is added to the UPS via the action of deubiquitinating
enzymes (DUBS, Figure 4). These enzymes function to remove ubiquitin tags from substrate
proteins before they can be degraded by the UPS, or in conjunction with the 19S

subcomplex (Chen et al., 2017b) so that ubiquitin can be reused in the cell. This is
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important, as it adds an element of local control, allowing the cell to change its response
rapidly and prevent the unnecessary degradation of cell signalling proteins (Kowalski and
Juo, 2012b). These enzymes also allow the cell to reuse existing ubiquitin moieties, which
can then re-enter the pool of free ubiquitin within cells. This recycling of ubiquitin ensures
that this process is energetically efficient, especially as this is such a common post-
translational modification that is not only involved in degradation, but also transport of

proteins within the cell (He et al., 2016, Kim and Goldberg, 2017).

______ > Substrate

Substrate

Figure 4. A schematic showing the role of DUBs in the UPS

DUBs function to remove ubiquitin from tagged proteins. DUBs can work alone, but key subunits of the 19S cap
also contain deubiquitinating action, allowing Ub to be removed from substrates so that free Ub can be recycled
instead of degraded by the core particle. Alternatively, DUBs are also present in the cytosol and are available for
dynamic removal of ubiquitin from substrates tagged for degradation if the cellular situation has changed and

° that protein is still required. DUBs allow for an extra layer of local control over protein degradation.

Whilst the proteasome functions as the end-point for misfolded proteins, other
processes are in place to prevent the accumulation of misfolded proteins within cells. The
endoplasmic reticulum (ER) is the major cellular organelle involved in the correct fol ding of
proteins synthesised by ribosomes, as well as aiding the assembly of multi-protein

complexes. Proteins undergo post-translational modification and subsequent folding whilst
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within the ER, but if proteins cannot appropriately fold, the Unfolded Protein Response
(UPR) can be triggered. Activation of the UPR results in a cellular cascade that can either
mitigate the accumulation of misfolded proteins or, in the case of terminal UPR, trigger
cellular apoptosis to prevent further damage to the cell. Activation is a two-stage process
involving the activation of ER stress sensors, which in turn cause activation of specific UPR
responsive genes. There are three main signalling pathways involved in the manifestation of
the UPR, which are each linked to an individual stress sensor. These sensors are IRE1, ATF6
and PERK (Nogalska et al., 2015). Downstream signalling of the UPR often involves the
upregulation of transcription factors involved in mitigating protein misfolding or which are
pro-apoptotic (Hetz and Saxena, 2017b).

Following the activation of the UPR, misfolded proteins are removed via retrograde
trafficking to the cytosol and then degraded by the 26S proteasome. This system of protein
removal and degradation is referred to as ER-associated degradation (ERAD) (Hetz and Papa,
2018). The ER, and its associated processes, is highly vulnerable to stress, as small changes in
the environment can cause perturbations to the varied pathways and processes involved.
Therefore, it is unsurprising that both the UPR and ERAD have been implicated in the
pathogenesis of neurodegenerative diseases (Hetz and Saxena, 2017b).

ER stress can occur for a variety of reasons. As the ER works close to its maximum
capacity for protein post-modifications and subsequent folding, small changes in the cellular
environment can cause the build-up of misfolded proteins. Common stressors of the ER
include perturbation of calcium homeostasis and directinteraction with aggregated proteins
associated with neurodegeneration including alpha synuclein (aS) and tau (Hetz and Saxena,

2017a).

1.2.6 Pharmacological inhibitors of the proteasome

In this thesis, inhibition of the proteasome was achieved using three pharmacological
inhibitors of the proteasome. An introduction to these inhibitors and their mechanisms of
action are outlined below. Proteasome inhibitors were first synthesised as tools to better
understand the function of the proteasome within cells. Peptide aldehyde inhibitors, such as
MG115 (a precursor to MG132) were synthesised first and showed that the proteasome is

important for the degradation of both long and short-lived proteins within cells (Rock et al.,
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1994). From there, interest in proteasome inhibitors as pharmaceuticals for the treatment
of human diseases, especially cancers associated with liquid tumours, increased and
licensed drugs such as bortezomib (Velcade), carfilzomib (Kyoprolis) and ixazomib (Ninlaro)

were produced (Kisselev, 2021).

1.2.6.1 MG132

MG132 (carbobenzyl-Leu-Leu-Leu-aldehyde) is a synthetic proteasome inhibitor that is
soluble in organic solvents. It is a potent, cell permeable, pan-inhibitor of the proteasome,
capable of interacting with all of the catalytic subunits of the 20S proteasome (B1, B5, B7).
MG132 is a tripeptide aldehyde inhibitor that shows the strongest inhibition of
chymotryptic-like activity of the proteasome ([35) subunits (Crawford et al., 2006). The
structure of MG132 is based on pre-existing serine and cysteine proteases (Thibaudeau and
Smith, 2019). The peptide aldehyde group of MG132 is the active site of the drug, forming a
tetrahedral adduct with the threonine active site within B subunits (Kisselev and Goldberg,
2001) However, this group is also capable of binding to and inhibiting cathepsins and
calpains (Goldberg, 1998, Thibaudeau and Smith, 2019, Myung et al., 2001). MG132 is
widely used in a research environment, however due to its off-target effects, a more specific
inhibitor was synthesised (bortezomib, boronated MG132) as a licensed therapy instead of

MG132 (Lee et al., 2010, Adams, 2003).

1.2.6.2 Lactacystin

Lactacystin is a natural peptide that is a potent, irreversible inhibitor of the proteasome. It
shows higher specificity compared to MG132 but also has also been shown to have off-
target effects by inhibiting cathepsin A (Kozlowski et al., 2001). Lactacystin is not an active
inhibitor of the proteasome but at physiological temperature and pH, it undergoes
spontaneous conversion into clasto-lactacystin -lactone (f-lactone), which is a potent
inhibitor of the B5 subunits of the 20S core (Omura and Crump, 2019). B-lactone is cell
permeable, however once it enters cells it can react with glutathione (a substance produced
by the amino acids glycine, cysteine and glutamic acid involved in cellular redox reactions

(Sies, 1999)) producing lactathione which does not react with the proteasome. Lactathione
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is a stable product, which can readily be converted back to -lactone and as such acts as a
stable reservoir for the prolonged release of active proteasome inhibitor (Dick et al., 1997).
However, due to these kinetics this makes lactacystin the least stable of the proteasome
inhibitors, with a half-life of about 20-hours (Kisselev and Goldberg, 2001). Lactacystin is an
expensive proteasome inhibitor, hence it is not used as widely in research as MG132

(Thibaudeau and Smith, 2019).

1.2.6.3 Bortezomib

Bortezomib (Velcade) is a potent, synthetic inhibitor of the proteasome which is a licenced
therapy for the treatment of multiple myeloma and mantle-cell lymphoma (Raedler, 2015).
Bortezomib is a peptide boronate inhibitor of the proteasome that is synthesised from the
lead compound MG132. Peptide boronates are more potent proteasome inhibitors then
peptide aldehydes, but have a similar mechanism of action, forming tetrahedral adducts
with the active threonine of [ subunits. Peptide boronates are incapable of interacting with
other cysteine proteases, due to the size of the boronate active group. As such, they show
increased specificity compared to peptide aldehydes. They are also more metabolically
stable, less readily oxidised than MG132 or degraded as easily by cytochrome p450 enzymes
(Kisselev and Goldberg, 2001, Lee et al., 2010, Thibaudeau and Smith, 2019).

1.3 The role of the UPS in synaptic plasticity and neuronal development

The role of the UPS in synaptic plasticity has been widely researched for many years. It has
been shown to have effects both on pre-synaptic and post-synaptic neurons, receptor
trafficking and long-term potentiation (LTP; Figure 5). Here, the various roles for the UPS in

synaptic plasticity are discussed.
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Figure 5 The Role of the UPS in Synaptic Plasticity.
The Ubiquitin Proteasome System (UPS) has been implicated in synaptic plasticity. This includes in the developing
system, where synaptic elimination and dendritic pruning are important for the maturation of neuronal networks
from a larval to an adult phase. The UPS is also important for neurite outgrowth and synaptic development.
However, the proteasome is also required for maintaining the plasticity of neurons in the adult brain. This has
been shown via the proteasome’s role in receptor trafficking and in activity dependent shuttling of the
proteasome to the post-synapse.

1.3.1 Neurite growth and synaptic development

Early experiments into the role of the UPS in synaptic plasticity came from work in
Drosophila. A balancing act between fat facets (faf) and Highwire (hiw), first showed that
synaptic growth and function is regulated by ubiquitin-dependent degradation mechanisms
at the Drosophila neuromuscular junction (NMJ). Faf encodes for a deubiquitinating enzyme,
which when overexpressed, causes an increase in the number of synaptic boutons, a change
in the arborisation pattern of neurites and disruption of synaptic function. Hiw is an E3-
ubiquitin-ligase which contains a RING-H2 domain and has been found to negatively regulate
the MAP3K Wallenda (Drosophila homolog of DLK-1 , regulates the JNK pathway) thus
controlling synaptic growth and neurotransmission (Collins et al., 2006). Loss-of- hiw function

phenocopies faf overexpression, suggesting that increasing deubiquitination or decreasing
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ubiquitination, both give rise to similar phenotype of neurite overgrowth and NMJ
disorganisation (Wan et al., 2000a, DiAntonio et al., 2001b).

Experiments carried out in Caenorhabditis elegans highlighted the role of RPM-1, a
guanine nucleotide exchanger with a RING-H2 finger domain, in the organisation of pre-
synaptic structures, by acting in a similar fashion to hiw. Loss-of-function mutations in RPM-
1 lead to a disorganised structure of neurons in the NMJ of the C.elegans, with extended
axonal growth in mechanosensory neurons and MN (motoneuron) overgrowth of both axons
and dendritic branching (Schaefer et al., 2000). RPM-1 is homologous to the hiw gene in
Drosophila and was also found to be localised to the presynaptic terminal, where it functions
during synaptogenesis, preventing the over production of presynaptic structures (Schaefer et
al., 2000, Zhen et al., 2000a). RPM-1 loss-of-function was further found to prevent the
termination of axon outgrowth, leading to an overextension of axon growth in PLM (posterior
touch receptor neurons) axons (Li et al., 2008). RPM-1 was thought to actas an E3-ubiquitin
ligase due to the presence of the RING-H2 domain, however an interaction between RPM-1,
FSN-1 (a novel F-box protein) and a C.elegans homologue of SKP1, Cullin, forms an SCF
complex at presynaptic periactive zones, that has a role in protein degradation (Liao et al,,
2004). RPM-1 regulates a p38 MAP kinase pathway at presynaptic terminals, specifically
targeting DLK-1, a MAPKKK, by ubiquitination, marking DLK-1 for degradation (Nakata et al.,
2005). The two studies in combination showed that RPM-1 acts as an E3-ubiquitin-ligase
forming a complex with other proteins that regulates synaptic structure and morphology
through negatively regulating the p38 MAP kinase pathway (Nakata et al., 2005).

The discovery of a post-mitotic role for anaphase promoting complex/cyclosome
(APC/C), revealed new functions for E3-ubiquitin-ligases in synapse development. APC is an
E3-ubiquitin-ligase, which usually carries out a role in mediating the cell-cycle in mitotic cells.
At Drosopholia NMJs, a diverse role for APC in both muscular and neuronal cells was found.
In neurons, APC was found to regulate synaptic growth and development, acting as a by
downregulating Liprin-a. (a synaptic scaffold protein) and decreasing synaptic bouton
number. Inhibition of Cdhl, a regulatory protein that associates with APC/C, was found to
enhance axonal growth in rat neurons (Konishi et al., 2004). In Drosophila, the Cdhl
homologue, Rap/Fzr loss-of-function mutations led to reductions in synaptic bouton size and
shape, as well as anincrease in spontaneous neurotransmitter release and an overall change

in Drosophila locomotion (Wise et al., 2013a).
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1.3.2 Synaptic pruning and development

In addition to synaptic growth and morphology, a role for the UPS in synaptic elimination has
also been elucidated. A gene in Drosophila, ubcD1, encodes for an E2-ubiquitin-conjugating
enzyme that has been implicated in development (Treier et al., 1992a). Metamorphosis in
Drosophila leads to synaptic pruning of class IV dendritic aborization (C4da) sensory neurons,
mediated by the UPS. Synaptic pruning of these cells involves the larval dendrites breaking
away from the soma and being fully degraded, allowing them to mature into adult neurons
(Kuo et al., 2005). UbcD1 aids the degradation of C4da dendrites, by regulating local caspase
action. First, ubcD1 degrades DIAP1, an E3-ubiquitin-ligase needed to degrade the caspase
Dronc. Upon ubcD1-dependent degradation of DIAP1, Dronc can then be activated, givingrise
to the elimination of specific dendrites (Kuo et al., 2006a). This level of local and temporal

specificity of the UPS is an example of how the system is essential for neuronal development.

1.3.3 Glutamate receptor trafficking

Postsynaptic strength can be determined by a number of features including receptor number
on the postsynaptic membrane. The discovery that GLR-1 (a class of glutamate receptor) in
C.elegans are ubiquitinated, first gave rise to the idea synaptic strength may be regulated by
the UPS through control of AMPA receptor turnover. Overexpression of ubiquitin decreases
the density of GLR-1 receptors at synapses. However, this phenotype could be rescued by
mutations in unc-11, a gene encoding AP180. AP180 is a clathrin adapter protein which is
involved in the endocytosis of post-synaptic elements following ubiquitination. As such, these
experience revealed that AP180 is responsible GLR-1 abundance at synapses and that this
process is regulated by the UPS (Burbea et al., 2002a). In the mammalian system,
glutamatergic receptor trafficking has been shown to be mediated via clathrin-associated
endocytosis (Carroll et al., 1999).

Further evidence for UPS-mediated regulation of GLR-1 receptor abundance was
derived from studies of LIN-23, a substrate for an SCF (Skp1, Cullin, F-box) complex found in

C.elegans. Loss-of-function mutations in LIN-23 caused anincrease in GLR-1 receptor density.
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This would suggest that the UPS is important for the regulation of GLR-1 abundance at the
synapse (Dreier et al., 2005).

APC (anaphase promoting complex) in both C.elegans and Drosophila has been shown
to be essential for glutamate receptor trafficking. APC is an E3 ubiquitin ligase complex
associated with protein degradation (Peters, 2006). In C.elegans, temperature-sensitive
mutations in APC led to a rise in the number of GLR-1 subunits expressed in the ventral nerves.
Specifically APC was found to have a role in GLR-1 recycling, as mutations in clathrin-
dependent endocytosis, prevented the increased abundance of GLR-1 as a result of APC
mutations (Juo and Kaplan, 2004). Similarly, in Drosophila muscle cells, APC/C (anaphase
promoting complex/cyclosome) was found to have similar effects to that in C.elegans,
regulating neurotransmitter release through controlling GluR-Ila. Mutations in APC led to an
increase in GluR-lla, thus controlling synaptic transmission via the regulation of glutamate

receptor subunits (van Roessel et al., 2004).

1.4 The UPS and neurodegeneration

The UPS has been well characterised for its role in neurodegeneration and neuronal
aging (Figure 6). A shared hallmark of neurodegenerative diseases is the presence of
proteinaceous plaques within neurons. Whilst these differ in specific composition and
morphology, components such as the presence of ubiquitin and heat shock proteins are found
consistently in many types of neurodegenerative plaques (Dale et al., 1991, Spillantini et al,,
1997, Armstrong et al., 2008a). The presence of ubiquitin within these inclusions, shows

evidence of potential disruption to the UPS during neurodegeneration.
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Figure 6. The UPS and Neurodegeneration.

The UPS has been implicated in pathogenesis of neurodegenerative diseases including Parkinson’s and Alzheimer’s
disease. Misfolding of the secondary structure of proteins can lead to a conversion of alpha-helix to beta-sheet formation,
increasing the likelihood of proteins aggregating due to the exposure of inappropriate amino acids on the surface of the
protein. This can lead to an increase in protein aggregation, a major hallmark of neurodegenerative diseases. There is
evidence for the role of certain oligomeric proteins directly inhibiting the proteasome, primarily certain dipeptides
produced in C9orf72 ALS patients. Finally, mutations in E3 ligases have been associated with genetic forms of
neurodegenerative diseases. An example of this would be Parkin, an E3 ligase which has mutations associated with
familial Parkinson’s disease.

1.4.1 Abnormal protein structure in neurodegeneration

Abnormal protein structure is often seen as the initial point in the cascade towards
protein aggregation. Changes to post-translational modifications can cause inappropriate
labelling of proteins, protein misfolding or proteins being trafficked to the incorrect locations
within the cell (Stefani, 2008, Del Monte and Agnetti, 2014). Changes to the cellular
environment including macromolecular concentration changes or changes to pH can also lead
to aberrant protein folding (Stefani, 2008, Shamsi et al., 2017b). As well as these extrinsic
factors, mutations in the DNA sequence encoding proteins can lead to direct changes in their
folding behaviour. There is mounting evidence that protein conformation changes from
alpha-helix structure to beta-sheet formations are highly prevalent in aggregated proteins
(Ding et al., 2003). Whilst these changes could be adopted due to changes in the cellular
environment, mutations in the DNA sequence can also lead to this beta-sheet formation (Ding

et al., 2005, Shivu et al., 2013, Valastyan and Lindquist, 2014). This phenomenon has been
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seen in a$S (alpha synuclein), a protein implicated in plaques associated with the pathogenesis
of Parkinson’s disease (PD). The aS protein normally adopts a structure of four coiled-coil
alpha helices. However, when it adopts a fibril formation, the alpha helices reassemble into
beta-sheets (Davidson et al., 1998, Tuttle et al., 2016)

A hallmark of AD is the presence of amyloid beta (A) plaques. The perturbation of
the amyloid cascade, which produces A proteins, leading to an increase in the production of
the toxic oligomer A4z, is referredto as the Amyloid Cascade Hypothesis (Glenner and Wong,
1984, Hardy and Higgins, 1992). In AD, AB42 has been found to be misfolded, leading to the
inappropriate production of dimers or multimers of the peptide, in addition to toxic fibrils
(Lee and Ham, 2011). As with aS, amyloid beta has also been found to undergo alpha-helix to
beta-sheet transition under certain conditions (Chen et al., 2017a).

The UPS does not have a direct role in the mechanisms of protein misfolding.
However, the UPS should efficiently remove misfolded proteins from the cellular
environment before they can aggregate. Hence, the presence of protein aggregates could

suggest that the proteasome is dysfunctional or impaired.

1.4.2 Protein aggregation

Accumulations of misfolded proteins are referred to as protein aggregates. These are
a hallmark of many neurodegenerative diseases including Lewy Bodies in PD and dementia,
amyloid plaques in AD and Huntingtin (Htt) lesions in Huntington’s disease (HD) (Armstrong
etal.,2008b, Shamsi et al.,2017a). Both misfolded proteins and protein aggregates have been
shown to have a direct inhibitory effect on the 26S proteasome.

oS has been found to inhibit the 26S proteasome in an aggregated state when in the
presence of BS (beta-synuclein), but not in its monomeric state. In vitro, aggregated aS was
found to inhibit the action of 20S proteasomes, with enhanced degradation in the presence
of BS (Snyder etal., 2005). Similarly, misfolded and aggregated PrP, a protein associated with
Prion disease, can block the opening of the 20S core of the proteasome in vitro using purified
human. 20S proteasomes and aggregated PrP from mice (Andre and Tabrizi, 2012, Deriziotis
et al., 2011). In both cases, there is reduced proteolytic activity from the proteasome.
Impairment of the proteasome can also occur through hyper-phosphorylated tau aggregates
binding to the recognition site of the 19S core of the proteasome and hence reducing protein

degradation and causing a back-up of ubiquitinated proteins (Ren et al., 2007). Mutations in
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c9orf72 are the most common cause of ALS and frontotemporal dementia (FTD). This mutant
contains a hexanucleotide repeat expansion, which can produce toxic dipeptides of various
lengths and amino acid composition. In HEK293T cells, expressing human 34 proteasome
subunits, the proline/arginine dipeptide were HA (human influenza hemagglutinin) tagged
and incubated with the cells. Using streptavidin beads pulled down proteasome-dipeptide
complexes, showing direct binding of dipeptides with the proteasome. Further experiments
using polyubiquitinated proteins incubated with human proteasomes and dipeptides, showed

the degradation of ubiquitinated substrates was impaired (Gupta et al., 2017).

1.4.3 Mutations in E3 Ligases

Whilst most neurodegenerative diseases are sporadic in nature, a small subset can be
caused by genetic components. With particular relevance to this thesis, E3 ligase mutations
have been associated with both neurodevelopmental disorders and neurodegeneration,
indicating that perturbations in the ubiquitination enzymes can cause neurological effects
(George et al., 2018).

The best characterised of the neurodegenerative gene mutants is Parkin (PARK2), a
RING-between-Ring family E3 ligase (Riley et al., 2013). Whilst loss of function of Parkin is
most strongly associated with a juvenile recessive form of Parkinsonsim, it has also been
implicated in more common sporadic cases of PD as well as AD, ALS and Huntington’s disease
(HD) (Zhangetal., 2016). Multiple Parkin mutations have been found in PD patients, spanning
from single base pairindels to the deletion of large numbers of nucleotides. However, despite
the variation in mutations in Parkin, the mechanism of PD molecular pathology remains the
same; through the loss-of-function of Parkin (Dawson and Dawson, 2010). This results in
decreased catalytic activity leading to aberrant ubiquitination of target proteins and
preventing the efficient degradation of substrate proteins.

Parkin is also implicated in sporadic cases of PD, where no genetic causes have been
identified. The most likely causes of loss-of-function of Parkin in these cases is through
oxidative and dopaminergic stress causing DNA damage (Dawson and Dawson, 2014). The
substrates of Parkin have yet to be fully elucidated. However, some Parkin substrates that
have been identified have links to protein trafficking (Syx5, Vps4) (Martinez et al., 2017) and

outer membrane mitochondrial proteins present on depolarised mitochondria (MFN/miro)
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(Koyano et al., 2019), implicating the loss-of-function of Parkin with many other cellular
processes that are also associated with Parkinsonism pathology.
The role of the UPS in neurodegeneration shows how vulnerable neurons are to

perturbations in protein metabolism.

1.5 Zebrafish as a model organism

The embryonic zebrafish offers a unique opportunity to pair physiology, imaging and
behaviour together within an intact spinal network, making them a suitable model for
studying vertebrate nervous systems. The zebrafish genome has been fully sequenced
showing many genetic similarities to humans; 71.4% of human genes have zebrafish
orthologue (Howe et al., 2013). Zebrafish embryos develop externally and are completely
transparent, making them an excellent tool for electrophysiology and in vivo imaging
experiments. By 4-dpf, larval zebrafish are capable of displaying a variety of locomotive
behaviours, making them suitable for behavioural experiments. Larval zebrafish are a good
model for pharmacology studies, as they can be bathed in solutions containing drugs and can
absorb them through the skin.

The focus of this thesis was motoneurons (MNs) of the larval zebrafish spinal cord.
These are a useful vertebrate model cell asthey are easily accessible for electrophysiological
recordings and have been well characterised previously. Their connections to the
musculature offer the ability to link the physiology of the neurons to changes in the growth
of neural processes and changes at the neuromuscular junction (NMJ). This can then be
further linked to the locomotive behaviour of the zebrafish, as any physiological or

morphological changes in the MNs should show a direct change in behaviour.

1.6 Zebrafish Development

The different stages of embryonic development have been well characterised in the
zebrafish (Kimmel et al., 1995). Embryogenesis happens over defined periods, starting with
the zygote period from 0 - % hour post fertilisation (hpf). Development then cycles through
the blastula period (2 % - 5 % hpf), gastrula period (5 % - 10 hpf), segmentation period (10 —
24 hpf), pharyngula period (24 — 48 hpf), the hatching period (48 — 72 hpf) before finally

entering the early larval period (<48 hpf). During the larval period (48 — 120 hpf), the larva
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develops aninflated swim bladder and there is further anterio-dorsal protrusion of the mouth

(Kimmel et al., 1995).

1.6.1 The Neuronal Circuitry for Locomotion

In all vertebrates, locomotor movements are generated through orchestrated
communication between networks of spinal neurons, brain and brainstem neurons and
sensory feedback systems (Arber, 2012). Within the spinal cord, spinal circuits are
comprised of primary motoneurons (PMNs), secondary motoneurons (SMNs) and spinal
interneurons (INs) which work in conjunction to produce basic locomotive movement. This
ability for motor activity outside of sensory input has given rise to the concept of the central
pattern generator (CPG) in all vertebrate species (Wilson and Wyman, 1965, Goulding,
2009).

CPGs are found throughout the nervous system of vertebrates and are important
neural circuits that control rhythmic behaviours including locomotion and feeding (Katz,
2016). CPGs in the spinal cord can produce basic motor outputs without the need for
sensory inputs, although sensory feedback is required for more complex behaviour to meet
the needs of the animal (Stein, 2014). In the larval zebrafish, spinal CPGs produce swimming
behaviours without the need for supraspinal inputs (Downes and Granato, 2006). Spinal
cord CPGs function through a balance of both inhibitory (glycinergic) and excitatory
(glutamatergic) synapses, allowing for the regulation of both reflexive and rhythmic
behaviours including swimming (Schmid et al., 1991, Schmid et al., 1996, Callister and
Graham, 2010). Here, | will discuss the different cell types involved in larval zebrafish

locomotion.
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Figure 7.A schematic of the zebrafish spinal cord CPG.

The CPG in zebrafish consists of a network of spinal neurons consisting of MNs, excitatorty V2a INs and inhibitory
commissural INs which work in conjunction to produce basic locomotor movement without the need for sensory input. V2a
excitatory INs provide the synaptic drive to MNs, sufficient for them to elicit action potentials, which in turn cause muscle
contractions. VOd INs provide inhibition to the contralateral or ipsilateral side of the zebrafish trunk to prevent activation of
both sets of MNs at the same time, allowing for the undulating body movement which characterises zebrafish swimming. A
gradient of muscular fibres from red, intermediate and white allows for control of swimming speed with red muscle fibres
activated during slow swimming and white muscle fibres activated during fast swimming.

1.6.1.1 Supraspinal connections and their role in swimming
Supraspinal input from neurons in the mid and hindbrain are required to provide
synaptic drive to the spinal neurons (Kimmel et al., 1982). Reticulospinal neurons located in

both the mid and the hindbrain are required for swimming behaviours including prey-

capture, and to process sensory input from auditory and visual stimuli (Berg et al., 2018b).
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Neurons in the nucleus of the medial longitudinal fasciculus (hnMLF) located in the
midbrain control swimming speed and steering in larval zebrafish. nMLF neurons project to
the MNs (Wang and McLean, 2014) and control the duration of tail movements (Severi et
al., 2014) as well as postural control needed for steering during swimming (Thiele et al.,
2014). These neurons have also been linked to prey-capture behaviour in larvae aged 7-dpf
(Gahtan et al., 2005).

Within the hindbrain, are a set of reticulospinal neurons involved in locomotion
which provide direct inputs to the MNs, arranged into seven clusters, organising the
neurons into segmental homologues (Metcalfe et al., 1986). Within the hindbrain are
included two Mauthner neurons (M-Cell), large crescent shaped cells found bilaterally
within the hindbrain with axonal projections down the contralateral side to the soma,
making direct contact with spinal neurons along the full length of the spinal cord (Fetcho
and Faber, 1988). Whilst M-Cells provide direct contact with the MNs, they also provide
inputs to INs within the spinal cord to enhance fast swimming responses as required. The
M-cells receive direct sensory input in the form of auditory stimuli from the Vlith cranial
nerve, visual stimuli from the optic tectum and stimuli from the lateral line. The M-Cells are
responsible for the initiation of C-bend escape responses as a result of external stimuli
(Eaton and Hackett, 1984, Eaton et al., 1977). Ablation of the M-Cell, and two of its
homologues MiD2cl and MiD3cm, results in no escape responses being elicited (Liu and
Fetcho, 1999). Hence, hindbrain reticulospinal neurons are important within the motor
network for ensuring that sensory information in form of auditory and visual stimuli, result

in an escape response away from the direction of the stimuli (Korn and Faber, 2005).

1.6.1.2 Motoneurons

The MNs of the spinal cord represent the executive neurons of locomotion, they
produce the final output to the musculature that results in the rhythmic body patterning
required for swimming (Grillner and El Manira, 2020, Arber, 2012, Berg et al., 2018b). The
PMNs facilitate the fastest swimming speed and they are the first to develop in the zebrafish
larvae (Bernhardt et al., 1990, Myers et al., 1986b, Myers, 1985). PMNs are easily identified
as they have the largest somata (11.3 +/- 1.4 uM in diameter) of the MNs and are positioned

most dorsally located MNs in the spinal cord. Of the PMN class, there are three distinct types
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of neuron: rostral primary (RoP), middle primary (MiP) and caudal primary (CaP) (Myers et
al., 1986b). One of each type of these neurons is present within each hemisegment of the
spinal cord, with the RoP in closest proximity to the rostral vertical myosepta and the CaP
being closest to the caudal vertical myosepta (Sato-Maeda et al., 2008, Menelaou and
McLean, 2012). Each PMN has one distinct axon, which leaves the somata and travels
vertically whereupon it turns caudally and travels along the lateral edge of the spinal cord.
The axons of all PMNs within the same hemisegment then exit the spinal cord at the same
position. CaP axons are the first to exit the spinal cord, followed by the axons of RoPs and
MiPs (Myers et al., 1986a).

Each type of PMN innervate muscles in a different pattern: CaPs innervate ventral
musculature, whilst the MiPs innervate dorsal musculature. RoPs are the intermediate PMN
that innervate the musculature between the CaPs and MiPs. There is some debate over the
presence of a fourth primary motor neuron type, the Variable Primary (VaP), which
innervates the space between the MiPs and RoPs. However, its role is argued as to whether
it is a true distinct class of PMN or whether there are simply two different types of RoP- a
ventral RoP (VRoP) and a dorsal RoP (dRoP) (Menelaou and McLean, 2012). Whilst the axons
of PMNs are well established by 120-hpf, there is very little dendritic outgrowth into the
musculature at this age. Dendritic growth continues throughout development (Bernhardt et
al., 1990). PMNs can also be identified by their distinctive firing patterns. Using whole-cell
current clamp recordings, PMNs which are stimulated to 2x rheobase (the minimum current
required to elicit an action potential) fire tonically, displaying a pattern of continuous firing
throughout the duration of the injected current step (Menelaou and McLean, 2012).

The innervation patterns of SMNs are not as clearly defined as those of the PMNs.
SMNs are therefore characterised based on their dorsoventral innervation, as opposed to
soma location within the spinal cord (Menelaou and McLean, 2012). Another distinguishing
feature of SMNs is their branched nature in comparison to PMNs, where branching reaches
far deeper muscles, indicating a preference for innervating slower muscle. There are two main
groups of SMNs, the first of which encompasses the dorsoventrally projecting cells (dvS), the
ventrally restricted cells (vS) and cells which are dorsally restricted (dS). This group of SMINs
covers the full range of each muscle hemisegment (Menelaou and McLean, 2012).

The second class of SMNs is distinguished by a single axon which runs the length of

the intermyotomal boundary. These SMNs follow a nomenclature based on this
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intermyotomal boundary and are therefore called the intermyotomal secondaries (iS). There
are two further subtypes of iS- those with collaterals (iS-c) i.e. branching from the main axon,
and those without (iS-nc). As with other PMNs and the dorsoventral SMNs, the iS motor
neurons cover the full range of musculature within each somite (Menelaou and Mclean,
2012). MNs display different firing properties dependent on their dorsoventral location within
the spinal cord. Whole-cell current clamp recordings revealed ventral most SMNs exhibit
burst firing, whilst those located more dorsally generate a ‘chattering’ firing pattern. Tonic
firing, displayed by PMNs, is defined as a train of action potentials with continuous firing
during the depolarising step of the current clamp recording. Burst firing is defined as a single
action potential or one short train of a couple of action potentials at the start of the
depolarising step, followed by a period of no firing. ‘Chattering’ firing pattern involves short
trains of action potentials followed by periods of inactivity. Multiple ‘chattering’ episodes can
occur across the depolarising step, however unlike tonic firing, ‘chattering’ firing involves
distinct periods of inactivity between action potential trains (Menelaou and McLean, 2012,
Saint-Amant and Drapeau, 2000). Bursting cells receive the least amount of synaptic drive,
with drive sequentially increasing as MNs display chattering and then tonic firing. This
suggests that increases in swimming frequencies, correlate with increases in firing pattern
(Menelaou and MclLean, 2012).

The order of MN recruitment in larval zebrafish dictates swimming speed, smaller
MNs drive slow swimming speeds, with larger MNs sequentially added to the recruited pool
as swimming speed increases (McLean et al., 2007, Menelaou and McLean, 2012). Therefore,
progressive recruitment of larger MNs results in faster swimming speeds. Whilst this
recruitment order also represents the location of MNs within the spinal cord, the branching
pattern of MNs also correlates to their order of recruitment. MNs located more dorsally in
the spinal cord, and which are involved in slow to intermediate swimming speeds, have the
ability to branch into neighbouring hemisegments, whilst larger lateral MNs are restricted to
branching only within their own myotomal segment (Ampatzis et al., 2013). In the adult
zebrafish, PMNs are almost exclusively recruited for escape responses and have little

involvement in normal swimming patterns (Ampatzis et al., 2014).
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1.6.1.3 Interneurons

In addition to PMNs and SMNs, there are also INs present in the spinal cord that assist
with the smooth transition between swimming speeds during development and generate
the rhythm for co-ordinated MN activation. Excitatory and inhibitory INs work in
conjunction, providing inputs to MNs to control the output to the musculature that
produces the resultant behaviour. The two main classes of INs in the spinal cord of larval
zebrafish are the V2a excitatory INs and the VO excitatory (VOv) and inhibitory (VOd) INs
(Berg et al., 2018b). V2a INs provide the major excitatory drive to MNs to produce rhythmic
swimming patterns.

V2a glutamatergic excitatory INs provide the main source of excitatory drive to
descending MNs (Ekl6f-Ljunggren et al., 2012, Ljunggren et al., 2014). Three V2a INs exist
projecting to slow, intermediate and fast MNs in order to control swimming speeds. Slow
V2a INs have the lowest threshold and maintain excitation throughout the CPG. As faster
swimming speeds are required, excitatory drive is increased through the recruitment of
subsequent V2a INs which provide excitatory drive to the appropriate MN. (Ampatzis et al.,
2014, Ausborn et al., 2012, Song et al., 2018, Song et al., 2020). Optogenetic activation of
V2a INs provides sufficient excitatory drive to elicit a behavioural output, whilst ablation of
V2a INs results in abnormal locomotion (EkI6f-Ljunggren et al., 2012, Ljunggren et al., 2014).
Studies have shown that MNs can also retrogradely control excitatory input from V2a INs
through gap junction coupling in adult zebrafish (Song et al., 2016).

The order of recruitment of INs differs to MNs: as INs are not recruited based on
their topographic recruitment pattern. As swimming speed increases, INs driving faster
speeds are activated, whilst INs that drive slower speeds are silenced. As such, there is a
shift in the pool of INs active at different swimming speeds, as opposed to MNs which are
sequentially recruited as speed increases (Ausborn et al., 2012, McLean et al., 2007).
Recent studies have shown that there are two distinct classes of V2a INs which separately
control the timing and amplitude of locomotor behaviour. Separated through distinctive
intrinsic properties, type | V2a INs display tonic firing. Type | V2a INs ensure that rhythmic
synaptic drive is provided to MNs to elicit swimming behaviour, whilst type Il V2as are
associated with controlling the intensity and duration of motor bursts (Menelaou and

Mclean, 2019).
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Inhibitory INs are also important for locomotion providing body patterning
rhythmicity, allowing for the undulating movement of the trunk. Whilst the inhibitory
commissural INs on the contralateral side are active, inhibition is provided to the MNs on
the ipsilateral side (Grillner, 2003, Satou et al., 2020, Cohen and Harris-Warrick, 1984, Alford
and Williams, 1989). One way to study excitatory and inhibitory drive to MNs is to use
larvae which are bathed in tubocurarine, a acetylcholine receptor antagonist, to prevent
muscle contractions allowing researchers to isolate neurons involved in ‘fictive swimming’
(Buss and Drapeau, 2001). Using this approach, researchers applied strychnine and found
that the alternating pattern of burst firing associated with fictive swimming became
synchronised. This suggests that it is glycinergic INs which are required for alternating body
patterning (Cohen and Harris-Warrick, 1984, Buss and Drapeau, 2001). Inhibitory INs
synapse with contralateral V2a INs, MNs and inhibitory INs in order to control alternating
body movement (Cohen and Harris-Warrick, 1984, Nishino et al., 2010, Satou et al., 2020,
Grillner and Kozlov, 2021). In embryonic and larval zebrafish, glycine is depolarising at
resting potentials (Brustein and Drapeau, 2005). Studies suggest that the reversal potential
for Cl-is close to action potential threshold (around -47 mV). As such, glycine appears to
provide a source of depolarising drive to MNs whilst also preventing overexcitation by
providing a source of membrane shunting when the cell is depolarised beyond threshold
(Payne et al., 2003, Reynolds et al., 2008).

A specific inhibitory IN has also been linked exclusively to escape responses, with no
input during normal swimming. Comissural Local (CoLo) inhibitory INs receive direct inputs
from the M-Cell. Ablation of these neurons impairs C-bend auditory and visual startle
responses (Satou et al., 2009).CoLos also ensure that if both M-Cells are stimulated
simultaneously, that only the contralateral muscles on the side of the M-Cell that fired first

contract and produce a resultant startle response (Satou et al., 2020).

1.6.1.4 Musculature

Two different types of muscle tissue are present within larval zebrafish, embryonic
white (EW) and embryonic red (ER) muscle fibres. Adult zebrafish develop a third class of
musculature, intermediate muscle fibres. ER fibres are aerobic whilst EW fibres are

anaerobic, allowing for the different speeds and durations of movement elicited by the
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recruitment of the different muscle fibres (van Raamsdonk et al., 1982, Buss and Drapeau,
2002).

The muscle fibres are utilised in different speeds of swimming, with EW muscle
fibres involved in fast swimming responses and ER fibres involved in slower swimming
speeds. Hence, in larval zebrafish up to 4-dpf, the muscle fibres presently mostly consist of
layers of EW fibres with a superficial single layer of ER muscle (van Raamsdonk et al., 1982,
Buss and Drapeau, 2000). ER and EW muscle fibres are active in fictive swimming episodes,
but as swimming speed increases ER fibres are no longer activated, whilst EW muscle fibres
remain active. This muscle recruitment strategy remains in place throughout development

and into the adult zebrafish (Buss and Drapeau, 2000).

1.7 Zebrafish as a model for studying proteasomal regulation of neurons

In this thesis, | have used the larval zebrafish (up to 4-dpf) to study the effect of
proteasomal inhibition on the synaptic and intrinsic properties of MNs. Larval zebrafish
express 20S proteasomes and previous studies have shown that proteasome inhibitors are
capable of inhibiting zebrafish proteasomes (Winder et al., 2011, Daroczi et al., 2009, Rosas
et al., 2019, Khan et al., 2012). Spinal cord preparations were utilised in this study, as they
offer the opportunity to study how the inhibition of the proteasome affects neurons
involved in an intact neuronal network, allowing me to link together changes in physiology,

morphology and behaviour.

1.8 Aims and objectives

The aim of this thesis was to identify the effects of proteasomal inhibition on neuronal
function in larval zebrafish intact spinal preparations. Using this model, | aimed to study
how proteasomal inhibition affects the synaptic and intrinsic properties of MNs following
chronic (overnight; Chapter 4) and short (1-hour; Chapter 3) incubation with proteasome
inhibitors. Thereafter, | aimed to investigate the effects of proteasomal inhibition on
synaptic transmission at the NMJ, as well as effects on MN dendritic growth and branching
and the formation of NMJs (Chapter 5). Finally, | investigated the effects of proteasomal
inhibition on the locomotion of larval zebrafish, with a focus on free-swimming behaviour

(Chapter 6).
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Chapter 2 Methods
2.1.1 Zebrafish Care

Adult AB Wild Type (WT) zebrafish (Danio rerio) were reared according to standard
protocols in accordance with guidelines from the Animals and Scientific Procedures Act 1986.
Embryos were maintained on a 14:10 light:dark cycle at 28.5 °C, in system water. Zebrafish
embryos for this study were used at 4-days post fertilisation (dpf) and were staged according

to Kimmel (Kimmel et al., 1995).

2.1.2 Pharmacological Agents

Pharmacological inhibitors of the proteasome were used in these studies. MG132
(Hellobio), a synthetic proteasome inhibitor was dissolved in DMSO to produce a 100 mM
stock. Lactacystin (Hellobio), a natural proteasome inhibitor was dissolved in dH20 to produce
a 10 mM stock. Bortezomib (PS-341, Hello Bio), a synthetic proteasome inhibitor was
dissolved in DMSO to produce a 100 mM stock solution. Control solutions contained the same

concentration of DMSO as was present in the test condition.
2.1.3 Electrophysiological Reagents
At all times unless otherwise stated, zebrafish embryos were perfused using standard

Evans solution. Unless otherwise stated, 10 uM d-tubocararine was added to the Evans

solution to prevent muscle contractions of the zebrafish during recordings.

Reagent Concentration (mM) Supplier

NaCl 134 Fisher Scientific
KCl 2.9 Fisher Scientific
CaCl, 2.1 Fisher Scientific
MgCl, 1.2 Fisher Scientific
HEPES 10 Melford

Glucose 10 Fisher Scientific
d-tubocurarine 0.01 Fisher Scientific

Table 1. Evans Solution.

In order to elucidate glutamatergic miniature excitatory post-synaptic potentials (mEPSPs),
Mg?2* free Evans solution was used to remove the Mg?2* block from N-methyl-D-aspartate
receptors (NMDAR) and to prevent single channel events from being blocked. Three
pharmacological ion channel inhibitors were used in addition to the Mg?* free Evans

solution: 1 uM tetrodotoxin (TTX) was used to prevent activation of voltage gated Na*
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channels; 100 uM strychinine (STY) was used to inhibit glycine receptors and 50 uM
picrotoxin (PTX) was used to inhibit GABA receptors. All three toxins were used
simultaneously in order for mEPSCs to be elucidated.

For glycinergic miniature inhibitory post-synaptic potentials (mIPSPs) recordings,
Evans solutions containing pharmacological inhibitors were also used. 1 uM TTX and 50 uM
PTX were used with 50 uM kynurenic acidto prevent inhibit glutamatergic receptors a-amino-
3-hydroxy-5-methyl-4-isoxazoleprpionic (AMPAR)/Kainate receptors and NMDAR.

Unless otherwise stated, a K-gluconate intracellular solution was used to backfill
electrodes (Table 2). In the case of glycinergic mIPSP recordings, caesium chloride replaced
the k-gluconate in the intracellular solution. Intracellular solutions were kept on ice

throughout experiments.

Reagent Concentration (mM) Supplier
K-Gluconate 125 Acros

MgCl, 5 Fisher Scientific
EGTA 10 Melford

HEPES 10 Melford
Na,ATP 4 Sigma

Table 2. K-Gluconate Intracellular Solution.
2.1.4  Zebrafish Embryo Preparation

Zebrafish embryos were first anaesthetised in 0.02% tricaine and then spinalised, by
removing the head with a sharp pair of forceps. Spinalised fish were then placed in Evans
solution until they were needed for experiments. Prior to electrophysiological recordings, the
spinalised fish were pinned to a Slygard 184 dish by placing tungsten wire pins through the
notochord. The skin was then removed from the preparation using fine forceps, exposing the

underlying musculature.

2.1.5 Application of Proteasome Inhibitors

Three different methods of application of proteasome inhibitors were used
throughout these experiments. In bath application experiments, fish were prepared and cells
were whole-cell patch clamped in Evans solution with appropriate toxins (TTX, STY, PTX or
KYN). Electrophysiological recordings were then taken from motor neurons for 10 minutes as
a control recording. After 10 minutes, Evans solution with appropriate toxin and proteasome

inhibitor were then applied to the preparation via the perfusion system. The preparation was
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allowed to incubate for 15 minutes, before a further 5 minute recording was taken in the
presence of inhibitor.

A one-hour incubation period was also tested, where fish were spinalised and placed
directly in Evans solution containing proteasome inhibitor. After the one-hour incubation, fish
were prepared for electrophysiological recordings and motor neurons were whole-cell patch
clamped. Throughout experiments, fish remained exposed to proteasome inhibitors for up to
two hours. Appropriate controls were set up in a similar fashion.

In the third application method, proteasome inhibitors were applied to zebrafish
embryos in an overnight incubation. 10 embryonic zebrafish were placed in 20 ml system
water with proteasome inhibitor and left overnight in an incubator at 28.5 °C. Upon
spinalising the following day, zebrafish spinalised preparations were placed in Evans solution
with the appropriate proteasomal inhibitor. Control conditions contained the same
concentration of DMSO as test conditions. Throughout experiments, all solutions perfused

with the preparations contained proteasomal inhibitor or corresponding control solution.

2.1.6  Motor Neuron Electrophysiology Recordings

Zebrafish preparations were perfused with Evans solution containing TTX and other
appropriate ion channel inhibitors. Borosilicate glass pipettes (Harvard Apparatus) were
pulled using a SU-P97 pipette puller (Sutter) to produce tips with resistance 4 — 5 Q for
electrophysiological recordings. Wide-bore glass pipettes were also pulled using a SU-P97
pipette puller and used to remove the musculature from somites 6-9 of the spinalised
zebrafish preparation to expose the underlying musculature. Pipettes used for
electrophysiological solution were backfilled with intracellular solution containing
sulforhodamine B dye (Sigma) and mounted to a pipette holder with a silver chloride
electrode.

Whole-cell patch clamp recordings were taken from MNs within the spinal cord.
Recroding pipettes were placedin a pipette holder and lowered into the bath solution using
a micromanipulator (PatchStar; Scientifica). Voltage and current clamp recordings were
acquired using a Multiclamp 700b amplifier (Molecular Devices), Digidata 1440A (Molecular
Devices) and pClamp software (Molecular Devices). Standard corrections for pipette
capacitance, fast and slow capacitance and bridge balance (for current clamp recordings)

were used. Electrical signals were filtered at 10 kHz with a gain of 10 with a sampling rate of
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10,000 Hz. Cells with an access resistance (Ra) above 20 MQ were not used for recordings.
Voltage clamp recordings were taken for 10 minutes. Increases of Ra post-recording above
20 MQ were discarded from analysis. For current clamp recordings, the recordings were
discarded if the Bridge Balance exceeded 20 MQ.

Whole-cell voltage clamp recordings were taken in the presence of appropriate ion
channel inhibitors and proteasome inhibitor or control conditions. Cells were held at -65 mV
with Rs compensation set to 70% with a 2.42 kHz filter. A gap free protocol was used to
monitor miniature post-syanptic currents. Whole-cell current clamp recordings taken to study
firing properties of neurons were also taken. Current clamp protocols involved a 400ms 10
pA depolarising step protocol applied to cells until 2x Rheobase was reached.

For 1-hour and overnight application of proteasome inhibitors, recordings were taken
from up to three individual cells per fish preparation. To ensure that cells were not patched
multiple times, cells were filled with sulforhodamine B dye and were selected from different

myotomal segments.

2.1.7 Embryonic White Muscle Cell Electrophysiological Recordings

Pinned zebrafish preparations were perfused with Evans solution containing TTX and the
top layer of ER muscle fibres were removed using gentle suction with a wide-bore glass
pipette. Borosilicate glass pipettes (Harvard Apparatus) were pulled using a SU-P97 pipette
puller (Sutter Instruments) to produce a pipette resistance of 3 — 5 MQ and backfilled with
Cs-gluconate solution containing sulforhodamine B dye. EW muscle cells were whole-cell
patch clamped and voltage clamp recordings were taken as outlined in the above method

for MN recordings. Only one cell per fish was recorded for EW muscle cell recordings.

2.1.8 Statistical Analysis of Electrophysiological Recordings

Analysis of recordings was carried out using Clampfit (Molecular Devices). A power
spectrum analysis was carried out on glutamatergic recordings using normal distribution to
determine the extent of electrical noise. Recordings were filtered using a Low Pass Gaussian
filter set to 1000 Hz and electrical noise filtering was carried out based on the power spectrum
analysis. Power spectrum analysisidentifies harmonics within the data set, in order to remove

extraneous noise from recordings which occurs at 50 Hz (due to electrical noise). Atemplate
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search was then used on a 300 s section of the recording to identify mEPSPs and mIPSPs
frequency. An average of these identified mEPSPs/mIPSPs was then used to determine the
amplitude, half-width and rise time. For current clamp recordings, a threshold search was
applied to determine the number of action potentials within the 400 ms step. Firing rate was
calculated for cells at 2 x Rheobase.

In order to counter the effect of pseudoreplicates in the case of multiple cells being
recorded from the same fish, a linear mixed effect model was used to statistically analyse
data, taking fish number into consideration as a random factor. A normality test was first
carried out to ensure data was normally distributed. A significance threshold of p < 0.05 was
used for linear mixed effects model analysis.

Control and test recordings taken from the same cell within individual fish were
analysed using a paired t-test (p < 0.05) to determine significance. A unpaired t-test (p < 0.05)

was also used to analyse EW muscle recordings, as only one cell was recorded per fish.

2.1.9 Body Length Measurements

Zebrafish larvae were treated overnight with either 50 uM bortezomib, 10 uM
MG132,0.01% DMSO or 0.05% DMSO. The following day, larvae were anaesthetised in 0.02%
tricaine and fixed in 4% PFA (paraformaldehyde) containing PBS (phosphate buffered saline)
for 2 hours before being placed in a Sylgard dish. Larvae were aligned on their lateral side and
tungsten wire pins were placed through the swim bladder and notochord. Larvae were
visualised using x20 lens on Nikon SMZ800 (Nikon) dissection microscope. Images were taken
using Moticam 1000 (Moticam) camera. Body length measurements were taken from the tip
of snout to the tail along the body axis. Measurements were calculated using Fiji (Schindelin

et al., 2012).

2.1.10 Ub-R- YFP Plasmid Injection

Ub-R-YFP was a gift from Nico Dantuma (Addgene plasmid # 11948 ;
http://n2t.net/addgene:11948 ; RRID:Addgene_11948). The plasmid was provided in an agar
stab of DH5alpha bacteria, which was streaked onto LB Agar plates containing 50 ug/ml
kanamycin. Colonies were allowed to grow overnight at 37°C. One colony was then selected
and added to 5ml LB Broth containing 50 pg/ml kanamycin and cultured overnight at 37°C in
a shaking incubator at 100 rpm. Isolation of the plasmid DNA was carried out using Genelet

MiniPrep Plasmid DNA kit (ThermoFisher) using 5 ml of overnight culture. All centrifugation

46



purification steps were carried out at 12,000 rpm. The concentration of DNA was calculated
to be 67.2 ng/ul using the Nanodrop (ThermoFisher). The isolated plasmid DNA was sent for
sequencing at GATC Eurofins. Primersfor the EGFP-N1 vector backbone were purchased from
Millipore from sequences provided by Addgene: CGTCGCCGTCCAGCTCGACCAG. Sequence
alignment was carried out using BLAST2 sequence alignment tool and verified reference
sequences provided by Addgene. Sequence similarity was determined to be 100%.

The Ub-R-YFP plasmid was then cloned using Genelet MidiPrep Plasmid DNA kit
(ThermokFisher) to produce a larger quantity of DNA. LB Agar plates with 50 ug/ml kanamycin
were streaked with a glycerol stock of Ub-R-YFP plasmid stored at -80 °C. The culture was left
to grow overnight at 37 °C upon which one colony was picked and grown up in 5 ml LB broth
inoculated with 50 pug/ml kanamycin at 37 °C in a shaking incubator at 250 rpm for 8 hours.
The starter culture was then diluted to 1:10,000 in LB broth and incubated overnight at 37 °C
at 250 rpm. The plasmid DNA was then isolated using the Genelet MidiPrep Plasmid DNA kit
(ThermokFisher). The final concentration of plasmid was 300.1 ng/ul measured using the
Nanodrop (ThermoFisher). Aliquots of plasmid were frozen at — 20 °C until required.

AB WT zebrafish were set up for breeding with a divider to separate males and
females. The divider was then removed in the morning to allow breeding to occur. Fertilised
embryos were collected between the 1to 4 cell stage (Kimmel etal., 1995) and placed in agar
plates to be injected. The plasmid was diluted to 75 ng/ul and mixed with 0.2% fast green
dye. Sharp electrodes were pulled using borosilicate filtered glass pipettes. Pipettes were
filled with dye and plasmid, before being loaded onto a microinjector (LPump). Embryos were
injected at the yolk-blastomere boundary, so that plasmid was injected directly into the
cytoplasm of the embryos up until the 4-cell stage of development. Embryos were transferred
to a petri dish containing system water and kept at 28.5 °C until 3-dpf. At 3-dpf microinjected
fish were incubated with MG132, bortezomib or control conditions overnight, before being
spinalised and imaged on the Olympus FV1000 Confocal microscope at x10 lens.

2.1.11 Immunohistochemistry

All antibody staining was carried out on fish at 4-dpf. All antibodies and concentrations
are listed in Table 3. Fish were first fixed in 4% PFA for 2 hours at RT. A permeabilization step
using ice cold acetone for 1 hour, followed by RT acetone for 0.5 hour was used for all whole-

mount zebrafish spinal cord staining. Fish were then left in block solution (10% milk
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powder/BSA, 1% DMSO, 0.1% Triton-X) for one hour and incubated overnight at RT with
primaryantibody. The following day, fish were incubated in block solution for 1 hour and then
incubated overnight in secondary antibody. Fish were then cleared in 60% glycerol before
being mounted on microscope slides with Anti-Fade Fluorescence Mounting Media (Abcam)
and imaged. Images were taken on the Olympus FV1000 confocal scanning microscope at x40
lens.

To stain for NMJs, alpha-bungarotoxin-ATTO-633 (o-bgt) (Alomone Labs) was used at
10 ng/ul and added for 0.5 hours before primary antibody incubation. In this protocol, no

acetone permeabilization step was utilised.
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Antibody Manufacturer Concentration Used
Primary
SV2 Goat anti-mouse Developmental Studies Hybridoma | 1:100
Bank
ZNP1 Goat anti-mouse Developmental Studies Hybridoma | 1:100
Bank
Secondary
Alexa-488 conjugated anti- | Invitrogen 1:2000
mouse

Table 3. Immunohistochemistry.

2.1.12 Acridine Orange Staining

Larvae (3-dpf) were incubated overnight in either MG132, Bortezomib or control
conditions and 10 ng/ml of acridine orange (AO) stain. The following morning, larvae were
spinalised and mounted in Anti-Fade Fluorescence Mounting Media (Abcam) before being

imaged at x10 lens on the Olympus FV1000 confocal microscope.

2.1.13 Image Aqgcuisition

All images were acquired using the Olympus FV1000 laser scanning confocal microscope. Z-
stack images were taken in 1 uM sections. High sensitivity detectors were used for all image
acquisition. For acquisition of images from larvae stained with Alexa-488 conjugated
antibodies, a laser at wavelength 488 nm was used. For larvae stained with YFP fluorescence,
a 535 nm wavelength laser was used to acquire images. Images of larvae stained with AO
were acquired using a 500 nm wavelength laser. For acquisition of imagesfrom larvae treated

with o-bgt-ATTO-633, a 633 nm wavelength laser was used.

2.1.14 Image Analysis

All imagesobtained on the Olympus FV1000 confocal microscope were analysed using
Fiji (2012). Images were first converted into 8-bit images in greyscale, in order for auto-
thresholding to be carried out. A macro was used to subtract background and auto-threshold
using the Li algorithm. The Li algorithm is a histogram based, auto-threshold option which

binarises 8-bit greyscale images, allowing for the segmentation of background and ‘object’
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based on a greyscale algorithm threshold (Liand Lee, 1993). The ‘Analyze Particles’ plug-in
was then used for total staining analysis, as this compares the percentage of background to
‘object’ for binarized images. For whole mount immunohistochemistry staining, regions of
interest (ROI) were selected using the polygon tool to exclude myotomal boundary staining
from total staining analysis. ROl were drawn around the lateral and ventral myotomal
segment from somites 6 and 7 of the larvae in order to exclude the myotomal boundary. This
was carried out as the myotomal boundaries exhibit autofluorescence and should be excluded
from analysis. Auto-threshold using the Li algorithm as described above was then used to
analyse total percentage stain using Fiji. An unpaired t-test was used (p < 0.05) to determine
significance in total percentage stain.

Further analysis was carried out on ZNP-1 antibody stained larvae using Simple
Neurite Tracer (SNT) a plugin designed for use in Fiji (Longair et al., 2011). Images were
processed into a Z-stack and SNT was used to trace all present neurites in one myotomal
segment from the dorsal side of the zebrafish larvae. SNT statistics for total cable length
traced and number of branches were extracted.

For SV2 and a-bgt co-staining analysis, Pearson’s Correlation Coefficient was
calculated using ColLoc2, a plugin through Fiji to determine the degree of colocalization
between pre- (SV2) and post- (a-bgt) synapses of the NMJ (Bolte and Cordelieres, 2006). An
unpaired t-test (p > 0.05) was then used to determine significance in the degree of co-
localisationin larvae treated with proteasome inhibitors compared to control treated larvae.

For images from larvae microinjected with the UB-R-YFP plasmid and for larvae
treated with AO, a Fiji macrowas used to subtract background and set the image threshold
as described above for ZNP1 staining. Total percentage stain for the whole image was then
compared between drug and control conditions. An unpaired t-test (p > 0.05) was used to

determine significance.

2.1.15 Free-Swimming Behaviour Analysis

Larval zebrafish 3-dpf were first incubated overnight with either MG132, Bortezomib
or control conditions. Free swimming behavioural experiments were carried out in a room
heated to 28 °C. Recordings were taken with fish aged 4-dpf staged according to Kimmel et o
(Kimmel et al., 1995). A single larvae was placed in a 55 mm diameter petri dish with 2 ml

system water containing appropriate proteasome inhibitor or control condition and allowed
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to acclimatise for 10 minutes. Videos were captured using a DragonFly2 DR2-HIBW camera
for 5 minutes using FlyTrap2 software with a frame rate of 15 frames/s.

Videos were converted for analysis using any2ufmf software (Branson et al., 2009) and
then fish were tracked using Ctrax software (Branson et al., 2009). Tracking errors were
corrected in MatLab (2022) and distance and velocity data extracted from these files. R was
used to analyse the output from the CTrax tracking data to calculate the total distance
covered (R Development Core Team, 2022). Janelia Automatic Animal Behaviour Annotator
(JAABA) was used as a machine learning tool to automatically analyse specific behaviours,
including beat-glide-swimming (Kabra et al., 2013). Beat-and-glide swimming periods were
identified based on velocity parameters. Thigmotaxis, or ‘wall-hugging’ behaviour was

defined as the time spent within a 5 mm distance of the arena edge.
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Chapter 3 Investigating the effect of overnight incubation with
proteasome inhibitors on the synaptic and intrinsic
properties of motoneurons

3.1 Introduction

The focus of this chapter is on the role of the proteasome on the intrinsic and synaptic
properties of neurons. As has been described in Chapter 1, the UPS has been implicatedina
variety of processes, including in nervous system development and degeneration. Whilst
previous studies have examined the role of the proteasome in neurotransmission, these
have been limited in their scope (Rinetti and Schweizer, 2010, Speese et al., 2003). Previous
experiments have utilised either invertebrate models or mammalian cell-culture, and hence
an understanding of the proteasome in the context of intact neural networks remains
lacking. Therefore, in this chapter | aimed to investigate how inhibition of the proteasome
affects the spontaneous release of neurotransmitter within spinal neurons of larval
zebrafish, as spontaneous events give an indication of the functional state of synaptic
connections. | also aimed to assess the effect of pharmacological proteasome inhibition on
the intrinsic properties of MNs by investigating the firing properties of these neurons.

Here, | aim to identify previously reported experiments looking into the role of the
UPS and its implications for vertebrate neuronal network function. | will start by discussing
how neurons within the spinal cord are organised within spinal networks in order to allow

locomotive behaviours to occur.

3.1.1 Central Pattern Generators and the importance of inhibitory and excitatory synapses

CPGs are present in the spinal cord of all vertebrates and are responsible for the
production of rhythmic movements such as locomotion, swimming, feeding and breathing.
In the larval zebrafish, CPGs within the spinal cord consist of MNs, inhibitory and excitatory
INs and muscle fibres (see Chapter 1). MNs receive inhibitory and excitatory synaptic inputs
from INs within the spinal cord and projections from the mid and hindbrain regions. At
larval stages, the major neurotransmitter systems involved in locomotion are glycine and
glutamate within the spinal cord and acetylcholine (Ach) at the level of the muscle. These
synaptic inputs are important for producing the co-ordinated movement required for

undulating body movements which characterise swimming behaviour.
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3.1.2 Spontaneous and Evoked Neurotransmitter Release

There are three main modes in which synapses can release vesicles of
neurotransmitter: via activity-induced release either synchronously (happening within
milliseconds of an action potential) or asynchronously (happening within tens of
milliseconds or seconds after an action potential) or through spontaneous activity-
independent release (Fon and Edwards, 2001, Ramirez and Kavalali, 2011, Kaeser and
Regehr, 2014). Synaptic veiscles can be segregated into three main pools; the readily
releasable pool (RRP), the recycling pool and the reserve pool (Rizzoli and Betz, 2005). The
RRP vesicles are ready to be immediately released upon neuronal stimulation, whilst the
recycling pool requires moderate stimulation to be released and is constantly replenished
with new vesicles. Finally, the reserve pool of vesicles are only released upon intense
neuronal stimulation and constitute the largest of the three vesicle pools (Rizzoli and Betz,
2005).

Activity-induced release of neurotransmitter requires an action potential, whereby
an electrical signal is propagated down the axon of the pre-synaptic cell. Upon
depolarisation of the pre-synapse, Ca?* ion channels are opened, resulting in an influx of
calcium into the synapse. This in turn triggers the pool of readily releasable vesicles to dock
to the pre-synaptic membrane active zone, resulting in the subsequent release of
neurotransmitter from the fused vesicle into the synaptic cleft (Leenders et al., 1999, Katz,
1969, Katz and Miledi, 1967). During spontaneous release, action-potential independent
mechanisms result in a single quanta of neurotransmitter being released into the synaptic
cleft (Katz and Miledi, 1963, Kavalali et al., 2011, Heuser et al., 1979, Fatt and Katz, 1950,
Fatt and Katz, 1952). Here, | will discuss the current views surrounding spontaneous
neurotransmitter release and how it differs from evoked transmission.

The classical hypothesis of spontaneous neurotransmitter release holds that it is the
product of an imperfect system of vesicle fusion following the propagation of an action
potential, hence vesicular release occurs randomly from the same pool of vesicles, docking
at the same active zone as vesicles involved in activity-dependent release (Van der Kloot et
al., 2000, Diamond and Jahr, 1995, Isaacson and Walmsley, 1995). More recent studies show

the importance of Ca?* signalling in spontaneous release, revealing that release is not a
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random event, but is correlated with the influx of Ca?* (Williams and Smith, 2018, Williams
et al., 2012).

Moreover, in addition to a set mode of release, spontaneous transmission has a
distinct role in the function of healthy neurons (Kaeser and Regehr, 2014). There is evidence
that spontaneous release is required for maintenance of synaptic homeostasis, including the
regulation of dendritic spine growth and synaptic plasticity (McKinney et al., 1999, Tyler and
Pozzo-Miller, 2003, Crawford et al., 2017, Ramirez and Kavalali, 2011, Ramirez et al., 2017,
Reese and Kavalali, 2015). In CA1 pyramidal cells, spontaneous glutamate release is
sufficient to maintain dendritic spines following deafferentation and allows for spinogenesis
even in the presence of TTX and inhibitors of protein synthesis (McKinney et al., 1999, Tyler
and Pozzo-Miller, 2003).

In rat hippocampal cultures, spontaneous neurotransmission appears to occur from
a distinct pool of releasable vesicles segregated from vesicles associated with evoked
release (Fredj and Burrone, 2009). Differences in the recycling pool of spontaneous and
evoked release have also been suggested in hippocampal cultures using styryl-dyes (Sara et
al., 2005), although there is still some disagreement about this as other studies have shown
no difference in recycling pools (Groemer and Klingauf, 2007). Using hippocampal cultures
taken from mice deficient in the SNARE protein synaptobrevin showed that in these
neurons, no segregation of evoked and spontaneous release pools could occur (Sara et al.,
2005). This suggests that SNARE proteins are important in the molecular machinery
distinguishing evoked and spontaneous release events. Hence, despite some disagreement,
more recent evidence suggests that there are differences within vesicle pools contributing
to different types of vesicular release.

Spontaneous neurotransmission has also been implicated in synaptic homeostasis
and post-synaptic efficacy. Inhibition of postsynaptic glutamate receptors in Drosophila
resulted in an increase in spontaneous neurotransmitter release at the NMJ. Spontaneous
release events induce homeostatic synaptic scaling in the absence of both neuronal activity
and protein synthesis, suggesting that spontaneous neurotransmission has an important
role in synaptic homeostasis (Frank et al., 2006). Synaptic scaling of AMPA receptors and
pre-synaptic glutamate release is also impaired as a result of genetic knock-down of SNARE
proteins involved in spontaneous, but not evoked, release events in mouse hippocampal

neurons (Crawford et al., 2017).
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Spontaneous release events have been associated with synaptic plasticity and mechanisms
associated with learning and memory formation, including synaptic potentiation. Synaptic
potentiation and facilitation are important processes required for synaptic strengthening
and synaptic depression respectively. LTP is the process by which synapses are strengthened
and synaptic transmission increased as a result of brief, tetanic high-stimulation activity
(Bliss and Lémo, 1973, Malenka et al., 1999). Conversely, LTD occurs with low-frequency
stimulation for long periods of time (10-15 minutes) resulting in the depression of
neurotransmission for several hours at specific synapses (Ito and Kano, 1982). Both LTP and
LTD are dependent on the activation of NMDA receptors, with the main determinant
between potentiation and depression being the volume of Ca?* influx following NMDA
activation. A large influx in Ca2* results in LTP, whereas a small influx results in LTD
(Collingridge et al., 2010). LTP and LTD have been associated as the mechanisms behind
learning and memory formation. LTP and LTD can be broken down into different phases,
beginning with the induction of LTP/LTD leading to early-LTP/LTD (E-LTP/LTD), followed by a
maintenance phase which eventually results in late-LTP/LTD (L-LTP/LTD). Initiation occurs
through stimulation of NMDA receptors and subsequent downstream signalling resulting in
L-LTP/LTD involving gene transcription and protein synthesis (Huang, 1998). Short-term
potentiation and facilitation can also occur, resulting in a transient increase or decrease in
neurotransmitter release.

In Aplysia, during short-term facilitation (STF), spontaneous neurotransmission acts
to increase membrane insertion of AMPA-like receptors, hence triggering the post-synaptic
mechanisms involved in LTF (Jin et al., 2012a, Jin et al., 2012b). Furthermore, depleting the
vesicles from within the recycling pool of spontaneous neurotransmitter release triggers
synaptic potentiation via an increase in AMPA receptors in rat and mouse CA1 hippocampal
neurons (Nosyreva et al., 2013).

In sum, spontaneous neurotransmission has been shown to be important for the
growth of dendritic spines, synaptic efficacy and homeostasis and the induction and
maintenance of synaptic plasticity in both vertebrate and invertebrate model systems. In
addition to there being a distinct functional role for spontaneous neurotransmission in
neurons, evidence suggests that the mechanisms of release also vary between evoked and

spontaneous neurotransmission.
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Key proteins involved in the molecular machinery of release events have been
proposed as being differentially involved in spontaneous and evoked neurotransmission
(Kavalali, 2015). There are differences in the SNARE proteins that are involved in segregating
vesicle pools and allowing fusion of vesicles to the active zone. Synaptobrevin has been
shown to be important for the segregation of recycling pools of vesicles (Sara et al., 2005).
Furthermore, abrogation of all synaptobrevin proteins blocked evoked neurotransmitter
release, but not spontaneous release at the NMJ in a murine knock-out model, suggesting
that spontaneous release mechanisms occur independently of synaptobrevin (Liu et al.,
2019). In Drosophila, synaptotagmin mutants altered the rate of spontaneous
neurotransmission (Littleton et al., 1994). In murine cortical neurons, Ca2* binding to
synaptotagmin-1 was sufficient to induce spontaneous neurotransmitter release, suggesting
that synaptotagmin-1 acts as a calcium sensor modulating spontaneous release. As with the
study in Drosophila, point-mutations in murine synaptotagmin-1 altered the affinity for Ca2*
binding and as such, led to defects in spontaneous neurotransmitter release (Xu et al.,
2009). Synaptotagmin-12, a Ca%* independent isoform of synaptotagmin, has also been
identified as a selective modulator of spontaneous release events (Maximov et al., 2007).
Therefore, whilst there is some disagreement about the existence of segregated pools of
vesicles between spontaneous and evoked release, the molecular machinery behind these

release events appears to be distinct.

3.1.3 The Proteasome and Neurotransmission

The proteasome has been implicated in the regulation of both the pre- and the post-
synaptic domains in developing and mature neurons. Here, | will discuss the literature

evidencing the role of the proteasome in the function of pre and postsynaptic domains.

3.1.3.1 The Proteasome and the Pre-Synapse

Synaptic proteins are continuously turned over in a matter of hours to days, allowing for the
constant rebuilding of synaptic machinery involved in neuronal signalling (Cohen et al.,
2013, Price et al., 2010, Speese et al., 2003). In both mammalian post-natal development
(Kano and Watanabe, 2019, Faust et al., 2021) and during larval to adult development in
invertebrate species (Fulga and Van Vactor, 2008, Kuo et al., 2005), synaptic remodelling has

been shown to be highly important for the healthy functioning of neurons.
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Previous experiments have implicated the UPS in the healthy functioning of pre-
synaptic neurotransmission (Rinetti and Schweizer, 2010, Yao et al., 2007, Speese et al.,
2003, Kalla et al., 2006, Willeumier et al., 2006). The dynamic ubiquitination and subsequent
degradation of proteins involved in the formation of cytomatrix scaffolding proteins have
been implicated in the release of SVs from the pre-synaptic cleft during neurotransmission
(Speese et al., 2003, Ivanova et al., 2016, Kalla et al., 2006, Zhao et al., 2003).

Experiments carried out at the Drosophila NMJ first identified an increase in
neurotransmission following both pharmacological and genetic perturbation of the
proteasome . Researchers observed an increase in evoked EPC amplitude, indicating an
increase in neurotransmission in both Drosophila treated with MG132 and Drosophila
dominant temperature-sensitive mutants which disrupted the 36 proteasome subunit at
varying temperatures. In these genetic and pharmacological models of proteasome
inhibition, researchers identified specific increases in DUNC-13, a protein involved in the
regulation of synaptic vesicle priming. Previous work had identified Munc-13 (the
mammalian homolog of DUNC-13) as a key pre-synaptic protein involved in the regulation
of neurotransmitter release (Betz et al., 1998) and had shown that DUNC-13 is a substrate
for the UPS (Aravamudan and Broadie, 2003). Hence, the authors concluded that the
accumulation in DUNC-13 following perturbation of the proteasome in Drosophila
strengthened synaptic neurotransmission.

Consequently, more studies were published focusing on the proteasome and its role
in the degradation of pre-synaptic proteins. Further pre-synaptic substrates of the
proteasome were identified, including Rab3-interacting molecule-1 (RIM1). RIM proteins are
found within the active zone of synapses and act as scaffolding molecules important for
mediating vesicle priming and release (Wang et al., 1997). Previous work has shown that the
Zn?* finger binding domain of RIMs can bind with Munc-13, activating the protein and
resulting in regulation of pre-synaptic vesicle release (Deng et al., 2011). RIM1 is a substrate
for SCRAPPER, an E3 ligase, and hence levels of RIM1 are regulated by proteasomal
degradation (Yao et al., 2007). In scrapper-knockout mice, RIM1 displayed an increased half-
life and showed increased frequency of glutamatergic mEPSCs. This study concluded that
RIM1 is important for neurotransmitter release and that it is regulated by the UPS (Yao et

al., 2007). These studies on DUNC-13 and RIM1 gave rise to the hypothesis that
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ubiquitination of certain proteins within the pre-synaptic SV release machinery allowed for
the regulation of synaptic transmission.

By contrast, later experiments carried out in cultured hippocampal neurons also
detected an increase in neurotransmission following pharmacological inhibition of the
proteasome, without detecting an increase in Munc13, or RIM1. Increases in both
spontaneous and evoked release of excitatory and inhibitory neurotransmitter was detected
within 10 minutes of perfusion of cells with proteasome inhibitors MG132 and lactacystin
(Rinetti and Schweizer, 2010). Equally, an increase in spontaneous neurotransmission was
detected when E3 ligases Fbx20/SCRAPPER were depleted in hippocampal neurons (Yao et
al., 2007, Tada et al., 2010), suggesting that the observed increase is specifically due to
changes in protein ubiquitination rather than degradation.

Vesicle pools have also been shown to be regulated by the proteasome. Using FM -
Dye staining, a styryl-dye which binds to vesicular membranes, researchers visualised
changes to vesicle numbers within the recycling pool of cultured hippocampal synapses in
response to proteasome inhibition. Prolonged exposure to proteasome inhibitors of over an
hour, showed that the recycling pools of SVs increased in size following proteasomal
inhibition with B-lactone (the active form of lactacystin, see introduction; (Willeumier et al.,
2006). At the Drosophila NMJ, perturbation of the proteasome resulted in increased RRP
size and increased pre-synaptic Ca%*, adding weight to a role for the proteasome in the
regulation of vesicular pools. Proteasomal inhibition also abolished homeostatic plasticity.
The Drosophila NMJ displays pre-synaptic homeostatic plasticity through perturbation of
glutamate receptors, leading to an increase in pre-synaptic vesicle release (Petersen et al.,
1997, Frank et al., 2006). Proteasomal inhibition using lactacystin abolished the induction of
homeostatic plasticity at the NMJ following application of glutamate receptor antagonist,
philanthotoxin-433 (PhTX), at the Drosophila NMJ (Wentzel et al., 2018). Taken together,
these studies show that the proteasome is involved in the regulation of vesicle pools and

has a role in modulating homeostatic plasticity.

3.1.3.2 The Proteasome and the Post-Synapse
Evidence also suggests UPS involvement in post-synaptic neurons and in the

induction and maintenance of LTD (Burbea et al., 2002b, Zhao et al., 2003, Limanagqi et al.,
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2019, Ehlers, 2003, Dong et al., 2014). This post-synaptic role for the UPS has implications
for memory formation (Hegde, 2017), psychiatric disorders such as schizophrenia (Rubio et
al., 2013) and methamphetamine addiction (Limanagqi et al., 2019).

Early studies showed that proteins found in the post-synaptic density (PSD) of
mammalian neurons had multiple ubiquitinated proteins present, although specific protein
targets had not yet been identified (Chapman et al., 1994). Further to this, neuronal activity
regulates PSD proteins, and this regulation has been shown to be dependent on proteasome
mediated degradation (Ehlers, 2003). One such specific PSD protein complex found to be
regulated by the UPS in C.elegans studies was the GIR-1 receptor. The GIR1 receptor is a
non-NMDA glutamate receptor homolog found in C.elegans and is important for long-term
memory formation (Rose et al., 2003). Glrl receptors were shown to be ubiquitinated, with
Ub attachments occurring at site lysine sites within the sequence. Mutations at all 4 lysine
residues (GIR1-4KR), prevented the formation of Ub-GIR1 conjugates. The mutation resulted
inincreased G/R1-4KR positive puncta, suggesting that the inability to degrade these
receptors results in their increased expression at post-synaptic sites. Behavioural studies
carried out in the GLR1-4KR mutants displayed behavioural defects (an decrease in forward
motion) similar to model in which a consitutively activated GIR1 receptor was expressed,
hence displaying increased synaptic strength. As such, although the researchers did not
measure synaptic strength directly, they inferred that the changes in behaviour were due to
synaptic strengthening as a result of increased GIR1 expression (Burbea et al., 2002b). This
study suggests that the proteasome is involved in post-synaptic regulation, as the UPS
modulates post-synaptic receptors and hence can alter synaptic response to
neurotransmission.

In cultured hippocampal neurons, the proteasome has also been shown to regulate
glutamate receptors. Application of AMPA (glutamate receptor agonist) induces endocytosis
of the AMPA-like receptors GIuR1 and GluR2. Pre-treatment for 20 minutes with
proteasome inhibitors MG132, lactacystin or ZL3VS prevented the AMPA induced
internalisation of GIuR1 and GIuR2 (Patrick et al., 2003). Further work has shown that PSD-
95, a scaffolding protein shown to bind to AMPA receptors, is a target for proteasomal
degradation and could underlie the mechanism of proteasomal regulation of AMPA
trafficking (Colledge et al., 2003). When NMDA receptors are activated, PSD-95 is

ubiquitinated by the E3 ligase, Mdm2, and the number of AMPA receptors on the post-
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synaptic membrane decreases. 1-hour pre-incubation with proteasome inhibitors MG132
and lactacystin followed by application of NMDA prevented the loss of PSD95 and the
decrease in AMPA expression (Colledge et al., 2003). The results of these studies suggest
that the proteasome is required for trafficking of glutamate receptors and suggests that the
proteasome has a conserved role in regulating post-synaptic density across species.

Other receptors have since also been found to be regulated by the proteasome,
including G-protein coupled receptors (Alonso and Friedman, 2013) and dopamine
receptors (Limanagi et al., 2019). Taken together, these studies show an important role for
the proteasome in the regulation of post-synaptic proteins, in particular glutamate
receptors which are required for the induction and maintenance of synaptic plasticity.

Proteasome inhibition has been shown to affect synaptic plasticity in studies both
looking at long-term potentiation (LTP) and long-term depression (LTD) (Dong et al., 2014,
Schwarz et al., 2010). Murine hippocampal slice pre-incubated for 30-minutes with
proteasome inhibitor -lactone enhanced the induction of L-LTP, but inhibited the
maintenance of L-LTP. Proteasome inhibition stabilised protein synthesis within dendrites,
hence enhancing the induction of LTP (Dong et al., 2008). As with LTP, E-LTD is also
enhanced upon 30-minute pre-incubation with MG132 and lactacystin followed by low-
frequency tetanic stimulation for 155 minutes due to similar mechanisms to E-LTP (Li et al.,
2015). However, proteasome inhibition prevented the transcription of key proteins involved
in the maintenance phase of LTP, including brain derived neurotrophic factor (BDNF). BDNF
is a CREB-inducible gene and transcription of BDNF is required for L-LTP to occur (Lu et al.,
2008). Inhibition of the proteasome prevents the degradation of ATF4, a protein which
represses CREB transcription. Hence the proteasome regulates LTP through the degradation
of key proteins throughout the initiation and maintenance phase which allow for
subsequent gene transcription to occur in L-LTP (Dong et al., 2008, Dong et al., 2014).

Aside from the Rinetti and Schweizer study, there is a paucity of research into how
inhibition of the proteasome affects the physiological properties of neurons. Whilst the
Rinetti paper confirmed previous studies showing an increase in neurotransmission as a
result of proteasome inhibition (Speese et al., 2003, Zhao et al., 2003), no studies have been
performed investigating the role of proteasome inhibition in intact vertebrate neural

networks. Hence, more research is needed to determine the effects on the intrinsic and
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extrinsic properties of neurons that have been exposed for longer time points to

proteasome inhibitors.

3.1.4 Regulation of Action Potentials and Firing by the UPS

3.1.4.1 The UPS and lon Channels

It has been shown that ion channels can be regulated through ubiquitination, whereby
E3 ligases interact with ion channels leading to their internalisation from the plasma
membrane into the cytosol of neurons. Nedd4-2, is an E3-ligase containing a HECT binding
domain that has been identified as a key regulator of ion channels. Identified substrates of
Nedd4-2 include membrane bound proteins, whereby upon ubiquitination they can be
internalised and turned-over (Goel et al., 2015). A number of ion channels have been
identified as substrates for Nedd4-2, including sodium channels (Rougier et al., 2005, Fotia
et al., 2004). In HEK-293 cells, expression of Nayv1.1, 1.3 and 1.5 became downregulated by
Nedd4-2 (Rougier et al., 2005). A pull-down assay showed that murine neuronal Nedd4-2
binds to Nav channels via their PY motif whilst Far-Western analysis carried out in Xenopus
oocytes confirmed that Nedd4-2 interacts with all six Nav channels via the PY motif (Fotia et
al., 2004). Brefeldin a was used to determine if Nedd4-2 accelerated the rate of
internalisation of Nay channels. Brefeldin a (BFA) is a lactone which inhibits protein
transport from the ER to the Golgi apparatus and therefore prevents newly synthesised
channels from being trafficked to the membrane. In cells transfected with Nedd4-2 and
incubated with BFA, the half-life of Nay1.5 decreased, suggesting that Nedd4-2 increased
the internalisation of Nay1.5 whilst BFA prevented the trafficking of new channels to the
membrane (Rougier et al., 2005).

The aforementioned post-translational regulation has also been shown to control
neuronal excitation, as downregulation of Nedd4-2 leads to hyperexcitability in DRG
neurons, which has been linked to neuropathic pain disorders (Laedermann et al., 2013).
Using the spared nerve injury model of neuropathic pain in mice, it was shown by pull-down
assay that Nedd4-2 had decreased expression in DRG neurons, but Nay1.7 and 1.8 showed
an increase in density. KO of Nedd4-2 also resulted in an increase in Nay1.7 and 1.8
channels. These results show that in vivo ubiquitination of Nay channels alters neuronal

excitability and channel density (Laedermann et al., 2013).
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Whilst ubiquitination of Nay channels can result in their degradation via the
proteasome or the lysosome, it can also lead to the recycling of these channels depending
on the type of ubiquitination that occurs (Bongiorno et al., 2011). More recent studies have
shown that Nedd4 family ligases tend to carry out K63 ubiquitination, which is more often
associated with proteasome independent events such as autophagy (Maspero et al., 2013,
Kristariyanto et al., 2015). Hence, it could be that whilst sodium channels are ubiquitinated
by E3 ligases, they are not subsequently degraded via the 26S proteasome.

Other channels involved in mediating neuronal excitability have also been identified
as substrates for the UPS and more specifically, have been shown to be targeted for
degradation via the proteasome. The KCaz family of ion channels are responsible for
producing after hyperpolarising potentials (AHP) which regulates neuronal excitability
following a train of action potentials (Lin et al., 2008). A study focusing on KCaz.2, small-
conductance calcium channel, which mediates the AHP following an action potential and
therefore, restrict the frequency of firing, observed that KCa2.» is regulated by the
proteasome. In rat brain slices treated with gabazine (a GABA antagonist, reduces GABA-
mediated inhibition and results in hyperpolarisation of neurons), KCa». is downregulated via
interaction with an unidentified E3 ligase.. The co-application of proteasome inhibitor
MG132 and gabazine for 60-minutes reduces the downregulation of KCaz.2 and reduced the
gabazine induced epileptiform activity in treated brain slices. This suggests that KCa>.>
channels are regulated specifically by the proteasome (Miiller et al., 2018). This is
noteworthy as previous studies have suggested that ion channels are primarily degraded via
the lysosome (Bongiorno et al., 2011).

In addition to the above, potassium channels (Kv) involved in the repolarisation of the
membrane following an action potential (Hille, 1992), have also been shown to be regulated
via the proteasome. Kv7.2 channel subunits, which are associated with the inhibition of
burst and repetitive firing of action potentials and are required for the maintenance of the
resting membrane potential (Brown and Passmore, 2009, Chow and Leung, 2020),
accumulate in the presence of proteasome inhibitor MG132 (Kim et al., 2018). Moreover,
perturbation of proteasome degradation of Kv7.2 subunits may be relevant to disease as
point mutations in Kvz.2 (M518V) in patients diagnosed with early onset epileptic

encephalopathy, exhibit enhanced degradation of this channel (Devaux et al., 2016).
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Whilst evidence suggests that ion channels are regulated by the UPS, as yet no study
has been completed looking into the effect of proteasome inhibitors on the firing properties

of neurons. Hence, in this chapter | plan to address this gap in the literature.

3.2 Aims and Objectives

The aims of this chapter were to observe the effects of chronic proteasomal inhibition
on spontaneous neurotransmission using MNs of the developing zebrafish spinal cord. Whilst
similar experiments to this have been previously carried out (Rinetti and Schweizer, 2010) in
cultured mammalian cells, my aim was to better understand the effect of proteasome
inhibition in the context of intact neural network function. As such, by examining synaptic
effects of proteasome inhibition, as well as the intrinsic firing properties of MNs in the intact
zebrafish spinal cord at 4-dpf, a better understanding of the physiological role of the UPS will
be obtained. Intrinsic properties were studied in terms of neuronal excitability, by assessing
the effect of proteasome inhibition on firing properties of MNs. Moreover, the effects of
proteasome inhibition on synaptic properties were assessed through changes to spontaneous
neurotransmitter release.

First, | used the Ub-R-YFP plasmid to test that the proteasome inhibitors MG132 and
bortezomib can penetrate the larval zebrafish spinal cord and disrupt 26S proteasome
function. | hypothesised that chronic pharmacological inhibition of the proteasome will result
in an increase in the frequency of mIPSCs and mEPSCs in these cells, as seen in previous
studies using mammalian neurons (Rinetti and Schweizer, 2010, Xie et al., 2017). Therefore,
| performed electrophysiological experiments on MNs that have been incubated overnight in
proteasome inhibitors, MG132, bortezomib and lactacystin, to assess for changes in

spontaneous synaptic transmission and intrinsic firing properties of these cells.
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3.3 Results
3.3.1 Use of UB-R-YFP Plasmid to determine effectiveness of pharmacological proteasome

inhibitors

| first used the UB-R-YFP plasmid to determine that proteasome inhibitors were
inhibiting the zebrafish proteasome in-situ. The UB-R-YFP plasmid is translated into a
fluorescent protein with an N-end rule degradation signal, which is tagged for degradation
via the UPS. Inhibition of the proteasome results in the accumulation of fluorescent protein
in the larvae (Imamura et al., 2012). Larvae were microinjected with plasmid at the 1-cell
stage, before being incubated overnight in either 10 uM MG132, 50 uM bortezomib or
appropriate controls and imaged at 4-dpf. Representative images are shown in Figure 8.

YFP fluorescence was only detected in larvae treated with MG132 (n = 4, Figure 8 D-
F) or bortezomib (n = 4, Figure 8 J-L). No YFP fluorescence was detected in larvae treated
with 0.01% DMSO control (n = 4, Figure 8 A-B) or 0.05% DMSO control (n = 4, Figure 8 G-l).
These results indicate that the proteasome inhibitors MG132 and bortezomib are sufficient

to inhibit the zebrafish proteasome.
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Figure 8. UB-R-YFP Microinjected Embryos Treated with Proteasome Inhibitors.

1-cell stage embryos were microinjected with 75 ng/ul of UB-R-YFP plasmid. Embryos were left for 3 nights and then
treated with either control DMSO, 10 uM MG132 or 50 uM bortezomib. Larvae were then spinalised and mounted for
imaging on Olympus FV1000 confocal microscope.Larvae were orientated with posterior (left) to anterior (right). A-L)
Confocal images of zebrafish larvae injected with UB-R-YFP plasmid and treated with (A-C) 0.01% DMSO, (D-F) 10 uM
MG132, (G-1) 0.05% DMSO, (J-L) 50 uM bortezomib. Left panel shows UB-R-YFP fluorescence, middle panel shows a bright
field image of the larvae and the right panel shows bright field image overlayed with UB-R-YFP fluorescence. UB-R-YFP
fluorescence was only visible in larvae treated with proteasome inhibitors MG132 (n = 4) or bortezomib (n = 4) and no
fluorescence was detected in 0.01% DMSO (n = 4) treated larvae or 0.05% DMSO treated larvae (n = 4).
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3.3.2 The effects of chronic proteasome inhibition on larval zebrafish development

During experiments, it was noted that larval zebrafish treated overnight with 50 uM
bortezomib did not appear to have inflated swim bladders in comparison to age matched
DMSO control larvae. To better understand if proteasome inhibitors were having general
effects on larval development, | compared the standard length of zebrafish treated with
bortezomib (50 uM) and MG132 (10 uM) compared to control larvae. As individual larvae
can develop at different rates, measuring development in terms of dpf is not a good
indication of developmental age. Standard length is instead often used, as it gives a better
indication of developmental progress (Parichy et al., 2009). This image is displayed in Figure
9.

The total body length of the larvae was determined for each treatment condition. In
line with previously published work (Kimmel et al., 1995), each fish measured 3.7 mm.
Examination of larvae treated with MG132 or bortezomib revealed no statistical difference
in length compared to control. Therefore, no differences in total body length are displayed
between larval zebrafish treated overnight with proteasome inhibitors compared to control

conditions.

0.01 % DMSO

10 M MG132

0.05% DMSO

50 uM Bortezomib

Figure 9. Larval Zebrafish (4-dpf) treated with proteasome inhibitors show no difference in overall length

Larval zebrafish were treated overnight with either 10 uM MG132, 50 uM Bortezomib, 0.01% DMSO or 0.05%
DMSO. Larvae were pinned and measurements taken. Overall length of larvae was determined to be 3.7 mm in
each condition. No difference in overall length was determined for proteasome treated fish compared to
control treated fish.
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3.3.3 Effect of chronic proteasome inhibition on parameters of Glycinergic mIPSCs

In order to study changes how the proteasome regulates the intrinsic properties of
MNs in larval zebrafish, | first asked how chronic proteasome inhibition influenced synaptic
properties by examining mPSCs in zebrafish MNs. | started with determining the effects of
proteasomal inhibition on glycinergic mIPSCs.

Fish were first incubated overnight in MG132 dissolved in system water containing
0.01% DMSO (10 uM, N = 24, n = 15) or system water containing 0.01% DMSO control (N =
23, n = 13). Following incubation with MG132, the frequency of glycinergic mIPSCs increased
significantly (p = 0.000526, MG132: 3.90 + 1.64 Hz, control: 1.93 + 1.10 Hz; Figure 10 A, C
and E). However, the amplitude (p = 0.988, MG132: -43.05 + 15.09 pA, controls: -45.34 +
19.19 pA; Figure 10 A, C and F)., half-width (p = 0.581, MG132: 3.34 + 1.19 ms, controls:
2.805 + 1.21 ms; Figure 10 A, C, G) and rise time p =0.353, MG132: 0.56 + 0.13 ms,
controls: 0.53 + 0.10 ms; Figure 10 A, C, H) of glycinergic mIPSCs was not significantly
different between MNs of control and drug treated fish. These results suggest that chronic
(overnight) incubation with the proteasome inhibitor MG132 specifically increases the

frequency of glycinergic mIPSCs.
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Figure 10. Chronic incubation with proteasome inhibitor MG132 increased the frequency of glycinergic mIPSCs in larval
zebrafish MNs.

Glycinergic mIPSCs following overnight incubation with 10 M MG132 or control 0.01% DMSO. A-B) An
example 60 s trace of a MIN voltage clamp recording of glycinergic mIPSCs following control treatment and an
average mIPSC trace. C-D) Example 60 s trace of MN glycinergic mIPSCs following 10 BM MG 132 incubation
and an average mIPSC trace. E-H) Median with interquartile range plots for glycinergic mIPSC frequency,
amplitude, half-width and rise time for both fish treated in control conditions and with MG132. Treatment
with MG132 caused a significant increase in the frequency of mIPSCS, but no change in the amplitude, half-
width or rise time of glycinergic mIPSCs.
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To determine whether the observed effects of MG132 were due to specific inhibition
of the proteasome, MNs were exposed to lactacystin. Following overnight incubation with
lactacystin (10 uM, N = 15, n = 8), there was a significant increase in the frequency (p =
0.003, lactacystin: 1.60 4+ 0.66 Hz, control: 0.90 + 0.25 Hz; Figure 11A, C, E)and half-width (p
= 0.004, lactacystin: 3.30 + 0.90 ms, control: 2.37 + 0.37 ms; Figure 11A, C, G) of glycinergic
mIPSCs compared to control (N = 12, n = 7). However, there was no change in the amplitude
(p = 0.689, lactacystin: -20.13 + 9.88 pA, controls: -19.24 + 7.82 pA,; Figure 11A, C, F) or the
rise time (0.084, lactacystin: 0.50 + 0.12 ms, controls: 0.33 + 0.07 ms); Figure 11A, C, H) of
glycinergic mIPSCs. These data suggest that chronic (overnight) exposure to lactacystin
induced an increase in glycinergic mIPSCs consistent with results obtained for MG132

chronic incubation. However, in addition, lactacystin increased the half-width of mIPSC.s.
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Figure 11. Chronic incubation with proteasome inhibitor lactacystin increased the frequency and half-width of glycinergic
mIPSCs in larval zebrafish MINs

A-B) Example 60 s mIPSC trace following overnight control treatment and an average mIPSC. C-D) Example 60 s trace of
mIPSCs following overnight treatment with lactacystin and an average mIPSC trace. E-H)Median with interquartile

range plots showing mIPSC frequency, amplitude, half-width and rise time for individual MNs treated in control
conditions or lactacystin. Lactacystin incubation produced an increase in both the frequency and half-width of

glycinergic mIPSCs, but did not change the amplitude or the rise time of mIPSCs.
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As chronic (overnight) lactacystin incubation induced additional changes in half-
width of glycinergic mIPSCs compared to MG132 treatment, | next tested the effects of a
third proteasome inhibitor: bortezomib. Overnight exposure with 25uM bortezomib
resulted in no significant change in the frequency (p = 0.165, bortezomib: 1.53 + 0.64 Hz,
controls: 1.70 + 0.78 Hz; Figure 12 A, C, E), amplitude (p = 0.582, bortezomib: -20.83 + 6.97
pA, controls: -24.01 + 9.64 pA; Figure 12A, C, F), half-width (p = 0.745, bortezomib: 0.76 +
0.31 ms, controls: 0.86 + 0.32 ms; Figure 12 A, C, G) or rise time (p = 0.897, bortezomib:
0.29 + 0.06 ms, controls: 0.31 + 0.06 ms; Figure 12 A, C, H) of glycinergic mIPSCs treated
bortezomib (25 uM, N =8, n = 10) or control (N = 7, n =10) as shown in Figure 12.
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Figure 12. Chronic incubation with proteasome inhibitor bortezomib (25 uM) did not significantly affect glycinergic mIPSCs
in larval zebrafish MNs.

Glycinergic mIPSC voltage clamp recordings following overnight treatment with 25 M bortezomib or 0.025% DMSO
control. A-B) An example 60 s control recording taken from a larval zebrafish MN following overnight treatment with
0.025% DMSO control and an average mIPSC from the trace presented in A. C-D) Example 60 s recording of glycinergic
mIPSCs from a zebrafish MN treated overnight with 25 uM bortezomib and an average mIPSC from the trace displayed
in C. E-H) Median with interquartile range plots showing frequency, amplitude, half-width and rise time of mIPSCs
treated in control or bortezomib 25 pM overnight. There was no change in frequency (p = 0.165), amplitude (p = 0.677),
half-width (p = 0.745) or rise time (p = 0.897) detected between control and drug treated fish
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Figure 13. Chronic incubation with proteasome inhibitor bortezomib (50 uM) significantly increased the frequency of
glycinergic mIPSCs from larval zebrafish MNs.

Glycinergic mIPSCs voltage clamp recordings from larval zebrafish MNs following overnight treatment with 50 uM
bortezomib or control. A-B) An example 60 s glycinergic mIPSC recording taken following overnight control
conditions and an average mIPSC taken from recording shown in A. C-D) Example 60 s glycinergic mIPSC recording
taken following overnight treatment with 50 ©M bortezomib and an average mIPSC taken from the recording in C.
E-H) Median with interquartile range plots showing the frequency, amplitude, half-width and rise time of glycinergic
mIPSCs following overnight treatment in either 50 M bortezomib or 0.05% DMSO control. A significant increase in
the frequency (p = 0.00499) was detected following 50 1M bortezomib treatment, however no change in the
amplitude (p = 0.0862), half-width (p = 0.952) or rise time (p = 0.259) was determined.
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By contrast, treatment with 50 uM bortezomib (N = 9, n = 5) had marked effects on
mIPSC frequency when compared to control (N = 12, n = 8). Here, glycinergic mIPSCs
showed a significant increase in frequency (p = 0.005, bortezomib: 2.88 + 1.35 Hz, controls:
1.76 + 0.64 Hz) Figure 13A, C, E) consistent with results obtained for MG132 and lactacystin
chronic treatment. No statistical difference was observed in the amplitude (p = 0.0862,
bortezomib: -19.67 + 9.24 pA, controls: -28.25 + 10.23 pA; Figure 13A, C, F), half-width (p =
0.952, bortezomib: 1.60 + 0.56 ms, controls: 1.76 + 0.54 ms; Figure 13A, C, G) and rise time
(p =0.259, bortezomib: 0.29 + 0.08 ms, controls: 0.319 + 0.16 ms; Figure 13A, C, H) of
glycinergic mIPSCs in fish treated with 50 uM bortezomib compared to controls.

The data displayed here shows a consistent increase in the frequency of glycinergic
mIPSCs across all 3 pharmacological inhibitors of the proteasome used. However, lactacystin
treatment showed a significant increase in half-width compared to larvae treated in control

solution, an effect that was not seen with either MG132 or bortizomib.

3.3.4 Effect of chronic proteasome inhibition on parameters of Glutamatergic mEPSCs

In order to determine the effects of chronic proteasomal inhibition on the
spontaneous release of glutamate, larval zebrafish (3-dpf) were incubated overnight in
three different pharmacological inhibitors of the proteasome; MG132, lactacystin and
bortezomib. Whole-cell voltage clamp recordings were taken from primary motoneurons of
larval zebrafish (4-dpf) to identify glutamatergic mEPSCs. Proteasome inhibitors were
dissolved in the recording solution throughout experiments.

Larvae were first incubated overnight in MG132 dissolved in DMSO (10 uM, N=7, n
= 15) or system water containing 0.01% DMSO as a control (N = 11, n = 15). Recordings
taken from MNs from fish treated with MG132 showed no significant difference in average
frequency p = 0.13, MG132: 3.80 + 1.84 Hz, controls: 3.62 + 1.14 Hz; Figure 14A, C, E),
amplitude (p = 0.121, MG132: -13.17 + 3.20 pA, controls: -15.83 + 3.92 pA; Figure 14A, C,
F), half-width (p = 0.89, MG132: 0.73 + 0.14 ms, controls: 0.74 + 0.15 ms; Figure 14A, C, G)
or rise time (p = 0.914, MG132: 0.35 + 0.03 ms, controls: 0.35 + 0.03 ms; Figure 14A, C, H)
of glutamatergic mEPSCs compared to control MNs. In conclusion, chronic (overnight)
MG132 treatment did not significantly change the frequency or other parameters of

glutamatergic mEPSCs.
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Figure 14. Chronic incubation with proteasome inhibitor MG132 did not affect glutamatergic mEPSCs from larval zebrafish
MNs.

The effect of 10 uM MG132 overnight incubation on glutamatergic mEPSCs . A-H. Whole-cell voltage clamp recordings
of glutamatergic mEPSCs taken from MNs of zebrafish (4 dpf) spinal cord. A) Representative trace showing one
minute voltage clamp recording of mEPSCs following overnight treatment with DMSO. B) An average glutamatergic
mEPSC following DMSO treatment. C) Representative trace showing one minute voltage clamp recording of
glutamatergic mEPSCs following overnight treatment with 10 uM MG132. D) An average glutamatergic mEPSC
following 10 uM MG132. E-H) Median and interquartile range plots showing the frequency (E), amplitude (F), half-
width (G) and rise time (H) of glutamatergic mEPSCs between MNs treated with 10 uM MG132 (N = 7, n = 15) and
0.01% DMSO control (N = 11, n = 15). No significant difference was found following overnight treatment with MG132
10 uM in frequency, amplitude, half-width or rise time of mEPSCs.
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Zebrafish larvae were next incubated overnight with 10 uM lactacystin (Figure 15) to
determine if similar results could be obtained as were seen with MG132 (Figure 14). No
significant change was observed in the frequency (p = 0.456, lactacystin: 2.56 + 1.49 Hz,
controls: 2.30 + 0.98 Hz; Figure 15A, C, E), half-width (p =0.879, lactacystin: 0.63 + 0.14 ms,
controls: 0.68 + 0.17 ms; Figure 15A, C, G)or rise time (p = 0.763, lactacystin: 0.23 + 0.07
ms, controls: 0.24 + 0.06 ms; Figure 15A, C, H) of glutamatergic mEPSCs occuring in MNs of
larvae treated with lactacystin (10 uM, N =5, n = 11) or in control (N = 6, n = 12). However,
there was a significant decrease in the amplitude of average mEPSCs (p = 0.015, lactacystin:
-16.21 + 4.78 pA, controls: -24.32 + 8.54 pA; Figure 15A, C, F).

As with the data collected for glycinergic mIPSCs, differing results with MG132 and
lactacystin were obtained for glutamatergic mEPSCs. MNs treated with lactacystin showed
decreased glutamatergic mEPSCs amplitude compared to control treated MNs, whereas

MG132 treated MNs showed no statistical difference in glutamatergic mEPSCs.
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Figure 15. Chronic incubation of proteasome inhibitor lactacystin decreased amplitude of glutamatergic mEPSCs from larval
zebrafish MNss.

The effect of 10 uM lactacystin overnight incubation on glutamatergic mEPSCs. A-H. Whole-cell voltage clamp recordings
of glutamatergic mEPSCs taken from MNs of zebrafish (4 dpf) following either overnight treatment with 10 uM
lactacystin or control condition. A-B) Representative trace of mEPSCs following treatment with dH ;O control and an
average mEPSC taken from this representative trace. C-D) Representative minute trace of mEPSCs following treatment
with 10 uM lactacystin and an average mEPSC taken from this trace. E-H) Median and interquartile range plots showing
mEPSC frequency, amplitude, half-width and rise time after control and lactacystin incubation.. There was a significant
decrease (p = 0.0151) in mEPSC amplitude with lactacystin treatment.

77



Overnight treatment with 25uM bortezomib (N = 8, n = 11) resulted in no significant
change in the frequency (p = 0.246, bortezomib: 1.16 + 0.53 Hz, control: 1.49 + 0.81 Hz;
Figure 16A, C, E), amplitude (p = 0.582, bortezomib: -22.29 + 6.07 pA, control: -21.18 + 5.58
pA; Figure 16A, C, F) or rise time (p = 0.285, bortezomib: 0.23 + 0.008 ms, control: 0.26 +
0.03 ms; Figure 16A, C, H) was determined compared to control conditions (N =7, n = 11).
However, a significant decrease in the half-width (p = 0.0167, bortezomib: 0.52 + 0.03 ms,
control: 0.61 + 0.16 ms; Figure 16A, C, G) was observed between fish treated with

bortezomib (25 uM) compared to fish treated in control conditions.
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Figure 16. Chronic incubation with proteasome inhibitor bortezomib (25 uM) decreased glutamatergic mEPSC half-width of
larval zebrafish MINs.

The effect of 25 uM bortezomib overnight incubation on glutamatergic mEPSCs .A-H. Whole-cell voltage clamp

recordings of glutamatergic mEPSCs from MNs of zebrafish (4 dpf). A-B) Representative voltage clamp traces of

mEPSCs treated overnight with control 0.025% DMSO saline and an average mEPSC taken from this trace. C-D)
Representative voltage clamp traces of mEPSCs from MNs treated overnight with 25 uM bortezomib and an average
mEPSC taken from this trace. E-H) Median with interquartile range plots of mEPSC frequency, amplitude, half-width

and rise time. A significant decrease (p = 0.0167) in mEPSC half-width was determined for mEPSCs following

bortezomib treatment compared to control conditions.
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Figure 17. Chronic incubation of MNs with proteasome inhibitor bortezomib (50 uM) increased amplitude of glutamatergic
mEPSCs from larval zebrafish MINs.

The effect of 50 uM bortezomib overnight incubation on glutamatergic mEPSCs. A-H. Glutamatergic mEPSC whole-cell
voltage clamp recordings from MNs of zebrafish (4 dpf) treated overnight with either control 0.25% DMSO or 50 uM
bortezomib. A-B) Representative trace of mEPSCs from MNs treated in control conditions and an average mEPSC from this
trace. C-D) Representative trace of mEPSCs from MNs treated with 50 pM bortezomib and an average mEPSC from this trace.
E-H) Median with interquartile range plots showing mEPSC parameters frequency, amplitude, half-width and rise time for
cells treated with control conditions or 50 uM bortezomib. A significant increase in the amplitude (p = 0.0183) of mEPSC

treated with 50 pM bortezomib compared to control conditions was determined
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Zebrafish larvae treated overnight with 50uM bortezomib (N =7, n = 12) compared to
control 0.05% DMSO (N =5, n = 10) showed no significant difference in frequency (p =
0.274, bortezomib: 1.30 + 1.13, controls: 1.52 + 2.26; Figure 17A, C, E), half-width (p =
0.993, bortezomib: 0.60 + 0.12, controls: 0.61 + 0.12; Figure 17A, C, G) or rise time (p =
0.443, bortezomib: 0.25+ 0.03, controls: 0.24+ 0.05; Figure 17A, C, H) of glutamatergic
mEPSCs. However, a significant increase in the amplitude (p = 0.0183, bortezomib: -24.08 +
3.94, controls: -19.32 + 2.48; Figure 17A, C, F) mEPSCs was observed. The significant
increase in glutamatergic mEPSC amplitude following bortezomib (50 uM) treatment was
not observed with bortezomib (25 uM) treatment or MG132 treatment. However,
consistent with MG132 and lactacystin treatment, no significant change in glutamatergic
mEPSC frequency, half-width or rise time was observed following bortezomib (50 uM)
incubation.

No consistent change in glutamatergic mEPSC parameters were observed across all
MG132, lactacystin or bortezomib incubations. This contrasted with data collected for
glycinergic mIPSCs, which showed a significant increase in mIPSC frequency following
overnight treatment with all 3 proteasome inhibitors tested here. These data suggest that in
the intact zebrafish spinal cord, chronic block of the proteasome primarily affects the

properties of glycinergic synapses.

3.3.5 Effect of chronic proteasome inhibition on the firing properties of larval MNs

As | had seen changes in the synaptic properties of MNs following proteasomal
inhibition, | next investigated the effect of chronic proteasome inhibition on intrinsic MN
firing properties. To this end, 3-dpf zebrafish larvae were incubated in MG132 (10 uM),
lactacystin (10 uM) and bortezomib (25 uM, 50 uM). Subsequently, recordings were taken
from MNs at 4-dpf. For each condition, action potential firing, amplitude, half-width, rise
time, threshold voltage and rheobase were analysed.

Fish incubated overnight in system water containing MG132 dissolved in DMSO (10
uM, N = 13, n =8) or system water containing 0.01% DMSO as the control (N =11, n=7)
showed no significant difference in median MN firing frequency (p = 0.0655, MG132: 167.5
+ 32.14 Hz, controls: 122.5 + 37.58 Hz; Figure 18 A, C, F), amplitude (p = 0.451, MG132:
16.68 + 2.17 mV, controls: 17.31 4+ 3.70 mV; Figure 18 A, C, E), half-width (p = 0.902,
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MG132: 0.2611 + 0.028 ms, controls: 0.2580 + 0.007 ms; Figure 18A, C, G), rise-time (p =
0.234, MG132: 0.1152 + 0.016 ms, controls: 0.1101 + 0.009 ms; 18 Figure 18 A, C, H) or
rheobase (p = 0.452, MG132: 120.0 + 23.97 pA, controls: 100.0 + 28.73 pA; Figure 18 A, C,
I). However, there was a significant decrease in voltage threshold (p = 0.0101, MG132: -
47.20 + 4.22 mV controls: -44.20 + 3.63 mV; Figure 18 A, C, I) for MNs treated with MG132
(10 uM) compared to control.

These data suggest that incubation with MG132 increases the voltage threshold of
MNs without affecting firing frequency, rheobase and action potential waveform

(amplitude, half-width and rise time).
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Figure 18. Chronic incubation of proteasome inhibitor MG132 increased the threshold voltage of action potential

generation of MNs from larval zebrafish.

Firing Properties of MNs treated overnight with MG132 (10 uM) or in control 0.01% DMSO. A current clamp step
protocol was used with a 400ms 10 pA step pulse to analyse firing properties. Firing properties were analysed at 2 x
Rheobase. A-B) An example recording of MNs treated in control DMSO and an average action potential taken from
the firing train shown in A. C-D) An example recording of an MN treated in control and an average action potential
taken from the firing train shown in C. E-J) Median with interquartile range plots displaying the firing frequency,
amplitude, half-width, rise time, rheobase and threshold voltage for MNs treated with control or MG132 (10 uM). A
significant increase in the threshold voltage was determined in MNs treated with MG132 (10 pM) compared to

control. Asterix determine significance (* = p > 0.05).
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Figure 19 Chronic incubation with proteasome inhibitor lactacystin decreased half-width of action potentials from larval
zebrafish MINs.

Firing properties of MNs from 4 dpf larval zebrafish treated overnight with |actacystin (10 uM) or control conditions.
Current clamp recordings with a 400 ms 10 pA pulse step were analyed at 2 x Rheobase. A-B) An example control recording
and an average action potential taken from the train displayed in A in control conditions. C-D) An example recording of a
400 ms firing train taken at 2 x rheobase and an average action potential taken from the train displayed in C for MIN treated
with lactacystin (10 uM). E-J) Median with interquartile range plots showing firing frequency, amplitiude, half-width, rise
time, rheobase and threshold voltage for MNs treated in either lactacystin (10 pM) or control conditions. A significant
decrease in the half-width was found between the lactacystin (10 M) and conrol treated MNs
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Fish were next incubated in lactacystin (10 uM; N = 13, n = 6) overnight or in control
conditions (N = 14, n = 8) and the results are displayed in. Following drug treatment, there
was no significant difference determined between the median frequency (p = 0.486,
lactacystin: 137.5 4+ 23.74 Hz, controls: 115.0 + 43.26 Hz; Figure 19 A, C, E), amplitude (p =
0.51, lactacystin: 18.87 + 2.15 mV, controls: 18.0 + 3.57 mV; Figure 19 A, C, F), rise time (p
= 0.0839, lactacystin: 0.1095 + 0.01 ms, Control: 0/1172 + 0.02 ms; Figure 19A, C, H),
threshold voltage (p = 0.222, lactacystin: -43.80 + 4.04 mV, controls: -45.70 + 9.17 mV,
Figure 19A, C, |) and rheobase (p = 0.704, lactacystin: 100.0 + 27.74 pA, controls: 105.0 +
30.03 pA; Figure 19A, C, J) of MN firing properties compared to control conditions. However,
there was a significant decrease in the half-width of action potentials recorded from MNs
treated with lactacystin (10 nM) compared to controls (p = 0.00824, lactacystin: 0.2508 +
0.014 ms, controls: 0.2584 + 0.031 ms; Figure 19A, C, G). This suggests that chronic
(overnight) incubation with proteasome inhibitor lactacystin resulted in a significant

decrease in the half-width of action potentials recorded from MNs.
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Figure 20. Chronic proteasome inhibition with bortezomib (25 uM) decreased half-width of action potentials from larval

zebrafish MINss.
Firing properties for MINs from 4 dpf zebrafish treated overnight with either bortezomib (25 uM) or 0.025% DMSO
control. Current clamp protocol using a 400 ms 10 pA step was analysed at 2 x Rheobase for all neurons. A-B) An
example 400 ms firing train taken from a current step at 2 x rheobase for a MIN treated with control DMSO and an
average action potential taken from A. C-D) An example 400 ms firing train taken from a current step at 2 x rheobase
for a MIN treated with bortezomib (25 M) and an average action potential taken from C. E-J) Median with interquartile
range plots showing firing frequency, amplitude, half-width, rise time, rheobase and threshold voltage for fish treated
overnight with either bortezomib (25 piM) or 0.025% control DMSO. A significant decrease in action potential half-width
(p = 0.00391) was determined between drug treated and rsogtrol MNs.



Finally, fish were incubated in either (25 uM, N =10, n=5) or (50 uM, N =12, n=15)
bortezomib or control containing 0.025% DMSO (N = 10, n = 4) or 0.05% DMSO. (N=10, n =
4). For MNs treated with 25 uM bortezomib, there was no significant change in the firing
frequency (p = 0.1120, bortezomib: 206.3 + 41.04 Hz, control: 178.8 + 27.13 Hz; Figure 20 A,
C, F), action potential peak amplitude (p = 0.237, bortezomib: 20.24 + 5.85 mV, control:
16.79 + 5.39 mV; Figure 20 A, C, E), rise time (p = 0.216, bortezomib: 0.1131 + 0.009 ms,
control: 0.1184 + 0.015 ms; Figure 20 A, C, H), rheobase (p = 0.317, bortezomib: 175.0 +
57.89, control: 140.0 + 47.25 pA,; Figure 20 A, C, I) or threshold voltage (p = 0.0713,
bortezomib: -50.60 + 8.019 mV, control: -39.90 + 12.41 mV; Figure 20 A, C, J) compared to
MNs treated with control conditions. However, there was a significant decrease in the half-
width (p = 0.00391, bortezomib: 0.2302 + 0.09757 ms, control: 0.2669 + 0.1133 ms; Figure
20 A, C, G) of action potentials from bortezomib (25 puM) treated MNs compared to control
cells.

Results obtained for MNs treated with bortezomib (25uM) action potential firing
frequency, amplitude, rise time and rheobase were consistent for results obtained following
MG132 (10 uM) and lactacystin (10 pM) incubation. The significant decrease in half-width
obtained following 25 uM bortezomib incubation was not observed with MG132 treatment,

however this was observed following lactacystin treatment (Figure 19).
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Fish were incubated overnight with bortezomib (50 uM, N =6, n = 10) or control saline
containing 0.05% DMSO (N =9, n = 12) to determine which concentration should be used for
further experiments in this thesis. No significant difference was detected for frequency (p =
0.9180, bortezomib: 201.3 + _41.55 Hz, controls: 175.0 + _19.65 Hz; Figure 21A, C, E),
amplitude (p =0.303, bortezomib: 17.36 + _4.81 mV, controls: 22.11 + _3.89 mV; Figure 21A, C,
F), half-width (p =0.229, bortezomib: 0.2171 + _0.018 ms, controls: 0.2190 + _0.015 ms; Figure
21A, C, G), rise time (p = 0.0829, bortezomib: 0.1048 + _0.017 ms, controls: 0.1099 + _0.011 ms;
Figure 21A, C, H), rheobase (p = 0.648, bortezomib: 150.0 + _27.46 pA, controls: 135.0 + _55.79;
Figure 21A, C, 1) or threshold voltage (p = 0.164, bortezomib: -48.30 + _6.89, controls: -46.85 +
_4.99; Figure 21A, C, J) for MNs treated with bortezomib (50 uM) compared to control. These
data indicate that chronic (overnight) incubation with bortezomib (50 uM) did not have a
significant effect on the firing properties of MNs. Overall, chronic (overnight) incubation of
larvae with MG132, lactacystin and bortezomib show no consistent changes in frequency,

amplitude, half-width, rise time, rheobase or threshold voltage of firing properties.
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Figure 21. Chronic incubation of proteasome inhibitor bortezomib (50 uM) did not affect firing properties of larval zebrafish
MNs

Firing properties for MNs from 4 dpf zebrafish treated overnight with either bortezomib (50 p/M) or 0.05% control DMSO. A-
B) An example firing train from a 400 ms current step at 2 x rheobase of a MN treated with control DMSO and an average
action potential from the firing train shown in A. C-D) An example firing train from a 400 ms current step at 2 x rheobase of
a MN treated with bortezomib (50 M and an average action potential from the firing train shown in C. E-J) Median with
interquartile range plots showing firing frequency, amplitude, half-width, rise time, rheobase and threshold voltage for fish
treated overnight with bortezomib (50 piM) or DMSO controBfo significant difference was detected between parameters
of firing properties between drug and control treated fish.



3.1 Discussion

In this chapter, | have shown using the UB-R-YFP plasmid that proteasome inhibitors
MG132 and bortezomib are sufficient to inhibit the larval zebrafish proteasome. No
difference in overall body length was determined between larval zebrafish treated with
proteasome inhibitors compared to control treated larvae. Finally, | have shown that
chronic incubation with proteasome inhibitors results in an increase in the frequency of
glycinergic mIPSCs. No significant increase in the frequency of mEPSCs or firing frequency

was observed across all 3 drugs used here.

3.3.6 Using UB-R-YFP to Determine Proteasome Inhibition

Previous studies in zebrafish have used both MG132 and bortezomib as
pharmacological inhibitors of the proteasome (Winder et al., 2011, Khan et al., 2012,
Daroczi et al., 2009). However, for this thesis | wanted to test that MG132 and bortezomib
were sufficient to inhibit the zebrafish 26S proteasome. The UB-R-YFP plasmid acts as a YFP-
based substrate in the zebrafish, giving a visual fluorescent read out of proteasomal
inhibition (Menéndez-Benito et al., 2005, Imamura et al., 2012).

Using the UB-R-YFP in larval zebrafish in this thesis, | only observed YFP fluorescence
in microinjected larvae that had been incubated overnight with MG132 or bortezomib.

None of the microinjected DMSO control fish showed YFP fluorescence at 4-dpf. Therefore, |
have shown that the zebrafish 26S proteasome is inhibited using MG132 and bortezomib. |
used MG132 and bortezomib during these experiments, but not lactacystin. This was due to

costs and time constraints.

3.3.7 Total Body Length Measurements

Zebrafish larvae were treated overnight in either MG132, bortezomib or DMSO
controls. Total body length measurement were taken to determine if proteasome inhibition
resulted in difference in the overall length of the larvae. No difference in total body length
was determined for proteasome inhibitor treated fish compared to control.

During experiments, it was noted that 50 uM bortezomib treated fish displayed a
visible lack of swim bladder. Total body length measurements indicate that there is no

difference in the length of bortezomib treated larvae compared to controls and no other
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morphological differences were observed in drug treated larvae compared to controls. It
was also noted during these experiments that bortezomib treated fish displayed different
swimming patterns compared to control larvae. Therefore, it could be that the lack of swim
bladder is due to an inability of the larvae to swim to the surface to fill their swim bladder.
The swim bladder is a gas-filled sac which is essential for buoyancy and maintaining
swimming position within the water column (Pandelides et al., 2021). It has previously been
shown that there is a crucial window during larval development in which the swim bladder
inflates in order to allow for the progression of swimming behaviour. In this period, larvae
require access to the air-water boundary, so that they can swim to the surface and gulp air
to inflate the swim bladder (Chapman et al., 1988, Goolish and Okutake, 1999). Further
examination of swimming behaviour will therefore be completed in Chapter 6 of this thesis,
to analyse differences in locomotion between proteasome inhibitor treated larval zebrafish

and control larvae.

3.3.8 Effects of Overnight Proteasome Inhibition on Glycinergic mIPSCs

In order to examine the effects of overnight incubation with proteasomal inhibitors
on MN glycinergic mIPSCs, | used whole-cell patch clamp technique in voltage clamp
configuration. These experiments showed that in the presence of proteasome inhibitors
(MG132, lactacystin and bortezomib), the frequency of glycinergic mIPSCs increased
indicating a presynaptic effect, most likely caused by an increase in the number of
glycinergic vesicles being released or an increase in the number of synapses connecting with
the MNs. Whilst 25 uM bortezomib was not sufficient to induce this increase in glycinergic
mIPSC frequency, increasing the concentration to 50 uM was sufficient to observe an
increase. This was an expected result, as previous work by Rinetti & Schweizer had shown
an increase in spontaneous inhibitory neurotransmitter in cultured rat hippocampal cells in
the presence of both MG132 and lactacystin (Rinetti and Schweizer, 2010) and studies
carried out in Drosophila had shown that inhibition of the proteasome increased pre-
synaptic neurotransmission through synaptic strengthening (Speese et al., 2003).

These results could be due to the increase in pre-synaptic proteins available for
neurotransmission release, particularly Munc13 and RIM1, which accumulated at the
Drosophila NMJ following proteasomal inhibition in previous studies (Speese et al., 2003).
However, these proteins were not found to be accumulated in mammalian hippocampal
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neurons used by Rinetti and Schweizer, indicating potential species differences (Rinetti and
Schweizer, 2010).

Recent findings, however, now dispute that changes in synaptic transmission
following proteasome inhibition are due to changes in specific proteins involved in vesicle
release accumulating as they cannot be degraded by the UPS. In 2017, a neuronal plasma
membrane 20S proteasome complex (NMP) was discovered to be involved in the
degradation of intracellular, unstructured proteins, resulting in the excretion of extracellular
peptides which upon release, induced activity-dependent increases in calcium signalling
(Ramachandran and Margolis, 2017). NMPs were found to only consist of 20S proteasomes
missing their 19S cap, indicating that they are only capable of degrading unstructured
proteins. The authors also showed that NMPs were not present immediately in neuronal cell
culture, but around by DIV8. Further work revealed that nascent polypeptides, which are
newly synthesised and hence not structured, are the main target of NMP degradation
(Ramachandran et al., 2018). These findings were carried out in brain slices or cultured
cortical neurons, however a 2022 study investigating the role of NMPs in Xenopus tadpole
optic tectum was published, showing that NMPs are present in other vertebrate species. In
this study, the authors found that acute inhibition of NMPs for up to 6 hours, was capable of
increasing spontaneous neuronal activity and that NMP inhibition resulted in defects in the
learning behaviour of the visuomotor system (He et al., 2022).

Whilst there is currently no evidence that these complexes exist in zebrafish, the
existence of NMPs in Xenopus tadpoles in addition to in mammalian neurons adds weight
that these are likely to be conserved structures across vertebrate species (He et al., 2022). In
the context of the results obtained in this chapter, the discovery of NMPs raises interesting
questions. If inhibition of NMPs is sufficient to spontaneously increase neuronal activity, this
could be the mechanism by which synaptic transmission increases due to proteasomal
inhibition. Further work would be required to establish if these complexes are the cause of
the increase in mIPSCs observed in this chapter.

Increases in glycinergic mIPSC frequency displayed here could also indicate
morphological changes to the neurons as a result of proteasome inhibition. Previous studies
in developing systems have shown that proteasomal inhibition can affect neurite
outgrowth, as well as synaptic strengthening and synaptic pruning (Speese et al., 2003,

DiAntonio et al., 2001a, Collins et al., 2006). Hence, these results could indicate that there
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are more glycinergic synapses being formed onto MNs as a result of proteasomal inhibition.
As the larval zebrafish spinal cord continues to rapidly grow and mature between 3-dpf and
4-dpf, | aim to investigate the effects of overnight inhibition on the morphology of spinal
neurons in Chapter 5 of this thesis.

| observed no difference in the amplitude, half-width or rise time of glycinergic
mIPSCs treated with MG132 or bortezomib compared to control conditions. Lactacystin
treatment did result in an increase in the half-width of mIPSCs, however as this was not
seen with either MG132 or bortezomib treatment this was likely due to an off-target effect
of lactacystin rather than a direct result of proteasome inhibition. Lactacystin has been
shown to inhibit cathepsin A, a lysosomal enzyme (Ostrowska et al., 1997, Kozlowski et al.,
2001). Hence, additional changes to mIPSC kinetics seen with lactacystin, but not with
MG132 or bortezomib, could indicate that these changes are due to off-target inhibition of
an enzyme involved in the lysosomal pathway of protein degradation rather than specific

inhibition of the proteasome alone.

3.3.9 Effects of Overnight Proteasome Inhibition on Glutamatergic mEPSCs

As with glycinergic mIPSCs, the effect of overnight incubation of proteasome
inhibitors on motoneuron glutamatergic mEPSCs was determined using whole-cell patch
clamp technique in voltage clamp configuration. These experiments showed that there was
no change in mEPSC frequency in MNs treated with proteasome inhibitors compared to
controls. This was an unexpected result, as work carried out by Rinetti and Schweizer (2010)
had shown that proteasomal inhibition resulted in an increase in the frequency of
spontaneous excitatory neurotransmitter release (Rinetti and Schweizer, 2010).

These differences with previously published results could be due to the time scale of
proteasomal inhibitor application. Rinetti and Schweizer (2010) used a cell culture model of
rat hippocampal neurons and incubated these neurons over a time scale of minutes to 4-
hours. Hence there are both species and cell type differences, on top of differences in
incubation period length between these two studies which could account for the differences
in neurotransmitter release that have been observed (Rinetti and Schweizer, 2010). Studies
carried out in Drosophila showed that evoked EJC amplitude increased following 1-hour of
proteasome inhibition suggesting an increase in pre-synaptic efficacy (Speese et al., 2003).
Whilst these previous studies both showed similar findings, work carried out in Drosophila
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attributed the effect to an increase in DUNC18 (Drosophila protein homologous to Munc13)
which is involved in synaptic vesicle release, whilst no change in the levels of Munc13 or
RIM1 proteins were observed following proteasome inhibition in hippocampal cultures.
Hence, it was unclear whether the mechanism of increased neurotransmitter release was
due to changes in synaptic vesicle release machinery, or if this was a species difference
between mice and Drosophila.

However, new research has established the existence of NMPs in neuronal tissue
from mice and Xenopus tadpoles (Ramachandran and Margolis, 2017, Ramachandran et al.,
2018, He et al., 2022). As mentioned above, the existence of NMPs could go some way
towards explaining the increase in glycinergic mIPSCs observed following the inhibition of
the proteasome in this chapter. Inhibition of NMPs has been shown to increase
spontaneous neuronal activity, however the cell types tested in this research have been
limited in their scope. The authors have argued that this increase in spontaneous activity is
due to accumulation of proteins from the nascent proteome. Emerging evidence suggests
that alterations to the proteome following neuronal activity can vary depending on the
activity pattern of neurons tested, hence this could suggest cell-type-specific differences in
the mechanism of NMP proteome regulation (Schanzenbacher et al., 2016, Hartman et al.,
2006, Bowling et al., 2016).

Do proteomic changes within individual cell types due to NMP inhibition vary as a
result of homeostatic scaling of nascent proteins? This could go some way towards
explaining the differences in glycinergic and glutamatergic synaptic transmission that | have
seen in this chapter as a result of proteasome inhibition. Further work would, therefore, be
needed to determine if NMPs are present in zebrafish and if they account for the
differences in pre-synaptic transmission | have shown here.

Research on the NMP is new and therefore, limited in its scope of cell types and
model systems tested. Hence, the results | have seen here could be due to other
mechanisms. Heterogeneity of proteasome complexes is important for modulating the
activity of proteasomes present in a cell-type-specific manner (Gomes et al., 2009). During
development proteasomes are modified to become more complex structures in line with
the developing organism (Haass and Kloetzel, 1989, Yuan et al., 1996, Hutson et al., 1997).
Hence, | could be seeing cell-type-specific differences here due to differences in proteasome

composition present within the different interneurons. Glutamatergic signalling to PMNs
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comes predominantly for V2a interneurons whereas glycinergic inputs come predominantly
from VOd interneurons (See Introduction). Further work could therefore be carried out to
identify if there are molecular differences in the structure of proteasomes present resulting
in these differing responses in mIPSC or mEPSC tansmission.

Further to this, these results could also indicate a difference in proteasome
regulation of pre-synaptic release machinery involved in excitatory and inhibitory synapses.
Previous studies of proteasome regulation of synaptic transmission has focused on the idea
that the proteasome regulates key proteins involved in synaptic vesicle release, including
Munc13 and RIM1 and did not discriminate between inhibitory and excitatory synapses
(Rinetti and Schweizer, 2010). The currently held view is that vesicle release machinery does
not differ between inhibitory or excitatory synapses. However, a rise in improved
technology in recent years have started to show distinct differences in the architecture and
dynamics of inhibitory synapses compared to excitatory synapses (High et al., 2015, Tao et
al., 2018, Park et al., 2020). Hence, researchers are starting to question whether vesicle
release machinery is the same between different neurotransmitters. The increase in the
frequency of spontaneous mIPSCs, but not mEPSCs seen in these results could therefore be
due to differences in synaptic neurotransmitter release mechanisms between inhibitory and
excitatory synapses in the zebrafish being differentially affected by proteasome inhibition.

No significant difference in the rise time of mEPSCs was detected for treatment with
MG132, lactacystin or bortezomib. However, changes in amplitude were determined for
chronic treatment with lactacystin and bortezomib. Lactacystin caused a significant
decrease in the amplitude of mEPSCs, whilst bortezomib induced a significant increase in
the amplitude of mEPSCs. As no change in amplitude was observed following MG132
treatment or bortezomib (25 uM) treatment, these differences in amplitude with lactacystin
and bortezomib are likely due to differences in the pharmacology of the two inhibitors.

Increases in mEPSC amplitude following chronic exposure to proteasome inhibitors
have been previously reported in cultured hippocampal neurons (Jakawich et al., 2010,
Srinivasan et al., 2021). Chronic exposure over a period of 12-24 hours slowly increases
mMEPSC amplitude over exposure time to proteasome inhibitor lactacystin and MG132 in
hippocampal cultured neurons. These studies concluded that the slow increase in mEPSC
amplitude was due to changes in neuronal activity and post-synaptic receptor density

following inhibition of protein degradation (Jakawich et al., 2010). Hence, the increase in
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mMEPSC amplitude | observed here following 50 UM bortezomib incubation could be a true
effect of chronic proteasomal inhibition.

The aforementioned studies also showed that the increase in mEPSC amplitude
occurred slowly over the period of 12-24 hours (Jakawich et al., 2010). As such, the disparity
in results between what | have observed in this thesis compared to previously published
data could be due to differences in model used and time-period of incubation. A monolayer
cell culture model does not present the same access issues as an in vivo larval zebrafish. As
the increase in mEPSC amplitude occurred slowly, the exposure time could be different for
the MNs | have used in this study as permeabilisation of the drug through the skin and
tissues of the larvae to reach the MNs is likely to be slower than in cell-culture. Hence, | may
not be seeing the same effect, as the chronic exposure time to MG132 may not have been
sufficient to see increases in mEPSC amplitude. Whilst incubation time was the same with
50 uM bortezomib, the higher concentration of this drug may account for the differences
seen.

The decrease in mEPSC amplitude | have shown following chronic incubation with
lactacystin is not consistent with previously published results. This could be due to
differences in the model systems used. Whilst exposure time would be different between a
cell-culture model compared to a larvae, cell-type differences could also exist between
mammalian hippocampal neurons and zebrafish MNs. In the hippocampal cell culture
neurons, authors concluded that the slow increase in mEPSC amplitude was as a result of
post-synaptic receptor remodelling, with particular emphasis on increased AMPA receptor
expression. Further work would be needed to determine if this decrease in mEPSC
amplitude following chronic exposure to lactacystin had an effect on post-synaptic AMPA

receptor density. This work is beyond the scope of this thesis.

3.3.10 Effects of Overnight Proteasome Inhibition on Firing Properties

To examine the effects of overnight proteasomal inhibition on the firing properties
of MNs, whole-cell patch clamp technique in the current clamp configuration was used.
Depolarising current clamp steps were applied to MNs until step size had reached 2 x
rheobase to observe repetitive spiking responses. These experiments showed that overnight

incubation with all three proteasomal inhibitors did not affect the amplitude or rise time of
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action potential firing compared to control cells. There was also no significant difference
found in the rheobase of cells treated with proteasome inhibitors compared to control.

Action potentials are formed due to the orchestrated opening and closing of Na* and
K* voltage-gated ion channels. Hence, using current clamp to inject depolarising currents
onto MNs causes the opening of Na2* channels and elicits action potentials once rheobase
has been reached. The repolarisation of the membrane is dependent on potassium ions.
Results obtained here showed no changes in spiking frequency with either for MG132,
lactacystin or bortezomib treatment, indicating there was no difference in the number of
action potentials generated. No changes were observed in amplitude or rise time of the
action potentials following proteasome inhibition. This suggests that the proteasome does
not have an observable effect on sodium channel kinetics. Rheobase was also not affected
by proteasome inhibition. This suggests that chronic inhibition of the proteasome is most
likely not associated with changes in action potential threshold (Luque et al., 2017).

A significant decrease in the half-width was observed between cells treated with 25
KM bortezomib or lactacystin compared to control conditions. The half-width (or spike
width) gives an idea of the speed of the action potential and is measured as the width of the
spike at half the maximum peak. Hence, a decrease in half-width denotes a faster action
potential. As a significant decrease in the rise time of action potentials was observed
following lactacystin or bortezomib (25 uM) treatment, these results suggest that lactacystin
and bortezomib are capable of modulating potassium channels to speed up the
repolarisation of the membrane following an action potential. There is a lack of evidence in
the literature studying the effects of proteasomal inhibition on action potential properties.
These effects were not seen with MG132 or 50 uM bortezomib treatment, although 50 uM
bortezomib showed a trend towards a decrease in half-width. These differences could be
due to a true effect of proteasome inhibition and differences in the pharmacology of the
proteasome inhibitors could account for the disparity in results seen here. Further work
would be needed to determine if this were the case, however this was beyond the scope of
this thesis.

Whilst there have been many studies implicating the proteasome in pre-synaptic
vesicle release (Rinetti and Schweizer, 2010, Speese et al., 2003, Bingol and Schuman, 2006,
Yao et al., 2007) and post-synaptic changes in receptors (Jakawich et al., 2010, Srinivasan et

al., 2021), the effects of proteasome inhibition on ion channels controlling membrane
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potential have been less well studied. Previous studies have shown that the UPS regulates
specific ion channels, including Kv7 channels and certain Na* channels (Fotia et al., 2004,
Rougier et al., 2005, Kim et al., 2018). However, as yet no studies have conclusively linked
proteasomal inhibition to changes in the firing properties of neurons. | have shown here
that no changes to firing frequency, amplitude, rise time or rheobase occur as a result of

proteasomal inhibition with the three different inhibitors tested here.

3.3.11 Conclusions

Overall, results obtained in Chapter 3 of this thesis have shown that the larval
zebrafish proteasome is inhibited by the three drugs used in the following experiments
(Figure 8). During whole-cell patch clamp recordings, evidence suggests that overnight
inhibition of the proteasome with three different proteasome inhibitors causes a specific
increase in glycinergic mIPSC frequency, without consistently affecting mIPSC amplitude,
half-width or rise time. Glutamatergic mEPSCs and firing properties of MNs are not affected
by proteasomal inhibition. Whilst certain drug conditions did produce changes in amplitude,
half-width and rise time, these were not repeatable across all three drugs tested.

MNs in spinalised fish receive synaptic inputs from both glutamatergic excitatory INs
and glycinergic inhibitiory INs (Berg et al., 2018b). These results suggest that there could be
cell type specific differences in pre-synaptic release machinery, which is regulated
differently by the proteasome. However, these results could also be due to differences in
the time scale of proteasome inhibition. Previously reported experiments have carried out
acute application of proteasome inhibitors for 10-mins (Rinetti and Schweizer, 2010), hence
the differing results seen here could be due to longer term proteasome inhibition.

Therefore, in Chapter 4 of this thesis, | will investigate if the effect of increased
mIPSC frequency is observed over shorter incubation periods with proteasome inhibitors.
Due to the cost involved in using lactacystin and the inconsistent results obtained when
measuring glycinergic mIPSCs, in the preceding chapters | will use 10 uM MG132 and 50 uM
bortezomib. For Chapter 4, | will incubate spinalised larval zebrafish (4-dpf) with 10 uM
MG132 and 50 uM bortezomib for 1-hour to assess the effects of shorter incubation periods

on proteasomal regulation of MN extrinsic and intrinsic properties.
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Chapter4  The Effect of Short-Term Proteasome Inhibition on the
Synaptic and Intrinsic Properties of Motoneurons

4.1 Introduction
4.1.1 Acute Proteasomal Inhibition

Studies have shown that the proteasome is involved in regulating synaptic
transmission. In Chapter 3 of this thesis, | showed that chronic (overnight) incubation with
proteasome inhibitors was sufficient to produce an increase in glycinergic mIPSCs using
three different proteasome inhibitors. However, previous studies have shown that the UPS
is capable of modulating synapses within shorter time periods. Here, | will outline the
previous studies carried out looking at acute proteasomal inhibition and its effects on

neurons.

4.1.1.1 Acute Proteasomal Inhibition and Synaptic Transmission

Key protein targets of the UPS were first identified in Drosophila, including DUNC-13,
a vesiclular release machinery protein. Short (< 1 hour) incubation periods with lactacystin
and epoxomicin (proteasome inhibitors) resulted in accumulation of DUNC-13 at the
Drosophila NMJ. Moreover, sharp electrode recordings provided evidence of increased
synaptic strengthening due to an increase in mEJC amplitude within tens of minutes (Speese
et al., 2003). Building from this, work in rat hippocampal cell culture showed that following
10-minute bath application of proteasome inhibitors (MG132 and lactacystin), there was an
increase in glycinergic and glutamatergic miniature and evoked synaptic currents. By
contrast, proteasome inhibition did not affect presynaptic protein targets Munc-13 (murine
homolog of DUNC-13) and RIM1, as had previously been shown in Drosophila (Speese et al.,
2003). Further investigation revealed that application of E1-ubiquitinating enzyme inhibitors
mirrored the effect of proteasome inhibition on spontaneous and evoked synaptic
transmission, with no accumulation of RIM1 and Munc-13. Munc-13 and RIM1 are both
pre-synaptic protein targets of the proteasome, that associate together and enhance
docking and release of pre-synaptic vesicles. Hence, if increases in vesicle release were due
to the proteasome being unable to degrade these pre-synaptic proteins, accumulation of
RIM1 and Munc-13 would be observed. However, authors so no such increase in RIM1 or

Munc-13 protein following inhibition of the proteasome or the E1-ubiquitinating enzymes.
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These results indicated that instead of accumulation of synaptic proteins, the UPS regulates
synapses through ubiquitination and subsequent proteasomal degradation of specific target
proteins involved in vesicular release. (Rinetti and Schweizer, 2010).

In the aforementioned studies, changes in pre-synaptic vesicle release were observed
within a short time frame (tens of minutes), indicating that the proteasome exerts rapid and
dynamic effects on the abundance presynaptic proteins. However, subsequent studies of
cultured hippocampal neurons from mice revealed no effect of proteasome inhibition on
accumulation of Munc-13. Using a Munc-13-EYFP line, a stable mouse strain which
expresses fluorescent functional Munc-13 protein ubiquitously throughout neurons, time
lapse microscopy of cultured neurons treated with MG132 showed no increase in Munc-13
fluorescence (Kalla et al., 2006). These contrasting observations could arise from species-
specific, age-dependent differences or differences between neuron subtypes (Rinetti and
Schweizer, 2010, Speese et al., 2003).

A proteomic study showed that inhibition of the UPS for 4-hours with lactacystin did
not significantly increase the degradation of most synaptic proteins. SILAC (stable isotope
labelling with amino acids in cell culture) and Mass Spectrometry (MS) is a technique which
can be used to measure how application of pharmacological agents can affect the
degradation of thousands of protein targets. Using primary cultures from rat hippocampal
neurons in combination with lactacystin treatment, researchers identified only a small
subset of proteins where the half-life was significantly reduced with the application of
proteasome inhibitors. Key targets included AMPA-type glutamate receptor subunit GIuA2,
Nedd4 (an E3 ligase), Norbin (a protein involved in metabotropic glutamate receptor
trafficking) and SNAP-a (a protein involved in trafficking between the ER and the Golgi
apparatus). Conversely, proteasomal inhibition resulted in the suppression of synaptic
protein synthesis, with over 1400 proteins being differentially synthesised following
application of lactacystin. The proteomic profile was indicative of the unfolded protein
response, with increased expression of proteins involved in the ER stress response. Hence,
researchers concluded that the main effects of proteasomal inhibition on the proteomic
profile of the cell were linked to changes in protein expression as opposed to increased
protein degradation. Moreover, no differences in spontaneous network activity of cortical

neurons following lactacystin application for 10-20 hours were observed , indicating that
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synaptic transmission was not impaired as a result of proteasome inhibition (Hakim et al.,

2016).

4.1.1.2 Role of the UPS During Synaptic Activity

The possible role of the UPS in short-term regulation of synapse efficacy has also been
studied using time-lapse imaging of vesicle dynamics. FM-dyes have been used to
characterise vesicle pools following proteasomal inhibition. FM-dyes are lipophilic dyes
which bind to the outer plasma membrane and emit fluorescence within the hydrophobic
space. Tissue preparations are bathed in saline containing the dye and then stimulated,
evoking vesicle release into the extracellular space. These vesicles then absorb the dye,
before they are endocytosed back into the tissue and can then be imaged (Jelinkova et al.,
2019, Gaffield and Betz, 2006). These dyes were used to label recycling vesicles in cultured
rat hippocampal neurons and showed that a-15-minute exposure to proteasome inhibitors
was sufficient to increase the size of the recycling pool. A 76% increase in the vesicular
recycling pool was observed within a 2-hour period of block. This increase was not observed
when network activity was inhibited with the sodium channel blocker TTX, indicating that
evoked synaptic release is required for this effect (Willeumier et al., 2006).

There is growing evidence that localisation of the proteasome is dynamically regulated
by neuronal activity. Neuronal activity was induced in rat hippocampal neurons using KClI
solution to depolarise neurons. The 19S subunit Rptl was fused to GFP and expressed in
hippocampal cell culture, allowing for the rapid identification of 26S proteasomes in situ.
Within tens of minutes of KCI application, rapid translocation of the proteasome from
dendritic spines to pre-synaptic terminal occurred (Bingol and Schuman, 2006).

Subsequent work revealed that proteasome translocation was dependent on
autophosphorylated CaMKII, which acted as a scaffold protein for proteasomes to bind to
within dendritic spines in hippocampal cell culture (Bingol et al., 2010). Taken together,
these studies indicate that neuronal activity stimulates an orchestrated process of
proteasome trafficking to the synapse, providing support for the idea that proteasomes are
important for synaptic function.

Fast ubiquitination of PSD-95 has been observed following neuronal activity. PSD-95 is
a scaffolding protein associated with the post-synaptic density of excitatory synapses and

interacts directly with the cytoplasmic tails of AMPA receptors to anchor them to they
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synapse (Sheng, 2001). In cultured hippocampal neurons, stimulation of NMDA-type
glutamate receptors with the agonist NMDA caused rapid ubiquitination of PSD-95 within
10 minutes of NMDA application (Colledge et al., 2003). These results suggest that the
proteasome can act rapidly within cells in response to neuronal activity to regulate AMPA
receptor number at the post-synaptic membrane during synaptic plasticity.

Recent research has revealed the existence of neuronal-specific 20S membrane
proteasome complexes (NMPs) in both cultured mammalian brain tissue and Xenopus
tadpoles (Ramachandran and Margolis, 2017, He et al., 2022). NMPs have been shown to
regulate neuronal network activity through their ability to degrade intracellular proteins and
remove peptides into the extracellular space which can be used as signalling molecules.
These signalling peptides have yet to be identified, but evidence shows that the intracellular
protein targets of NMPs are nascent proteins. Nascent proteins are those which are still
bound to the ribosomes and, therefore, are not fully formed or folded into their final
confirmation. Hence, they are candidates for 20S proteasome degradation, as they do not
need to be ubiquitinated or have a 19S cap to unravel their native folding. Using mass-
spectrometry, it was shown that KCl-induced depolarisation of mouse cortical cultures
increased nascent peptide production when in cultures treated with the NMP specific
proteasome inhibitor, bio-epoxomicin, compared to control. These changes can be observed
between 1-2 hours following neuronal stimulation (Ramachandran et al., 2018). This
suggests that NMPs may play a role in the regulation of activity-dependent changes in

neuronal function, through their ability to affect the nascent proteome of neurons.
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4.2 Aims and Objectives

In Chapter 3, | investigated the effect of chronic (overnight) incubation with
proteasome inhibitors and observed an increase in the frequency of glycinergic mIPSC
occuring on MNs of larval zebrafish. In this chapter, | investigate the effects of short-term
(10-60 min) exposure to proteasome inhibitors on synaptic input to MNs of the larval
zebrafish spinal cord. Subsequently | examine the effects of short-term exposure to

proteasome inhibitors on the intrinsic firing properties of MNs.
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4.3 Results
4.3.1 The effect of short-term proteasome inhibition on glycinergic mIPSCs parameters

To investigate the effects of short-term proteasome inhibition on glycinergic
synapses, larvae were first incubated for 1-hour in 10 uM MG132 before performing whole
cell voltage clamp recordings of MNs exposed to the sodium channel blocker TTX (1 uM),
the pan-specific glutamate receptor antagonist kynurenic acid (10 mM) and the GABA
inhibitor picrotoxin (100 uM). Under these conditions, glycinergic mIPSCs were isolated for
study.

A significant increase in the frequency of glycinergic mIPSCs MNs of MG132
preparations than those observed in controls (p = 0.0128, MG132: 3.28 + 1.56 Hz, control:
1.78 + 1.05 Hz; Figure 22A, C, E). By contrast, mean amplitude (p = 0.191, MG132: -19.39 +
5.77 pA, control: -19.45 + 10.25 pA; Figure 22A, C, F), half-width (p = 0.507, MG132: 2.06 +
0.42 ms, control: 1.85 + 0.44 ms; Figure 22A, C, G) and rise time (p = 0.272, MG132: 0.50 +
0.041 ms, control: 0.47 + 0.054 ms; Figure 22A, C, H) of mIPSCs recorded from MNs pre-
treated with 10 uM MG132 (N = 8, n = 12) were not significantly different from those
occurring in control cells (N = 13, n = 9). These results were consistent with previously
reported results in Chapter 3 following chronic incubation with MG132. Short (1-hour)
incubation with MG132 results increased glycinergic mIPSCs, with no change to other

parameters.
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Figure 22. Short incubation with proteasome inhibitor MG132 increases the frequency of glycinergic mIPSCs isolated from

MNs in spinal cord of zebrafish larvae.

A-B) An exemplar voltage clamp trace of glycinergic mIPSCs taken from a MN treated for 1-hour with 0.01% DMSO
control saline and an average mIPSC (B) taken from the trace displayed in A. C-D) An exemplar voltage clamp trace of
glycinergic mIPSCs take from a MN treated for 1-hour with 10 uM MG132 and an average mIPSC (D) taken from the
trace displayed in C. E-H) Median with interquartile range plots displaying mIPSC paramaters frequency, amplitude,
half-width and rise time for MNs treated with 10 uM MG132 compared to DMSO control.. No significant difference
was determined for mIPSC amplitude, half-width or rise time for MNs treated in either MG132 or control. A significant
increase (p = 0.0128) in mIPSC frequency was detected between cells treated for 1-hour in 10 uM MG132 and control

DMSO. * = p < 0.05.
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To determine whether the observed effects on mIPSC frequency were due to
selective blockade of the proteasome, the effects of a 1-hour pre-treatment with
bortezomib (50uM, N = 7, n = 10) were examined in comparison to control (N=7, n=10). A
significant increase in the frequency (p = 0.0049, bortezomib: 1.66 + 0.65 Hz, control: 1.08 +
0.36 Hz; Figure 23A, C, E) of glycinergic mIPSCs was observed following short (1-hour)
incubation with bortezomib. No significant difference in amplitude (p = 0.0761, bortezomib:
-29.51 + 10.88 pA, control: -36.72 + 8.40 pA; Figure 23A, C, F) was observed. However, there
was a significant decrease in the half-width (p = 0.0374, bortezomib: 1.11 + 0.38 ms, control:
1.38 £ 0.12 ms; Figure 23A, C, G) and the rise time (p = 0.0169, bortezomib: 0.28 + 0.04 ms,
control: 0.33 + 0.056 ms; Figure 23A, C, H) of mIPSCs following treatment with bortezomib.
Thus, short (1-hour) incubation with bortezomib increased glycinergic mIPSC frequency as
observed following short (1-hour) MG132 application or chronic (overnight) application of
bortezomib. Additionally, short (1-hour) incubation with bortezomib decreased half-width

and rise time of glycinergic mIPSCs.
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Figure 23. Short incubation with proteasome inhibitor bortezomib increases the frequency of glycinergic mIPSCs isolated
from MNs in spinal cord of zebrafish larvae.

Larvae (4-dpf) were spinalised incubated for 1-hour in 50 uM bortezomib. Whole-cell voltage clamp recordings were
taken from MNs of the zebrafish spinal cord. A-B) A-B) An exemplar voltage clamp trace of glycinergic mIPSCs taken
from a MN treated for 1-hour with 0.05% DMSO control saline and an average mIPSC (B) taken from the trace

displayed in A. C-D) An exemplar voltage clamp trace of glycinergic mIPSCs take from a MN treated for 1-hour with 50
UM Bortezomib and an average mIPSC (D) taken from the trace displayed in C. E-H) Median with interquartile range
plots displaying mIPSC paramaters frequency, amplitude, half-width and rise time for MNs treated with 50 M
Bortezomib compared to DMSO control. No significant difference was determined for mIPSC amplitude for MNs

treated in either Bortezomib or control. A sianificant increase in alycinergic mIPSC frequency was determined
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4.3.2 The effect of short proteasome inhibition on glutamatergic mEPSCs parameters

Next, the effects of short-term proteasome inhibition on glutamatergic synapses was
investigated. Here, larvae were first incubated for 1-hour in MG132 (10 uM, N = 10, n =7) or
saline containing 0.05% DMSO (N = 10, n = 9) before performing whole cell voltage clamp
recordings of MNs exposed to the sodium channel blocker TTX (1 uM), the glycine receptor
antagonist strychnine (100 uM) and the GABA receptor antagonist picrotoxin (100 uM). In
keeping with chronic incubation experiments (See Chapter 3), a one hour pre-treatment
with MG132 yielded no significant difference in glutamatergic mEPSC frequency (p =
0.0679, MG132: 3.03 + 1.58 Hz, control: 2.60 + 0.47 Hz; Figure 24A, C, E ), amplitude (p =
0.612, MG132: -16.46 + 4.01 pA, control: -14.89 + 5.58 pA; Figure 24A, C, F) , half-width (p
= 0.585, MG132: 0.77 £+ 0.39 ms, control: 0.83 + 0.17 ms; Figure 24A, C, H) or rise time (p =
0.567, MG132: 0.34 + 0.06 ms, control: 0.35 + 0.06 ms; Figure 24A, C, G) in control and
MG132 treated fish.
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Figure 24. Short incubation with proteasome inhibitor MG132 does not effect glutamatergic mEPSCs isolated from MNs in
spinal cord of zebrafish larvae.

A-B) Example 60 s voltage clamp trace showing mEPSCs from a MN in the presence of 0.01% control DMSO saline and

an average mEPSC (B) taken from the trace shown in A. C-D) Example 60 s voltage clamp trace showing mEPSCs from a
MN in the presence of 10 M MG132 in saline and an average mEPSC (D) taken from the trace displayed in C. E-H)
Median with interquartile range plots displaying frequency, amplitude, half-width and rise time of mEPSCs from 1-hour
incubation with either 10 M MG 132 or control DMSO saline. No significant difference was detected between mEPSC
parameters between control and MG132 treated cells.
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Next the effects of a 1-hour pre-incubation with bortezomib (50pM) or control saline
containing 0.05% DMSO on glutamatergic mEPSCs was examined. Pre-exposure to
bortizomib (50 uM, N = 7, n = 10)) had no significant effect on the frequency (p = 0.016,
bortezomib: 0.84 + 0.74 Hz, control: 1.52 + 1.20 Hz, Figure 25A, C, E), amplitude (p =
0.333, bortezomib: -26.36 + 14.29 pA, control: -22.55 + 7.15 pA, Figure 25A, C, F), half-
width (p = 0.603, bortezomib: 0.70 + 0.18 ms, control: 0.53 + 0.16 ms; Figure 25A, C, H) or
rise time (p = 0.412, bortezomib: 0.28 + 0.04 ms, control: 0.24 + 0.03 ms; Figure 25A, C, G)
of mEPSCs when compared to cells bathed in control saline (N = 7, n = 10). In sum, these
data suggest that the effects of short (one hour) proteasome inhibition has effects that
parallel those observed with chronic (overnight) treatment, with no significant effect on

glutamatergic mEPSC parameters.
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Figure 25. Short incubation with proteasome inhibitor bortezomib does not effect glutamatergic mEPSCs isolated from MNs
in spinal cord of zebrafish larvae.

A-B) Example 60 s voltage clamp trace of glutamatergic mEPSCs from MNs treated with 0.05% DMSO control saline and
an average mEPSC (B) taken from the trace displayed in A. C-D) Example 60 s voltage clamp trace of glutamatergic
mEPSCs from MNs treated with 50 1iM Bortezomib and an average mEPSC (B) taken from the trace displayed in A. E-H)
Median with interquartile range plots showing mEPSC paramters for cells treated with 50 uM Bortezomib compared
0.05% DMSO control saline. No significant difference was detected between mEPSC frequency, amplitude, half-width or
rise time for cells treated with bortezomib compared to control.
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4.3.3 The effect of short proteasome inhibition on the firing properties of larval MNs

Next, | sought to determine whether brief 1-hour inhibition of the proteasome
influenced intrinsic firing properties of MNs in the larval zebrafish spinal cord at 4-dpf,
larvae were pre-incubated for 1-hour in MG132 (10 uM, N = 7, n = 12) or control saline
containing 0.01% DMSO (N = 6, n = 11). Whole-cell current clamp protocols of 400 ms with
10 pA steps were used to determine firing properties.

No significant difference was observed between the frequency (p = 0.864, MG132:
152.50 + 26.30 Hz, control: 152.5 + 29.23 Hz; Figure 26A, C, E), amplitude (p = 0.176,
MG132: 16.21 + 3.89 mV, control: 18.76 + 2.27 mV; Figure 26A, C, F), half-width (p = 0.614,
MG132:0.26 + 0.017 ms, control: 0.26 + 0.020 ms; Figure 26A, C, G), rise time (p = 0.285,
MG132 0.11 + 0.008 ms, control: 0.11 + 0.014 ms; Figure 26A, C, H) or rheobase (p = 0.139,
MG132: 95.00 + 18.99 pA, control: 100.00 + 24.94 pA; Figure 26A, C, 1) for MNs treated with
MG132 compared to control. However, there was a significant decrease in the threshold
voltage of MNs treated with MG132 compared to controls (p < 0.0001, MG132: -62.25 +
3.60 mV, control: -46.40 + 10.10 mV; Figure 26 A, C, J).
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Figure 26. Short incubation with proteasome inhibitor MG132 decreases threshold voltage for generating action potentials
isolated from MNs in spinal cord of zebrafish larvae.

Current clamp protocols with 400 ms 10 pA steps were used and firing properties analysed at 2 x Rheobase. A-B) An
exemplar 60 s current clamp trace from a MN treated with 0.01% DMSO control saline and an average action potential

(B) taken from the trace shown in A. C-D) An exemplar 60 s current clamp trace from a MN treated with 10 uM MG132
and an average action potential (D) taken from the trace shown in C. E-J) Median with interquartile range plots showing
action potential parameters. No significant difference was determined between the frequency, amplitude, half-width,

rise time or rheobase for MNs treated with either 10 M MG132 or 0.01% DMSO control. A significant decrease in
threshold voltage of cells treated with MG132 compared to controls was observed. *** = p < 0.0005
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Firing properties were examined in MNs that had been pre-incubated in bortezomib (50
UM, N =4, n = 10) and compared to larvae bathed in control saline containing 0.05% DMSO
control (N =5, n = 10). No significant difference in the frequency (p = 0.816, bortezomib:
165.0 + 30.91 Hz, control: 181.3 + 34.03 Hz,Figure 27 A, C, E), amplitude (p = 0.942,
bortezomib: 19.92 + 2.71 mV, control: 20.22 + 4.88 mV; A, C, F), half-width (p = 0.0537,
bortezomib: 0.22 + 0.018 ms, control: 0.20 + 0.021 ms;Figure 27 A, C, G), rheobase (p =
0.541, bortezomib: 115.0 + 30.55 pA, control: 115.0 + 37.25 pA; Figure 27A, C, 1) threshold
voltage (p = 0.28, bortezomib: -42.75 + 3.01 mV, control: 46.85 + 4.99 mV,Figure 27 A, C, J)
were determined for cells treated with bortezomib compared to control. However, a
significant increase was observed in action potential rise time (p = 0.00312, bortezomib 0.12
1 0.12 ms, control: 0.10 £ 0.016 ms; Figure 27A, C, H).

To conclude, MG132 treatment resulted in an increased threshold voltage for action
potential generation following short (1-hour) and chronic (overnight, Chapter 3) incubation.
By contrast, bortezomib produced a selective increase in the action potential rise time

following short (1-hour) pre-incubation.
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Figure 27. Short incubation with proteasome inhibitor MG132 increases rise time of action potentials isolated from MNs in
spinal cord of zebrafish larvae.

Current clamp protocols with 400 ms 10 pA steps were used and firing properties analysed at 2 x Rheobase A-B) An
exemplar 60 s current clamp trace from a MN treated with 0.05% DMSO control saline and an average action potential
(B) taken from the trace shown in A. C-D) An exemplar 60 s current clamp trace from a MN treated with 50 pM
Bortezomib and an average action potential (D) taken from the trace shown in C. E-J) Median with interquartile range
plots showing action potential parameters. No significant difference was determined between the frequency, amplitude,
half-width, threshold voltage or rheobase for MNs treated with either 50 uM Bortezomib or 0.01% DMSO control. A
significant increase in the rise time (p = 0.00312) of action potentials was determined for MNs treated with 50 uM

Bortezomib compared to DMSO control. ** = p < 0.005.
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4.3.4 Control recordings to determine stability of glycinergic mIPSCs and glutamatergic
mEPSCs over a 30-minute period

The stability of whole-cell patch clamp recordings can degrade over time due rundown

arising from dialysis of the intracellular environment. In order to investigate the effects of

shorter incubation periods (minutes rather than hours), | first carried out control

experiments to determine the stability of 30-minute recordings from MNs.

First | isolated glycinergic mIPSCs using Evans physiological saline containing sodium
channel blocker TTX (1 uM), pan-glutamate receptor antagonist kynurenic acid (10 mM) and
pan-GABA receptor antagonist picrotoxin (100 uM). MNs (N = 5) were recorded for 10-
minutes in control saline containing 0.01% DMSO, before bath perfusion with additional
control saline for 10-minutes to mimic addition of proteasomal inhibitors. The recording
was continued for a further 5-minutes for analysis.

No significant difference was detected in glycinergic mIPSC frequency (p = 0.4486,
MG132: 4.45 + 1.41 Hz, control: 3.96 + 1.33 Hz; Figure 28 A, C, E, 1), amplitude (p = 0.6816,
MG132: -57.95 + 24.74 pA, control: -43.92 + 14.75 pA; Figure 28 A, C, F, J) or rise time (p =
0.4167, MG132: 0.51 £ 0.072 ms, control: 0.48 + 0.067 ms; Figure 28 A, C, H, L) of mIPSCs
during 30-minutes of recording in control saline. However, a significant increase in the half-
width (p = 0.0029, MG132: 3.50 + 0.99 ms, controls: 2.10 + 0.61 ms; Figure 28 A, C, G, K) of
glycinergic mIPSCs during 30-minute control recordings was observed. In summary, 30-
minute control recordings of isolated mIPSCs showed significant increases in half-width,
indicative of cellular rundown. However, they did not show significant increases in

glycinergic mIPSC frequency.
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Figure 28. Control recordings of glycinergic mIPSCs from MNs recorded for 25 minutes in control saline showed an increase
in mIPSC half-width

A-D) Representative glycinergic mIPSC recordings from a MN treated for 25 minutes with control DMSO saline. A-B) An
example 60 s trace of glycinergic mIPSCs from a MIN treated with control saline for 7 minutes and an average mIPSC (B)
from this trace. C-D) An example 60 s trace after 20 minutes of recording glycinergic mIPSCs in DMSO control saline.
Further saline was introduced to the preparation after 7 minutes to simulate the application of MG132 saline in
experiments displayed in Figure 31. E-H) Plots showing recordings for glycinergic mIPSC parameters in the first 5 minutes of
recording and then after 20 minutes of recording in control DMSO saline. A significant decrease in the amplitude (p =
0.0463) of mIPSCs was detected after 20 minutes of recording. I-L) Plots showing normalised data for glycinergic mIPSC
frequency, amplitude, half-width and rise time. A significant decrease in amplitude (p = 0.0463) of mIPSCs was determined
after 20-minutes of recording. Significance values: p < 0.005 = **,
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A series of 30-minute control recordings were also obtained isolating glutamatergic mEPSCs.
Experimental design remained the same as control recordings isolating glycinergic mIPSCs,
however control saline in glutamatergic mEPSC recordings contained sodium channel
blocker TTX, glycine receptor antagonist strychnine and GABA antagonist picrotoxin.
Following 30-minute control recordings isolating glutamatergic mEPSC (N = 5), no significant
difference was detected in the frequency (p = 0.1788, MG132: 2.16 + 3.96 Hz, control: 4.68
+ 2.60 Hz; Figure 29 A, C, E, 1), half-width (p = 0.0532, MG132: 0.66 + 0.18, control: 0.77
0.11 ms; Figure 29 A, C, G, K) or rise time (p = 0.1332, MG132: 0.38 + 0.38 ms, control: 0.39
+ 0.044 ms; Figure 29 A, C, H, L) after 20-minutes of recording. A significant decrease in the
amplitude (p =0.0463, MG132: -13.85 + 21.22 pA, controls: -24.88 + 15.82 pA; Figure 29A, C,
E, J) of mEPSCs was detected after 20-minutes of recording. The significant changes in

amplitude and half-width for mEPSCs indicates that prolonged dialysis of MNs is occurring.
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Figure 29. Control recordings of glutamatergic mEPSCs from MNs recorded for 25 minutes in control saline showed a
decrease in mEPSC amplitude.

A-D) Representative recordings from a MN treated for 25 minutes with control DMSO saline. A-B) An example 60 s trace
of glutamatergic mEPSCs from a MN treated with control saline for 7 minutes and an average mEPSC (B) from this trace.
C-D) An example 60 s trace after 20 minutes of recording mEPSCs in DMSO control saline. Further saline was introduced
to the preparation after 7 minutes to simulate the application of MG132 saline in experiments displayed in Figure 31. E-
H) Plots showing paired recordings for mEPSC parameters in the first 5 minutes of recording and then after 20 minutes of
recording in control DMSO saline. A significant decrease in the am plitude (p = 0.0463) of mEPSCs was detected after 20
minutes of recording
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4.3.5 The effect of 15-minute application of proteasome inhibitor MG132 on glycinergic
mIPSC parameters
As glycinergic mIPSCs frequency is not affected by dialysis of MNs during control recordings,
| was able to investigate the effects of brief proteasome inhibition of synaptic release. The
effect on mIPSCs was examined with whole-cell voltage clamp recordings of MNs in
zebrafish larvae (4-dpf). Preparations were perfused with control Evans electrophysiology
saline containing sodium channel blocker TTX, pan-glutamate receptor antagonist kynurenic
acid and GABA receptor antagonist pictrotoxin. Control saline contained 0.01% DMSO.
Recordings of mIPSCs were obtained from MNs bathed in control saline for 10 minutes
before perfusion with MG132 (10 uM) for 15 minutes. Changes in mIPSC properties were
monitored for a following 5 minutes, resulting in a 30 minute recording. A significant
increase was detected for both mIPSC frequency (p = 0.0061, MG132: 2.38 + 0.69 Hz,
control: 1.47 +0.71 Hz; Figure 30 A, C, E, 1) and half-width (p = > 0.0001, MG132: 2.93 + 0.64
ms, control: 1.68 + 0.62 ms; Figure 30 A, C, H, K). No significant difference between control
and MG132 mIPSCs were detected for average mIPSC amplitude (p = 0.09576, MG132: -
29.67 + 15.50 pA, control: -32.06 + 15.50 pA; Figure 30 A, C, F, J) or average rise time (p =
0.0802, MG132: 0.53 £ 0.64 ms, control: 0.48 + 0.62 ms;,Figure 30 C, G, L).

In summary, bath application for 15-minutes with MG132 was sufficient to increase
frequency of glycinergic mIPSCs, consistent with results obtained following short (1-hour,
Chapter 4) and chronic (overnight, Chapter 3) MG132 treatment. Additionally, following 15-
minute bath application of MG132 the half-width of glycinergic mIPSCs increased, consistent
with 30-minute control recordings and likely due to the effects of dialysis during whole cell

recording.
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Figure 30. 15 minute bath application of proteasome inhibitor MG132 increased frequency and half-width of glycinergic
mIPSCs recorded from MNs of larval zebrafish.

A-D) Recordings of a representative MN treated with control saline for 10 minutes (A-B) followed by application of
MG132 (10 uM) for 15 minutes (C-D). A-B) A representative 60 s trace of glycinergic mIPSCs from a MN treated with
0.01% DMSO and an average mIPSC taken from this trace (B). C-D) A representative 60 s trace of glycinergic mIPSCs after
15-minute application of MG132 and an average mIPSC taken from this trace (B). E-H) Plots displaying paired recordings
of MNs treated for 10 minutes with control followed by a 15-minute application of 10 uM MG132 showing mIPSC
parameters. A significant increase in both the frequency (p = 0.0061) and half-width (p => 0.0001) were detected
following application of MG132.
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4.3.6 The effect of 15-minute application of proteasome inhibitor MG132 on glutamatergic

MEPSC parameters

| next carried out whole-cell voltage clamp recordings isolating glutamatergic
mMEPSCs. As with recordings of glycinergic mIPSC larvae were first perfused for 10-minutes in
control solution and then 15-minutes in MG132 (10 uM, N =10). After 15-minutes of drug
application, the MN was recorded for a further 5-minutes and this was analysed in
comparison to control. Addition of MG132 resulted in no significant change in glutamatergic
mEPSC frequency (p = 0.174, MG132: 2.8 £ 0.66 Hz, control: 3.46 + 1.08 Hz; Figure 31A, C, E,
[) or, amplitude (p = 0.3535, MG132: -15.04 + 4.04 pA, control: -15.00 + 3.78 pA; Figure 31A,
C, F, J). However, a significant increase in mEPSC half-width (p = 0.015, MG132: 0.85 + 0.23
ms, control: 0.72 + 0.13 ms; Figure 31A, C, G, K) and rise time (p = 0.01, MG132: 0.36 + 0.037
ms, control: 0.34 £ 0.037 ms; Figure 31A, C, H, L) was observed. These results suggest that
10-minute bath application of MG132, no significant increase in frequency of events was
observed. The observed increase in half-width and rise time is likely due to the dialysis of

MNs during whole cell recordings.
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Figure 31. 15-minute bath application of MG132 increased half-width of glutamatergic mEPSCs recorded from MNs of

larval zebrafish.
A-D) Recordings of a representative MN treated with control saline for 7-minutes (A-B) followed by application of

MG132 (10 uM) for 15-minutes (C-D). A-B) A representative 60 s trace of glutamatergic mEPSCs from a MN treated with
control and an average mEPSC taken from this trace (B). C-D) A representative 60 s trace of glutamatergic mEPSCs after
15-minute application of 10 uM MG132 and an average mEPSC taken from this trace (B). E-H) Plots displaying paired
recordings of MNs treated for 10 minutes with control followed by a 15-minute application of 10 uM MG132 showing
mEPSC parameters. A significant increase in both the half-width (p = 0.015) and rise time (p = 0.01) were detected
following application of MG132.

123



4.4 Discussion

The aim of this chapter was to determine the timescale through which proteasome
inhibition exerts its effects on the firing and synaptic properties of MNs. The data presented
in this chapter shows that short (1-hour) incubation with both MG132 and bortezomib is
sufficient to induce a selective increase in the frequency of glycinergic mIPSCs without
affecting other mIPSC parameters. By contrast, 1-hour exposure to proteasome inhibitors
had no effect on the frequency or kinetics of glutamatergic mEPSC. Further to this, 15-
minute application of proteasome inhibitor MG132 was also sufficient to induce increases in
glycinergic mIPSCs. The results observed with a 1-hour incubation of proteasome inhibitors
mirror those observed with a longer, overnight incubation (see Chapter 3). This suggests
that proteasome inhibition causes a rapid and specific increase in transmitter release at

glycinergic synapses.

4.4.1 Effect of 1-hour Proteasome Inhibition on Glycinergic mIPSCs of MNs

In order to build on previous experiments carried out in Chapter 3, | investigated the
use of a shorter (1-hour) incubation period with proteasome inhibitors to observe if the

specific increases in glycinergic mIPSCs occur. As with Chapter 3, | chose to use proteasome
inhibitors MG132 and bortezomib to test the effects of short (1-hour) incubation on
glycinergic mIPSCs from MNs. Consistent with pervious results, | observed a specific increase
in glycinergic mIPSCs following short (1-hour) incubation period with both MG132 and
bortezomib. The increase in mIPSC frequency observed here is consistent with previously
published work (Rinetti and Schweizer, 2010) showing that evoked and spontaneous release
increase following application of MG132 and lactacystin.

The observed decrease in mIPSC half-width and rise time was also observed with
short (1-hour) incubation with bortezomib, however this was not an effect observed with
short (1-hour) MG132 exposure. The half-width and rise time of glycinergic mIPSC from
bortezomib treated larvae also had a larger range compared to control treated MNs. As
previous studies have reported the mean turn over time of zebrafish MNs GlyRs was 11.8
hours (Chow et al., 2017). As GlyR density would contribute to the amplitude, half-width or
rise time of glycinergic mIPSCs, it is perhaps not surprising that their parameters were not

affected by a 1-hour period of proteasome inhibition. Therefore, the observed decreases in
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half-with and rise time of mIPSCs isolated from MNs treated with bortezomib are likely due
to other post-synaptic changes.

Whilst receptors themselves may not have been internalised or turned over within
this time frame, changes in mPSC kinetics are often associated with changes to the gating
properties of receptors. Gating properties can be altered by subunit confirmations present
within the receptor. Pre-synaptic neurotransmitter release has also been shown to induce
post-translational modifications to receptors on the post-synaptic membrane, including
phosphorylation which can alter receptor kinetics.

Post-translational modifications stimulated by pre-synaptic neurotransmitter
release, including phosphorylation can alter subunit assembly, desensitisation and
clustering of receptors. Changes in the gating properties of the receptors would account for
changes in kinetics. Different subunit confirmations directly influence gating properties of
ligand-gated receptors, including glycine receptors (Twyman and Macdonald, 1991, Barberis
et al., 2011). Pre-synaptic neurotransmitter release can also influence post-translational
modifications to receptors on the post-synaptic membrane. These modifications include
phosphorylation, which can affect subunit conformation and clustering of receptors. (Swope
et al., 1992, Han et al., 2013). Phosphorylation of the a2 glycine subunit induces a
conformational change in the ligand binding site, resulting in decreased mIPSC kinetics
(Islam et al., 2018). Glycine receptors are regulated through ubiquitination and degradation
by the proteasome, hence inhibition of the proteasome could be contributing to changes in
receptor conformation (Lin and Man, 2013).

Clustering of receptors has also been shown to alter PSC kinetics, with receptor
cluster sizing resulting in large variation in mIPSCs amplitude and kinetics (Lim et al., 1999,
Oleskevich et al., 1999). Variations in receptor clustering can suggest differences in synaptic
scaffolding proteins present. Gephyrin in particular has been associated with the clustering
of inhibitory receptors GABA and glycine (Feng et al., 1998, Cabot et al., 1995). Whilst there
is a lack of evidence that gephyrin is degraded by the proteasome, gephyrin does contain
two PEST (a peptide sequence linked to protein degradation) sequences (Meyer et al., 2011,
Tyagarajan et al., 2011, Prior et al., 1992). PEST sequences are motifs found within protein
structures that are rich in proline, glutamic acid, serine and threonine which acts as a signal
for rapid proteolysis within cells (Rechsteiner, 1990). PSD-95 (a scaffolding protein

associated with excitatory synapses) contains PEST sequences and has been shown to be

125



ubiquitinated for subsequent proteasomal degradation (Colledge et al., 2003). As such, the
existence of ubiquitination sites within the protein structure indicate that regulation by the
proteasome could be possible. Hence, mIPSC kinetic changes displayed here could be due to
increased gephyrin available to modulate receptor clustering. Further work would be
needed to determine if these changes in mIPSC half-width and rise time were due to
changes in receptor conformation. However, as the main focus of this chapter was on the
increases to glycinergic mIPSC frequency, this further work was beyond the scope of this
thesis.

The selective increase in glycinergic mIPSCs as a result of short (1-hour) incubation
periods indicate that more quanta of glycine are being released into the synaptic cleft,
resulting in an increase in mIPSCs. In these spinalised preparations, hindbrain connections
are severed from the spinal cord, hence pre-synaptic connections would primarily come
from interneurons that make up the CPG of the zebrafish spinal cord (Grillner, 2003).In the
zebrafish spinal cord, MNs are innervated by INs from within the spinal cord (Berg et al.,
2018a). These results indicate that there is an increase in input from the inhibitory INs
innervating the MNs. This increase in synaptic input could be due to changes within the
synapse resulting in increased release of vesicles due to changes in synaptic machinery or

could be due to changes in the number of synapses innervating the MNs.

4.4.2 Effect of 1-hour incubation on glutamatergic mEPSCs of MNs

To investigate the effect of proteasome inhibition on MN glutamatergic mEPSCS,
spinalised larvae were incubated for 1-hour with either MG132, bortezomib or control
DMSO. As with glycinergic mIPSCs, whole-cell voltage clamp recordings of MNs were taken
isolating glutamatergic mEPSCs. 1-hour incubation with proteasome inhibitors did not
increase the frequency of glutamatergic mEPSCs. This was consistent with results obtained
for Chapter 3, where overnight incubation with MG132, lactacystin and bortezomib did not
cause changes to mEPSC frequency. As with results obtained for chapter 1, this contrasts
with previously reported results (Rinetti and Schweizer, 2010, Xie et al., 2017). No effect on
glutamatergic mEPSC amplitude, half-width or rise time was determined for 1-hour

incubation with proteasome inhibitors. This was expected, as no change in glutamatergic
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mEPSC frequency, rise time or half-width were determined using MG132 and bortezomib
(50 uM) in Chapter 3.

Previously reported results looking at the effect of the proteasome on
neurotransmitter release has focused on predominantly on rodent models including the use
of a rodent hippocampal cell culture model to determine changes in both evoked and
spontaneous neurotransmission (Rinetti and Schweizer, 2010). Species or cell type
differences could, therefore, play a role in the different results observed here. New research
implicates a role for NMPs in regulating neuronal activity through the degradation of the
nascent proteome. Following inhibition of NMPs, nascent polypeptides accumulate in cells,
inducing a spontaneous increase in neuronal activity (Ramachandran and Margolis, 2017,
Ramachandran et al., 2018, He et al., 2022). The nascent proteome can vary in different cell
types, hence inhibition of NMPs in certain cell-types could result in the accumulation of
different nascent polypeptides (Wilson and Nairn, 2018, Alvarez-Castelao et al., 2017,
Schanzenbéacher et al., 2016). Hence, if NMPs are the cause of increased synaptic
transmission following proteasome inhibition, this could explain the differential effects seen
here with glutamatergic mEPSC and glycinergic mIPSC frequency as different nascent

proteomes could be present in excitatory and inhibitory synapses.

4.4.3 Effect of 1-hour incubation on firing properties of MNs

No effect on firing frequency, amplitude, half-with or rheobase was determined for
MNs treated for 1-hour with MG132 or bortezomib compared to MNs treated with control.
This was expected, as no effect in these parameters was observed with overnight
incubation.

However, a significant increase in the rise time of action potentials was observed for
larvae incubated for 1-hour in 50 UM bortezomib compared to control. This difference in
rise time was not observed during overnight incubation with 50 uM bortezomib. This
increase in rise time could suggest a change in sodium channels present, as a faster rise time
would indicate more sodium channels opening and hence increasing the depolarisation of
the membrane faster. Voltage-gated sodium channels (Nayv) form clusters on excitable cells
and have been shown to be degraded by the UPS (Ogino et al., 2015). Therefore, this effect

could be a true effect of proteasome inhibition, resulting in increased density of Nav.
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However, as this effect was observed only after 1-hour incubation and not after overnight
incubation, it is unlikely that this is an effect of greater receptor clustering. As the same
effect was not seen with MG132, it is also unlikely that this is due to the effect of directly
inhibiting the proteasome. The increase in rise time could be due to an off-target effect of
bortezomib or could be due to large biological variability in the control data.

A significant decrease in the threshold voltage was observed following 1-hour
incubation with MG132 compared to control data. A decrease in threshold voltage was also
observed following overnight incubation with MG132. Threshold voltage is dependent on
sodium channels which are important for the controlling the depolarisation of the
membrane. Nay channels have previously been shown to be internalised and degraded via
ubiquitination and subsequent proteolysis via the proteasome (See Chapter 3 Introduction)
(Rougier et al., 2005, Fotia et al., 2004). Hence, proteasomal inhibition could result in
increase sodium ion channels present on the neuronal membrane, lowering the threshold
voltage required to elicit an action potential. However, as this decrease was not observed
following overnight or 1-hour incubation with bortezomib, it is unlikely that this significant
decrease in threshold voltage is due to the effect of proteasome inhibition. MG132 is also a
known to inhibit calpains (Tsubuki et al., 1996). Calpains are calcium activated proteases
present ubiquitously within cells (Croall and Ersfeld, 2007, Wu and Lynch, 2006). Calpains
regulate Nay channels, with activated calpains being associated with a decrease in Nay
expression (Magby and Richardson, 2015). Calpains have also been shown to be required for
the proteolysis of the a-subunit of Nay channels, resulting in the breakdown of Nay channels
and their removal from the membrane (von Reyn et al., 2009). Threshold voltage has been
shown to be dependent on ion channel densities, most notably Nay channel membrane
density (Platkiewicz and Brette, 2010). Therefore, this variation in threshold voltage
observed with MG132 could be due to its role as a calpain inhibitor instead of due to
proteasome inhibition. Further work would need to be done to determine if these changes

are due to calpain inhibition, however this is beyond the scope of this thesis.

4.4.4 The Effect of 15-Minute Application of MG132 on Glycinergic mIPSCs

A previous study in rat hippocampal cell culture had shown increases in mIPSC and

mEPSC frequency after only 10-minute application of proteasome inhibitors . Amplitude and
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kinetics of mIPSCs and mEPSCs remained unaffected in these experiments (Rinetti and
Schweizer, 2010). Here, a 15-minute bath perfusion with MG132 (10 uM) showed no
significant difference in the amplitude or rise time of mIPSCs compared to control. However,
there was a significant increase in the frequency and the half-width of glycinergic mIPSCs
following MG132 application. The increase in frequency of mIPSCs was consistent with data
collected for overnight and 1-hour incubation with MG132. This suggests that the observed
effects on glycine transmission occur rapidly (within minutes) and are capable of affecting
pre-synaptic quanta release within that time frame.

However, the significant increase in the half-width of mIPSCs following 15-minute
MG132 perfusion was not consistent with previous results for overnight or 1-hour
incubation. The recordings carried out for the 15-minute application of proteasome
inhibitors require recording from the MNs for 30 minutes. As this is longer than the 10-
minute recordings previously carried out, | hypothesised that this increase in half-width
could be due to rundown of the neurons due to dialysis. During whole-cell patch clamp
recordings, the patched neuron is filled with extracellular solution within the patch pipette,
hence washout of essential signalling molecules which homeostatically regulate receptor
properties can occur when cells are held for long periods (Belles et al., 1988).

To assess if this was the case, | carried out control recordings for 30-minutes, with
further application of control Evans solution after 15-minutes to simulate the introduction
of MG132 Evans during mIPSC recordings. No significant difference was observed in the
frequency, amplitude or rise time of glycinergic mIPSCs during 30-minute control recordings,
however a significant increase in the half-width was determined. This is likely due to the
length of the recording. In addition to this, the relatively small size of zebrafish MNs
compared to the size of the patch clamp pipette means that increase in the overall series
resistance start to occur over longer recording periods. Changes in series resistance,
particularly changes in access resistance, leads to changes in recorded currents. Hence, the
significant change in shape over time is likely due to changes in the quality of the patch
overtime.

A significant difference in the frequency of glycinergic mIPSCs was not observed
during control recordings. This suggests that the increase in frequency of mIPSCs was due to
proteasomal inhibition during 30-minute recordings with MG132. This result indicates that

the effects of proteasomal inhibition on glycinergic transmission can occur within minutes.
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4.4.5 The Effect of 15-minute MG132 Application on Glutamatergic mEPSCs

Recordings of glutamatergic mEPSCs with 10-minute control saline and 15-minute
bath application of MG132 (10uM) were also obtained. As with overnight and 1-hour
application of MG132, no significant difference was determined between control recordings
and recordings following 15-minute MG132 application for glutamatergic mEPSCs. However,
a significant increase in half-width and rise time was observed following 15-minute
application of MG132.

As with glycinergic mIPSC recordings with 15-minute application of MG132, due to
changes in the half-width and rise time of mEPSCs following MG132 perfusion, | carried out
30-minute control recordings using DMSO control Evans solution to imitate the addition of
MG132 after the initial 10-minute control period. During the control recordings, no
significant difference in frequency, half-width or rise time was observed, however a
significant decrease in the amplitude was determined. This significant change in amplitude
indicates a decrease in the quality of the whole-cell patch clamp configuration, as perfusion
of the intracellular patch solution into the cytoplasm can result in changes to the amplitude
of recorded currents (Belles et al., 1988).

As a result of the 30-minute control recordings for both glycinergic mIPSCs and
glutamatergic mEPSCs coupled with time constraints to the project, | decided not to repeat
these experiments using bortezomib as the recordings were not stable enough to provide

reliable results.

4.4.6 Conclusions

The results presented here in Chapter 5 show that shorter period incubations of 1-
hour with proteasome inhibitors bortezomib and MG132, and tens of minutes with inhibitor
MG132, are sufficient to increase glycinergic mIPSC frequency. Using both proteasome
inhibitors, no increase in amplitude, half-width or rise time was detected in glycinergic
mIPSCs following a 1-hour incubation. 1-hour incubation with proteasome inhibitors did not
significantly change the frequency, amplitude, half-width or rise time of glutamatergic
mEPSCs, which was a finding consistent with overnight incubation with proteasome
inhibitors. Firing frequency, amplitude, half-width and rheobase were not affected by 1-
hour application of proteasome inhibitors. Whilst rise time was increased with bortezomib

1-hour incubation and threshold voltage was decreased following MG132 incubation, as
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these results were not consistent across both proteasome inhibitors, this could still be due
to proteasomal inhibition, but | cannot rule out off-target effects of these drugs.

Following 15-minute bath application of MG132, glycinergic mIPSC frequency did
increase, whilst no increase in glutamatergic mEPSCs was observed. However due to the
changes in amplitude and half-width of mIPSCs and mEPSCs obtained during 30-minute
control recordings, | determined that these recordings were not stable enough to draw true
conclusions about the effect of 15-minute bath application of proteasome inhibitors.

Following both overnight and 1-hour application of proteasome inhibitors an increase
in glycinergic mIPSCs was observed. | hypothesise that this effect is due to a change in the
number of glycinergic synapses as a result of aberrant growth of axons and dendrites of
MNs. Therefore, in Chapter 5 of this thesis | will investigate the effect of proteasome
inhibition on mEPCs from embryonic white muscle cells (EWM). | will then use
immunohistochemistry staining to determine the effect of proteasome inhibition on the

growth of axons and dendrites of MNs in larval zebrafish (4-dpf).
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Chapter 5  The Effect of Proteasomal Inhibition on Synaptic Release
at the Neuromuscular Junction and Outgrowth of
Motoneurons

5.1 Introduction

In Chapter 3 and Chapter 4 of this thesis, | have shown that pharmacological inhibition
of the proteasome results in an increase in the frequency glycinergic mIPSCs occuring on
MNs, but has no effect on the frequency of glutamatergic mEPSCs. This effect on mIPSCs
appears to occur on a rapid timeframe (within 15 minutes of proteasome inhibition). In this
Chapter, | have chosen to focus on the effects of chronic incubation of proteasome
inhibitors on neurotransmission at the NMJ. Moreover, | examine the effects of proteasome

block on innervation of MN branching and NMJ formation in larval zebrafish.

5.1.1 Zebrafish Muscle Development

The axial musculature of teleost fish drive undulating body movement during swimming
which propel the fish through the water. They are primarily composed of: red, intermediate
and white muscle fibres. In adult zebrafish, a further two minor groups of musculature
develop from the red and white muscle fibres; red muscle rim and scattered intermediate
fibres respectively. Hatched larvae contain only red and white muscle fibres, with
differentiation of intermediate muscle and the minor subgroups red muscle rim and
scattered intermediate fibres occurring in the subsequent four weeks of development (van
Raamsdonk et al., 1978, van Raamsdonk et al., 1982).

In zebrafish, axial muscle development starts during primary myogenesis within the
paraxial mesoderm. During this period, somite segmentation and morphogenetic changes
occur concurrently to give rise to distinct cell populations including adaxial cells, which are
the pre-cursor for both red and white muscle fibres (Hollway et al., 2007, Stellabotte et al.,
2007, Stellabotte and Devoto, 2007, Stickney et al., 2000).

As with MNs in the spinal cord, the different groups of muscle fibres develop to allow for
the transition from burst swimming to sustained swimming (McLean et al., 2007, Brill and
Dizon, 1979). The slow twitch red muscle fibres utilise aerobic metabolism, working at
slower contraction speeds and fatiguing slowly, whereas fast twitch white muscle fibres

utilise anaerobic metabolism to generate rapid contractions but are readily fatigable. The
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red muscle fibres are situated in the superficial myotome, whereas white muscle fibres are
found in the deep myotome layer (van Raamsdonk et al., 1982, Devoto et al., 1996, Buss
and Drapeau, 2000). Electrophysiological data shows that the inner white muscle fibres
generate action potentials whilst the outer red fibres do not (Buckingham and Ali, 2004).

Muscle fibres are innervated by motoneurons. Each of the three PMNs (CaP, MiP, RoP)
found within a myotomal segment innervate individual muscle fibres. CaP and RoP (dRoP
and vRoP) MNs innervate muscle fibres on the lateral side of the zebrafish whilst MiP
motoneurons exclusively innervate dorsal musculature. CaP MN arbors branch into the
deep ventral muscle, whilst RoP arbors innervate the dorsal musculature closest to the
spinal cord of the ventral hemisegment. PMNs innervate musculature solely within their
own hemisegment of the spinal cord and do not show overlapping innervation patterns into
adjacent hemisegments. In addition to innervation from PMNs, individual muscle fibres also
receive additional input from up to three SMNs (Westerfield et al., 1986).

Groups of muscle fibres and the MNs that innervate them are collectively known as
motor units (Heckman and Enoka, 2012, Bello-Rojas et al., 2019). These motor units are
involved in regulating swimming behaviours and speeds. ‘Fast’ motor units, consisting of
fast twitch fibres and larger MNs, and ‘slow’ motor units containing slow twitch muscle

fibres and smaller MNs (Fetcho, 1992).

5.1.2 The UPS and the Neuromuscular Junction

The NMJ is a specialised synapse made up of presynaptic motoneuron nerve terminals
converging onto a post-synaptic muscle fibre. Action potentials from the motor nerve
terminal result in the release of acetylcholine into the synaptic cleft, which binds to nicotinic
acetylcholine receptors (nAchR) situated on the muscle fibre. This causes end plate
potentials, which result in muscle fibre contraction (Rodriguez Cruz et al., 2020).

The UPS has been implicated in regulating the development and function of the NMJ
(Bachiller et al., 2020, Kowalski and Juo, 2012a). For example, several different E3-ubiquitin
ligases have been identified as key modulators of NMJ function and development: loss of
function of the APC/C E3-ligase leads to overgrowth of pre-synaptic boutons at the
Drosophila NMJ (van Roessel et al., 2004). Transgenic mice overexpressing PDZRN3, an E3-

ligase located within skeletal muscles, was shown to lead to reduced growth and maturation
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of the NMJ (Lu et al., 2007). Defects in E3-ligases have also been associated with
neuromuscular disorders. In the congenital neuromuscular disorder nemaline myopathy,
thread-like protein aggregates composing of ACTN1 (Actinin alpha 1; referred to as
nemaline bodies) are present in patients. The KBTD13 mutation in E3-ligase Cullin-3 causes
the accumulation of ACTN1 nemaline bodies in skeletal muscle. KO of skeletal muscle Cullin-
3 in mice showed disorganisation in the AChR (Acetylcholine receptor) clustering at the NMJ
of skeletal muscle. In summary, dysfunction in the UPS due to specific mutations or KO of
Cullin-3, an E3 ligase, results in defective NMJ maturation and AChR clustering, implicating
defects in the UPS in the pathogenesis of neuromuscular disorders (Blondelle et al., 2019).
USP14, a DUB associated with the removal of Ub from substrates once they are bound
to the proteasome, has been implicated as being associated with ataxia in mice (Chen et al.,
2009, Wilson et al., 2002, Bhattacharyya et al., 2012). Usp14 undergoes alternative splicing,
resulting in the formation of a full length Usp14 protein which can associate with the 26S
proteasome to aid in the removal of ubiquitin from tagged proteins. The Usp14-ax’ mutant
does not produce full-length Usp14 proteins. This phenotype can be rescued by introduction
of full length Usp14 protein to ataxia mice (Crimmins et al., 2006). Furthermore, Usp14-ax’
mice had developmental defects at the NMJ during the first 2 weeks of postnatal
development. Pre-synaptic bouton changes occurred including accumulation of
neurofilaments within the axon terminal and nerve terminal swelling including sprouting of
the nerve terminals and aberrant aborisation. The post-synapses of the NMJ were also
noted to be immature, with defects in the expression pattern of AChRs not displaying the
typical ‘pretzel-like structures’ associated with mature NMJ post-synapses (Sanes and
Lichtman, 2001). Moreover, mEPPs (miniature endplate potentials) recorded from ax’ mice
showed a decrease in frequency and an increase in amplitude, indicative of defects at the
pre- and post-synapses of the NMJ (Chen et al., 2009, Wilson et al., 2002). Further work in
ax’ showed that these mice display reduced paired pulse facilitation at the NMJ, suggesting
that proteasome disruption induces defects in synaptic vesicle recycling (Bhattacharyya et
al., 2012). Hence, the use of Usp14-ax’ and Usp14 KO models has shown that the UPS is
important for the development and maturation of both the pre- and post-synapse of the
NMJ and that defects in the UPS can result in aberrant nerve terminals throughout skeletal

muscle.
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5.1.3 The UPS and axonal arborisation

In the past 20 years, there has been increasing evidence of the role of the UPS in neurite
outgrowth during development. One of the first studies to link the UPS to axonal
pathfinding showed that a balance between protein synthesis and degradation is required
for axonal outgrowth in Xenopus retinal cultures. Netrin-1 is an axon guidance molecule
required for neurite outgrowth in retinal growth cones. In the presence of a chemotactic
gradient of Netrin-1, retinal cultures stimulate neurite outgrowth towards the Netrin-1
gradient, as Netrin-1 stimulates the phosphorylation of initiation factors involved in protein
synthesis to aid in axonal outgrowth (Ming et al., 2002). Inhibiting the proteasome using
lactacystin prevented axonal outgrowth in response to a netrin-1 chemotactic gradient,
resulting in chemoattraction towards the Netrin-1 gradient (Ming et al., 2002). Furthermore,
antibody staining of ubiquitin-conjugates showed an increase in immunofluorescence
following netrin-1 application to retinal cultures, indicating that the UPS is required at
growth cones and plays a role in axonal outgrowth (Campbell and Holt, 2001).

Further work in Xenopus retinal ganglion cells (RGCs) showed that depressing UPS
activity through expression of a dominant negative form of Ub (Finley et al., 1994),
decreased terminal axon branching in the tectum. Nedd4, an E3 ligase, is expressed in RGC
growth cones and is an upstream regulator of PTEN, a protein important for the regulation
of the PI3K signalling pathway. PI3K signalling is involved in the reorganisation of
cytoskeletal elements and in protein synthesis, hence PI3K and PTEN are important for
regulating the morphology of neurons including axonal elongation, guidance and branching.
(Cosker and Eickholt, 2007). Branching defects displayed by the dominant negative Ub
mutant could be rescued by decreasing levels of PTEN, showing that the UPS is a regulator
of neurite outgrowth through regulating the abundance of proteins involved in the PI3K
pathway (Drinjakovic et al., 2010).

The E3 ligase Nedd4 has also been identified as a regulator of axonal outgrowth in
Drosophila. During development, a variety of commissural axons arising from different
neuronal cell types cross the midline of the CNS, whereby they continue to grow away from
the midline. Hence, certain guidance cues are required to initially attract the axon growth
cone towards the midline before being removed to prevent aberrant recrossing. The UPS

has been implicated in the regulation of this process. The Slit receptor Roundabout (Robo) is
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found in low levels prior to midline axonal crossing, but expression of this receptor is
increased following the crossing of the midline. A mutant screen carried out in Drosophila
produced a number of mutants where axons continue to cross and recross the midline.
Previous work had shown that Robo is regulated by a transmembrane protein,
Commissureless (Comm). A mutant screen of comm mutants showed that axons grow
towards the midline, but instead of crossing become repelled and curl away from the
midline. Overexpression of Comm results in a phenotype similar to that seen in Robo
mutants, showing that Comm is required to downregulate Robo (Kidd et al., 1998). Further
work in Drosophila showed that comm is a substrate for DNedd4 (Drosophila Nedd4) and
hence, proteasomal degradation. Furthermore, using a yeast two-hybrid screen showed that
comm must be bound to DNedd4 in order for downregulation of Robo to occur (Myat et al.,
2002). Hence, the UPS is important for the regulating axon guidance cues needed for
appropriate midline crossing in Drosophila.

Studies in mice have also shown the importance of the UPS in neurite outgrowth. The E3
ligase F-box protein complex FBXO31-SCF (Skip1/Cullin/F-box, hereby referred to as
FBXO31) has been shown to regulate dendritic growth in the cultured mouse cerebellar
cortex neurons. FBXO31 was localised to the centrosome (the microtubule organisation
centre of eukaryotic cells) of cerebellar granule neurons. Overexpression of FBXO31 resulted
in cells displaying non-polarised morphology. Furthermore, Parcé (a centrosomal protein
previously identified in regulating cellular polarity) was shown to be a substrate for the
FBXO31 complex. In summary, these experiments suggested that the UPS regulates cellular
polarity through the degradation of Parc6 via the E3-ligase FBXO31 (Vadhvani et al., 2013).

F-box protein complexes have also been implicated as regulators of neurite outgrowth
and synaptic development in C.elegans. In touch receptor neurons (TRNs), mutation of the
F-box protein MEC-15 results in decreased microtubule assembly, neurite outgrowth and
synaptic development. This phenotype is rescued in double mutant C. elegans with
mutations in co-chaperone proteins DAF-41, STI-1 or PPH-5. These co-chaperones work in
concert with the chaperone proteins Hsp70/90. Hsp90 chaperones have been shown to
inhibit neurite growth through the stabilisation of DLK-1 (delta like non-canonical Notch
ligand 1) (Zheng et al., 2020). Previous studies have shown that DLK-1 is necessary for axon
regeneration and has been associated with neuronal progenitor differentiation in murine

and human cell culture models (Surmacz et al., 2012). DLK-1 is also regulated by the E3
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ligase RPM-1 (Nakata et al., 2005). Hence, researchers concluded that a balance between
the UPS and molecular chaperones is required for functioning neurite outgrowth and
synapse development (Zheng et al., 2020).

Finally, studies carried out in Drosophila have shown the role the UPS has in synaptic
pruning. A careful balance between E3 ligase hiw and the DUB faf are required for correct
neurite organisation and synaptic bouton formation. Loss-of-function of hiw or
overexpression of faf give rise to the same phenotype of aberrant neurite growth and
disorganisation of synaptic boutons (Wan et al., 2000b, DiAntonio et al., 2001a, Collins et al.,
2006). UbcD1, an E2-conjugating enzyme of the UPS cascade, has been shown to be
involved in the degradation of C4da dendrites in Drosophila, aiding in synaptic elimination
and allowing for maturation of C4da sensory neurons during metamorphosis to an adult life
phase (Kuo et al., 2005, Kuo et al., 2006b). In both of these examples, there is evidence that
the UPS is important in developing Drosophila, allowing for the maturation of synapses and

important for the organisation of neuronal networks.

5.1.4 The UPS and Apoptosis

Apoptosis, or programmed cell death (PCD); is a cellular cascade of molecular steps
triggered by cells that results in their death. This process is important for the removal of
unwanted or abnormal cells and is required for animal development, the normal turnover of
cells and for the function of a healthy immune system (Jacobson et al., 1997, EImore, 2007).

Apoptosis can be triggered by three different molecular cascades: the extrinsic (‘death
receptor’) pathway, the intrinsic (‘mitochondrial’) pathway or the perforin/granzyme
pathway, although they all ultimately converge on the common ‘execution pathway’.
Apoptosis is anirreversible process once the final ‘execution pathway’ has been initiated. A

schematic of the three different pathways of apoptosis is displayed in Figure 32.
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Figure 32. A diagram showing the three different pathways to apoptosis.

The extrinsic pathway is triggered by external factors in the extracellular environment resulting in death ligands binding to
the death receptors from the TNF receptor gene family. Downstream signalling results in caspase 8 activation and
subsequent caspase 3 activation. The intrinsic pathway results from cellular stress cues from within the intracellular
environment, resulting in the breakdown of the mitochondrial membrane and the release of factors from within the inter
membrane space which can activate caspase 9. This triggers the caspase cascade resulting in caspase 3 activation. In the
granzyme/perforin pathway, cytotoxic T cells recognise cancer cells or cells that have been virally infected. They release
granzyme particles, which can access the intracellular environment of the target cell via perforins. Granzyme B granules
trigger the activation of caspase 10, which results in the activation of caspase 3. All three pathways converge with the
activation of caspase 3, irreversibly resulting in the execution pathway leading to the formation of apoptotic bodies which
can be phagocytosed.
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Apoptosis is mediated by caspases, proteolytic complexes with which cleave proteins at
aspartic acid residues, leading the breakdown of cellular components. Different caspases
are activated depending on the pathway that triggers apoptosis. In the extrinsic pathway, an
external ligand binds to death receptors, which are members of the TNF receptor family
(Kumar et al., 2005). Activation of a death receptor results in downstream activation of
caspase 8, which in turn causes the caspase cascade to begin and the terminal execution
pathway to be triggered (Guicciardi and Gores, 2009).

In the intrinsic pathway, mitochondrial changes due to cellular stress (caused by noxious
agents, reactive oxygen species or hypoxia, for example) results in formation of the
apoptosome and the activation of caspase 9 which in turn triggers a signalling cascade that
activates the terminal pathway (Fulda et al., 2010). In the perforin/granzyme pathway,
cytotoxic T cells (which kill target cells such as cancer cells or viral infected cells) respond to
the release of cytoplasmic granules called granzymes through perforin pores in the cell
membrane. Granzyme B activates caspase 10, resulting in apoptosis via the execution
pathway. Granzyme A mediates apoptosis via caspase independent mechanisms, activating
DNAse NM23-H1 and resulting in cellular death (Fan et al., 2003).

The terminal execution pathway, triggered by the activation of caspase 8, 9 or 10,
results in the activation of caspase 3 which in turn activates endonucleases and proteases,
resulting in degradation of chromosomal DNA as well as nuclear and cytoskeletal proteins.
As a result, cytoplasmic condensation, nuclear fragmentation, and the formation of
apoptotic bodies occurs (Elmore, 2007). The apoptotic cell is then phagocytosed by
phagocytic cells including macrophages and dendritic cells (Maderna and Godson, 2003).

Studies have shown that the UPS is involved in the regulation of both pro- and anti-
apoptotic factors. p53, a transcription factor associated with cellular functions including
control of mitosis, apoptosis, and differentiation, has been shown to be closely regulated by
the UPS. p53 triggers apoptosis by activating the transcription of pro-apoptotic factors and
is capable of triggering apoptosis through both the intrinsic and extrinsic pathways (Amaral
et al., 2010). The half-life of p53 within cells is extended in the presence of cellular stress
signals. This has been shown to be due to the inhibition of E3 ligases associated with p53
regulation and degradation. Around 20 E3 ligases have been identified so far which
specifically regulate p53 levels, but Mdm2 has been identified as the primary E3 ligase for
the degradation of p53 (Haupt et al., 1997, Kubbutat et al., 1997).
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Pro-apoptotic factors specific to the intrinsic pathway of apoptosis have also been
shown to be regulated by the UPS. During the intrinsic pathway of apoptosis, specific pro-
apoptotic factors are recruited to the mitochondrial membrane, promoting the break-down
of the mitochondrial outer membrane in order for cytochrome C to be released into the
intracellular environment to activate the caspase cascade.

The UPS has been shown to regulate a number of pro-apoptotic factors associated with
mitochondrial induced apoptosis. Cellular stress results in the activation of the Bcl-2 family
of pro-apoptotic proteins which produce a pore in the mitochondrial membrane in order for
the release of further apoptotic proteins from the mitochondrial inner membrane to occur
(Siddiqui et al., 2015, ElImore, 2007, Abbas and Larisch, 2021). BID is an important member
of the Bcl-2 family. Following cellular stress, BID cleaves to generate an active version, tBID,
which binds to other Bcl-2 family members BAX and BAK to promote the formation of outer
membrane pores on the mitochondria (Siddiqui et al., 2015). BID levels have been shown to
be regulated by E3 ligases. The ITCH/AIP4 E3 ligase specifically ubiquitinates only the
cleaved tBID, hence regulating apoptosis via downregulation of a pro-apoptotic factor
(Azakir et al., 2010).

BAX is also regulated by the UPS, through the E3 ligases Parkin and IBRDC2. BAX is
recruited to the mitochondrial membrane following apoptotic stimuli, initiating
mitochondrial outer membrane permeabilisation (Hsu et al., 1997, Kuwana and Newmeyer,
2003). The permeabilisation of the mitochondrial outer membrane results in the release of
further pro-apoptotic proteins from within mitochondria, hence this process needs to be
highly regulated. Parkin and IBRDC2 are E3 ligases which regulate the levels of BAX. During
apoptosis, inhibition of these E3 ligases results in higher levels of intracellular BAX available
to initiate the permeabilisation of the mitochondrial membrane (Johnson et al., 2012,

Benard et al., 2010).
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5.2 Aims and Objectives

In Chapters 3 and 4 of this thesis, | demonstrated that proteasomal inhibition increases
the frequency of glycinergic mIPSCs using both MG132 and bortezomib in a relatively rapid
timescale. However, no effect on glutamatergic mEPSC frequency was observed. In the
current chapter, | extend my studies of proteasome inhibition by examining its effects on
the neuromuscular junction. First, using zebrafish EW muscle fibres as a model, as these are
innervated by the PMNs used for study in Chapters 3 and 4, | used voltage clamp recordings
of the EW fibres to examine the effects of proteasome inhibition on spontaneous
neurotransmitter release at the NMJ. Subsequently, using immunohistochemical methods, |
examined the effects of proteasome inhibition on the architecture of MN axons and
neuromuscular synapses of larval zebrafish. Finally, | use acridine orange (AO) staining to
examine the effects of proteasome inhibitors on apoptosis in the developing zebrafish spinal

cord.
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5.3 Results
5.3.1 The effects of proteasome inhibition on NMJ mEPC parameters

In order to examine the effects of proteasome inhibition on physiological properties
of the NMJ, whole cell voltage clamp recordings were taken from EW muscle fibres
following chronic (overnight) incubation with MG132, bortezomib or control conditions.
mEPCs were isolated using saline containing sodium channel blocker TTX (1 uM) and a low
concentration of tubocurarine (3 uM) to slow muscle contractions.

Larvae were first incubated with MG132 (10 uM, N = 9) or control (N = 10). The
following morning, animals were spinalised and the red embryonic muscle was removed to
expose the underlying white musculature. No significant change in white muscle mEPC
frequency (p = 0.7648, MG132: 0.30 + 0.29 Hz, controls: 0.34 + 0.30 Hz; Figure 33A, C, E),
amplitude (p =0.6297, MG132: -525.2 + 193.0 pA, controls: -341.7 + 349.0 pA; Figure 33A, C,
F), half-width (p = 0.1988, MG132: 0.99 £ 0.42 ms, controls: 1.10 + 0.86 ms; Figure 33A, C, G)
or rise time (p = 0.2323, MG132: 0.43 + 0.10 ms, controls: 0.48 + 0.16 ms; Figure 33 A, C, H)
was determined between muscle cells recorded from larvae treated with MG132 compared
to control. In summary, chronic incubation with MG132 (10 uM) had no effect on mEPC
frequency or parameters compared to control treated EW muscle cells. The observed lack of
increase in mEPC frequency following MG132 incubation could be due to concentration.

Therefore, experiments were repeated as above using 40 uM MG132.
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Figure 33. Chronic incubation with proteasome inhibitor MG132 had no effect on mEPC parameters from EW muscle cells.

Zebrafish larvae were incubated chronically (overnight) with MG132 (10 uM) or control conditions and mEPCs were
recorded from embryonic white muscle cells. A-B) A representative 60s voltage clamp trace of mEPCs isolated from an
white embryonic muscle cell from larvae incubated overnight with control and an average mEPC (B) taken from the trace
shown in A. C-D) A representative 60s voltage clamp trace of mEPCs isolated from an embryonic white muscle cell from
larvae incubated overnight with 10 uM MG132 and an average mEPC (D) taken from the trace shown in C. E-H) Median
with interquartile range plots for mEPC parameters taken from embryonic white muscle cells incubated with either
control or MG132. No significant change was determined for mEPC frequency, average amplitude, half-width or rise time
for cells treated with MG132 (10 uM) compared to controls
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Larvae were next treated overnight with bortezomib (50 uM, N = 10) or control (N =
10). A significant increase in the frequency (p = 0.0005, bortezomib: 1.40 + 2.84 Hz, control:
0.29 £ 0.96 Hz; Figure 34 A, C, E) of mEPCs was determined for cells treated with bortezomib

compared to control. No significant difference in average mEPC amplitude (p = 0.7438,

bortezomib: -494.4 + 150.0 pA, control: -463.4 + 255.8 pA; Figure 34 A, C, F), half-width (p
0.9145, bortezomib: 1.13 £ 0.38 ms, control: 0.92 + 0.79 ms; Figure 34 A, C, G) or rise time
(p = 0.4359, bortezomib: 0.43 £ 0.061 ms, control: 0.41 + 0.094 ms; Figure 34 A, C, H).

144



A B Control
Control mEPCs Average mEPC

‘MIIH‘ 1

100 pA

1ms

D ;
Bortezomib 50 pM mEPCs Bortezomib 50 uM

Average mEPC

200 pA 100 pA

Tms

m
=)
()
L

ns
XK
- . [ - ns 0.8+
4 — -1000 : 4 ns
A
= -~ 800 ° a0 ® o064 ° |
N 3- < 3 0.6
E, A o A A é g as
> © -600- — < @ s i‘
g - S L B2 . » §04-'I-‘AA
(] R = =2 s = °e
3 A S 4004 T ol o] A ®
o i E . s . +H 2 024
ki : %200 ¢ T ot o0
5 A - i °
ol
0 M . I r 0 . . 0 \I T 00 °\| $
N N 0 &
&° Q\S & & e‘§ & s
I % & S ©) %9 © R
¢ ® « & & &
($)
(@1‘0 04’0 {@19 (@1'
¢O 006’ 0o QO

Figure 34. Chronic incubation with proteasome inhibitor bortezomib increased mEPC frequency from EW muscle cells.

Zebrafish larvae were incubated overnight with bortezomib (50 uM) or control and whole-cell voltage clamp recordings of
mEPCs were recorded. A-B) Representative 60s voltage clamp recordings from control EW muscle cells and an average
mEPC (B) taken from A. C-D) A representative 60s voltage clamp recording of mEPCs taken from EW cells treated with
bortezomib and an average mEPC (D) taken from C. E-H) Median with interquartile range plots of mEPC paramters from
EW cells treated with either 50 uM bortezomib or control. No significant difference in average mEPC amplitude, half-width
or rise time was determined for cells treated with bortezomib compared to control. A significant increase in mEPC
frequency was observed for EW muscle cells treated with bortezomib compared to control. *** = p < 0.0005.
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Chronic (overnight) incubation with MG132 (40 uM, N = 10) resulted in no significant
difference in mEPC frequency (p = 0.7981, MG132: 0.50 + 0.43 Hz, controls: 0.52 + 0.34 Hz:
Figure 35A, C, E), amplitude (p = 0.5405, MG132: -609.3 + 646.9 pA, controls: -655.6 + 590.0
pA: Figure 35A, C, F), half-width (p = 0.6305, MG132: 0.79 + 0.16 ms, controls: 0.82 + 0.25
ms: Figure 35A, C, G) or rise time (p = 0.7959, MG132: 0.39 + 0.048 ms, controls: 0.39
0.042 ms: Figure 35A, C, H) between cells treated with MG132 compared to control treated
cells.

Consistent with data collected for MG132 (10 uM), chronic incubation with MG132
(40 uM) resulted in no change in mEPC parameters. This contrasted to results obtained with
bortezomib (50 uM), which showed a significant increase in mEPC frequency.

The observed increase in mEPC frequency following chronic bortezomib treatment
could arise due to an increase in the number of synapses occurring on the muscle fibres or it
could be due to an increase in release from the same number of synapses. In order to
elucidate if this increase was due to changes in synapse number, | next investigated the

innervation pattern of MNs and the formation of NMJs within the musculature.
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Figure 35. Chronic incubation with MG132 (40 uM) had no significant effect on mEPC parameters from EW muscle cells.

Voltage-clamp recordings were taken of mEPCs isolated from EW muscle cells from larvae treated chronically
(overnight) with either MG132 (40 uM) or control. A-B) Representative 60s voltage clamp recording of mEPCs isolated
from EW muscle cells from larvae treated overnight with 0.04% DMSO and an average mEPC (B) taken from the trace
displayed in A. C-D) A representative 60s voltage clamp recording of mEPCs isolated from EW muscle cells from larvae
treated overnight with 40 uM MG132 and an average mEPC (D) taken from the trace displayed in C. E-H) Median with
interquartile range plots displaying mEPC parameters from EW muscle cells from larvae treated with either 40 uM
MG132 or 0.04% DMSO control. No significant difference in mEPC frequency, amplitude, half-width or rise time was
detected for cells treated with 40 uM MG132 compared to control.
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5.3.2 The effect of proteasomal inhibition on the axonal and dendritic growth of
motoneurons

To determine the effects of proteasome inhibition on motor axon branching,
zebrafish larvae (3-dpf) were incubated overnight in either 10 uM MG132, 50 uM
bortezomib or control saline. The following day larvae were fixed in PFA and stained using
ZNP-1 antibodies, which recognise the presynaptic protein synaptotagmin-2 (Boon et al.,
2009, Nozawa et al., 2017, Ahmed et al., 2018). Images were taken using the Olympus
FV1000 confocal microscope using the x40 lens to focus on somites 6-9 (with somite 1
counted as the first somite at the rostral end of the spinal cord). Staining was analysed in
three ways. The proportion of antibody stain was determined as a percentage of the
analysed image. Images were then further analysed to visualise branching pattern in somite
7.

Overnight treatment with 10 uM MG132 caused no significant difference in the
proportion of ZNP-1 antibody staining in four somites (two dorsal and two lateral)
(%Antibody stain/background; p = 0.3558, MG132: N =7, 17.87 + 3.81 %, control: N = 8,
20.34 + 5.43 %: Figure 36 A, B, E) compared to control larvae. A single lateral somite was
then further analysed to determine branching pattern of labelled MNs and overall length of
identified neural processes. Larvae treated overnight with MG132 also showed no
significant difference in branch number (p = 0.4301, MG132: 109.0 + 34, control: 127.0 + 38:
Figure 36 C, D, F) or overall neurite length (p = 0.956, MG132: 683.6 £ 163.5 um, control:
656.8 + 148.3 um: Figure 36 C, D, G) compared to control treated larvae. In conclusion,
chronic incubation with MG132 (10 uM) resulted in no significant difference in

proportionate ZNP-1 staining, PMN branching or cable length compared to control PMNs.
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Figure 36. Chronic incubation with proteasome inhibitor MG132 had no effect on PMN branching in larval zebrafish.

Zebrafish larvae were incubated in either MG132 (10 uM) or control conditions and then stained with anti-ZNP-1
antibodies. A-B) Confocal microscope z-stack images of ZNP-1 antibody staining in control (A) or MG132 (B). C-D) SNT
tracing of highlighted hemisegments from A-B of ZNP-1 stained PMNs from larvae treated overnight with control (C) or
MG132 (D). E-G) Median with interquartile range plots showing % antibody staining area (E), number of neurite branches
(F) and the total cable length traced (G) compared between larvae treated with either MG132 or control for ZNP-1
staining. No significant difference was detected in ZNP-1 % staining, number of branches or total cable length between
larvae treated with MG132 compared to control.
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Larvae were also treated overnight with bortezomib (50 uM) and stained with anti-
ZNP-1. %Antibody stain/background was determined for each image. No significant
difference in % antibody stain was detected for larvae treated with bortezomib stained for
ZNP-1 (p = 0.5432, bortezomib: N = 8, 20.85 + 5.78 %, control: N =8, 21.56 + 3.44 %: Figure
37 A, B, E) compared to control treated larvae. Following SNT analysis, no significant
difference was determined for larvae treated overnight with bortezomib in branch number
(p = 0.238, bortezomib: 88 + 47, control: 130.5 + 41: Figure 37 C, D, F) or overall neurite
cable length (p = 0.7867, bortezomib: 640.4 + 255.3 um, control: 185.4 um: Figure 37 C, D,
G) compared to control treated larvae. In summary, these results suggest the proteasomal
inhibition with both MG132 and bortezomib showed no difference in the branching pattern

of MNs innervating the musculature.
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Figure 37. Chronic incubation with proteasome inhibitor bortezomib did not affect PMIN branching in larval zebrafish
incubated overnight with bortezomib showed no significant difference in PMN branching or cable length.

Zebrafish larvae were incubated in either bortezomib (50 uM) or control and then stained with anti-ZNP-1 antibodies. A-B)
Confocal microscope z-stack images of ZNP-1 antibody staining in control (A) or bortezomib (B). C-D) SNT tracing of
highlighted hemisegments from A-B of ZNP-1 stained PMNs from larvae treated overnight with control conditions(C) or
bortezomib (D). E-G) Median with interquartile range plots showing % antibody staining area (E), number of neurite
branches (F) and the total cable length traced (G) compared between larvae treated with either bortezomib or control for
ZNP-1 staining. No significant difference was detected in ZNP-1 % staining, number of branches or total cable length
between larvae treated with bortezomib compared to control..
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5.3.3 The effect of proteasomal Inhibition on NMJ formation

In order to determine the effect of proteasomal inhibition on synapse formation, |
incubated larval zebrafish overnight with either MG132 (10 uM), bortezomib (50 uM) or
control conditions before carrying out co-staining with an antibody for SV2 and a-
bungarotoxin-ATTO-633 in order to visualise the NMJ. Images were analysed using Coloc2
(an analysis option in Fiji). 4 different hemisegments were analysed individually per larvae (2
lateral and 2 dorsal segments) to determine the extent of co-localisation of SV2 and a-bgt
stain.

Pearson’s co-localisation co-efficient was determined and plotted in box plots
displayed in Figure 38. No significant difference in Pearson’s co-localisation coefficient was
determined between larvae treated with 10 uM MG132 and control larvae (p = 0.6679,
MG132: N =5, 0.65 £+ 0.08, control: N =5, 0.61 + 0.09: Figure 38 A-L, M). In addition to co-
localisation analysis, | carried out total staining analysis to determine if there was an
increase in a-bgt staining compared between MG132 treated larvae and 0.01% DMSO
treated larvae. No significant difference in total staining with a-bgt staining was determined
between MG132 treated larvae compared to control treated larvae (p = 0.091, MG132: N =
5,11.30 £ 0.54 %, control: N =5, 12.35 + 1.44 %: Figure 38 A-L, N).

In summary, chronic MG132 treatment had no significant effect on co-localisation of
pre- and post- NMJ synapses or the overall staining of NMJs compared to control.
Experiments were next repeated with larvae treated overnight with bortezomib (50 uM)

compared to control conditions.
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Figure 38. Chronic incubation with proteasome inhibitor MG132 did not affect co-localisation or total staining of NMJ
synapses..

Larvae (3-dpf) were treated overnight with MG132 (10 uM, N = 5) or control (N =6) before being co-stained with anti-SV2
antibody and a-bungarotoxin-ATTO-633. A-G) x40 Confocal images of SV2 and a-bgt staining in larval zebrafish (4-dpf). A-
C) a-bgt (A), SV2 (B) and merged staining (C) of larvae treated overnight with control conditions. D-F) a-bgt (D), SV2 (E)
and merged staining (F) of larvae treated overnight with MG132. G-L) Zoomed in images of staining displayed in A-F from
the boxes displayed. G-L) a-bgt (G), SV2 (H) and merged staining (1) from larvae treated overnight with control. J-L) a-bgt
(J), SV2 (K) and merged staining (L) in larvae treated overnight with MG132. M) Box and whisker plots showing Pearson’s
co-localisation co-efficient for 4 different hemisegments analysed in each larvae treated with either MG132 or control. No
significant difference in co-localisation coefficient was determined for larvae treated with MG132 compared to control. N)
% Total a-bgt staining in larvae treated with MG132 compared to control. No significant difference was determined in
total a-bgt staining in MG132 treated larvae compared to control.
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Experiments were next repeated with larvae treated overnight with bortezomib (50 uM)
compared to control conditions. Data displayed in Figure 39 shows the results of overnight
treatment with bortezomib (N =4) and control (N = 4) on the formation of NMJs. As with
larvae treated overnight with MG132, overnight treatment with 50 uM bortezomib had no
effect on the co-localisation of SV2 and a-bgt compared to larvae treated with 0.05% DMSO
(p = 0.6860, bortezomib: 0.66 + 0.1, control: 0.65 + 0.28). The percentage of a-bgt staining
was also determined for larvae treated with bortezomib compared to control treated larvae.
No significant difference in a-bgt staining was determined between larvae treated with
bortezomib (p = 0.8857, bortezomib: 13.12 + 1.95%, control: 10.71 + 1.45%) compared to
control treated larvae. Data displayed in Figure 38 and Figure 39 suggest that overnight
incubation with proteasome inhibitors MG132 and bortezomib have no effect on the
formation of NMlJs. This would suggest that increases in mEPC frequency observed in larvae
treated overnight with bortezomib (Figure 34) are not due to an increase in the number of

synapses onto the EW musculature from the PMNs.
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Figure 39. Chronic incubation with bortezomib does not affect the formation of NMJ synapses.

Larvae (3-dpf) were treated overnight with bortezomib (50 uM, N = 4) or control (N = 4) before being co-stained with anti-
SV2 antibody and a-bungarotoxin-ATTO-633. A-G) x40 Confocal images of SV2 and a-bgt staining in larval zebrafish (4-
dpf). A-C) a-bgt (A), SV2 (B) and merged staining (C) of larvae treated overnight with control. D-F) a-bgt (D), SV2 (E) and
merged staining (F) of larvae treated overnight with bortezomib. G-L) Zoomed in images of staining displayed in A-F from
the boxes displayed. G-L) a-bgt (G), SV2 (H) and merged staining (1) from larvae treated overnight with control. J-L) a-bgt
(J), SV2 (K) and merged staining (L) in larvae treated overnight with bortezomib. M) Box and whisker plots showing
Pearson’s co-localisation co-efficient for 4 different hemisegments analysed in each larvae treated with either bortezomib
or control.. No significant difference in co-localisation coefficient was determined for larvae treated with bortezomib
compared to control.
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5.3.4 The effect of proteasomal inhibition on apoptosis

The UPS is tightly linked to apoptosis, with the drug bortezomib showing the ability to
induce apoptosis in multiple myeloma cells (Li et al., 2019). Acridine Orange (AO) is a vital
nucleic acid dye that can be used to distinguish apoptotic tissues by binding to nucleic acids
which have been released into the cytoplasm of apoptotic cells, allowing for fluorescent
visualisation of cells undergoing apoptosis (Plemel et al., 2017, 2007). | therefore used AO
staining to determine if chronic (overnight) treatment with MG132 or bortezomib increased
apoptosis inlarval zebrafish. Larvae were incubated overnight with proteasome inhibitors or
appropriate control treatment and 10 ng/ml of AO dye. The following morning larvae were
spinalised, mounted in fluorescent mounting media on microscope slides and imaged using
an FV1000 Confocal microscope.

Following overnight incubation with MG132 (10 uM, N = 6) and AO, no difference in
overall total staining with AO was determined for MG132 (p = 0.6549, MG132: 8.0 + 3.02%,
control: 9.14 + 2.49 %: Figure 40 A-F, M) compared to larvae treated overnight with control
conditions (N = 6). Overnight incubation with bortezomib (50 uM, N=6) and AO also did not
show any difference in overall staining (p = 0.5217, bortezomib: 9.02 + 4.03 %, control:
10.76 £ 3.74%: Figure 40G-L, M) compared to control treated larvae (N= 6). These results
indicate that there was not an increase in apoptotic tissues due to overnight incubation with

proteasome inhibitors MG132 or bortezomib.
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Figure 40. Acridine Orange staining detected no difference in apoptotic tissue in larvae treated overnight with proteasome

inhibitors MG132 or bortezomib.

Larvae (4-dpf) were treated overnight with either 10 uM MG132, 50 uM bortezomib or control conditions containing
appropriate DMSO or 10 ng/ml AO. A-L) AO staining (left), bright field images (middle) and merged AO and bright field
images (right) of larvae treated overnight with 0.01% DMSO (A-C), 10 uM MG132 (D-F), 0.05% DMSO (G-1) and 50 uM
bortezomib (J-L). M) Median with interquartile range box plots showing %Ab staining compared to the total area of AO
stain in larvae treated with proteasome inhibitors compared to control. No significant difference in AO stain was
determined in control larvae compared to those treated with MG132 or bortezomib..
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5.4 Discussion

In Chapters 3 and 4 of this thesis, | showed that pharmacological inhibition of the
proteasome increased the frequency of glycinergic mIPSCs in zebrafish PMNs across two
different time periods, using two different proteasomal inhibitors. In the current chapter, |
focused on the effect proteasome inhibition on physiological and anatomical properties of
neuromuscular synapses.

During whole cell voltage clamp recordings of EW fibres, | found that mEPC frequency
was increased following overnight incubation with 50 uM bortezomib, however mEPC
frequency was not increased following either 10 uM or 40 uM MG132. The amplitude, half-
width and rise time of mEPCs were unchanged following incubation with proteasome
inhibitors compared to control DMSO.

| also examined the effect of proteasome inhibition on the outgrowth of motoneuron
axons in the larval zebrafish spinal cord. Using ZNP-1 staining, | saw no difference in the
overall staining in zebrafish larvae treated with control compared to those treated with
either MG132 or bortezomib. | then focused on whether there were changes in the
formation of NMJ synapses as a result of overnight incubation with proteasome inhibitors
on larvae aged 3-dpf to 4-dpf using co-staining of SV2 and a-bgt. Proteasomal inhibition
with either MG132 or bortezomib had no effect on the overall formation of NMJs.

Finally, | examined the effects of chronic MG132 or bortezomib treatment on apoptosis
using AO staining. | observed no significant difference in the proportion of AO stain in larvae
treated with proteasome inhibitors (MG132 and bortezomib) compared to control treated

larvae.

5.4.1 Effect of proteasome inhibition on mEPCs from EW muscle cells

Following chronic incubation with MG132, no significant difference in mEPC frequency,
amplitude, half-width or rise time was observed. This was consistent with previous results
obtained in Chapters 3 and 4 of this thesis. The NMJ is an excitatory synapse which releases
the neurotransmitter acetylcholine. In Chapters 3 and 4, | showed that proteasomal
inhibition had no effect on glutamatergic mEPSC frequency, hence | expected that the NMJ

would not be affected by proteasomal inhibition. However, upon chronic incubation with
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bortezomib, a significant increase in mEPC frequency was observed. | hypothesised that
increased mEPC frequency at the NMJ following incubation with bortezomib, but not with
MG132, could be due to higher specificity for the proteasome (Thibaudeau and Smith, 2019,
Kisselev, 2021). Bortezomib was synthesised from peptide aldehyde inhibitors (including
MG132) to contain a boronate group, hence increasing the specificity of peptide boronate
inhibitors compared to conventional peptide aldehyde inhibitors (Thibaudeau and Smith,
2019). Following overnight incubation with MG132 (40 uM), no significant increase in the
parameters of mEPCs was determined compared to control treated larvae.

Whilst increased specificity for the proteasome could be the reason for the differing
changes in mEPC frequency seen here, an alternative explanation could be that MG132 and
bortezomib can have differing effects in specific cell types. A previous study using oestrogen
receptor (ER) positive breast cancer cells showed that MG132 treatment prevents the loss
of ERa protein, whereas bortezomib treatment did not affect levels of this protein (Powers
et al., 2010). There is also precedent to suggest that proteasome inhibitors require different
concentrations to exert the same effect within cells. Notably, a study testing the specificity
of proteasome inhibitors found that bortezomib inhibited B1 subunits in addition to 5
subunits, whereas MG132 had the ability to inhibit all proteasome catalytic subunits.
Proteasomes have previously been shown to display heterogeneity within their subunit
conformations, particularly during development or as a result of cellular stress (See Chapter
1) (Haass and Kloetzel, 1989, Yuan et al., 1996, Hutson et al., 1997, Aiken et al., 2011).
However, MG132 was required to be at a much higher concentration to exert these effects,
whereas bortezomib could inhibit its catalytic sites at a much lower concentration (Berkers
et al., 2005). A previous study using oestrogen receptor-positive (ER+ ) breast cancer cell
lines have shown that 30 nM bortezomib was capable of inhibiting 95% of the
chymotrypsin-like activity of the proteasome within MCF7 cells (an immortal breast cancer
cell line), whereas MG132 was required at 10 uM to achieve the equivalent level of
inhibition (Powers et al., 2010). Further to this, studies have shown that the extent of
proteasomal inhibition increases over time, as well as with increased concentration. Using
the MML.S cell line (B lymphoblast myeloma cell line) and SDS-Page of radiolabelled
proteasome subunits, inhibition of the proteasome using bortezomib increased from 40%
inhibition of 35 chymotrypsin-like activity following 1-hour incubation, to > 70% after 2-hour
incubation. (Altun et al., 2005).
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MG132 has also been shown to be less metabolically stable than bortezomib
(Thibaudeau and Smith, 2019). In previous studies, MG132 has been shown to be degraded
by certain enzymes including CYP3A family enzymes. Using a substrate depletion method,
proteasome inhibitors epoxomicin, lactacystin, MG132 were shown to be rapidly
metabolised by CYP3A enzymes in hepatocyte cultures, whereas bortezomib was not
metabolised (Lee et al., 2010). Whilst CYP enzymes are mainly associated with the liver,
certain families are expressed in other tissues (Woodland et al., 2008): CYP3A has been
shown to be expressed within the CNS and has been implicated in the metabolism of certain
psychoactive drugs, leading to drug resistance in certain brain regions (Ghosh et al., 2011,
Wilkinson, 1996). Therefore, differential expression of enzymes could account for the
differences in activity observed at PMN and neuromuscular synapses.

Further work potentially looking at longer incubation times could be interesting, as
studies have shown that the extent of proteasomal inhibition increases over time. In studies
using bortezomib, it has been shown that following shorter incubation times, B5 subunits
are inhibited, whilst longer incubation times are required to inhibit 1 subunits in addition
to 5 subunits. Whilst MG132 was not included in this study, it could suggest that inhibitors
may require longer incubation times to inhibit all the catalytic sites within the proteasome.
This could be due to location of the catalytic sites within the proteasome, as some may be
more accessible for inhibitors to immediately bind to (Altun et al., 2005). Hence, whilst
bortezomib was sufficient to show changes in mEPC frequency following overnight
incubation, longer incubation times for MG132 could be required to see the same effect.
Using another proteasome inhibitor which is more metabolically stable than MG132, but as
specific as bortezomib, could be used to determine if the differences in pharmacology
between MG132 and bortezomib caused the differences in mEPC frequency. Carfolizomib,
another boronate proteasome inhibitor, could potentially be a better candidate to use in
place of MG132, although carfolizomib is significantly more expensive than MG132
(Thibaudeau and Smith, 2019). However, due to project time and money constraints these

experiments could not be carried out.
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5.4.2 The effect of proteasome inhibition on MN neurite outgrowth using ZNP-1

The second aim of this chapter was to determine if inhibition of the proteasome affects
the outgrowth from MNs in the zebrafish spinal cord. Previous studies have shown that
inhibition of the proteasome affects the growth of neuronal process, including their
arborisation patterns and organisation (Wan et al., 2000b, DiAntonio et al., 2001a, Collins et
al., 2006), as well as being implicated in regulating axonal growth during synaptogenesis
(Campbell and Holt, 2001). | therefore used immunohistochemistry to stain for ZNP-1, a
protein associated with axons and dendrites of motoneurons.

First, | analysed the total percentage of stain of ZNP-1 in larvae treated overnight
with proteasome inhibitors or control treatment. | saw no significant difference in ZNP-1
stain in larvae treated with control conditions compared to those treated with proteasome
inhibitors. Furthermore, chronic incubation with proteasome inhibitors did not significantly
increase the number of neurite branches or the overall cable length of PMNs compared to
control conditions.

Results showing no difference in axonal and dendritic growth observed here were not
consistent with previously described data, which showed that dysfunction of the UPS affects
neurite outgrowth in other vertebrate (Campbell and Holt, 2001, Drinjakovic et al., 2010)
and non-vertebrate species (Wan et al., 2000b, DiAntonio et al., 2001a, Collins et al., 2006).
In the experiments carried out in this thesis, | applied proteasome inhibitors overnight to
larvae from 3-dpf to 4-dpf. As at 4-dpf, PMN axons are well established (Myers, 1985, Myers
et al., 1986b), | did not expect to see differences in overall axonal length. However, from 3-
dpf to 4-dpf neurons within the spinal cord are still innervating the musculature (Myers et
al., 1986b). The continued growth of motoneurons in this period are necessary for changes
in swimming behaviour to occur from erratic burst swimming at 3-dpf, to more controlled
beat-and-glide swimming observed at 4-dpf (Buss and Drapeau, 2001). Therefore, these
results are interesting as they show that no neurite outgrowth and innervation of the

musculature is unaffected by proteasomal inhibition at this stage of development.
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5.4.3 The effect of proteasomal inhibition on NMJ formation

The UPS has been implicated in synapse formation and remodelling, hence in this
chapter | aimed to investigate the effect of overnight incubation with proteasome inhibitors
on the formation of synapses. Analysis of axons and dendrites within the spinal cord is
difficult, as is densely populated and hence difficult to isolate individual neurons., MNs are
the only axonal processes that innervate muscle fibres, hence isolation of individual
processes is easier. As such, | focused on the formation of NMJs within the muscle fibres.

| observed no difference in the co-localisation of SV2 and a-bgt between larvae treated
with either MG132 compared to control or bortezomib compared to control. This suggests
that proteasomal inhibition has no effect on the formation of complete synapses, with pre-
and post- synaptic sites co-localising to the same degree in control and drug treated larvae. |
also saw no significant difference in overall a-bgt stain in larvae treated with MG132 or
bortezomib compared to control treated larvae. These experiments suggest that NMJ
formation is unaffected by proteasome inhibition, both in terms of the coupling of pre- and
post- synaptic sites as well as the overall number of synapses formed.

Previously reported literature, which has suggested that proteasome inhibition effects
synapse formation, contrasts with the findings | have presented here (Ding and Shen, 2008,
Zheng et al., 2016, Tirker et al., 2021). Multiple studies have been carried out in Drosophila
and C.elegans, identifying key components of the UPS system in synapse formation. Loss of
function of hiw and overexpression of faf, an E3 ligase and a DUB respectively, have been
shown to produce the same phenotype of neurite overgrowth and increased synaptic
boutons at the NMJ in Drosophila (Wan et al., 2000b, DiAntonio et al., 2001a, Collins et al.,
2006). Another E3 ligase complex, APC, has been shown to localise at the pre-synaptic
terminal at the Drosophila NMJ. Loss of function of APC also results in an overgrowth of
synaptic boutons, due to accumulation of Liprin o (a synapse scaffolding protein) (van
Roessel et al., 2004, Wise et al., 2013b). Further evidence from C.elegans has shown the role
of E3 ligases in stabolising and organising the pre-synaptic terminal of the NMJ. RPM-1 is
needed for the formation of the NMJ by regulating proteins involved in synapse formation
(Zhen et al., 2000b, Yan et al., 2009).

The proteasome has also been shown to be involved in synaptic elimination. In

transgenic mice, proteasomal degradation of PSD95 resulting in synapse elimination has
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been associated with autism through the action of E3 ligase Mdm2 (Tsai et al., 2012).
Further to this, in Drosophila during metamorphosis, E2-conjugating enzyme ubcD1 and E3-
ligase DIAP1 have been associated with synaptic pruning and elimination of class IV
dendritic arborisation sensory neurons (C4da) (Treier et al., 1992b, Kuo et al., 2005).

In the studies discussed above, genetic models were used and as such the focus was on
the development of synapses as a result of dysfunctional UPS proteins. The aims of the
experiments | carried out in this chapter were instead to look at the effect of synapse
formation as a result of changes in synaptic plasticity of already formed neurons. By day 3,
although neurite outgrowth will be continuing throughout the spinal cord, the majority of
spinal neurons have already established innervations throughout the musculature (Myers,
1985, Myers et al., 1986b). Hence, | have shown here that proteasome inhibition does not
affect the organisation of established pre- and post- synaptic sites, as SV2 and a-bgt co-
localisation was consistent across treatments. | have also shown that inhibition of the
proteasome does not affect the formation of new synapses or eliminate existing synapses as

a result of changes in synaptic plasticity.

5.4.4 The effect of proteasomal inhibition on apoptosis

Proteasome inhibitors including bortezomib and MG132 have been shown to induce
apoptosis in a range of different cell types (Wdjcik, 2002, Fribley and Wang, 2006). As such, |
asked whether changes that had been seen in synaptic transmission could have been due to
increase apoptotic tissue. | used AO staining to assess the effects of apoptosis. | observed no
difference in the total fluorescence in larvae treated overnight with MG132 and bortezomib
compared to control treated larvae. This suggests that there is no increase in apoptosis as a
result of proteasome inhibitors MG132 and bortezomib.

Proteasomal inhibition prevents the degradation of proteins, resulting in protein
accumulation which can cause inhibition of NF-k[3, an anti-apoptotic protein, and increases
the levels of p53, Bax and Bcl-2 involved in the intrinsic pathway of apoptosis (Wdjcik, 2002,
Rajkumar et al., 2005). However, the accumulation of these proteins takes time as inhibition
of the proteasome by MG132 and bortezomib increases overtime (Berkers et al., 2005).

Therefore, in this study | might not be seeing the pro-apoptotic effect due to the length of
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incubation. In order to observe proteasome inhibitor induced apoptosis, the incubation

periods may need to be extended.

5.4.5 Conclusion

| have shown that inhibition of the proteasome overnight using bortezomib is sufficient
to increase the frequency of EW muscle fibre mEPCs, whilst MG132 did not increase mEPC
frequency. This indicates that inhibition of the proteasome with bortezomib can induce pre-
synaptic changes in both INs innervating the MNs and PMNs innervating the musculature, as
anincrease in mIPSC frequency was observed in MNs and an increase in mEPCs was
observed at the NMJ. | have also shown that the morphology of PMN axon and neurite
outgrowth remains unaffected by proteasomal inhibition when incubated overnight
between 3-dpf to 4-dpf larval zebrafish. | have also shown that NMJ formation is not
affected by proteasome inhibition during overnight incubation. This shows that inhibition of
the proteasome induces pre-synaptic plasticity but does not affect the overall morphology
of neurons. This suggests that the plasticity displayed here involves intracellular
mechanisms of synaptic vesicle release, rather than physical structural changes to
outgrowth of neurons and the number of synapses present.

| have also shown that neither MG132 nor bortezomib treatment overnight increased
apoptotic tissue in the larval zebrafish. This shows that proteasomal inhibition in this time
frame does not induce apoptosis, and hence the physiological changes seen throughout
these experiments have not been due to cell death.

As | have seen physiological changes in both PMNs and EW muscle cells as a result of
proteasomal inhibition, with no changes to the morphology of the neurons, | next aimed to
investigate if these physiological changes resulted in a change to the behaviour of larval
zebrafish. As such, in Chapter 6 of this thesis | have investigated how overnight incubation
with 10 uM MG132 and 50 uM bortezomib affects the free-swimming behaviour of larval

zebrafish.
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Chapter 6  The Effect of Proteasomal Inhibition on the Free-
Swimming Behaviour of Larval Zebrafish

6.1 Introduction

As | have previously shown that proteasome inhibition affects the physiological
properties of motor network components, in this chapter | aim to assess how overnight
incubation with proteasome inhibitors influences free-swimming behaviour of larval

zebrafish. Below is an overview of the ontogeny of early zebrafish behaviours.

6.1.1 The Locomotion Repertoire of Larval Zebrafish

During the first 5 days of development, motor output of zebrafish larvae matures from
simple coiling to free-swimming behaviour that is well suited to prey-capture behaviour and
predator escape responses. Below, | discuss the full behaviour repertoire displayed by larval

zebrafish during the first four days of development.

6.1.1.1 Spontaneous Coiling Behaviour

The first motor behaviour is observed at ~ 17-hpf in embryonic zebrafish and is
characterised by spontaneous alternating trunk movement. These movements gradually
develop into coiling behaviours. Coiling behaviour is characterised by periodic, slow tail
flexions that last for hundreds of milliseconds in duration. Coiling is observed from ~ 17 hpf
until 27 — 30-hpf, whilst the embryo is still contained within the chorion (egg sac). The
frequency of coiling increases to a peak of 0.96 Hz at 19-hpf, before beginning to decline to
0.08 Hz by 26-hpf. Between 18 - 23-hpf, embryos contract continuously, but by 24-hpf, burst
contractions are displayed resulting in three to five coils and then a period of inactivity
(Saint-Amant and Drapeau, 1998, Roussel et al., 2021). By ~27-hpf coiling has developed
into partial tail coils, with full tail coils associated with escape responses fully matured by
48-hpf, directly preceding hatching (Saint-Amant and Drapeau, 1998).

At this stage of development (~ 17-hpf), only four neuronal cell types have been
found to be active- PMNs and three types of IN; VelLD (ventrolateral descending), CoPA
(commissural primary ascending) and ipsilateral caudal (IC) (Saint-Amant and Drapeau,
2000). PMNs begin to innervate the musculature by ~17-hpf, with innervation occurring at

the same time as coiling behaviour is first observed (Bernhardt et al., 1990). Coiling

165



behaviour is generated by spontaneous network activity (SNA), mediated by gap junctions
providing depolarisation to MNs which can drive muscle contractions. SNA during coiling
consists of periodic depolarisations and rhythmic membrane oscillations which continue to
occur in the presence of glutamate, glycine and acetylcholine receptor blockers (Saint-
Amant and Drapeau, 2000, Saint-Amant and Drapeau, 2001). However, TTX blocks SNA
mediated activity, suggesting that sodium channels are important for the generation of SNA.
Ipsilateral caudal (IC) INs exhibit bursting characteristic which are dependent on a persistent
sodium current. This sodium current generates both low frequency membrane oscillations
in IC INs to promote coiling behaviour and high frequency oscillations once bursting
swimming has developed. As SNA activity decreases, so too does contraction frequency
from 19-hpf until ~30-hpf when spontaneous contractions cease completely (Tong and
McDearmid, 2012). Synaptic transmission begins to develop around 20 — 21-hpf, producing
synaptic bursts (SB) of glycine. As newly formed synapses mature, SB amplitude increases
until ~24-hpf. However, application of strychnine does not abolish periodic depolarisations,
indicating that SBs are not required for coiling behaviour (Saint-Amant and Drapeau, 2000,

Saint-Amant and Drapeau, 2001, Tong and McDearmid, 2012).

6.1.1.2 Escape Responses

Escape responses are one of the first forms of co-ordinated behaviour displayed by
zebrafish. Whereas coiling occurs as a result of IC generation of periodic depolarisations
through gap junctions, escape responses require intact motor circuits with synaptic
transmission. Whilst hatching does not occur naturally until around 48-72 hpf, touch evoked
responses occur prior to this period and larvae will respond to touch when still within their
chorion (Kimmel et al., 1995). Touch evoked responses, with touches to either the tail or the
head, first arise at ~21-hpf. A head or tail touch at ~21-hpf, resulted in similar responses of
rapid coiling of up to 3 full coils, followed by slow relaxation. By 26-hpf (the point at which
swimming behaviours begin to arise), touch evoked responses resulted in swimming
behaviour in larvae which had been manually dechorionated. Touching the embryo on the
head by this age resulted in the forward motion of the embryo by at least one body length.
Frequency of tail beating increases from 15 Hz at 30-hpf, to 25 Hz by 36-hpf. Touching the

tail results in a slightly increased frequency compared to head touching. Tail touching was
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also far more likely to result in swimming behaviour compared to tactile stimulus to the
head from 30-hpf onwards (Saint-Amant and Drapeau, 1998). By ~26 hpf, the axons from
the first ventrally located SMNs have exited the spinal cord and begun to innervate the
musculature, giving rise to the first swimming behaviour following tactile stimulus
(Westerfield et al., 1986, Myers et al., 1986b).

The first type of startle response to arise in zebrafish larvae is the C-start response,
characterised by a ‘C’ shape body bend followed by a propulsion through the water away
from the stimuli that sparked the escape. C-start responses are generated through tactile
touch to the head or can be sparked through auditory stimulation (Roberts et al., 2019,
Sagasti et al., 2005, Gerlai, 2016). The C-start response can be observed directly following
hatching, at ~44-hpf, however the response continues to mature throughout development
as larvae become capable of free-swimming (Eaton and Hackett, 1984).

Escape response behaviour is mediated by supraspinal connections from the
reticulospinal neurons in the hindbrain, which provide direct inputs to the MNs in the spinal
cord (Metcalfe et al., 1986). The most well characterised of the reticulospinal neurons are
the Mauthner neurons (M-cell; see Chapter 1), which receive inputs from the VllIth cranial
nerve (providing auditory information) and the optic nerve (providing visual information).
The two M-cells are situated within the hindbrain of the zebrafish and are commissural
excitatory neurons which have direct inputs to the MNs in the spinal cord (Eaton et al.,
2001, Korn et al., 1992). Other homologues of the M-cell also exist, including Mid2cl and
MiD3cm, which when ablated result in no escape response (Liu and Fetcho, 1999).
Somatosensory information from the two M-Cells initiates the C-start response, with a
single M-cell action potential resulting in activation of MNs on the contralateral side of the
spinal cord, culminating in a ‘C’-shaped body bend (Eaton and Nissanov, 1985, Eaton and
Hackett, 1984). The C-start response can be broken down into two stages: stage 1 occurs at
a latency of ~10 ms and comprises a body bend of 30 — 100 degrees around the centre of
mass and subsequent head yawing (movement around the vertical axis), followed by stage 2
axial muscle acceleration which results in the propulsion of the fish at an angle of between
15 -135 degrees away from the initial stimuli (Eaton and Nissanov, 1985, Eaton and Hackett,
1984).

A further escape response illustrated in the larval zebrafish is the S-start response. As

with a C-start response, the S-start has two stages, however stage 1 is broken down into
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two constitutive parts. First, the caudal aspect of the larval trunk bends to adopt an ‘S’
shape in response to the initial stimuli and; second, the trunk subsequently bends to the ‘C’
shape configuration. Stage 2 comprises a rapid tail beat which propels the fish away from
the stimuli (Webb, 1976). S-startle responses have been found to occur only during larval
stages of development and occur in response to tactile stimuli to the tail, rather than to the
head (Liu et al., 2012). S-start responses are generated through the simultaneous
stimulation of both M-Cells, whereas C-start responses are generated through the activation

of one M-Cell at a time (Liu and Hale, 2017).

6.1.1.3 Burst Swimming

Once larvae reach 2 to 3-dpf, they become capable of bursting swimming behaviour.
At this stage, fish are largely inactive. However, tactile stimulation is sufficient to evoke
locomotor activity characterised by periods of sustained, uninterrupted swimming that last
for up to tens of seconds in duration. During larval stages, bursting swimming acts as a
further form of escape response to evade predator capture. It is characterised by tail beats,
allowing the larvae to travel distances of more than 10 body lengths, before coming to a
complete stop. Tail beating is rapid, reaching frequencies of up to 100 Hz (Miiller and van
Leeuwen, 2004). Burst swimming is associated with large body bends, which occur towards
the mid-body rather than more caudally which is associated with slower swimming. The yaw
angle (side-to-side movement of the head) of burst swimming is also large compared to
slower swimming, being between 14 to 27 ° (Budick and O'Malley, 2000). Yawing is
important for turning behaviour with a larger yaw required for escape responses (Fish and
Holzman, 2019, Budick and O'Malley, 2000). Control of bursting swimming increases as the
larvae age, as at 2-dpf larvae often lack postural and directional stability leading to
swimming in tight circles or rolling over during swimming episodes. By 3-dpf larvae have
more control over their burst swimming episodes and display forward motion without
rolling (Mdller and van Leeuwen, 2004).

Burst swimming is underpinned by waves of rostrocaudally progressing body bends

that alternate between the left and right halves of the spinal cord (Masino and Fetcho,
2005). Bursting swimming is driven by an early-developing scaffold of primary neurons (see

Chapter 1). Fictive swimming preparations have been used extensively to study synaptic
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drive involved in the maturation of swimming behaviour from burst swimming to beat-and-
glide swimming. Fictive swimming involves the paralysis of the larvae using tubocurarine
(ACh receptor blocker), which allows for electrophysiological recordings to be taken from
spinal neurons (Buss and Drapeau, 2001, Masino and Fetcho, 2005). During fictive burst
swimming, tonic depolarisation of the MNs occurs lasting for tens of seconds. A sustained
pattern of rhythmic glutamatergic postsynaptic potentials (EPSPs) are also observed with a
frequency of ~ 52 Hz. The synaptic drive for burst swimming is provided by glutamatergic
INs, whilst input from glycinergic INs produces the left-to-right undulating body movement
(Buss and Drapeau, 2001).

As the larvae develop, further MNs and INs are incorporated into the motor network,
allowing of the maturation of behaviour from burst swimming at 2-dpf, to more
intermittent style of swimming, beat-and-glide swimming, observed from 4-dpf. During
escape swimming, firing of the PMNs results in a fast escape response, whilst for slower
more rhythmic swimming movement the recruitment of smaller SMINs is required (Liu and
Westerfield, 1988). Smaller, more dorsally located, latter born neurons control slow
swimming, whilst larger, more ventrally located, earlier born neurons drive progressively
faster swimming (McLean et al., 2007, McLean and Fetcho, 2009). It is this topographic map
of MN and IN development and recruitment that allows swimming behaviour to mature
from simple coiling to beat-and-glide swimming.

Body bends seen during burst swimming arise from contraction of EW and ER muscle
fibres which drive the tail beats, propelling the larvae through the water. ER fibres are only
recruited at the slowest swimming speeds, becoming derecruited as speed increases. During
the end of bursting swimming, there is a period where only ER muscle fibres are active, as
swimming frequency has decreased (van Raamsdonk et al., 1982, Buss and Drapeau, 2000).
The alternating activation of MNs occurs due to inhibitory commissural INs, which inhibit
neurons on the ipsilateral side (Buss and Drapeau, 2001), whilst excitatory drive for
swimming is provided by V2a glutamatergic interneurons (Ekl6f-Ljunggren et al., 2012,

Ljunggren et al., 2014).
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6.1.1.4 Beat-and-Glide Swimming

At 4-dpf, zebrafish become much more active and the motor pattern transitions to a
form of locomotion termed beat-and-glide swimming. This swimming style is more
intermittent than the sustained bursting swimming and is characterised by low frequency
tail beats (~ 35 Hz) lasting ~ 200 ms, followed by longer ‘glide’ episodes lasting up to 400 ms
in which the larvae propels through the water for a distance ~ 4.7 mm (Buss and Drapeau,
2001). During beat-and-glide swimming, maximal tail bending occurs at a more caudal point
in the spinal cord when compared to burst swimming. Larvae turn frequently, displaying
routine turns with a low yaw angle (~ 3 °) (Budick and O'Malley, 2000, Buss and Drapeau,
2001). Beat-and-glide swimming is intermittent, but as the larvae develop past 4-dpf, the
amount of time dedicated to beat-and-glide swimming increases and periods of inactivity
decrease (Hunter, 1972).

As with bursting swimming, beat-and-glide episodes comprise contractions of the
musculature in a rostrocaudal direction that alternate between the left and right sides of
the body (Masino and Fetcho, 2005). During fictive beat-and-glide swimming, bursts of tonic
depolarisation of the MNs become more frequent and last for longer-periods of up to
several minutes at a time compared to burst swimming. As with burst swimming, rhythmic
EPSPs are also observed, however their frequency decreases to ~ 35 Hz indicative of slower
tail-beats during this style of swimming (Buss and Drapeau, 2001). Synaptic depolarising
drive from V2a excitatory INs is needed for beat-and-glide swimming, whilst inhibitory input
from commissural inhibitory INs is needed for the alternating tail movement. It is this
inhibitory input that drives the alternating body contractions which provide rhythmic tail
beats (Buss and Drapeau, 2001, McLean, 2005).

Behavioural maturation from burst to beat-and-glide swimming is underpinned by the
recruitment of later developing neurons into the motor network. As more, smaller SMNs
develop, so too does the behavioural repertoire of the larval zebrafish allowing larvae to
develop from simple spontaneous coiling movements, to controlled beat-and-glide episodes

(McLean et al., 2007, McLean and Fetcho, 2009).
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6.2 Aims and Objectives

In previous chapters | demonstrated that proteasome inhibition has a marked effect
on synapses within the locomotor network (Chapters 3, 4, 5). Therefore, in this chapter |
investigate whether this results in changes to locomotion output. To do this, | investigated
the effect of chronic proteasomal inhibition on the free-swimming behaviour of larval

zebrafish.
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6.3 Results

6.3.1 The effect of proteasome inhibition on free-swimming behaviour of zebrafish larvae

To determine the effects of proteasome inhibition on swimming behaviour, larval zebrafish
(4-dpf) were incubated overnight in MG132 (10 uM) or control saline. Larvae were then
placed in the swimming arena and allowed to acclimatise for 10 minutes before being
recorded for 5 minutes. Larvae treated with MG132 were first assessed for changes in total
distance travelled, time spent swimming and the degree of thigmotaxis displayed compared
to control larvae. Thigmotaxis is defined as ‘wall-hugging’ behaviour and gives an idea of the
amount of time larvae spend at the edge of the arena compared to the centre (Schnorr et
al., 2012). Thigmotaxis was defined as the period of time a larvae spent within 5 mm of the
edge of the arena.

Total distance travelled by larvae treated with MG132 (N = 10) compared to control
treated fish (N = 9) was not significantly different (p = 0.7802, MG132: 1938 + 4743 mm,
control: 1918 + 4805 mm: Figure 41A, B). Larvae treated with MG132 showed no difference in
total time spent swimming compared to control larvae (p = 0.1821, MG132: 21.00 + 74.00 s,
control: 35.00. + 52.00: Figure 41 A, C). However, larvae treated with MG132 showed an
increase in thigmotaxis (p = 0.0182, MG132: 64.11 + 30.51 %, control: 22.44 + 73.51 %: Figure
41A, D) compared to control larvae.

In summary, no change in total distance travelled or time spent swimming was
observed following chronic treatment with MG132, but a significant increase in the

percentage of time spent displaying thigmotaxis was observed.
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Figure 41. The effect of overnight incubation with MG132 on the free-swimming behaviour of zebrafish larvae.
Larvae were incubated with 10 uM MG1232 or 0.01% DMSO overnight. Larvae were then acclimatised for 10
minutes in the swimming arena before being recorded for 5 minutes free swimming. A) Representative tracking
data for larval zebrafish treated with 0.01% DMSO (left) and 10 uM MG132 (right). B) Median with interquartile
range plot showing the total distance travelled by larval zebrafish following treatment with 0.01% DMSO and 10
UM MG132. No difference in total distance travelled was determined between MG132 and control treated
larvae. C) Median with interquartile range plot showing total time spent swimming as a percentage of time
recorded. MG132 treated fish showed no significant difference in the total time spent swimming compared to
control. D) Median with interquartile range plot showing the total percentage of thigmotaxis displayed by control
and MG132 treated fish. Fish treated with MG132 showed a significantly higher degree of thigmotaxis compared
to control treated larvae (p = 0.0182). Significant results are indicated with * (p < 0.05).
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The effects of bortezomib (50 uM) were next assessed. Overnight incubation with
this drug resulted in no significant difference in distance travelled (p = 0.0507, bortezomib:
N =09, 836.3 +854.8 mm, control: N =9, 1282 + 1310 mm: Figure 42 A, B) or percentage of
time spent swimming when compared to control treated larvae (p = 0.1821, bortezomib:
21.00 + 74.00 %, control: 35.00 + 52.00 %: Figure 42 A, C). A significant difference in
thigmotaxis was also observed between bortezomib and control conditions (p = <0.0001,
bortezomib: 78.82 + 35.29 %, control: 8.667 + 36.76 %: Figure 42 A, D).

In conclusion, in agreement with MG132 incubated larvae, chronic incubation with
bortezomib showed no significant difference in overall distance travelled or time spent

swimming, but did show an increase in the percentage of time displaying thigmotaxis.
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Figure 42. The effect of overnight incubation with bortezomib on the free-swimming behaviour of zebrafish larvae.

Larvae were incubated with 50 uM bortezomib or 0.05% DMSO overnight. Larvae were then acclimatised for 10 minutes
in the swimming arena before being recorded for 5 minutes free-swimming. A) Representative tracking data for larval
zebrafish treated with 0.05% DMSO (left) and 50 uM bortezomib (right). B) Median with interquartile range plot showing
the total distance travelled by larval zebrafish following treatment with 0.05% DMSO and 50 uM bortezomib. No
difference in total distance travelled was determined between 50 uM bortezomib and 0.05% DMSO control treated
larvae. C) Median with interquartile range plot showing total time spent swimming as a percentage of time recorded. 50
uM bortezomib treated larvae showed no significant difference in the total time spent swimming compared to 0.05%
DMSO control treated larvae. D) Median with interquartile range plot showing the total percentage of thigmotaxis
displayed by control and 50 uM bortezomib treated larvae. Zebrafish larvae treated with bortezomib showed a
significantly higher degree of thigmotaxis compared to control treated larvae (p < 0.0001). Significant results are
indicated with **** (p < 0.0001).
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6.3.2 The effect of proteasome inhibition on velocity and bout length of beat glide
swimming behaviour of zebrafish larvae

Free swimming videos were next analysed using JAABA

(https://jaaba.sourceforge.net/; (Kabra et al., 2013) to identify bouts of beat-and-glide

swimming. Raster plots were produced showing identified periods of beat-and-glide
swimming for larvae treated with MG132 compared to control saline (Figure 43).Larvae
treated overnight with MG132 showed no significant difference in the velocity (p = 0.6028,
MG132: N =10, 8,44 + 14.56 mm/s, control: N =9, 7.82 + 17.13 mm/s: Figure 44A, B, C) of
beat-and-glide swimming or the length (p = 0.6105, MG132: 0.33 + 0.80 s, control: 0.33 +
0.67 s: Figure 44 A, D) of beat-and-glide swimming bouts compared to control treated larvae
(N =9). The number of identified episodes of beat-and-glide swimming across the 5-minute
recording was also not significantly different between control and MG132 treated larvae (p
=0.7411, MG132: 43 + 61, control: 36 + 40:Figure 43A, B, Figure 44 A, E).

In summary, chronic treatment with MG132 had no effect on the velocity, bout
length or number of beat-and-glide episodes identified during free-swimming of zebrafish

larvae.
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Figure 43. Raster Plots of identified periods of beat-and-glide swimming for larvae treated with MG132 and control treated

larvae.

Raster plot representing periods of beat-and-glide swimming for larvae treated with 0.01% DMSO control (A) and 10
uM MG132 (B). Black lines represent periods of beat-and-glide swimming. One row represents one larva
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Figure 44. The effect of overnight incubation with MG132 on beat-and-glide swimming behaviour of larval zebrafish.

Free-swimming videos were analysed to identify periods of beat-and-glide swimming using JAABA software. A)
Representative traces of MG132 and control treated larvae showing the velocity of the larvae during swimming. B)
Median with interquartile range plot showing the velocity of fish during identified beat-and-glide swimming episodes.
No significant difference in the velocity of beat-and-glide episodes was detected between larvae treated with 10 uM
MG132 compared to 0.01% DMSO control C) Mean velocity across the duration of individual beat-and-glide episodes.
No significant difference in velocity was detected between larvae treated with MG132 compared to control larvae. D)
Median with interquartile range plots showing identified beat-and-glide bout lengths from larvae treated with 10 uM
MG 132 compared to larvae treated with 0.01% DMSO. No significant difference in bout length was determined for
larvae treated with MG132 compared to control larvae. E) Median with interquartile range plot showing the number of
identified beat-and-glide episodes during 5 mins recording. No significant difference was detected between MG132 and
DMSO treated larvae.
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Free-swimming videos of larvae treated with bortezomib (50 uM) were also analysed to
identify periods of beat-and-glide swimming. A raster plot was produced showing identified
periods of free swimming for each larvae treated with bortezomib or control saline (Figure
45). Larvae treated with bortezomib (N = 9) showed a significant increase in the mean
velocity of beat-and-glide episodes (p = 0.014, bortezomib: N =9, 6.72 + 15.23 mm/s,
control: N =9, 5.36 + 6.46 mm/s: Figure 46A, B, C) and an increase in the duration of
identified beat-and-glide bouts (p = >0.0001, bortezomib: 0.33 + 0.93 s, control: 0.27 + 0.47
s: Figure 46 A, D) compared to control larvae. The number of beat-and-glide episodes were
also identified across the 5-minute free-swimming period (Figure 46). A significant decrease
in the number of beat-and-glide episodes were identified for bortezomib treated larvae
compared to DMSO control treated larvae (p = 0.0136, bortezomib: 7 + 30, control: 28 + 52:
Figure 46A, E).

In conclusion, chronic treatment with bortezomib increased velocity and bout
duration of identified episodes of beat-and-glide swimming, whilst the overall number of
beat-and-glide episodes reduced in frequency. This was in contrast to observations obtained
following MG132 treatment which showed no change in velocity of duration of beat-and-
glide episodes and no change in the number of identified episodes of beat-and-glide

swimming.
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Figure 45. Raster Plots of identified periods of beat-and-glide swimming for larvae treated with bortezomib and control
treated larvae.
Raster Plots of identified periods of beat-and-glide swimming for larvae treated with bortezomib and control
treated larvae.
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Figure 46 The effect of overnight incubation with bortezomib on beat-and-glide swimming behaviour of larval zebrafish.

Free-swimming videos were analysed to identify periods of beat-and-glide swimming using JAABA software. A)
Representative tracking data of bortezomib (left) and control (right) treated larvae showing the velocity of the larvae
during free swimming. B) Median with interquartile range plot showing the velocity of fish during identified beat -and-
glide swimming episodes. A significant increase in the velocity of beat-and-glide episodes was detected between larvae
treated with 50 uM bortezomib compared to 0.05% DMSO control (p = 0.0014) C) Mean velocity across the duration of
individual beat-and-glide episodes for larvae treated with bortezomib (green) and DMSO control (red). A significant
increase in velocity was detected between larvae treated with bortezomib compared to control larvae (p = <0.0001). D)
Median with interquartile range plots showing identified beat-and-glide bout lengths from larvae treated with 50 uM
bortezomib compared to larvae treated with 0.05% DMSO. A significant increase in bout length was determined for larvae
treated with bortezomib compared to control larvae (p = >0,0001). E) Median with interquartile range plot show ing the
number of identified beat-and-glide episodes during 5 mins recording. A significant decrease in the number of beat-and-
glide episodes was detected for larvae treated with bortezomib compared to control (p = 0.0136) Significance values; ** =
p <0.005, *** = p <0.0001
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6.4 Discussion

In Chapter 6, | have investigated the role of the proteasome in the locomotor
behaviour of larval zebrafish using the pharmacological inhibitors MG132 and bortezomib.
Following chronic incubation with proteasome inhibitors, | have shown that there is no
difference in the total distance travelled or time spent swimming compared to control
treated larvae. However, larvae treated with either MG132 or bortezomib showed
increased thigmotaxis. | also identified that there was no significant difference in the
velocity, mean bout length or number of beat-and-glide episodes identified in larval
zebrafish treated with MG132 compared to controls. However, a significant increase in
swimming velocity and bout length was determined for larvae treated with bortezomib. In
addition, these larvae showed a significant decrease in the number of beat-and-glide

episodes when compared to control treated larvae.

6.4.1 The effect of proteasome inhibition on free-swimming behaviour

In this chapter, | have shown that chronic proteasomal inhibition with MG132 or
bortezomib did not affect the swimming distance or time spent swimming by larval
zebrafish. In contrast, following bortezomib, but not MG132, treatment the velocity of
swimming and the duration of beat-and-glide episodes increases. In Chapter 5 of this thesis,
| showed that proteasomal inhibition with bortezomib, but not MG132 increased
spontaneous neurotransmission at the NMJ. Throughout this thesis, | have studied
spontaneous neurotransmission, however swimming behaviour is driven by evoked release
events. Increased frequency of mEPPs could indicate an increase in neurotransmission
during evoked release events, however further experiments investigating evoked release at
the NMJ would be required to determine if this were the case.

Increased synaptic transmission at the NMJ could result in increased strength of
muscle contraction, resulting in the changes to behavioural output observed here. ACh is
released from MNs and binds to nicotinic AchR (nAchR) on the post-synaptic muscle fibre.
Activation of nAChRs causes influx of sodium ions, causing a depolarisation of the
membrane which results in activation of L-type calcium channels (Martyn et al., 2009).
Muscle contraction is dependent on the concentration of cytosolic calcium, with increased

calcium associated with stronger muscle contraction (Lamboley et al., 2015). Therefore,



increased ACh could result in increased nAchR activation, subsequently resulting in a larger
influx of Ca%* to the muscle fibre, hence increasing the strength of muscle contraction. Beat-
and-glide swimming is powered by an initial period of tail beating, which is driven by muscle
contractions. The frequency of tail beats is unlikely to be altered by increased muscle
contraction, as tail beat frequency is driven my glutamatergic drive to the MNs (Buss and
Drapeau, 2001, Ekl6f-Ljunggren et al., 2012). However, increased synaptic strength and
subsequent increased muscle contraction, could be resulting in more powerful movement
which could be propelling the larvae at a faster rate to increase the duration of swimming
periods.

In addition to the increased velocity, bortezomib incubation, also decreased the
number of beat-and-glide swimming episodes. This change in behaviour could also be
attributed to increased ACh release. Overstimulation of nAChR due to an accumulation of
ACh at the NMJ can result is muscle fatigue and is often seen in patients with myasthenia
gravis (a muscle disease associated with decreased levels of acetylcholinesterase; (Gilhus,
2016). As ACh release increases the strength of muscle contractions, this could also be
increasing the rate of muscle fatigue (Gandevia, 2001). As such the observed longer periods
of inactivity between beat-and-glide episodes could also be caused by increased Ach release
resulting in increased muscle fatigue.

An alternative explanation for this increased velocity and bout duration could be due
to changes in supraspinal inputs to the spinal cord. Supraspinal neurons in the nMLF have
been shown to modulate the duration and speed of swimming bouts (Severi et al., 2014).
Hence, whilst the increased duration and speed of beat-and-glide swimming observed here
could be due to increased synaptic input to the musculature due to proteasome inhibition,
this study could indicate that proteasomal inhibition may also be altering the physiology of
supraspinal neurons of the nMLF. As project restraints meant that | could only utilise
spinalised preparations for this study, | was unable to test this hypothesis. However, this
would be something of interest to look into going forward.

The observed increase in velocity following only bortezomib incubation was a
surprising effect. In Chapters 3 and 4, | showed that proteasomal inhibition resulted in
increased glycinergic synaptic transmission at the MNs. Glycinergic signalling is important
for the alternating inhibition of MNs on the ipsilateral and contralateral side of the zebrafish

resulting in undulating body movement (Buss and Drapeau, 2001). Application of strychnine

183



to larval zebrafish during NMDA-induced motor activity caused individual bursts of activity
to shift from an alternating to a synchronised pattern. Strychnine also reduces the
frequency of motor output, by increasing the frequency of action potentials (Buss and
Drapeau, 2001). In Xenopus tadpoles, the use of a selective glycine antagonist, L-689560,
inhibited fictive swimming, whilst the agonist, glycine or D-serine, increased fictive
swimming (Issberner and Sillar, 2007). As such, it is conceivable that an increase in
glycinergic transmission, as observed in this thesis, could have resulted in a change to motor
output. However, throughout this thesis | have studied the effects of proteasomal inhibition
on spontaneous neurotransmission, which differs from evoked neurotransmission (see
Chapter 3 introduction). As such, it is also possible that evoked release of glycine increases
following proteasomal inhibition, but the effect on swimming may be too subtle to detect
with the methods used in this thesis. Further work would be required to investigate the
effects of proteasomal inhibition on evoked release.

| also showed that larval zebrafish treated with proteasome inhibitors increased
their level of thigmotaxis. Thigmotaxis is a behaviour associated with anxiety whereby
animals show avoidance of open areas, instead swimming close to the boundaries of the
arena in which they are swimming (Schnorr et al., 2012, Basnet et al., 2019). The main
findings from this thesis have shown increased glycinergic synaptic input to MNs and
increased synaptic input to the musculature. Thigmotaxis is linked to brain regions including
the rostrodorsal telencephalon (Simon et al., 1994, Peitsaro et al., 2003). In adult zebrafish,
injection with a histidine decarboxylase inhibitor resulted in increased thigmotaxis (Peitsaro
et al., 2003). Histaminergic neurons are found to highly innervate the rostrodorsal
telencephalon in adult zebrafish brains. Hence, there is some evidence to suggest that
thigmotaxis is a result of changes to the histaminergic system (Peitsaro et al., 2003). In this
thesis | have shown that proteasomal inhibition can induce increases in synaptic
transmission in certain cell types. In the context of previous work carried out studying
thigmotaxis, this could suggest that proteasome inhibition is inducing changes in synaptic
transmission within neurons associated with thigmotaxis.

There is a lack of research into the causes of thigmotaxis and the brain regions
involved. Previous research outlining thigmotatic behaviour in rodents has been focused on
learning and memory deficits in models of Alzheimer’s disease. Transgenic mice containing

APP695 gene with the Swedish mutation (APP KM670) displayed increased thigmotatic
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behaviour in the Morris Water Maze behavioural test. LTP was measured in this murine
model and showed that LTP was normal at 10-13 weeks of age, but showed impairment
with a reduction in LTP in 3 week old mice (Sri et al., 2019). Furthermore, THY-Tau22
transgenic mice, a genetic line which overexpressed human tau, also showed increased
thigmotatic behaviour in the Morris Water Maze test. In LTD recordings, THY-Tau22 mice
showed decreased maintenance of LTD at 9 months of age (Jeugd et al., 2011). In both
studies, authors concluded that increased thigmotaxis was seen due to changes in learning
and memory behaviour as a result of impaired LTP and LTD. However, in both transgenic
mice lines plaques of aggregated protein (amyloid- and tau in the APP-mice and THY-Tau22
mice respectively) were present in the brain (Jeugd et al., 2011, Sri et al., 2019). During
inhibition of the proteasome, proteins cannot be efficiently degraded. As such,
accumulation of proteins begins to occur within neurons. In the context of these previous
findings of murine models which show protein aggregates, this could indicate that the
increased thigmotaxis observed in my results are due to increased accumulation of proteins

due to an inhibited proteasome.

6.4.2 Conclusions

In this chapter, | have shown that incubation with the proteasome inhibitor bortezomib
does not affect time spent swimming or distance travelled but significantly increases the
velocity and bout duration of beat-and-glide swimming episodes whilst also decreasing the
number of observed beat-and-glide episodes. By contrast, MG132 had no effect on any of
the locomotor parameters observed. Thus, the effects of these two proteasome inhibitors
are complex, with contrasting effects on behavioural output. This is perhaps surprising as
both inhibitors caused a rapid and consistent increase in glycinergic input to MNs during
physiological recordings. Therefore, | posit that the differences observed in behaviour arise
primarily from bortezomib’s ability to selectively increase ACh transmission at the NMJ.
Both MG132 and bortezomib also increased thigmotaxis in larval zebrafish. However,
as thigmotaxis is a behaviour associated with anxiety and hence, regions of the brain which
could not be utilised in this study, | cannot comment on what could be causing this change

in behaviour.
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Chapter 7  Discussion

In this thesis | have examined the effect of proteasome inhibition on the synaptic
properties of neurons involved in generating motor output in larval zebrafish. | have
assessed the physiology of MNs following overnight (Chapter 1) and 1-hour (Chapter 2)
incubation with pharmacological inhibitors of the proteasome. | then assessed the
branching outgrowth of PMNs following overnight incubation with proteasome inhibitors
and their effects on the NMJ formation and physiology (Chapter 3). Finally, | investigated
the effects of overnight proteasomal inhibition on the behaviour of free-swimming larval
zebrafish (Chapter 4). Whilst previous experiments have assessed the effect of proteasomal
inhibition on the electrophysiological properties of cultured hippocampal neurons (Rinetti
and Schweizer, 2010) and dissected drosophila NMJ (Speese et al., 2003), these experiments
were not carried out in an in vivo model. In this thesis, | have used the larval zebrafish as a
model organism, as larvae can be used to easily link the physiology, morphology and
resultant behaviour of the animal together, to assess the wider implications of proteasomal
inhibition on an intact neuronal network.

In Chapter 3, | incubated larval zebrafish (3-dpf) overnight with proteasome inhibitors
and assessed the intrinsic properties of PMNs using whole-cell voltage and current clamp
recordings. | showed that glycinergic mIPSC frequency increased as a result of incubation
with three different proteasome inhibitors (MG132, lactacystin and bortezomib), whilst
glutamatergic mEPSCs showed no change in frequency. Equally, firing frequency was
unaffected by proteasomal inhibition of PMNs. | showed that these effects occur over a
shorter incubation period in chapter 4, with the increase in glycinergic mIPSCs observed
with both MG132 and bortezomib after 1-hour incubation. In Chapter 5, | also showed that
proteasomal inhibition with bortezomib is sufficient to induce changes in mEPCs from NMJs.

Taken together, the above results suggest that the inhibition of the proteasome is
sufficient to induce changes in synaptic transmission in a synapse-specific manner. Changes
to the frequency of neurotransmitter release indicate a pre-synaptic mode of action, as
more vesicles are being released into the pre-synaptic cleft or that there has been an
increase in the number of glycinergic synapses. Hence, in the developing zebrafish spinal
cord, the proteasome appears to exert differential effects on regulation of excitatory and

inhibitory synapses. This stands in contrast to the literature: inhibiting the proteasome in
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mammalian hippocampal neurons showed increased release at both inhibitory and
excitatory synapses following application of MG132 (Rinetti and Schweizer, 2010).
Notwithstanding the aforementioned discrepancy, differences between inhibitory and
excitatory synapses and vesicle release machinery could account for the differences
observed in this thesis. Improved imaging techniques have shown differences in both the
ultrastructure and dynamics of vesicle pools in nerve terminals of inhibitory and excitatory
synapses, with inhibitory vesicle travelling shorter distances to fuse with the active zone and
showing a shorter fusion time with a higher rate of kiss-and-run fusion (Park et al., 2020,
Tao et al., 2018). Kiss-and-run fusion is where the vesicle transiently fuses to the membrane
in order to open and release quanta into the synaptic cleft, before closing and being reused
(Harata et al., 2006, de Toledo et al., 1993). Kiss-and-run fusion has been shown to be
involved in both evoked and spontaneous vesicle release (Stevens and Williams, 2000). In
the context of the increased spontaneous inhibitory neurotransmitter observed in this
thesis, this could indicate that the proteasome regulates synaptic machinery involved in
kiss-and-run fusion. There is evidence to suggest that munc-18 can regulate a switch to kiss-
and-run fusion instead of full fusion release. Use of munc-18 mutants in lactotroph cell
culture from rats showed that different mutations altered the morphology of vesicles, but
also the time spent by vesicles at the synaptic membrane. As such these results suggested
that munc-18 might control fusion kinetics at the plasma membrane (Jorgacevski et al.,
2011, Burgoyne et al., 2001). The UPS is known to regulate munc-18 levels (Martin et al.,
2014). Therefore, as inhibitory synapses show increased kiss-and-run fusion dynamics
compared to excitatory synapses, inhibitory specific increase in neurotransmitter release
could be due to differential vesicle fusion events seen between inhibitory and excitatory
synapses.

Whilst differences in vesicle dynamics have been established using imaging
techniques, there is less evidence for the differences in molecular release machinery at
inhibitory and excitatory synapses. With that said, it is known that some synaptic proteins
that are also substrates for the UPS have differing exocytotic roles at inhibitory and
excitatory synapses. For example, the ELKS proteins (a protein involved in forming the active
zone complex) increase the RRP size at excitatory synapses, but do not affect Ca2* influx,
whilst ELKS proteins increase Ca?* influx and vesicular release probability at inhibitory

synapses (Held et al., 2016, Liu et al., 2014). ELKS proteins have been shown to be targeted
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for degradation by the proteasome (Jiang et al., 2010, Teixeira et al., 2013, Tada et al.,
2010). As such, an increase in ELKS proteins at inhibitory synapses subsequent to
proteasome inhibition could increase release probability in inhibitory synapses, but not
excitatory synapses. Hence, this could account for the observed differences in vesicle
release between inhibitory and excitatory synapses, as accumulation of the same protein in
different cell types could result in differing effects to neurotransmission. Detailed molecular
analysis of molecular machinery at synapses of the zebrafish spinal cord would help to
determine if this could account for the differences observed between synapses in this
thesis.

Differential regulation of neuronal plasma membrane proteasomes (NMPs) provide
possible explanation for the selective increase in transmission at glycinergic synapses. These
are 20S proteasome complexes associated with the neuronal plasma membrane
(Ramachandran and Margolis, 2017). NMPs are capable of degrading intracellular nascent
proteins and excreting peptides into the extracellular space which are then used as
signalling molecules. Inhibiting NMPs in the Xenopus optic tectum has been shown to
increase spontaneous neuronal activity due to accumulation of nascent proteins, including
protein products from activity induced immediate early genes (IEGs; (Ramachandran et al.,
2018, He et al., 2022). The exact mechanism by which nascent proteins increase
spontaneous activity has yet to be elucidated. There is evidence to suggest that the
composition of the nascent proteome varies depending on the activity pattern of the
neuron. Homeostatic synaptic up-scaling or down-scaling in cultured rat hippocampal
neurons did not cause changes to the size of the nascent proteome, but instead led to
differential regulation of translation of the proteome with certain proteins being
upregulated and others downregulated (Schanzenbéacher et al., 2016, Hartman et al., 2006,
Liu et al., 2018). This suggests that cell-type specific differences in nascent proteome could
contribute to differing effects on neuronal activity, depending on the nascent proteins being
degraded. Moreover, inhibition of NMPs could result in differing effects on neuronal activity
based on the accumulation of nascent proteomes in different cell types. This may account
for the differing effects on vesicular release at glutamatergic and glycinergic synapses in the
zebrafish spinal cord.

Further work would be required to establish the existence of NMPs in larval zebrafish

and to determine if the effects in synaptic transmission seen here are due to inhibition of
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NMPs. Previous work on NMPs have been focused on network changes, rather than cell-
specific changes in physiology. Hence, it would be interesting to determine if inhibition of
NMPs specifically also contributes to an increase in synaptic transmission by using
epoxomicin-biotin in conjunction with whole-cell patch clamp recordings. This would
determine if the changes in spontaneous glycinergic transmission are due to inhibition
specifically of NMPs. Recent advances in technology have made investigating the nascent
proteome of individual cells easier and have begun to elucidate specific differences in the
activity-induced nascent proteome of excitatory and inhibitory neurons (Schiapparelli et al.,
2022). In the context of this project, further work could be carried out to investigate
changes in the nascent proteome between inhibitory and excitatory INs in the zebrafish, to
establish if certain proteins have been differentially translated within these cell types.

In Chapter 5 of this thesis, | assessed the effects of overnight inhibition of the
proteasome on the morphology of PMNs and the formation of NMJs. Previous work had
suggested that during development the proteasome is involved in both synaptogenesis and
synaptic pruning (Wan et al., 2000b, DiAntonio et al., 2001a, Collins et al., 2006, Kuo et al.,
2005, Kuo et al., 2006b, Ding and Shen, 2008), hence | investigated if the changes in mEPC
properties following proteasome inhibition could have been due to changes in neurite
innervation to the musculature and increased synapse formation.

| observed no difference in the overall cable length or branching pattern of PMNs
following proteasomal inhibition, suggesting that the increase in mEPC frequency was not
due to changes in MN innervation to EW muscle cells. Proteasomal inhibition also did not
affect the degree of co-localisation of pre- and post-synaptic sites of NMJs, or the total
percentage of a-bgt stain. This suggests that proteasomal inhibition does not affect synapse
formation in 4-dpf larval zebrafish. Compared to the existing literature (Wan et al., 2000b,
DiAntonio et al., 2001a, Collins et al., 2006), this could suggest that the proteasome has a
distinct role during the development of synapses in the nervous system, but that inhibition
of the proteasome does not cause synaptic pruning or continued formation of synapses in
established neurons. PMNs arise in the spinal cord early in development and by day 4 have
already innervated the musculature, although synapses are still forming and as such
development is by no means complete (Myers, 1985, Myers et al., 1986b). | focused on
these neurons to determine if changes in mEPC frequency, were due to changes in the

outgrowth of PMNs. Further experiments could be carried out using larval zebrafish to
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determine the effect of proteasomal inhibition on the development of spinal neurons
through the use of longer incubation times with proteasome inhibitors starting on different
days throughout development to establish if the proteasome affects the growth of axons
and dendrites. This was beyond the scope of study in this thesis, which was focused
primarily on the effects of the proteasome on synaptic plasticity.

In addition to looking at the formation of NMJs following proteasomal inhibition, |
had also intended to investigate the formation of excitatory and inhibitory synapses within
the spinal cord of larval zebrafish. | did this through staining for PSD95 and gephyrin post-
synaptic proteins in sections of the zebrafish spinal cord, in order to visualise the excitatory
and inhibitory synapses respectively (Yan et al., 2017). However, due to time constraints on
the project | was not able to complete the optimisation of this experiment and | did not
obtain valid results for either PSD-95 or gephyrin staining. This would be an interesting
addition to be completed in future, as additional glycinergic synapses from inhibitory INs
onto the MNs compared to glutamatergic IN inputs could account for the increased
glycinergic mIPSCs recorded from MNs following proteasomal inhibition. PSD95 puncta
outnumber gephyrin puncta in early embryonic stages (48 hpf), but gephyrin puncta
continue to increase throughout development to eventually match the number of PSD95
puncta by larval stage (120 hpf) (Yan et al., 2017). Therefore, it would be interesting to
investigate if the differences in pre-synaptic transmission of mIPSCs are due to changes in
the number of inhibitory synapses compared to glutamatergic synapses during this period of
development.

In the final chapter of this thesis, | showed that overnight inhibition of the
proteasome causes changes to the free-swimming behaviour of larval zebrafish. Whilst the
overall time spent swimming and the distance travelled did not significantly change as a
result of proteasome inhibition, the degree of thigmotaxis did. Thigmotaxis is a behaviour
associated with anxiety in many different species, including mammals and fish (Simon et al.,
1994, Choleris et al., 2001, Colwill and Creton, 2011). The neuronal circuitry involved in
thigmotaxis is less well known, although it has been linked to several different brain regions
(Peitsaro et al., 2003, Yanai et al., 1998). In this thesis, project restrictions meant that only
spinalised preparations could be used for electrophysiological experiments. As such,
investigating thigmotaxis was not a primary objective when | planned Chapter 6 of this

thesis and was instead picked up during analysis of free-swimming beat-and-glide
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behaviour. This is because thigmotaxis is associated with regions of the brain, not with the
neurons in the spinal cord. Hence, it is difficult for me to comment on the reason for these
findings.

Changes to beat-and-glide swimming were observed following incubation with
bortezomib, but not MG132. Overnight incubation with bortezomib increased the velocity
and bout duration of beat-and-glide swimming, but also decreased the number of episodes
of beat-and-glide swimming. This result stands in broad agreement with differences seen in
electrophysiology at the NMJ between bortezomib incubation and MG132. In Chapter 5, |
showed that bortezomib increased the frequency of mEPCs, whereas MG132 did not affect
mEPC frequency. This would also explain the disparity in behavioural data, as increased
input to the musculature with bortezomib could explain the increases in beat-and-glide
speed and bout duration. As | recorded spontaneous release events in this thesis, | posit
that increases in spontaneous neurotransmission would also be seen with evoked
transmission. However, additional work would be needed to assess the effects of
proteasomal inhibition on evoked neurotransmission.

Increased glycinergic signalling was observed following chronic application of both
MG132 and bortezomib in Chapter 3. In zebrafish, glycinergic INs are involved in ensuring
the alternating inhibition of MNs, leading to activation of muscle fibres on the ipsilateral and
contralateral sides of the trunk alternatively. Previous work in Xenopus tadpoles has also
shown that application of strychnine (glycine receptor blocker) reduced motor output. As
such, glycinergic signalling has been shown to be important for locomotive behaviour.
Therefore, it was a surprising result that MG132 did not display changes in free-swimming
behaviour. The increase in glycinergic signalling | observed was due to increased
spontaneous release events, which can be indicative of increased evoked release. As such,
further work would be needed to determine if proteasomal inhibition affects the evoked
release of glycine.

Differences in the pharmacology of the two inhibitors could account for the
discrepancy between bortezomib induced changes to mEPC frequency and MG132. MG132
has been shown to be less metabolically stable than bortezomib, with CYP3 family of
enzymes being shown to be able to degrade MG132 (Thibaudeau and Smith, 2019, Lee et
al., 2010). CYP3 enzymes are found in tissues throughout the body, including within the

neurons of the CNS, and are associated with drug metabolism (Lewis, 2003, Woodland et al,,
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2008, Ghosh et al., 2011). As bortezomib is a more specific inhibitor of the proteasome
compared to MG132 and has been shown to be sufficient to increase synaptic transmission
in PMNs, it seems unlikely that this increase in mEPCs is due to off-target effects of the drug.

Whilst pharmacology is a useful tool for assessing the effects of proteasomal
inhibition, there are disadvantages to using pharmacological agents. It can be difficult to
determine the final concentration of a drug within an individual cell or to determine if the
drugs have accessed all cells within the zebrafish, as larvae are bathed in drug solution and
absorb the compounds through the skin. Drugs can also be metabolised or have off-target
effects, hence it can be difficult to say with certainty that the drug is interacting with the
target complex alone. In this thesis, | have mitigated for these effects by using multiple
inhibitors.

An alternative to using pharmacology would be a genetic knockout model. Genetic
knockouts of genes involved in the proteasome would allow for investigations into the
effect of defective proteasomes on neuronal properties, whilst removing the off-target and
toxicity effects that can occur when using pharmacological inhibitors. However, knock-out
of proteasome subunit encoding genes are typically embryonic lethal. The proteasome is
built of alpha and beta protein subunits and proteins involved in activating the proteasome
encoded by four different gene families; PSMA, PSMB, PSMC and PSMD (Bard et al., 2018).
PSMA and PSMB genes encode the alpha and beta proteasome subunits, hence knocking
out PSMA or PSMB genes are embryonic lethal, as functional proteasomes cannot be
formed. PSMC and PSMD genetic mutants and knockouts do exist, however functional 20S
proteasomes can still be formed in these genetic models and so this does not allow for
investigations into how defects in the catalytic subunits of the proteasome effect the model
organism (Kury et al., 2017, Kroll-Hermi et al., 2020).

A conditional knockout of one of the PSMA or PSMB genes would be one way to
investigate the effects of proteasome inhibition, without the need for pharmacology. This
was beyond the scope of this thesis, as conditional knockouts in the zebrafish are a
relatively new technology that is not as advanced as mammalian or invertebrate conditional
knockouts (Friedel et al., 2011, Katsnelson, 2019). Advances in technology in recent years
have allowed researchers to start producing zebrafish conditional knockout lines (Hans et
al., 2021, Kalvaityté and Balciunas, 2022). Producing a conditional knockout of the genes

involved in the proteosome would be an interesting way of assessing the effect of inhibited
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proteasomes on neuronal properties, whilst circumventing the issues surrounding

pharmacology use. This could be an interesting direction to follow in future experiments.

7.1 Conclusion

In this thesis, | have shown that inhibition of the proteasome affects synaptic
transmission through increasing the release of synaptic vesicles from pre-synaptic neurons. |
have shown that this effect is specific to certain cell types, with increased glycinergic
synaptic input onto MNs following proteasomal inhibition, but no increase in glutamatergic
synaptic input. Inhibiting the proteasome induced increases in synaptic transmission over
both short (1-hour) and chronic (overnight) time periods, with multiple different
pharmacological inhibitors.

| have also shown that pharmacological inhibition of the proteasome affects synaptic
inputs to the EW muscle fibres, with bortezomib inducing an increase in pre-synaptic vesicle
release from the MNs. These results when taken with the increase in glycinergic synaptic
inputs to the MNs, suggests that the proteasome has an important function in the release of
synaptic vesicles in a synapse-type specific manner.

| have shown that proteasomal inhibition does not alter neurite innervation from
PMNs onto the musculature. No changes to the number of NMJs from the PMNs to the
musculature were observed as a result of proteasomal inhibition. This suggests that
proteasomal inhibition affects synaptic plasticity through alterations to vesicle dynamics
rather than through structural changes to the number of synapses or the innervation
pattern of neurons.

Finally, | have shown that increased synaptic transmission as a result of proteasomal
inhibition affects the behavioural output of the larval zebrafish. Proteasomal inhibition did
not alter distance travelled or time spent swimming, however thigmotaxis did increase as a
result. In addition to this, using bortezomib induced an increase in the overall bout duration
and velocity of beat-and-glide swimming compared to control treated animals. This suggests
that increased neurotransmission from MNs onto the EW musculature affects beat-and-

glide swimming, by increasing the duration and velocity of bouts.
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