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Abstract

Parkinson’s disease (PD), a neurodegenerative movement disorder characterised by the loss of
dopaminergic neurons in the substantia nigra, has been unequivocally linked to
neuroinflammation. Polymorphisms in or near over 90 PD risk genes have been linked with
altering the likelihood of developing PD and a number of these genes can also be linked to
inflammation. This thesis primarily explores the role of two inflammation-linked risk genes
(leucine-rich repeat kinase 2 (LRRK2) and a-amino-8-carboxymuconate-e-semialdehyde
decarboxylase (ACMSD)) using the zebrafish as a model system. acmsd and Irrk2 were shown to
be expressed in larval and adult zebrafish, and zebrafish carrying loss-of-function mutations in
both genes were generated using CRISPR-Cas9 technology. Homozygous mutants were viable,
fertile and exhibited no abnormalities in movement, dopaminergic neurons or microglia. They
also demonstrated no change in susceptibility to hepatotoxic, neurotoxic or pro-inflammatory
compounds. Metabolomics analysis identified an increase in kynurenine aminotransferase
activity in acmsd mutant zebrafish, offering an attractive hypothesis to explain the lack of
phenotype in this line; kynurenic acid, the product of kynurenine aminotransferase, can
antagonise quinolinic acid, which may reduce the toxic effects of the increase in quinolinic acid
detected in both larval and adult acmsd mutants. Additionally, several new [rrk2-mutant
zebrafish lines were successfully created using a novel genetic editing technique. This site-
directed mutagenesis enabled the induction of specific amino acid changes that recapitulate
pathogenic mutations of LRRK2 in PD. This methodology could also now be applied to other genes
and research areas, increasing the relevance of zebrafish as a model for human disease. To
conclude, whilst both Irrk2 and acmsd are expressed throughout life in zebrafish, a loss of their
expression did not result in a PD-like phenotype. A possible explanation for this was identified

for acmsd and new stable mutants carrying distinct point mutations were generated for /rrk2.
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1 Table of Abbreviations

Abbreviation  Full name Abbreviation  Full name
6-OHDA 6-hydroxydopamine KAT-1 Kynurenine aminotransferase 1
aa Amino acid LPS Lipopolysaccharide
ACMS a-amino-B-carboxymuconate-g- LRR Leucine-rich repeat
semialdehyde
ACMSD a-Amino-B-Carboxymuconate-g- LRRK1 Leucine-rich repeat kinase 1
Semialdehyde Decarboxylase
AMS a-aminomuconate semialdehyde MAPKKK Mitogen-activated protein kinase kinase kinase
ANOVA Analysis of variance MCP1 Monocyte chemoattractant protein 1
BBB Blood-brain barrier Mmp9 Matrix metallopeptidase 9
BH4 Tetrahydrobiopterin MPP+ 1-methyl-4-phenylpyridinium
BLAST Basic Local Alignment Search Tool MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
BLASTN Nucleotide Basic Local Alignment mRNA Messenger RNA
Search Tool
BLASTP Protein Basic Local Alignment Search  NAD+ Nicotinamide adenine dinucleotide
Tool
bp Basepairs NADH Reduced nicotinamide adenine dinucleotide
BSA Bovine Serum Albumin NaOH Sodium Hydroxide
cAMP Cyclic adenosine monophosphate NFkB Nuclear factor kappa B
Cas9 CRISPR-associated protein 9 NHEJ Non-homologous end joining
cDNA Complementary DNA NMDA N-Methyl-D-aspartic acid or N-Methyl-D-
aspartate
CNS Central nervous system NO Nitric Oxide
CRISPR Clustered, Regularly-Interspaced, NOS Nitric Oxide Synthase
Short, Palindromic Repeats
crRNA CRISPR RNA NSAIDs Non-steroidal anti-inflammatory drugs
CSF Cerebral Spinal Fluid O Superoxide
CXCL8 C-X-C Motif Chemokine Ligand 8 PAM Protospacer Adjacent Motif
DAPI 4',6-diamidino-2-phenylindole PBS Phosphate buffered saline
DEPC Diethyl Pyrocarbonate PBStw Phosphate buffered saline with 0.01% tween
DMSO Dimethyl sulfoxide PCR Polymerase chain reaction
DNA Deoxyribonucleic acid PD Parkinson’s disease
Dpf Days post fertilisation PET Positron emission tomography
DTT Dithiothreitol PIC Picolinic acid
FABP Fatty acid binding protein PXR Pregnane X receptor
FXR Farnesoid X receptor gqPCR Quantitative polymerase chain reaction
GAK Cyclin G Associated Kinase QUIN Quinolinic Acid
GCH1 GTP Cyclohydrolase 1 RBC Red blood cell
gDNA Genomic DNA RBI Rostral blood island
GDP Guanosine diphosphate RFLP Restriction fragment length polymorphism
Gl Gastrointestinal RNA Ribonucleic acid
gRNA Guide RNA Roc Ras of complex protein
GTP Guanosine triphosphate ROS Reactive Nitrogen Species
GUDCA Glycoursodeoxycholic Acid RT Room temperature
GWAS Genome-wide association studies SEM Standard error of the mean
HAG Highly active guide SNpc Substantia nigra pars compacta
HCI Hydrochloric acid SNPs Single nucleotide polymorphisms
HDR Homology directed repair SSC Saline sodium citrate
HLA-DR Human Leukocyte Antigen — DR ssODN Single-stranded donor oligonucleotide
isotype
IBD Inflammatory Bowel Disease TALEN Transcription activator-like effector nucleases
ICSBP Interferon consensus sequence TGF-a Transforming growth factor alpha

binding protein
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IDT
IFN-y
IHC
IL-10
IL-12
IL-1a
IL-1B
IL-6
IL-8
Irf8

Integrated DNA technologies
Interferon gamma
Immunohistochemistry
Interleukin-10

Interleukin-12

Interleukin-1 alpha
Interleukin-1B

Interleukin-6

Interleukin-8

Interferon regulatory factor 8

TGF-B
TH1
TNBS
TNF-a
TUDCA
UDCA
VDA
WISH
WT

Transforming growth factor beta
Tyrosine Hydroxylase 1
2,4,6-Trinitrobenzenesulfonic acid
Tumour Necrosis Factor - alpha
Tauroursodeoxycholic acid
Ursodeoxycholic acid

Ventral wall of dorsal aorta
Wholemount in situ hybridisation
Wildtype
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2 Introduction
Parkinson’s disease (PD) is a progressive neurodegenerative disorder. It is characterised by the

degeneration and death of dopaminergic neurons in the substantia nigra pars compacta (SNpc)
and the deposition of misfolded protein aggregates, named Lewy Bodies (Braak et al., 2004).
These cellular changes lead to a progressive loss of nervous system function, resulting primarily
in bradykinesia, rigidity and tremor, although PD is also associated with non-motor symptoms

including insomnia, depression, loss of smell and constipation (Postuma et al., 2015).

At present, PD is the most prevalent neurodegenerative movement disorder, effecting 0.1% of
the global population, with predictions of worldwide incidence reaching 9.3 million by 2030
(Dorsey et al., 2007). The most important risk factor for PD is age, where the likelihood of
developing the disease increases over time (Hirsch et al., 2016), although environmental and

genetic risk factors, discussed below, have also been recognised to play considerable roles.

Despite the vast amount of research attention and funding that PD has received, there is still no
cure available to prevent or reverse dopaminergic neuron degeneration. Currently available
treatments focus purely on symptom reduction whilst carrying a high risk of serious side effects,
such as dyskinesia (Thanvi et al., 2007). Supplementation with the dopamine precursor L-DOPA
is the primary treatment option for people with PD and whilst successful in symptomatic
treatment during early stages of disease, its efficacy diminishes over time and patients continue
to decline (Parkinson Study Group, 2000; Rajput et al., 2002). Whilst PD is not recognised as a
disease of mortality, it is progressive. Patients experience continued reductions in their quality
of life with little treatment options available to them. The risk of physical injury or aspiration
increases over time due to reductions in motor control, swallowing and coordination, possibly

resulting in premature death (Matsumoto et al., 2014).

Given the severity and prevalence of this devastating disease, the need to continue research into
PD is clear. It is likely that at the time of clinically manifest symptoms extensive dopamine has
already been depleted, since 50% of dopaminergic neurons are lost by 12-months post diagnosis
(Kordower et al., 2013). Focussing on a means to target disease processes early, perhaps even
prior to clinical diagnosis, could enable those with PD to never develop the life changing

symptoms associated with advanced stage disease.

2.1 Neuroinflammation in Parkinson’s Disease
The central nervous system (CNS) is built up of multiple, interconnected cells; within this

organised network lies another central bodily system, the immune system (Kipnis & Filiano,
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2018). The immune system plays a vital role in protecting the body from invading pathogens and
foreign material. Within the brain, specialised immune cells reside, protecting the CNS in the
same way that other members of the immune system protect the rest of the body, creating a
new field of research known as neuroimmunology. Under certain conditions, peripherally located
immune cells can cross the blood brain barrier (BBB), contributing to the immune response of

the brain to infections, damage and toxins (Larochelle et al., 2011).

The CNS demonstrates an inflammatory response in a similar way to the rest of the body, a
process referred to as neuroinflammation. Over the last two decades accumulating evidence has
emerged that suggests a contribution of neuroinflammation to the development of PD. Animal
research and epidemiological data (discussed below) strongly suggest that inflammation occurs
as an early indication of the disease, possibly before overt Parkinsonian symptoms appear.
However, it is still not fully understood whether inflammation represents a cause or consequence

of PD.

Microglia are the principle, brain resident, innate immune cells in charge of maintaining
homeostasis in the CNS. Identified by Achucarro and del Rio-Hortega in the early 20th century
(Tremblay et al., 2015), microglia act as a first line of defence against invading pathogens.

Microglial activation occurs following injuries or immune insults, resulting in increased numbers

LPS % ﬁ IL-10
TGF-beta
NGF

cDa7 Resting microglia M2 phenotype 1,00 DA neuron

CD95
CD22
CD200
CX3CL1
NCAM

Neuromelanin
ATP Neuronal death
MMP3 k
alpha-synuclein

M1 phenotype

IFN-gamma + TNF-alpha

0 N
. H Blood-brain barrier
L] »

T-cells Monocytes Blood

Figure 1. The Role of Microglial Cytokines in Dopaminergic Neuronal Death. Microglia adopt two distinct phenotypes,
associated with two opposing roles in the central nervous system. The M1 phenotype enables the production of
proinflammatory cytokines which contribute to the death of dopaminergic neurons, whilst the M2 phenotype has an opposing
role. Dying neurons produce factors which further push microglia towards a proinflammatory phenotype, resulting in a positive
feedback loop. Other factors, such as Jumonji domain containing 3 (Jmjd3) (Tang et al., 2014) and peripheral immune cells
(Wong et al., 1999), are also able to alter microglial polarisation via cytokine-independent mechanisms Original image. For
additional references, see text.
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of macrophage-like cells with phagocytic ability (Stence et al., 2001). Activated microglia are
usually associated with a negative role in the brain due to the production of reactive oxygen
species (ROS), reactive nitrogen species and proinflammatory cytokines, including interleukin-1p
(IL-1B), interleukin-6 (IL-6) and tumour necrosis factor-alpha (TNF-a) (Li et al., 2004). However,
evidence also suggests that microglia demonstrate a protective role in the CNS via the production
of neurotrophic factors (Elkabes et al., 1996) and anti-inflammatory cytokines, such as
interleukin-10 (IL-10) and transforming growth factor beta (TGF-B) (da Cunha et al., 1993; Seo et
al., 2004), which act as neuronal survival signals (Martinou et al., 1990). To complement these
apparently conflicting roles, microglia have been shown to possess two distinct activated
phenotypes. The M1, or macrophagic, phenotype is said to be proinflammatory, whilst the M2,
or antigen presenting, phenotype is thought to be anti-inflammatory (figure 1). This basic view
of two distinct microglial phenotypes may be outdated. It is now more commonly recognised that
there are multiple phenotypic stages during microglial activation and that amoeboid cells lacking

processes can be considered active (A. Karperien et al., 2013).

There are many ways in which neuroinflammation can result in the death of dopaminergic
neurons, including cytokine-dependent toxicity and inflammation-derived oxidative stress.
During neuronal death nearby microglia proliferate and become highly phagocytic accompanied
by an acute transcriptional response, identified by RNA sequencing (Oosterhof et al., 2017). To
perpetuate matters, dying neurons release inflammation-inducing factors, such as matrix
metalloproteinase-3, a-synuclein and neuromelanin, which further activate microglia, leading to
a snowball effect that creates a chronic inflammatory state in the CNS (Zecca et al., 2003; Zhang
et al., 2013). It is this out-of-control neuroinflammatory feedback loop that has recently been

suggested to contribute to the relentless progression of PD.

Inflammation may also worsen some of the symptoms of PD associated with significant
reductions in quality of life, such as fatigue (Herlofson et al., 2018). By targeting
neuroinflammation, it may be possible to not only alter the degenerative process but also relieve
some of the pre-existing symptoms experienced by patients. The role of neuroinflammation in

PD is supported in both human patient research and animal models of the disease:

2.1.1 Evidence from Research in Patients
There is clear evidence for inflammatory processes being upregulated in people with PD,

including increased plasma levels of proinflammatory cytokines like IL-6 and TNF-a (Brodacki et

al., 2008). This can be extended to demonstrate inflammation specifically within the CNS, where
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proinflammatory cytokines have been shown to be increased in the ventricular cerebral spinal
fluid (CSF) (Mogi et al., 1995; Mogi et al., 1996; Mogi, Harada, Riederer, et al., 1994). Similar
cytokines, namely TGF-B1, TNF-a, IL-1B, IL-6 and TGF-a, were also exclusively increased in striatal
areas of the PD brain, including the caudate nucleus and putamen, remaining at normal levels in
the cerebral cortex (Mogi et al., 1995; Mogi, Harada, Kondo, et al., 1994). The upregulation of
such cytokines strongly suggests that neuroinflammation is a pathological feature of PD and the
upregulation specifically in areas targeted by the disease suggests that this is not an unrelated

phenomenon.

Microglial activation has been identified in many neurodegenerative diseases including PD,
Alzheimer's disease and multiple sclerosis (Airas et al., 2018; McGeer et al., 1988; Ouchi et al.,
2005). Post mortem studies were the first to indicate the involvement of microglia in PD,
discovering Human Leukocyte Antigen DR isotype (HLA-DR)-positive microglia in the SNpc of
patients (McGeer et al.,, 1988). Later studies corroborated these data, demonstrating that
activated microglia are more numerous in PD patient brains when compared to healthy controls,
particularly in the substantia nigra and putamen (Imamura et al., 2003). Positron emission
tomography (PET), enabling the study of living patients, also showed that activated microglia are
present in the brains of PD patients, irrespective of the number of years since diagnosis (Gerhard
et al., 2006). Positive correlations exist between the number of active microglia and the extent
of neurodegeneration (Imamura et al., 2003), as well as the severity of motor symptoms (Ouchi
et al., 2005), hinting that microglia are, at least in part, responsible for Parkinsonian symptoms.
However, these correlations are not supported in all studies assessing disease severity (Gerhard
et al., 2006), implying that mechanisms besides microglial activation are also involved in PD

neurodegeneration.

Additional links between inflammation and PD can be made from genome wide association
studies (GWAS), as single nucleotide polymorphisms (SNPs) resulting in an increased risk of PD
or various inflammatory diseases have been identified in the same genes. Seventeen overlapping
loci have been identified between PD and inflammatory diseases including type 1 diabetes,
Crohn’s disease, ulcerative colitis and rheumatoid arthritis (Witoelar et al., 2017). Such data
implicates common genes in the processes which lead to neurodegeneration as well as

inflammation, reinforcing the idea that these two areas are fundamentally linked.
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To further support a role for inflammation in the development of PD, hypersensitivity diseases,
such as allergic rhinitis and hay fever, may be more common in people with PD versus healthy
controls (Bower et al., 2006). It is interesting to note, however, that many other diseases
involving the immune system, including systemic lupus erythematosus and rheumatoid arthritis,
have not been linked to PD (Bower et al., 2006). It could be hypothesised that patients with
hypersensitivity diseases that cause activation of the systemic immune system are predisposed
to overreact to antigens, which may lead to an exaggerated immune response resulting in
dopaminergic neuron loss in the CNS. This theory is supported by other studies that have
identified severe influenza as a risk factor for PD, carrying an odds ratio of 2.01 (Harris et al.,
2012). The acute immune response to influenza may well prime the immune system for over-
reactivity to future infections. Although interesting, the data reported by Harris et al (2012) must
be carefully interpreted. This study was not controlled and relied on self-reporting which
introduces considerable bias. In particular, problems may arise with patients differentiating
between influenza and the common cold, for which this study found a negative correlation with
PD. Furthermore, many other immune diseases included in this report were not associated with

PD, or even inversely associated.

The hypothesis of increased sensitivity to immune insults is supported by human cell-based
models. Monocytes from PD patients have been identified as hyperactive to certain triggers,
including lipopolysaccharide (LPS) (Grozdanov et al., 2014). The application of LPS to monocytes
to initiate their activation saw those monocytes from PD patients respond excessively compared
to those from healthy controls, producing increased levels of proinflammatory cytokines.
Grozdanov et al. (2014) used this information to develop the idea that a “second hit” is needed
on top of a predisposition that created primed monocytes, a similar scenario to that which is

thought to increase the risk of PD in those with hypersensitivity disorders.

2.1.1.1 The Gut-Brain Axis
A more recent area in the study of inflammation in PD focusses on a putative link between the

inflammatory state of the gastrointestinal (Gl) system and the function of the brain. An obvious
relationship between Gl functioning and PD exists, since Gl symptoms are a common complaint
in PD, with up to 50% of patients experiencing constipation (Chen et al., 2015). Additionally,
constipation may also act as a predictor of PD, with a large-scale study indicating that those with

constipation are twice as likely to develop PD later in life (Adams-Carr et al., 2016).
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These data have been expanded to describe the possible connection between enteric
inflammation and CNS function, whereby immune responses in the intestine may lead to the
development of neuroinflammation and neurodegenerative disease. Over a decade ago, Braak’s
hypothesis proposed that the a-synuclein pathology associated with PD was initiated in the
submucosal plexus of the enteric nervous system, which then translates to the brain via the vagus
nerve (Braak et al., 2006). This hypothesis has been supported in more recent research by the
identification that a-synuclein is, in fact, able to be retrogradely transported along the vagus
nerve in vivo (Holmqvist et al., 2014). Additionally, truncal vagotomy, although not selective
vagotomy, is negatively associated with PD risk (Liu et al., 2017), further suggestive of an

important role for the Gl system and vagus nerve in early PD pathology.

Further investigations into Gl inflammation followed, identifying increases in calprotectin, a
marker for Gl inflammation, in the intestine (Schwiertz et al., 2018) as well as proinflammatory
cytokines, namely IL-1a, and interleukin-8 (IL-8), in PD patient stool (Houser et al., 2018). Colonic
biopsies from PD patients also support the theory of Gl inflammatory involvement in the disease,
with increased expression of proinflammatory cytokines and glial markers, which appeared
independent of clinical severity (Devos et al., 2013). The microbiota found in the Gl tract of PD
patients has also been identified as abnormal, with decreases in anti-inflammatory associated
microbes and increases in inflammation-inducing bacteria (Keshavarzian et al., 2015). The
overgrowth of bacteria in the small intestine has been associated with worse motor function in
PD patients (Scheperjans et al., 2015; Tan et al., 2014), suggesting that the altered microbiome
is somehow related to the motor phenotype and disease severity. The prevailing theory for which
Gl inflammation may increase the risk of PD, besides the involvement of a-synuclein (Braak’s
hypothesis), is that inflammation in the Gl system is able to penetrate the brain due to the leaky
BBB observed in PD patients (Gray & Woulfe, 2015). A model for this was developed by Houser
and Tansey (2017).

Another interesting finding is that inflammatory bowel disease (IBD) has been recognised as a
comorbidity of PD, with SNPs identified by GWAS as being common to PD and both Crohn’s
disease and ulcerative colitis (Witoelar et al., 2017), although these are not evident in all
populations (Camacho-Soto et al., 2018; Fujioka et al., 2017). A possible reason for this
discrepancy may be due to the anti-inflammatory treatment received by Crohn’s disease
patients, particularly since TNF-a blockers taken by patients with Crohn’s disease are associated

with a reduced PD risk (Peter et al., 2018). More controlled studies, taking into account the
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medication of the participants, will reveal whether this genetic association between IBD and PD

indeed exists.

Despite the above data suggesting a correlation between Gl inflammation and PD, cause and
effect cannot be established. It is possible that gut inflammation may be an epiphenomenon or
an effect of PD treatments rather than a causal factor in PD pathology. However, much research
has identified Gl inflammation in very early cases of PD (Tan et al., 2014), indicating that it occurs
concomitantly, or perhaps even prior, to PD diagnosis. This substantiates the theory that Gl
inflammation may be a cause, or at least contributing factor, as opposed to a consequence, of

PD.

2.1.2  Animal Models and The Role of Peripheral Inflammation
Various toxin-induced animal models of PD, including 1-methyl-4-phenyl-1,2,3,6

tetrahydropyridine (MPTP), 6-hydroxydopamine (6-OHDA), LPS, paraquat and rotenone, have
been useful in establishing a possible mechanism by which neuroinflammation may be linked to
the disease (figure 2) (Castafio et al., 1998; Cicchetti et al., 2002; Emmrich et al., 2013; Kalkonde

et al., 2007; Liberatore et al., 1999; Mangano et al., 2012).

Dual Mode Toxins MPTP
eg. Paraquat, Rotenone MPP+
6-OHDA
LPS \
|
Microglial Activation Dopaminergic Neuronal Death

Figure 2. The Mechanism of Action of Neurotoxin Models of Parkinson’s Disease. Toxins can lead to the death of dopaminergic
neurons, resulting in Parkinson’s disease-like pathology in animal models. Dual mode toxins can cause dopaminergic toxicity
directly as well as via microglial activation, leading to the release of proinflammatory factors including interleukin 1 (IL-1), tumour
necrosis factor alpha (TNF-a) and superoxide (Oy). Original image, adapted from Block and Hong (2005). MPTP, 1-methyl-4-
phenyl-1,2,3,6 tetrahydropyridine; 6-OHDA, 6-hydroxydopamine; LPS, lipopolysaccharide; MPP+, 1-methy-4-phenylpyridinium.
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One important finding from these models was the identification that neither MPTP nor its active
metabolite, 1-methy-4-phenylpyridinium (MPP+), could directly activate microglia, yet both are
able to induce significant neurodegeneration (Gao et al., 2003). This enabled the establishment
of the paradigm that neuronal damage leads to the activation of microglia and that inflammation

may be a result of neuronal cell death rather than a cause.

Due to its well-known ability to induce peripheral inflammation, LPS, a bacterial endotoxin, has
proven critical to enhancing the understanding of this emerging research area. When
administered systemically, LPS has the ability to cause nigral neurodegeneration, resulting in
Parkinsonian symptoms in animal models. The capability of a peripheral inflammatory cue to
result in CNS inflammation has been suggested to be a result of susceptible microglia undergoing
phenotype switching to produce proinflammatory cytokines (Cunningham et al., 2009). Despite
focussing on dementia, this study demonstrates how systemic inflammation can prime the CNS
to cultivate a proinflammatory state and how this can lead to both biochemical and symptomatic
worsening of neurodegeneration. Furthermore, LPS has been found to compromise the BBB
(Cardoso et al., 2012; Erickson et al., 2012), enhancing the ability of activated immune cells from

the periphery to enter the CNS and cause neuroinflammation.

More recent research has also taken advantage of animal models to demonstrate further the risk
of peripheral inflammatory processes to developing PD. Inhibiting peripheral inflammation in the
liver of an MPTP model reduced the amount of dopaminergic neuronal degeneration in the
midbrain (Qiao et al., 2018), clearly linking the presence of inflammation outside of the CNS to
effects within it. Combining an MPTP model of PD with LPS, Garcia-Dominguez et al. (2018) have
been able to collate earlier research findings, creating a mechanism by which peripheral
inflammation may lead to the development of PD. In their model, MPTP created a basal
neuroinflammatory state which primed microglia to respond to proinflammatory cues. Systemic
inflammation by LPS broke down the BBB, enabling peripheral immune cells and cytokines to
pass into the CNS and activate these primed microglial cells. An up-regulation of proinflammatory
cytokines was evident in the brain alongside activated microglia and astrocytes, eventually

leading to the loss of dopaminergic neurons in the substantia nigra.

The exploitation of genetic techniques to inhibit microglial activation in animal models, for
example by knocking out class Il transactivator, supports human data for microglia being the

driving force of neuroinflammation in PD (Williams et al., 2018). The reduction in
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neurodegeneration in these murine models powerfully demonstrates that neuroinflammation,

namely microglial activation, can indeed result in neurodegeneration.

2.1.3 Dopaminergic Predisposition to Inflammation
Dopaminergic neurons may be predisposed to death by inflammation, which may be acutely

linked to microglial activity. Microglia are present at different concentrations in different areas
of the brain, with the highest concentration in the mesencephalon (Kim et al., 2000). When
comparing the effects of LPS injected into different areas of rat brains, or directly to neuron-glia
cultures isolated from these areas, it has been found that neuronal death is differentially
responsive to LPS depending on region (Kim et al., 2000). For example, mesencephalic neurons
are more likely to die in response to LPS than in other areas of the brain, suggesting that these
neurons are more susceptible to inflammation-induced neurodegeneration. Additionally, it was
noted that a dose-dependent increase in cytokine production, namely NO and TNF-a, occurred
in mesencephalic cultures more so than in cortical or hippocampal neurons, suggesting that this
cytokine production may be responsible for the observed neuron death. Adding additional
microglia to cultures of cortical or hippocampal neurons increased the neurotoxic effects of LPS
(Kim et al., 2000), demonstrating that differences in LPS toxicity are due to the microglia present

in different brain regions and not differences in the neurons per se.

2.1.4 Monogenetic Parkinson’s Disease Genes and Inflammation
PD can be separated into two core subtypes; familial, where the disease results from inherited

genetic mutations, or idiopathic, where there is no evidence of family history of disease. Several
genes that are responsible for monogenetic forms of PD have now been identified (see table 1).
These Mendelian subtypes are relatively rare, responsible for only 5-10% of all PD cases (Thomas
& Beal, 2007), although their possible relationships to neuroinflammation is interesting in this

context.

The first mutation to be confirmed as a cause of monogenic PD was a G209A substitution in SNCA,
the gene encoding a-synuclein, which results in autosomal dominant PD (Polymeropoulos et al.,
1997). Part of the pathological response to this mutation may be the induction of
neuroinflammation. A key feature of PD is the presence of Lewy Bodies, made up of filamentous
a-synuclein (Spillantini et al., 1998). Whilst these Lewy Bodies can be directly responsible for
neuronal death, the aggregated a-synuclein also plays a role in activating proinflammatory
responses in the CNS, which further instigates this death (W. Zhang et al., 2005). A correlation

between a-synuclein levels and microglial activation, as measured by MHC-II staining, has been
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identified in human brains (Croisier et al., 2005). Although distinguishing cause and consequence
is not possible from such data, mice overexpressing a-synuclein demonstrate an activation of
microglia (Su et al., 2008), suggesting that a-synuclein does indeed induce this activation. Further
studies have suggested a mechanism of action for this (figure 3), highlighting a central role for

neuroinflammation in this Mendelian case of PD.

Additionally, other genes implicated in familial PD, such as Parkin (Llcking et al., 2000), can be
linked to neuroinflammation by analysing their expression in immune cells. Parkin has been
detected in microglia and peripheral macrophages (Tran et al., 2011), where it has been
suggested to act as a suppressor of inflammation (Dionisio et al., 2019; Singh et al., 2018; Tran et
al.,, 2011). Parkin may prevent the persistence of activated microglial cells by inducing their
necroptosis (Dionisio et al., 2019), reducing the number of cells available to release cytokines
into the CNS, thereby lessening further inflammation. There is controversy over whether Parkin
has a proinflammatory (de Leseleuc et al., 2013; Letsiou et al., 2017) or anti-inflammatory role in
the CNS, but it is clear that Parkin is implicated in some way in neuroinflammation as well as in

PD.

Links between other monogenetic PD genes and neuroinflammation have been identified; those

available as stable zebrafish lines in the Bandmann Laboratory are outlined briefly in table 1.
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Figure 3. Schematic Representation of the Mechanism of Action by Which a-Synuclein Enables the Activation and Migration of
Microglia. a-synuclein binds directly to CD11b on the surface of microglia, activating NADPH oxidase, with the downstream
consequence of producing Oy. This is converted to hydrogen peroxide (H,0,) which is membrane permeable, creating a
concentration gradient from outside to inside the cell, leading to microglial migration. Cortactin phosphorylation by Lyn kinase,
induced by the H,0; released, causes the actin cytoskeleton to rearrange which determines the direction of microglial migration.
Additionally, the binding of a-synuclein to toll-like receptor 2 (TLR2) causes increased proliferation and cytokine production.
Original image, data taken from Wang et al. (2015), Kim et al. (2014) and W. Zhang et al. (2005).
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Table 1. Some of the Genes Thought to be Causative of Inherited Forms of Parkinson’s Disease and Their Possible Role in

Neuroinflammation.

Gene Protein Inheritance and Link to neuroinflammation?

disease onset

SNCA Encodes for a-synuclein, a pre- | AD early and late- a-synuclein activates microglia (W. Zhang et al.,
synaptic neuronal protein | onset PD 2005), leading to the production of
involved in synaptic vesicle | (Polymeropoulos et proinflammatory mediators (Su et al., 2008), as
clustering to aid neurotransmitter | al., 1997) well as potentiating the CNS response to systemic
release (Diao et al., 2013). inflammation (Gao et al., 2011).

LRRK2 Encodes for leucine-rich repeat | AD late-onset PD Discussed in chapter 5.
kinase 2, a kinase, GTPase and a | (Zimprich et al., 2004)
scaffolding protein important in
regulation of the cytoskeleton,
among other things (Li et al,

2014).

PARKIN Encodes for parkin, an E3 | AR early-onset PD Parkin is expressed in microglia and macrophages,
ubiquitin ligase, responsible for | (Liicking et al., 2000) at levels that vary depending on the inflammatory
targeting proteins for degradation | and AR juvenile state of the surrounding area (Tran et al., 2011).
via the ubiquitin-proteasome | Parkinsonism (Kitada Controversy exists over whether Parkin plays a
pathway (Shimura et al., 2000). et al., 1998) proinflammatory (de Leseleuc et al., 2013; Letsiou

et al., 2017) or anti-inflammatory (Dionisio et al.,
2019; Tran et al., 2011) role in the CNS. Most
studies suggest that Parkin prevents cytokine
release from astrocytes and microglia and induces
their necroptosis (Dionisio et al., 2019; Singh et
al., 2018).

PINK1 Encodes for phosphatase and | AR early-onset PD The role of PINK1 in neuroinflammation is
tensin homolog-induced putative | (Valente et al., 2004) unclear. It may be proinflammatory, stimulating
kinase 1, a mitochondrial NFkB signalling and increasing the production of
serine/threonine kinase (Valente cytokines (Lee & Chung, 2012) and reactive
et al., 2004). oxygen species (Heeman et al., 2011). However,

PINK1 deficiency is also thought to lead to
neuroinflammation as a consequence of cytokine
alterations (Akundi et al., 2011; Sliter et al., 2018),
T cell number and function (Ellis et al., 2013;
Saunders et al., 2012) and the aggregation of a-
synuclein (Liu et al., 2009).

DJ-1 Encodes for protein deglycase DJ- | AR early-onset PD DJ-1 appears to be involved in the production of
1, a multifunctional protein | (Bonifati et al., 2003) | cytokines in astrocytes (Ashley et al., 2016), which
involved in a varied range of may contribute to gliosis and inflammation in the
processes (Bonifati et al., 2004). CNS.

ATP13A2 | Encodes for ATPase cation | AR early-onset PD Little research has explored ATP13A2 in
transporting 13A2, a neuronal P- | and Kufor-Rakeb neuroinflammation. ATP13A2 may inhibit
type ATPase involved in cation | syndrome (Ramirez astrocyte  production of  proinflammatory
homeostasis and maintaining | et al., 2006) cytokines, whilst inducing production of anti-
neuronal integrity (Ramonet et inflammatory cytokines, by preventing the
al., 2011). activation of the NLRP3 inflammasome (Qiao et

al., 2016).

VPS13C Encodes for vacuolar protein | AR PD (Schormair et Unknown / not reported.
sorting 13 homolog C. This is a | al., 2018)
lipid transport protein bound to
the  endoplasmic reticulum
(Kumar et al., 2018)

Table outlining some common monogenic causes of Parkinson’s disease, with reference to their protein function and implications
in neuroinflammation. AD, autosomal dominant; AR, autosomal recessive; CNS, central nervous system; PD, Parkinson’s disease.
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2.1.5 Parkinson’s Disease Risk Genes and Neuroinflammation
Most cases of PD are classed as sporadic (Thomas & Beal, 2007), where there is no evidence of

family history of disease. GWAS have been critical to unearthing possible genetic risk factors
associated with sporadic PD. This relatively recent study design identifies SNPs, variations in just
one nucleotide, that are more common in those with a disease than in those without. In 2014, a
meta-analysis of GWAS identified 24 loci implicated in sporadic PD, with a total of 28 risk variants
(Nalls et al., 2014). This was further increased to 35 loci in a similar meta-analysis (Chang et al.,
2017) and even more recently to a total of 90 (Nalls et al., 2019). This most recent meta-analysis
identified 7.8 million SNPs from 17 previous studies, totalling nearly 1.5 million individuals. It is
possible that even more variants will be identified as research develops further and more

genomes are fully sequenced.

Table 2 summarises risk genes that are available as stable zebrafish knockout lines in the
Bandmann Laboratory; those used in this project are discussed in more detail within their
relevant chapters. Although it is probable that SNPs confer an additive risk to disease
development, developing a loss-of-function system for each gene independently enables a better
understanding of how this might be the case. Many PD risk genes are expressed in immune cells
of the CNS and the ability to link these SNPs to inflammation further supports the paradigm that

neuroinflammation plays a central role in PD pathogenesis.

Table 2. Some of the Parkinson’s Disease Risk Genes Identified by Genome Wide Association Studies and Their Possible Role
in Neuroinflammation.

Gene Normal function Reference Link to neuroinflammation?
that shows
risk of SNPs
ACMSD Encodes for a-amino-B- | (Nalls et al.,, 2014) | Discussed in chapter 4.
carboxymuconate-g-semialdehyde
decarboxylase, an enzyme involved
in tryptophan degradation (Pucci et
al., 2007).

FYN Encodes for a kinase involved in T- | (Nalls et al., 2019) | Required for microglial activation in response to
cell signalling (Palacios & Weiss, LPS and the subsequent release of cytokines
2004). (Panicker et al., 2015).

GAK Encodes for cyclin G associated | (Nallsetal.,, 2019; | Discussed in chapter 6.
kinase, a serine/threonine kinase that | Nalls et al., 2014)
plays a vital role in clathrin-mediated
intracellular transport (C. X. Zhang et
al., 2005).

GBA Encodes for glucocerebrosidase, a | (Changetal., Prevents microglial activation and expression of
lysosomal enzyme that hydrolyses the | 2017; Nalls et al., proinflammatory cytokines (Farfel-Becker et al.,
glycolipid glucocerebroside to | 2019; Nalls et al., 2011; Vitner et al., 2014) whilst also inhibiting the
ceramide and glucose (Vielhaber et | 2014) accumulation of a-synuclein (Du et al., 2015; Yun
al., 2001). etal., 2018).

GCH1 Encodes for GTP cyclohydrolase 1, the | (Chang et al., Discussed in chapter 6.
rate-limiting enzyme in | 2017; Nalls et al.,
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tetrahydrobiopterin synthesis.
Tetrahydrobiopterin is required for
dopamine synthesis (Werner et al.,
2011).

2019; Nalls et al.,
2014)

13 homolog C. This is a lipid transport
protein bound to the endoplasmic
reticulum (Kumar et al., 2018).

2017; Nalls et al.,
2019; Nalls et al.,
2014)

INPP5F Encodes for inositol polyphosphate-5- | (Nalls et al., 2019; | Unknown / not reported
phosphatase F, an enzyme found in | Nalls et al., 2014)
the endosome (Nakatsu et al., 2015).

LRRK2 Encodes for leucine-rich repeat Kinase | (Chang et al., Discussed in chapter 5.

2, a kinase, GTPase and scaffolding | 2017; Nalls et al.,
protein important in regulation of the | 2019; Nalls et al.,
cytoskeleton, among other things (Li | 2014)

et al., 2014).

Mccc1 Encodes for methylcrotonoyl-CoA | (Changetal., MCCC1 is expressed in peripheral immune cells as
carboxylase 1, an enzyme found inthe | 2017; Nalls et al., well as glial cells in the CNS (Murin et al., 2006;
mitochondria that is required for the | 2019; Nalls et al., Obata et al., 2001). A role for MCCC1 has been
catabolism of 2014) identified in innate immunity, whereby it
leucine and isovalerate (Obata et al., possesses an antiviral role (Cao et al.,, 2016),
2001). although a direct link to neuroinflammation has

not been reported.

SIPA1L2 Encodes for signal induced | (Changetal., Unknown/not reported
proliferation associated 1 Like2, a | 2017; Nalls et al.,

GTPase-activating protein involved in | 2019; Nalls et al.,
the functioning of the synapse (Spilker | 2014)
& Kreutz, 2010).

SNCA Encodes for a-synuclein, a pre- | (Changetal., See table 1
synaptic neuronal protein involved in | 2017; Nalls et al.,
synaptic vesicle clustering to aid | 2019; Nalls et al.,
neurotransmitter release (Diao et al., | 2014)

2013).

STX1B Encodes for syntaxin-1 which controls | (Nalls et al., 2014) | A loss of STX1B may lead to glial dysfunction,
synaptic vesicle fusion at neuronal including disrupted release of neurotrophic
synapses, assisting in the release of factors (Kofuji et al., 2014). However, later studies
neurotransmitters (Gerber et al., suggest STX1B deficiency leads to neuron death
2008). via non-glia mechanisms (Vardar et al., 2016).

Further work is needed to clarify this mechanism
of action and establish a clearer link to
neuroinflammation.

TMEM175 | Encodes for transmembrane protein | (Changetal., Deficiency can lead to the aggregation of a-
175, a potassium channel found on | 2017; Nalls et al., synuclein (Jinn et al.,, 2017), which may be
the lysosome (Cang et al., 2015). 2019; Nalls et al., responsible for inducing neuroinflammation.

2014)
VPS13C Encodes for vacuolar protein sorting | (Changetal., See table 1

Table showing some of the risk genes identified for Parkinson’s disease, their normal function and their possible links to
neuroinflammation.
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2.2 Zebrafish as an Animal Model for Parkinson’s Disease
Model organisms are used to study human disease in vivo. Animal models have benefits over in

vitro models in that they take into account the complex interplay between bodily systems, a more
valid representation of the human condition. However, they are often more difficult to
manipulate and isolating single biological processes is challenging due to compensatory and
protective mechanisms often present in living organisms. Simple invertebrate models, such as
C.elegans and Drosophila, are well characterised, easy to genetically manipulate and are not
under regulatory control. However, due to the substantial differences to humans, such simple
animal models may not accurately recapitulate human disease. Complex mammalian systems,
which are biologically the most similar to humans, are under tighter regulatory control and are
often more difficult to work with, both experimentally as well as practically in terms of the level

of care needed, cost to keep, space required and ethical considerations.

Zebrafish (Danio rerio), as a non-mammalian vertebrate, represent a compromise between these
simple and more complex models, with intermediate levels of regulatory control and ease of
working but at the cost of increased dissimilarities to humans compared to mammalian models.
They are, however, genetically very similar to humans. The zebrafish genome is comparable to
that of humans in terms of its chromosome number and organisation (Ehrlich et al., 1997;
Postlethwait et al., 2000). This conservation extends to pathological conditions, with 82% of
human disease causing genes having a zebrafish orthologue (Howe et al.,, 2013). One
phenomenon to bear in mind when working with zebrafish is the concept of whole genome
duplication. Around 20% of zebrafish genes exist in duplicate (Postlethwait et al., 2000), which
makes studying these specific genes more difficult due to possible compensation from

corresponding paralogs.

Benefits of zebrafish as a research model of human disease are their short generation time and
production of large batches of transparent embryos that develop externally, enabling easy
observation and manipulation. Furthermore, embryonic development is complete by 72 hours
post fertilisation (hpf) (Kimmel et al., 1995), enabling a relatively high-throughput approach for
in vivo experiments. Multiple experimental techniques can be employed in zebrafish for the study
of disease processes, including the use of fluorescent dyes, transgenic animals, in situ
hybridisation, immunohistochemistry and various imaging techniques. These allow for the study
of biological events in both tissue as well as in living embryos, enabling observation of disease

processes in real-time.
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Zebrafish represent an excellent organism for studying neurodegenerative diseases. Not only are
their embryos easy to manipulate and study, the zebrafish nervous system is highly comparable
to the nervous system of humans. For the study of PD, it is relevant that the zebrafish
dopaminergic system is well characterised, making deviations from the norm relatively easy to
recognise. Dopaminergic neurons first appear in the zebrafish embryo around 18hpf in the
ventral diencephalon (Holzschuh et al.,, 2001), allowing research into dopaminergic
neurodegeneration to begin just 1 day after collecting embryos. These neurons also undergo
rapid development, with axonal projections being formed by 3-days post fertilisation (dpf) (Du et

al., 2016).

The dopaminergic system of zebrafish shares similarity to that of humans. Approximately 25
neurons have been identified in the posterior tuberculum that project to the subpallium; this
population (named the diencephalic (DC) group) is thought to be analogous to the human SNPc
and can be easily distinguished and counted following in situ hybridisation (Du et al., 2016; Jay
et al., 2015; Rink & Waullimann, 2001, 2002; Tay et al., 2011). In mammals, the ORTHOPEDIA
homeobox gene-expressing A11 dopaminergic neuronal group is thought to be responsible for
movement and sensory inputs (Koblinger et al., 2018). In zebrafish, DC2/4/5 neurons have also
been found to express orthopedia and demonstrate conserved location, morphology and
projection patterns to the A11 mammalian group (llin et al., 2021; Ryu et al., 2007; Tay et al.,
2011). By axonal tracing, electrophysiology and laser ablation of DC2/4/5 in zebrafish larvae, it
has been found that these groups also innervate the spinal cord and sensory structures, with a
decrease in movement seen in their absence (Jay et al., 2015). Studying this population in

zebrafish is, therefore, both simple and relevant.

Additionally, the assessment of microglial morphology and number can be utilised as a readout
for neuroinflammation in zebrafish. Activated microglia retract their branches and become
amoeboid (Audrey Karperien et al., 2013) which can be observed via wholemount
immunohistochemistry due to the transparency of zebrafish larvae. This is an obvious advantage

to other models, where glia are often only able to be observed in sections.

However, it is important to take into consideration the lack of a-synuclein in zebrafish when
studying neurodegenerative diseases, in particular PD, where a-synuclein-containing Lewy
Bodies are central to pathology. Zebrafish may not fully represent PD pathological processes due
to the lack of this important protein, possibly generating data that is invalid when applied to the

human condition. However, this lack of a-synuclein can also be viewed as advantageous as it
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enables the study of disease processes that may be masked by this dominant pathological
phenomenon, aiding the understanding of mutated proteins that cannot be studied in other

animal models.

2.2.1 CRISPR-Cas9 Genome Editing
CRISPR (clustered, regularly-interspaced, short,

palindromic repeats) was first identified as a
defence mechanism of bacteria and archaea to

phages (bacterial viruses) and has recently been

exploited as a mutagenic technique in a number

of animal models. CRISPR-Cas9 mutagenesis

results from double-stranded DNA breaks by
CRISPR associated protein 9 (Cas9) nuclease, in  Figure 4. Schematic Representation of CRISPR-Cas9
Mediated Genetic Mutagenesis. Diagram showing the
gene regions specifically targeted by a guide RNA  process of double-stranded DNA (thick black lines) breakage
] ] ] at two sites of nuclease activity (stars) in the Cas9 protein
(gRNA, figure 4). Cas9 is a protein that recognises  (yellow). Cas9 binds to DNA at the protospacer-adjacent
motif (PAM) site (green) and CRISPR-RNA (crRNA, thin black
a protospacer-adjacent motif (PAM), in this case  Jine) binds to the subsequent DNA sequence to unwind it. This
o ) crRNA is held in place by trans-activating crRNA (tracr-RNA,
NGG, to initiate double-stranded breaks in DNA  thin blue lines). The combination of crRNA and tracr-RNA is
known as guide RNA (gRNA), and has been artificially joined
which occur at its two sites of nuclease activity  for ease of production. Cas9 cuts DNA 3 basepairs upstream
of the PAM site. Original Image.
(Gasiunas et al., 2012; Jinek et al., 2012). Once
Cas9 binds to the PAM, CRISPR-RNA (crRNA) binds to the adjacent sequence which causes the
DNA to unwind, a process that can only occur in the presence of trans-activating crRNA
(tracrRNA) (Jinek et al., 2012). Cas9 cleaves 3bps upstream of the PAM site on the
complementary strand or 3-8bps upstream on the non-complementary strand (Jinek et al., 2012).
Attempts by normal, error-prone DNA repair pathways, such as non-homologous end joining
(NHEJ), to fix this double-stranded break results in the creation of indel mutations in the gene of
interest. CRISPR-Cas9 mutagenesis is well established in zebrafish, with high efficiency (up to
99%) and mutations resulting in germline transmission (Jao et al., 2013). This enables zebrafish

harnessing disease-relevant mutations to be created with relative ease.

CRISPants, a form of creating genetic mutations in the FO generation, are also useful in zebrafish
research. Injecting gRNA targeting genes of interest into single-cell zebrafish embryos results in
the creation of a mosaic animal, whereby some cells will carry mutations in the gene of interest
and others may not. By using highly-active guides (HAGs), mosaic animals can be created that

harbour mutations in the majority of their cells, essentially creating a mutant zebrafish (Wu et
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al., 2018). By injecting multiple guides directly into the yolk of a recently fertilised zebrafish
embryo, effective biallelic gene disruption within hours of injection has been achieved that can
sometimes even be carried into adulthood (Wu et al., 2018). This method has been demonstrated
to reproduce mutant phenotypes resulting from standard mutation methods. As these mutations
remain in the fish longer than the oligomers used for morpholino studies, which often do not
persist past 3dpf (Wu et al., 2018), CRISPants are useful in assessing the relevance of potential
loss-of-function stable mutants in a time and cost — saving way. It also allows for the quick
analysis of gene-gene interaction models where one stable mutant already exists. CRISPant
guides can be injected into mutant embryos to assess additive or rescue effects of combinations
of genetic mutations. However, it is generally expected that phenotypes discovered in this way
are confirmed by stable mutants, to account for any possible off-target effects resulting from the

injection of CRISPant mixes.

2.3 Hypotheses
Neuroinflammation may be the shared variable linking monogenic, environmental and risk gene-

linked cases of PD. Many genes associated with PD, particularly those that fall under the ‘risk
gene’ category, have not yet been studied with regards to inflammation and there are currently
no drugs available to patients that target this directly. The more evidence that emerges to
suggest an involvement of neuroinflammation in PD, the closer science can move towards

identifying disease-modifying treatments, ultimately giving patients a better quality of life.
The aim of this thesis is to test the following hypotheses;

1. Zebrafish carrying functionally inactivating mutations in PD risk genes that can also be linked

to inflammation will display a PD-relevant phenotype.

2. Zebrafish carrying functionally inactivating mutations in PD risk genes that can also be linked

to inflammation will display an inflammatory phenotype.

3. Zebrafish carrying functionally inactivating mutations in PD risk genes will be more susceptible

to additional, external triggers.

4. Inhibiting neuroinflammation, either pharmacologically or otherwise, will be able to, at least

partially, rescue the phenotype of PD mutant zebrafish.

We know already that inflammation is involved in human PD and this has also now been

demonstrated in PD mutant zebrafish lines (Keatinge et al., 2015; Larbalestier et al., 2021).
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ACMSD acts to reduce neuroinflammation under normal conditions, and therefore it was
hypothesised that acmsd’~ zebrafish would demonstrate an increased inflammatory phenotype.
Conversely, since the most common LRRK2 mutation identified in human PD patients resultsin a
gain of LRRK2 function, it was hypothesised that Irrk27- zebrafish would show a reduced
susceptibility to inflammation. If inflammation truly is one of the driving forces behind PD and
the phenotypes seen in PD-relevant knockout zebrafish, then preventing its development should

lead to a partial rescue of these abnormalities.

2.4 Objectives
To address these hypotheses, there were four main objectives of this project, outlined below.

Objective 1: To characterise novel zebrafish models of PD. The primary aim of this project was
to characterise two zebrafish lines that carry knockout mutations of PD relevant genes; leucine-
rich repeat kinase 2 (Irrk27) and a-amino-8-carboxymuconate-e-semialdehyde decarboxylase

(acmsd”").

Objective 2: To determine whether inflammation, particularly that mediated by microglia,
drives the phenotype of these models. A further aim of this project was to assess the role of
microglia and inflammation in contributing to the phenotype of PD mutant zebrafish. Various
measures of inflammation, including the susceptibility to external inducers of inflammation,
would assist in answering this question and by preventing the development of microglia, their

role in this process could be better understood.

Objective 3: To target inflammation pharmacologically using known anti-inflammatory drugs,
bile acids and novel compounds. Bile acids are known to have anti-inflammatory effects in
humans and be useful in the treatment of PD. This project aimed to identify whether these
compounds could reduce inflammation in zebrafish and if this could subsequently rescue the
phenotype of PD mutant lines. The overall wider aim was to help establish whether inhibiting

neuroinflammation can have a disease-modifying impact in PD.

Objective 4: Develop new, more relevant PD zebrafish lines. The final aim of this project was to
establish a number of new Irrk2 zebrafish lines that harbour mutations in the Irrk2 gene that
recapitulate pathogenic mutations identified in human PD. These lines could be more relevant to

study PD than complete loss-of-function models.
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3 Materials and Methods

3.1 Zebrafish Husbandry

3.1.1 Adult Zebrafish Husbandry
Adult zebrafish were maintained at 28°C in the Bateson Centre at the University of Sheffield. Fish

were fed a diet of Zebrafeed [SPAROS] and live Rotifers and subjected to a light-dark cycle of 14
and 10 hours, respectively. Regulated procedures followed the UK Home Office Animals
(Scientific Procedures) Act 1986 under project licence PP6422743 (Professor Oliver Bandmann)

and Personal Licence IE398CC2C (Emma Fargher).

3.1.2 Zebrafish Lines
Wildtype (WT) zebrafish used in this project were strain AB, unless otherwise stated. Loss-of-

function PD mutant lines were created in house by Dr Marcus Keatinge using the CRISPR-Cas9

system and maintained as heterozygous colonies in the AB background (see table 3).

Table 3. The Parkinson’s Disease Mutant Zebrafish Lines Used for This Project

Zebrafish Line Mutation induced / reference Allele Filial numbers
Code used

Loss-of-function of GTP 94bp deletion in exon 1 resulting in | sh460 f6, f7 and f8
cyclohydrolase 1 (gch1”) nonsense-mediated decay of mRNA and a

truncated protein (Larbalestier et al,,

2021).
Loss-of-function of cyclin g 50bp deletion, 4bp insertion in exon 11 | sh615 f3and f4
associated kinase (gak”") resulting in nonsense-mediated decay of

mRNA and a truncated protein
(unpublished data, Bandmann laboratory).

Loss-of-function of a-amino- | See chapter 4 sh619 3, f4 and f5
B-carboxymuconate-e-
semialdehyde decarboxylase

(acmsd”)

Loss-of-function of leucine- See chapter 5 sh609 f4, f5 and f6
rich repeat kinase 2 (Irrk27")

Irrk2 R1441C knock-in See chapter 5 sh669

Irrk2 R1441G knock-in See chapter 5 sh670

Irrk2 12020T knock-in See chapter 5 sh668

Irrk2 G2019S knock-in See chapter 5 sh671

tgBAC(tnfa:GFP) (Marjoram et al., 2015) pd1028tg

tg(mpx:GFP) (Renshaw et al., 2006) i114

ETvmat2:GFP (Wen et al., 2008) pku2Et

Mutations listed were introduced into AB strain zebrafish using CRISPR-Cas9 technology. Filial generations of heterozygous
colonies were created by outcrossing previous generations to AB wildtype zebrafish.
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3.1.3 Embryonic Zebrafish Husbandry
Zebrafish embryos were obtained by pair mating or marbling adult fish and collecting offspring

around noon the following day. Larvae up to 10 days-post fertilisation (dpf) were maintained at
28°Cin 10cm petri dishes with ~40mL E3 media (water with 500uM NaCl, 17uM KCl, 33uM CaCl
and 33uM MgSO0a). For fish not undergoing drug treatments, methylene blue was added as an
antifungal agent to a final concentration of 20uL per litre of E3. Unfertilised and dead embryos
were identified and removed at 1dpf. Zebrafish between 5-10dpf were subject to light/dark

cycles, underwent daily media changes and were fed Zebrafeed [SPAROS] every 24 hours.

3.1.4 Depigmentation of Larvae
For use in in situ hybridisation (ISH) or whole mount immunohistochemistry (IHC) experiments,

larvae pigmentation was prevented by the addition of 0.003% phenylthiourea [fluorochem] from
approximately 12hpf. Phenylthiourea was initially dissolved in DMSO to a stock concentration of
75mg/mL and stored at 4°C. 12uL of this was added to each plate of embryos to prevent

pigmentation.

3.1.5 Anaesthesia and Culling
Anaesthesia of zebrafish was obtained by immersing fish in 4.2% tricaine (MS222) dissolved in

E3. To cull unneeded zebrafish under 5.2dpf, anaesthetised larvae were disposed of in bleach;
those over 5.2dpf were culled using approved schedule 1 methods, usually an overdose of
anaesthesia (30mL tricaine per 100mL E3) followed by confirmation of cessation of circulation.

Immersion fixation (see below) was used to cull fish when tissue integrity was to be maintained.

3.1.6 Fixation of Larvae
Following anaesthesia, larvae were fixed by submersion in 4% paraformaldehyde in phosphate

buffered saline (PBS) at 4°C overnight. For sectioning, larvae were washed three times in PBS
before cryoprotecting in 30% sucrose in PBS at 4°C for at least 24 hours. For in situ hybridisation,
paraformaldehyde-fixed embryos were transferred into methanol by serial dilution (30%; 50%;
70%; 100% methanol in PBSTw (phosphate buffered saline, 0.1% Tween-20)) and stored at -20°C

for at least 12 hours.

3.2 Genotyping

3.2.1 Finclipping Technique
To genotype live zebrafish larvae, finclips were taken at 3dpf from anaesthetised fish. The tip of

the caudal fin (figure 5) was cut using a scalpel under a stereo microscope [Leica] and placed in
a 96-well polymerase chain reaction (PCR) plate with 20uL sodium hydroxide (NaOH). Larvae

were placed in corresponding wells of an E3 filled 96-well plate whilst genotyping was conducted.
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Clipping below the area of blood flow ensures limited damage to the fish and allows the clipped

area to regenerate.

Finclipping was also used to genotype fixed embryos where heads and/or bodies were needed
for further experiments. For this, less accurate clips were taken using the same methodology. If

embryos were not needed, this step was skipped and whole fish were used for genotyping.

Figure 5. Finclipping Protocol for the Genotyping of Larval Zebrafish. Brightfield image of a 3dpf zebrafish with the red dashed
line representing where the caudal fin is cut during the finclipping procedure used for genotyping. This finclip is used to extract
DNA for amplification using polymerase chain reaction whilst the fish is placed in the corresponding well of a 96-well plate to
recover.

3.2.2 DNA Extraction
To extract genomic DNA (gDNA), finclips were boiled in 20uL 50mM NaOH for 10 minutes at 95°C.

If whole embryos were used, NaOH was increased to 50uL to avoid over-concentrated DNA
samples. PCR plates were then vortexed and the solution neutralised by the addition of 1/10t"
the volume of 1M Tris-HCI (pH8).

3.2.3 Polymerase Chain Reaction (PCR)

Amplification of gDNA was obtained by standard PCR. 1uL gDNA sample was added to 1uL 10uM
forward primer, 1uL 10uM reverse primer, 2uL MilliQ and 5uL BioMix Red [Bioline] in one well of
a PCR plate. Genotyping primers, outlined in table 4, were obtained from Integrated DNA

Technologies.

Table 4. Primers Used for Genotyping Mutant Zebrafish.

Genotype Forward Primer Reverse Primer

gchl” AAACTGACGGAGCGATCAAC TCTCCTGGTATCCCTTGGTG
gak” GTATGACACAGACCCGACCA AACCAAGGCAAGCTGAAACG
acmsd” CCCCAGAGCTGTTTCCTGTC CCGTGAGCAAAGCAGACCTT
Irrk27" CTTCAGGCGTTCATGAGCAGC GAGGCCTTCATGTGTCCGAT

Primer sequences used for polymerase chain reaction amplification of genomic DNA for use in the genotyping of zebrafish. Primers
were obtained from Integrated DNA Technologies and diluted 1:10 into MilliQ to create working solutions. 100uM stock solutions
were stored at -20°C and 10uM working solutions at room temperature. All primer sequences are written 5’-3’.
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PCR plates were placed in a MultiGene Optimax Thermal Cycler [LabNet International] - the
temperature cycle is outlined in table 5, where stages 2-5 were repeated 30 times. Following
PCR, 3puL of each sample was placed in a well of a 2% agarose gel containing 1uL/50mL ethidium
bromide [Alfa Aesar] and run by gel electrophoresis for 40 minutes at 120 volts. Gels were
visualised using a Benchtop UV Transilluminator [UVP]. For genotyping Irrk27-, an additional
digest step was performed. 1uL of a 1:3 (enzyme:MilliQ) dilution of Bsl1 [NEB] was added to 3uL
of PCR product and digested for 3 hours at 37°C. This reaction mix was then visualised by gel

electrophoresis, as above.

Table 5. The Temperature Cycle Used in Polymerase Chain Reaction.

Stage Temperature (°C) Length of time
1 93 3 minutes

2 Denaturing 95 30 seconds

3 Annealing 60 (65 for acmsd”") 30 seconds

4 Extension 72 30 seconds

5 Incubation 72 5 minutes

The temperature cycle used during polymerase chain reaction in this project to amplify DNA for genotyping. Stages 2-4 were
repeated 30 times before moving to stage 5. Samples were held at 10°C at the end of this process until run by gel electrophoresis.

3.3 Sequencing of DNA
To sequence DNA, PCR-amplified products were cleaned up using the QIAquick PCR Purification

Kit [QIAGEN]. Here, a high-salt binding buffer is added to the PCR mixture at a 5:1 ratio and
applied to the QlAquick spin column containing a silica membrane. Columns are spun for 1
minute to pass the liquid through the membrane to which nucleic acids adsorb. Following wash
steps using the wash buffer, pure DNA is eluted by the application of 30pL of elution buffer and
collected into a 1.5mL Eppendorf tube. For cDNA sequencing, samples were gel extracted to
exclude gDNA contamination. This was done using the QIAquick Gel Extraction Kit [QIAGEN].
Briefly, samples were cut out of a gel using a scalpel blade, dissolved in buffer and processed
through a silica-based column. The purity and concentration of DNA was determined by
NanoDrop 1000 Spectrophotometer [Thermo Scientific] and samples were sequenced using

Sanger sequencing by Genewiz/Azenta.
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3.4 Adult Zebrafish Organ Dissection
Anaesthetised adult zebrafish  were first

decapitated in line with ‘Regulated Killing’ e ¥ 9
Swim Bladder
procedures. Dissection was carried out on a -
. . . . Gall Bladd
polystyrene board using dissection scissors, I
needles and forceps, and viewed using a SI. :
pleen Liver

stereomicroscope [Leica]. All organs (figure 6) ADtEetE
Figure 6. Dissected Zebrafish Organs. Photograph of
were flash frozen on dry ice immediately following  adult zebrafish organs dissected during this project.
Own image.
dissection and stored at -80°C.

The heart was removed first as it was usually exposed following decapitation. It was placed in a
dish of PBS to separate it from the surrounding vasculature and other tissue. Next, an incision
was made from the decapitation site to the anus using dissection scissors. Skin and muscle were
then pinned to the dissection board, exposing the organs from the ventral side. In females, the
cavity was first cleared of oocytes, which prevent visualisation of other organs, by removing the
ovaries and oocytes using forceps. In males, the testes were removed first and placed in PBS to
enable the removal of fat cells from the testis tissue. Next, the gastrointestinal system was
removed whole and placed on the dissection board. The liver, spleen, gall bladder and intestines
were separated. The swim bladder was then removed from the body, revealing the kidney. A
sample of kidney was removed by scraping forceps along the dorsal wall of the body cavity. Brains
were then extracted from severed heads by breaking and removing the skull to expose the entire

brain and gently scooping using forceps.

3.5 Quantitative Polymerase Chain Reaction (qPCR)

3.5.1 RNA Extraction
RNA was extracted from whole larvae or adult tissue using TRIzol Reagent [Sigma]. 15 larvae of

the same genotype, usually determined via the tailfin clip method at 3dpf, were used per
reaction. Larvae were homogenised in 250uL TRIzol Reagent using a 25-gauge needle and syringe
and left at room temperature (RT) for 3 minutes. 50uL of chloroform [Sigma] was added to the
Eppendorf, the tube inverted and incubated for 3 minutes at RT. Following 4°C 15-minute
centrifugation at 13000rpm, the top aqueous phase was placed into a new tube with the addition
of the same volume of isopropanol. Samples were then incubated at RT for 10 minutes. To collect
the pellet, 15-minute centrifugation at 4°C was used and the supernatant removed. Pellets were

washed using 150uL 70% ethanol and centrifuged for 5 minutes at 4°C. After air-drying, RNA
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pellets were resuspended in 15uL DEPC-treated water [Invitrogen]. RNA concentrations were
determined by spectrophotometry using a NanoDrop 1000 Spectrophotometer [Thermo

Scientific]. RNA was stored at -80°C.

3.5.2 Complementary DNA (cDNA) Synthesis
cDNA was created using the Verso cDNA Synthesis Kit [Thermo Scientific] as per manufacturer’s

instructions. Briefly, 1ug RNA was added to 4uL 5X reaction buffer, 2uL dNTPs, 1uL RT enhancer,
1uL Verso enzyme and 1ul Oligo dT primer to a total volume of 20uL (DEPC-treated water
[Invitrogen] was used if volumes were less than this). Samples were heated to 42°C for 30
minutes to synthesise the cDNA and then held at 95°C for 2 minutes to deactivate the enzyme.
cDNA was stored at -20°C.

3.53 gPCR

mMRNA transcript levels were quantified by qPCR using a CFX96 Touch Real-Time PCR Detection
System [BioRad] and Brilliant Ill Ultra-Fast SYBR Green qPCR Master Mix [Agilent Technologies].
rps29 served as a reference gene to which expression data was normalised. efla was used as a
reference gene by previous laboratory members, for which some data is included in this thesis;
this is clearly specified when used in results sections. Primers (table 6) were designed using

Primer3 software (http://primer3.ut.ee/) and checked using Primer BLAST (NCBI). il-18, cxcl8 and

mmp9 sequences were taken from Lépez Nadal et al. (2018) but re-optimised for use in the
current project. All primers were first tested by gradient PCR using wildtype cDNA to ensure
primer specificity and to select the most appropriate temperature for gPCR reactions. Specificity
was again checked by the presence of a single peak on the melt curve after each reaction. Primers
were optimised by varying primer and DNA concentration to create a standard curve. The lowest
concertation of primer that achieves efficiency near 100% was used for subsequent reactions.
19uL of gPCR reaction mix (50% SYBR green, 5% DMSO, primers at desired concentration and
made up to 19ul with nuclease-free water) was added to each well of a 96-well plate [Appleton
Woods] with 1uL cDNA. Plates were sealed with strip caps [Sarstedt] and centrifuged to ensure
solution mixing and reduce bubbles. Plates were loaded into the gPCR machine and cycled as
outlined in table 7. Three technical replicates per data point were run and the average Ct used

for analysis.
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Table 6. Primer Sequences used for Quantitative Polymerase Chain Reaction

Gene Forward Primer Reverse Primer Product Size
acmsd pair 1 ATCCAAGAGAACTGCTGGGATC TAACCCAACGAAGCGCTTTG 198 bp
acmsd pair 2 ACATTCACAACAGCGCAAGG ATCCCAGCAGTTCTCTTGGATC 242 bp

Irrk2 CCACAGGAGCGCGATATTCA TTTGTGTTTCCGCACAGAGC 129 bp

Irrk1 pair 1 AGTCCTGGCTGCTCAACATC TCCAGGTGATGTCCGGGTAT 186 bp
Irrk1 pair 2 TGCGAAAATAGCGGTGGAGT GCTCTCTGACCACCGTTTGA 186 bp

il-16 TGCGGGCAATATGAAGTCA TTCGCCATGAGCATGTCC 272 bp

mmp9 ACGGCATTGCTGACAT TAGCGGGTTTGAATGG 184 bp

cxcl-8a TGTTTTCCTGGCATTTCTGACC TTTACAGTGTGGGCTTGGAGGG 151 bp
rps29 TTTGCTCAAACCGTCACGGA ACTCGTTTAATCCAGCTTGACG 110 bp
efla TGGTACTTCTCAGGCTGACT TGACTCCAACGATCAGCTGT 146 bp

Primers were obtained from Integrated DNA Technologies and diluted 1:20 into DEPC-treated water to create working solutions.
Stock solutions were stored at -20°C and working solutions at room temperature. All primer sequences are written 5’-3. bp, base

pairs.

Table 7. The Temperature Cycle Used in Quantitative Polymerase Chain Reaction.

Stage Temperature (°C) Length of time
1 Initial Denaturation 95 3 minutes

2 Denaturing 95 10 seconds

3 Annealing 55-65 30 seconds

4 Plate read

5 95 1 minute

6 55 30 seconds

7 Melt Curve 55-95 (increments of 0.5)

The temperature cycle used during quantitative polymerase chain reaction in this project to measure gene expression via the
detection of RNA levels. Stages 2-4 were repeated 39 times before moving to stage 5. A melt curve analysis was then performed
on the samples following final cycle.

Data were analysed using the delta-delta Ct method:

1. delta Ct (dCt) = Average GOI Ct — average reference gene Ct
2. delta-delta Ct (ddCt) = dCt — the average of control group dCt
3. Fold change = 2”(-ddCt)

4. Normalised fold change = Fold change / average fold change of control groups

3.6 Reverse Transcription Polymerase Chain Reaction (RT-PCR)
cDNA from 1-5dpf wildtype embryos was obtained as described above. Standard PCR (section

3.2.3) using qPCR primers (table 6) was used to amplify cDNA, which was visualised using a
Benchtop UV Transilluminator [UVP] following agarose gel electrophoresis. rps29 was used as a
reference gene. efla was used as a reference gene by previous laboratory members, for which

some data is included in this thesis; this is clearly specified when used in results section.

37



3.7 Movement Analysis

3.7.1 Larval Movement Analysis
Mixed genotype embryos were obtained by incrossing heterozygous parents. At 5dpf, larvae

were transferred to a 48-well plate in 500uL E3 without methylene blue. Movement was analysed
using the ZebraBox [Viewpoint Life Sciences] following a 30-minute habituation period.
Movement was recorded over 60 minutes; 30 minutes in light conditions followed by 30 minutes
of alternating 5-minute dark-light cycles. Siblings were then genotyped using sacrificed whole

larvae, as described in section 3.2.

3.7.2 Adult Movement Analysis
Adult zebrafish of known sex and genotype were placed in single tanks with aquarium water.

Movement was recorded continuously for 7 hours using a camera and tracked by the ViewPoint
software. For analysis, the first hour of the recording was omitted as fish were habituating to the

environment.

3.8 Whole-Mount In Situ Hybridisation (WISH)

3.8.1 WISH Probe Design
WISH probes were designed from the cDNA sequence, obtained from Ensembl, of genes of

interest. Primers, outlined in table 8, were generated wusing Primer3 software

(http://primer3.ut.ee/). The only exceptions are Irrk2 probe 1 primers, which were taken from

Sheng et al. (2010) and fabp10a primers, which were designed by Dr Emily Reed. All primers were
obtained from Integrated DNA Technologies (IDT). To transcribe sense probes from cDNA (see
section 3.8.2), reverse primers were tagged with the T7 sequence (taatacgactcactataggg) and to

transcribe antisense probes, forward primers were tagged with T7.

Table 8. Primers Used for Whole Mount In Situ Hybridisation Probe Synthesis

Target Forward Primer Reverse Primer Length of
Riboprobe

thl AGTGCACCTGTCGGATGTTA GCGTCCACAAAGCTTTCTGA 915 bases

Irrk2 (probe 1) | TGCAAACGGAGGTAAAAACC | AGATGATCCTGGTCCCACAG 506 bases
Irrk2 (probe 2) | TTCTGGATGAGGAGGAATGG | AGCAGCTTGGAAAACCTTCA 824 bases
acmsd (probe 1) | AGGCGGTGCTTTTCCATACA | GCAAGAAGGTCGCTGTTTCG 723 bases
acmsd (probe 2) | TCAATGCCCCAGAGCTGTTT TGGCTTTGCATGTGTTCGTG 905 bases
acmsd (probe 3) | CCAAGGGAATGGCCAGACTT | AGCACAAAGATCAGGTCGCA 714 bases
acmsd (probe 4) | GATCCAGAGGCTCGGATTCG | CCAGAGCATTTCCAGCAAGC 814 bases
fabp10a AGCTTCTCCAGAAAGCATGG TCCTGATCATGGTGGTTCCT 376 bases

The primer sequences generated from Primer3 software for use in the generation of whole mount in situ hybridisation probes.
Lrrk2 probe 1 primer sequences were taken from (Sheng et al., 2010). All primer sequences are written 5’-3’.
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3.8.2 Making WISH Probes from cDNA
Digoxigenin (DIG)-labelled riboprobes were generated using wildtype zebrafish cDNA as a

template. A gradient PCR was initially used to identify optimum annealing temperatures for each
primer pair (primers without T7 tags were used for this). Standard PCR (see section 3.2.3) at this
temperature was then used to amplify cDNA and the presence of the correct product was
confirmed by gel electrophoresis. PCR products were cleaned up using the QlAquick PCR
Purification Kit [QIAGEN], described in section 3.3. Some probes required gel extraction and the
design of nested primers, discussed in results sections. The purity and concentration of DNA was
estimated by gel electrophoresis and spectrophotometry using the NanoDrop 1000
Spectrophotometer [Thermo Scientific].

3.8.2.1 WISH Probe Transcription and Purification

RNA transcription of WISH probes was achieved by the addition of 1ug of PCR-amplified DNA to
2uL DIG-labelled NTPs, 2uL dithiothreitol (DTT), 4uL 5X transcription buffer, 1uL RiobLock RNAse
inhibitor [Thermo Scientific], 2uL of T7 polymerase and made up to 20uL with DEPC-treated
water [Invitrogen]. After incubating at 37°C overnight, 2uL of DNase | [NEB] was added and
samples incubated for a further 30 minutes. RNA was precipitated at -20°C for 30 minutes in an
equal volume of isopropanol and 1/10%" volume of 7.5M ammonium acetate. Pellets were
generated by centrifuging at 4°C for 30 minutes and removing the supernatant. Washes using
500uL of 75% ice-cold ethanol were performed by centrifuging for 10 minutes at 4°C. After air
drying, pellets were resuspended in 20uL DEPC-treated water [Invitrogen]. RNA concentration
was estimated by NanoDrop 1000 Spectrophotometer [Thermo Scientific] measurements.
Probes were diluted in hybridisation buffer A (Hyb-A; 50% deionised formamide [Invitrogen,
Fisher Scientific UK Ltd], 50ug/mL heparin [Sigma], 5X Saline Sodium Citrate (SSC) [Sigma], 0.1%
Tween-20, 500ug/mL yeast tRNA [Sigma], using citric acid to correct pH to pH6) to a final
concentration of 1ng/uL. These were stored at -20°C.

3.8.3  WISH Protocol

The WISH protocol was adapted from Thisse and Thisse (2008). Paraformaldehyde-fixed embryos
were successively rehydrated by 5-minute washes in methanol:PBSTw at ratios of 70:30, 50:50
and 30:70, followed by four 5-minute PBSTw washes. Embryos were then digested with 10ug/mL
proteinase K [Invitrogen] for the time specified in table 9.

Digested embryos were re-fixed at RT in 4% paraformaldehyde for 20 minutes on the rocker,

followed by five 5-minute washes in PBSTw. Fish were left to prehybridise in 70°C Hyb-A for at
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Table 9. Proteinase K Timings Used During In Situ Hybridisation Experiments.
Days post fertilisation Time digested in Proteinase K

1 5-10 minutes
2 15 minutes
3 30 minutes
4 40 minutes
5 1 hour

Length of time embryos were digested in proteinase K during in situ hybridisation. The length of time of proteinase K was altered
depending on the age of the embryo.

least 2 hours before applying the probe at 70°C overnight. Embryos were then washed in Hyb-B
(Hyb-A without heparin or yeast tRNA) followed by 15-minute successive 70°C washes into 2X
SSC at ratios of 75:25, 50:50, 25:75 (Hyb-B:SSC), followed by two 30-minute washes in 0.2X SSC.
Samples were then moved to RT to wash into PBSTw by 10-minute washes in 0.2X SSC:PBSTw at
ratios of 75:25, 50:50, 25:75 and 0:100. Embryos were then blocked in blocking buffer (PBSTw
with 2% sheep serum and 2mg/mL BSA) for at least 2 hours before incubating overnight with
Anti-Digoxigenin-AP, Fab fragments [Roche] diluted 1:5000 into blocking buffer. Embryos were
washed for 15 minutes in PBSTw eight times prior to incubating in NTMT staining buffer (0.1M
Tris-HCl pH9.5, 50mM MgCl;, 0.1M NaCl, 0.1% Tween-20) by three 5-minute washes. During the
final wash, embryos were transferred to an opaque 12-well plate. Staining solution was made by
diluting 3.5uL Nitro Blue Tetrazolium (NBT) [Roche] and 4.5uL 5-Bromo-4-chloro-3-indolyl
phosphate (BCIP) [Roche] per ImL NTMT; 1mL was applied to each well and the plate kept in the
dark at RT on the rocker. Staining was checked regularly and stopped by washing in PBSTw three
times for 5-minutes each. Embryos were then fixed in 4% paraformaldehyde for 20 minutes and
successively washed into 75% glycerol at RT for imaging. A Nikon SMZ1500 stereomicroscope

was used to image fish in 100% glycerol. Th1 stained fish were imaged as described below.

3.9 Methyl-4-phenylpyridinium (MPP+) Toxin Exposure
1dpf embryos, obtained from a single heterozygous incross, were dechorionated and placed in

3cm petri dishes containing 2.7mL E3 without methylene blue. Zebrafish were treated with 3mM
MPP+ [Sigma] from 1-3dpf by constant immersion. This was achieved by the addition of 300uL
30mM MPP+ (100mg MPP+ powder dissolved in 11.2mL MilliQ), to a total volume of 3mL per
dish. The media and MPP+ were replenished daily and 0.003% phenylthiourea [Sigma-Aldrich]
was used to prevent pigmentation. Control embryos were treated with an equal volume of MilliQ
water. Plates were wrapped in foil due to the light sensitive nature of MPP+ and kept at 28°C. At
3dpf, larvae were washed out of MPP+ and fixed by immersion fixation in paraformaldehyde
before being transferred to methanol and stored at -20°C. Larvae were used for th1 WISH and

dopaminergic neuron counting (described below).
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3.10 Dopaminergic Neuron Counting
Following WISH for th1, decapitated zebrafish heads were mounted on slides in 100% glycerol

and visualised on an AxioPlan Microscope with a Plan-NEOFLUAR 20x Ph2 objective [Zeiss]. Larval
tails were retained for genotyping. th1+ neurons from DC2 and DC4/5 populations, as described
by Rink and Wullimann (2002), were counted. To remove bias, this was done blinded to genotype
and treatment group (if counting post-MPP+ exposure) until the data analysis stage. To obtain

representative images, slides were imaged using an Epifluorescence Microscope [Olympus].

In 5dpf zebrafish, the transgenic reporter line ETvmat2:GFP was used to visualise the DC groups
of neurons. This line labels the vesicular monoamine transporter 2 (Vmat2), and therefore
enables visualisation of monoaminergic neurons, including the DC populations (Jay et al., 2015).
acmsd* ;ETvmat2:GFP zebrafish were crossed with either acmsd** or acmsd”- zebrafish. Larvae
were selected for fluorescence at 24hpf and finclipped for genotyping at 3dpf. Larvae were
imaged using an AiryScan confocal microscope [Zeiss] with a 10X objective lens. As before, cell

counts were conducted blinded to genotype to avoid bias.

3.11 Sectional Immunohistochemistry
14um cryosections were obtained using a Leica cryostat from zebrafish mounted in frozen

Cryomatirx OCT [CellPath]. Once air-dried, slides were stored at -20°C. Frozen slides were
rehydrated in PBS-filled coplin jars for 5 minutes at RT. Slides were then immediately blocked
(untreated condition) or treated with Tris-HCI (pH9) or sodium citrate (pH6) for antigen retrieval.
This was achieved by placing slides in Tris-HCl or sodium citrate filled coplin jars and heating in a
rice cooker for 20 minutes. Treated slides were then washed in PBS for 5 minutes. All conditions
were blocked using 150uL IHC blocking solution (10% sheep serum, 1% BSA, 0.3% Triton-X, 0.5%
Tween-20) applied directly to the slide and covered with parafilm for 1 hour. Immunostaining
was achieved using 150uL of the following primary antibodies diluted in blocking solution
overnight at 4°C: rabbit polyclonal anti-L-Plastin (LCP1; 1 in 200; GTX124420; GeneTex) or mouse

anti-4c4 (a gift from Alexander McGown, The University of Sheffield).

Slides were then washed three times in PBS for 20 minutes. Alexa Fluor—conjugated secondary
antibodies [Invitrogen] were diluted 1:500 into IHC block and 150uL applied to slides for 2.5
hours. Slides were washed three times for 20 minutes, ensuring slides were protected from light.
10uL 5mg/mL 4',6-diamidino-2-phenylindole (DAPI) [Roche] was added to the final PBS wash step

for nuclear staining. Samples were then mounted under a glass coverslip by the addition of three
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drops of FluorSave reagent [Calbiochem]. Slides were dried at RT overnight and imaged the

following day using a Leica SP5 confocal microscope with a 40X oil immersion lens.

3.12 Microglial Analysis

3.12.1 Whole Mount Immunohistochemistry
Immunohistochemistry against 4c4 (microglial marker; antibody gifted from Dr Alexander

McGown, The University of Sheffield) was conducted as previously described (Inoue & Wittbrodt,
2011). Paraformaldehyde-fixed embryos were serially rehydrated by 5-minute washes in
methanol:PBSTw at ratios of 70:30, 50:50 and 30:70, followed by four 5-minute PBSTw washes.
Antigen retrieval was achieved by placing ~20 embryos in 1.5mL Eppendorfs with 500uL 150mM
Tris-HCL (pH9). Embryos were heated to 70°C for 15 minutes and then washed twice in PBSTw
followed by two 5-minute washes in MilliQ. Embryos were then acetone cracked at -20°C for 20
minutes and re-washed at RT by two 5-minute washes in MilliQ and three 5-minute washes in
PBSTw. Blocking solution was made up in PBSTw (10% sheep serum, 0.8% Triton X-100, 1% BSA)
and 500uL applied to larvae overnight at 4°C on the rocker. Blocking solution was removed and
larvae incubated in 500uL mouse anti-4c4 mix (1:50 dilution of 4c4 in a modified block solution:
1% sheep serum, 0.8% Triton X-100, 1% BSA made up in PBSTw) at 4°C on the rocker for 3-4 days.
Unbound primary antibody was washed off by three 1-hour washes in PBS containing 10% sheep
serum and 0.1% Triton X-100 at RT on the rocker. Following two 10-minute washes in PBS-Triton
(0.1% Triton X-100 in PBS), 500uL anti-mouse AlexaFluor 488 secondary antibody [Invitrogen]
(1:200; antibody:PBSTw) was applied to larvae for 3 days at 4°C on the rocker. If nuclear staining
was required 5mg/mL DAPI [Roche] at a dilution of 1:100 was also added alongside the secondary
antibody. Unbound secondary antibody was washed off by three 1-hour washes in PBSTw and

embryos imaged immediately.

3.12.2 Imaging
Following immunostaining, decapitated larval heads were mounted in 2% low melting point

agarose in a clear bottomed 96-well plate [Greiner], placing the dorsal head flush against the
bottom of each well. The body was retained for genotyping. Imaging was conducted using the
Opera Phenix High Content Screening System [Perkin-Elmer] using a 20x objective and an 80

image z-stack.

3.12.3 Image Analysis
Images were analysed blinded to genotype using Imagel software. Cells were manually counted

by scrolling through z-stacks to prevent issues of overlapping cells being missed in z-stack

projections. 4c4+ cells were counted in the midbrain and forebrain. Microglial activation was
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assessed using 4c4+ cell morphology (figure 7) and calculated as the number of activated cells

(cells with an amoeboid morphology) divided by the total number of 4c4+ cells.

Dorsal Zebrafish View, 5dpf

Ramified / Inactive

Amoeboid / Active

Figure 7. Cell Morphology Used to Determine Activation State of Microglia in Zebrafish Brain. Microglia were labelled using
immunohistochemistry against 4c4 in wholemount zebrafish larvae. Each cell was classified into one of two activation states;
inactive (ramified cell shape, top panel) or active (amoeboid cell shape, bottom panel).

3.13 CRISPR

3.13.1 Designing Guide RNA for Knockouts
For targeting of irf8, guide RNAs (gRNAs) of 20bps were designed using ChopChop (Montague et

al., 2014) and obtained from Sigma-Aldrich. gRNAs were diluted in DEPC-treated water
[Invitrogen] to concentrations of 100uM and stored at -20°C. To create the CRISPR injection
mixture, an equal molarity of gRNA and trans-activating crRNA (tracrRNA) (1uL of each) were
added to 0.5uL Cas9, creating a final concentration of gRNA of ~50uM. For triple targeting gRNAs,
0.5uL of each guide was added to 1.5uL of tracrRNA. The irf8 sequences used for CRISPR in this

project are shown in table 10. irf8 guide 1 sequence was kindly provided by Dr Daniel Lysko.

For the creation of Irrk1 and Irrk2 CRISPants, guides were manually designed. This was achieved
by the identification of Cas9 PAM sites (NGG, CCN) within the gene of interest, starting in exon

1. Guides were designed such that successful Cas9 cleavage would result in the loss of a
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restriction enzyme site, assessed by the use of primers targeting either side of the cut site (see
below). As there are two Irrk1 transcripts produced from a single Irrk1 gene, guides were
designed using the shorter transcript to ensure that both were affected following mutation. Stock
gRNA was diluted in DEPC-treated water [Invitrogen] to a final concentration of 20uM and stored
at -20°C. tracrRNA for use here was stored as a 20uM concentration at -20°C. Injection mixtures
consisted of 1uL of each gRNA, 1uL tracrRNA, 1uL Cas9 and 1ulL of DEPC-treated water
[Invitrogen].

3.13.2 Microinjection

Microinjection needles made from borosilicate glass capillaries (Kwik-Fil, World Precision
Instruments, Inc., Hertfordshire, UK) were pulled using a micropipette puller (Model P-97, Sutter
Instrument Co., USA). Needles were loaded with the injection mixtures described above and
broken using forceps to a size appropriate to produce drop of 0.5nL from an injector pump (Pv
820 Pneumatic pico-pump, WPI), measured using an oil-filled graticule. Injection mixtures were
injected into the yolk of one-cell stage zebrafish embryos which were then collected and kept in
E3 media.

3.13.3 Guide Efficiency Testing

gRNA was designed so that the Cas9 cut site would disrupt a restriction enzyme site so that
efficiency could be determined via restriction fragment length polymorphism (RFLP). DNA was
obtained from 1dpf embryos and amplified by standard PCR. PCR products were then digested
with appropriate restriction enzymes (table 11) for 3 hours. Products were visualised via gel
electrophoresis. For irf8, efficiency was determined by the loss of microglia as determined by

neutral red staining or 4c4 wholemount immunohistochemistry.
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Table 10. Guide RNA Sequences Used for CRISPR-Cas9

Guide Target | Sequence Forward Reverse Restriction
Enzyme

irf8 Exon 1 | GCGGTCGCAGACTGAAACAG(TGG) N/A N/A N/A
guide 1

irf8 Exon 1 | GTCTACAAGATGAACTCGGG(CGG) N/A N/A N/A
guide 2

irf8 Exon 1 | GCACTATGTTTCGAATCCCC(TGG) N/A N/A N/A
guide 3

Irrk1 Exon 1 | ATACGGATGGCGAGGACCAG(AGG) TGCTCCTGCTCCTCCAGT | ACCGCTATTTTCGCAG Avall
guide 1 AT GACA

Irrk1 Exon 2 | (CCA)GCCGTTCTAGCAGCACATCA TCGACTCCGTTCGGTTTC | GTGACTATTGTGGGTG Mwol
guide 2 TG CACC

Irrk1 Exon 3 | TTTAGACGTGGTGAAGCTCC(TGG) CCCGCCCCTTTTTGATGT | GAATGAACAGCACAG Alul
guide 3 CT CCGTC

Irrk1 Exon 4 | (CCT)CGTACACACTGATGGATCAC AGGAGATTGCGTGTTTT GGGGCCTAACAGGTC Rsal
guide 4 CTGC ACATT

Irrk1 Exon4 | TTTCTCCTCGTACACACTGA(TGG) AGGAGATTGCGTGTTTT GGGGCCTAACAGGTC Msll
guide 4 CTGC ACATT

(new)

Irrk1 Exon 2 | (CCT)GTGTTTGGCAGCTCAGAATG TTTTGGCACTGTGGGCT GCTCTCTGACCACCGT Bsll
guide 5 TCA TTGA

Irrk1 Exon 3 | GTTGGCTACGGCGTCTCAGC(AGG) TGAGTTCTTCTTGTGCTG | CGCAGCATACAGAGG Ddel
guide 6 CG CAAAC

Irrk1 Exon5 | CTGCCGTCTGTGGTGCCGTG(GGG) GCTGTGCATGTTGACTG ATGATCTGCTGTGAGG Btgl
guide 7 GTC ACGC

Irrk1 Exon 7 | TCTGCGCAAACTGCAGGGTC(TGG) CTGCCTGGAGTCACGTC | TCAGGAAAGCGGCTC AlwNI
guide 8 ATA AGTTT

Irrk2 Exon 1 | GACTGAAGAAGCTACTGGTG(AGG) TGTGAAATCTGCGGGGA | TATGATCTGCACCATT Bsrl
guide 1 TGTTA GTCCCC

Irrk2 Exon 6 | CGAGAAGAAGGACCATGAGG(TGG) GTGTCAGTTCTGCCCATT | GTGGTATGAGGACCTT Bsll
guide 2 TGAC CAGAGC

Irrk2 Exon 5 | TGAGATCAAGATGCAGGTTC(TGG) AAGACGCCAAGATGATG | GTCTGCAGCAGTGGTT AlwNI
guide 3 ATGGT GTAAAG

Irrk2 Exon 9 | GGTAAAGAAAGAAGCCGCTC(AGG) CCTACTTGTCTTTCGAAG | ACTTTGACGTCTTCAG Mwol
guide 4 GCCT CATGTC

CRISPR guide RNA sequences for irf8 were obtained using the Chop-Chop software, others were designed by hand in Snapgene.
PAM sequences are provided in brackets. All sequences are given 5’-3’. If PAM is CCN, the sequences were reverse complemented
prior to ordering.

Table 11. Guide RNA Sequences Used for CRISPR-Cas9 Induction of Single Amino Acid Substitutions

Guide Sequence Forward Reverse Restriction
Enzyme

G2019Sand | GTCGCTAAAATCACAGACTA | TGATCATCTACCGAGACCTGAA | TATGGGTAAATGAGCGAGACCT N/A

12020T

R1441C/G/H | TGTGTTTCTCCAGGCTGTAG | TCACCACATGCTTTGATCCA GTAGGTGGCGCTCTTCACAC sfcl

Y1699C TGAGATGCCATATTTTCCGA | GACCACAGGCCAGTGATTGA TGCCATAGAGCAGGAATGCA Hpy188I

N1437H ACCCTGGCTCTTTAACATTA AGGTGGTGAAGAGTGCAGTG AGAAAGTCTGGTTTTATTTCGGCT | misll

Guides were stored as 100uM stock solutions and diluted with an equal molarity of tracrRNA and 0.5ulL Cas9 to create an injection
mixture. PAM sequences are provided in brackets. All sequences are given 5’-3’. If PAM is CCN, the sequences were reverse
complemented prior to use.
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3.13.4 Generation of Single Amino Acid Change Mutants
CRISPR-Cas9 was also used to create single amino acid changes in zebrafish that recapitulate

mutations seen in PD. Following protein-protein alignments in SnapGene to identify equivalent
amino acids in zebrafish, in silico transcription of the DNA sequence was carried out to find the
corresponding codon using known flanking amino acids. Possible guides were identified by the
presence of NGG or CCN, whereby the Cas9 cut site was within 10 bases of the codon of interest.
Guide efficiency was checked either by restriction digest (as described above) or by evidence of

smearing on a high percentage gel following injection into wildtype embryos.

If a successful guide was identified, 127bp single-stranded donor oligonucleotides (ssODNs) were
designed around the PAM site (85 bases 3’ and 42 bases 5 of PAM) to act as a template for
homology-directed repair (HDR). These oligonucleotides contained the mutation of interest as
well as mutations in the PAM site (to prevent Cas9 cleavage of successfully mutated DNA), the
induction of a restriction site (for later identification of mutants) and alterations of wobble bases
to enable the design of primers that will only amplify DNA after successful HDR and insertion of

the new DNA sequence.

Due to codon redundancy, multiple new codons could be introduced that result in the correct

amino acid change. A codon preference table (https://www.kazusa.or.jp/codon/cgi-

bin/showcodon.cgi?species=7955) was used to assist in choosing which codon to include; rare

codons were avoided. Oligonucleotides satisfying all of the above requirements were reverse
complemented and ordered from IDT. They were phosphorothioated on the first and last two
bases to enhance stability and prevent nuclease breakdown once injected. Corresponding
primers were checked using Primer-BLAST and tested on wildtype zebrafish DNA upon arrival to

ensure they had no ectopic binding sites and no products are generated in non-mutated DNA.

Finally, co-injections of active guides and ssODNs were performed and DNA assessed at 1dpf
using the novel primers designed and/or induced restriction sites. If HDR was successful in
injected embryos, large numbers were raised to identify founders that demonstrate germline
transmission of the mutation. This was achieved by outcrossing GO zebrafish with wildtype
zebrafish and assessing the offspring using the novel primers and induced restriction sites.
Successfully transmitting fish were outcrossed and offspring raised to generate a stable mutant

line.
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3.14 Neutral Red Staining
Neutral red staining was conducted as described by Herbomel et al. (2001), but without the

addition of phenylthiourea. Briefly, 3dpf or 4dpf larvae were submersed in neutral red [Sigma
Aldrich] at a final concentration of 2.5ug/mL of E3 for 6 hours at 28°C. Larvae were washed by
refreshing the media twice and fish imaged immediately using a Nikon SMZ1500
stereomicroscope after mounting in 1% low melting point agarose. Quantification of microglial
number was achieved by subjectively counting the number of distinct red dots from brightfield

images using ImageJ software.

3.15 Toxicity Trials and Drug Treatments

3.15.1 Anti-inflammatory Compounds

A number of compounds were used for their anti-inflammatory properties (table 12). These
compounds were added to E3 media for treatment of zebrafish larvae from 1-12dpf. Toxicity
trials on wildtype zebrafish were always conducted prior to the treatment of any mutant

zebrafish to establish maximum tolerated doses (see below).

Table 12. Anti-inflammatory Compounds Used in This Thesis

Drug Name Source Tested | Used in experiments
UDCA Sigma-Aldrich Yes No

TUDCA Sigma-Aldrich Yes Yes

GUDCA Gift from Dr Heather Mortiboys laboratory Yes No

Jed135 Dextra/NZP synthesised compound Yes No

Jed666 Dextra/NZP synthesised compound Yes Yes

Dexamethasone Sigma-Aldrich Yes Yes

Quinacrine Sigma-Aldrich Yes No

Dihydrochloride

Table outlining the compounds used in this thesis to treat zebrafish due to their predicted anti-inflammatory effects.

3.15.1.1 Assessing Solubility

To assess the ability of drugs to dissolve into E3 media, various concentrations were added to
3mL E3 containing either 1% or 0.5% DMSO and left at 28°C overnight. The following day, crystal

formation was analysed under a stereomicroscope [Leica].

3.15.1.2 Toxicity Trials

Drugs were dissolved in DMSO and administered to groups of 20 dechorionated zebrafish larvae
via constant immersion by applying directly to the E3 media (final DMSO concentration of 1%).
Media and drug were refreshed daily and fish over 5dpf fed with Zebrafeed [Sparos]. The pH of
the media was checked once drugs applied. Survival in toxicity trials of 1-5dpf zebrafish was
measured by the presence of a heartbeat. In 1-10dpf or 5-10dpf trials, fish were culled (classed
as death) if they no longer responded to touch. This is due to home office regulations meaning
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that death cannot be an endpoint of experiments over 5dpf. Husbandry (untreated wildtype) and

DMSO controls were included in all trials. Fish were kept at 28°C throughout.

3.15.1.3 Drug Treatment Experiments
The treatment of mutant zebrafish was conducted as above, whilst blinded to both genotype and
condition (treatment vs control). Fish were genotyped at the end of the experiment to prevent

experimenter bias.

3.15.2 Hepatotoxicity Experiments
Paracetamol (acetaminophen) [Sigma] was used to induce liver damage in zebrafish larvae.

Initially, toxicity trials were conducted using previously published data as a guide. Liver damage
was assessed by two means; firstly, livers were examined under brightfield microscopy to look at
changes in liver colour. Secondly, fish were fixed following treatment and assessed using in situ
hybridisation against fabp10a (see section 3.8.3). Images were obtained and liver area was

measured in Imagel by setting a colour threshold and creating a region of interest.

3.15.3 Induction of Inflammation

Pharmacological induction of inflammation was achieved in zebrafish embryos by exposure to a
number of compounds. Methodologies for treatment were developed by combining published
protocols with advice from Dr Sylvia Brugman. For all toxicity trials, 20 dechorionated larvae were
exposed to compounds from 2 or 3dpf in 3mL E3 without methylene blue. Media, including

compounds, was refreshed daily. Fish were kept at 28°C and monitored for survival.

3.15.3.1 The Dextran Sodium Sulfate Model

Dextran Sodium Sulfate (DSS, MW ~40, 000) [Sigma-Aldrich] was dissolved into E3 media to
create a 10mg/mL stock solution which was then directly added to E3 at required concentrations.
Protocols were adapted from Oehlers et al. (2013) but with markedly reduced concentrations as
suggested by Dr Brugman. Larvae were exposed to DSS from 3-5dpf by constant immersion in

3mL E3, refreshed daily. RNA was extracted from 5dpf larvae following exposure.

3.15.3.2 The Trinitrobenzene Sulfonic Acid Model

Trinitrobenzene Sulfonic Acid (TNBS) [Sigma-Aldrich] was purchased as a 1M stock solution and
added directly to E3 media to desired concentrations. Protocols were adapted from Oehlers et
al. (2013). Larvae were exposed to TNBS from 3-5dpf by constant immersion in 3mL E3, refreshed

daily. RNA was extracted from 5dpf larvae following exposure.
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3.15.3.3 The Saponin Model

Extra pure saponin [Thermo Fisher Scientific] was dissolved into E3 to create a stock solution
which was added directly to E3 media containing zebrafish larvae at desired concentrations.
Protocols were adapted from Lépez Nadal et al. (2018). Larvae were exposed to saponin from 3-
5dpf by constant immersion in 3mL E3. Drug and media were refreshed daily. RNA was extracted

from 5dpf larvae following exposure.

3.16 NAD/NADH Assay
NAD/NADH assays, including data analysis, were conducted on adult zebrafish by Mr Oluwaseyi

Pearce. Brains were extracted as described previously, weighed and used fresh. Levels of NAD+
and NADH were measured using a colourimetric NAD/NADH Assay Kit (ab6534) [abcam]. The
assay was performed as per manufacturer’s instructions, with minor alterations following
optimisation for zebrafish tissue. Briefly, brains were washed using 400uL PBS and homogenised
in 400uL NADH/NAD extraction buffer using a Dounce homogeniser. Following centrifugation at
4°C for 5 minutes, the supernatant was collected into a clean tube. Samples were centrifuged in
10kD spin columns (ab93349) at 4°C for approximately 1.5 hours. Filtrate volume was measured
and split (half for NADH measurement and half for total NAD measurement). Samples for NADH
measurement were incubated at 60°C for 30 minutes to decompose NAD+ prior to plate reads.
Samples or standards were added into wells of a clear bottomed 96-well plate [Greiner] with
100pL reaction mix (98uL NAD cycling buffer and 2uL NAD cycling enzyme mix). Some wells were
used to measure background activity; to these wells only NAD cycling buffer was added (100uL).
Plates were incubated for 5 minutes at RT to convert NAD+ to NADH. 10uL NADH developer was
added to each well and the plate shaken for 5 minutes. Plates were read using a plate reader
[Pherastar] with OD450nm readings made every 15 minutes for a total of 210 minutes. Protein
concentration within samples was determined via a Bradford assay on the initial supernatant.
Here, 5uL BSA standards or samples were added to each well of a 96-well plate with 195uL
Bradford reagent. Plates were shaken in the dark for 3 minutes and absorbance measured at
OD595nm. Data were analysed as described in manufacturer’s instructions, using a paired t test

between biological replicates assayed on the same day.

3.17 Metabolomics Assay
Kynurenine pathway metabolite analysis was carried out by Charles River Laboratories in the

Netherlands using mass spectrometry. For larval analysis, five 5dpf larvae of known genotype
were combined in an Eppendorf and flash frozen. For adult analysis, brains and liver were

extracted from adult zebrafish of known genotype, weighed and flash frozen. Five biological
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replicates were conducted for each experiment. Samples were shipped on dry ice. Additional
wildtype samples were sent to optimise assays for use in zebrafish. Larval extract was obtained
by homogenising larvae in 100uL extraction solvent using sonication. Homogenates were
centrifuged and the supernatants stored as larval extract. Metabolites are reported as the
concentration in this extract, which could be converted to concentration per larva. For adult
tissue, 5uL extraction solvent was added to each mg of tissue and the sample homogenised using
a Precellys homogeniser. Homogenates were centrifuged and the supernatants stored as
extracts. Since these samples were weighed, metabolites are reported as tissue content (ng/g

tissue).

3.18 In Silico Research
Initial in silico research of human and zebrafish genes was conducted using Ensembl software.

Basic Local Alignment Search Tool (BLAST) programs were utilised to find orthologous genes by
aligning protein sequences against the proteome of the opposite species. Nucleotide BLAST
(BLASTN) was used to compare nucleic acid sequences between orthologous genes. Protein
BLAST (BLASTP) was used to compare amino acid sequences, as well as specific protein domains
using the “subrange” setting. The Needleman—Wunsch algorithm in SnapGene was also used to
compare protein sequences and generate images used in this thesis. InterPro software (Mitchell
et al., 2019), which combines information from multiple databases, was used to identify specific
protein domains within amino acid sequences. EMBQOSS Transeq (Madeira et al., 2019) was used
to translate mutated nucleic acid sequences to their peptide sequences for comparison to
wildtype proteins. An online exon-intron graph tool was used to create genomic figures, whilst
protein schematics were created by hand in Adobe Illustrator, using pixel size for correct scaling.
Synteny was assessed by “region comparison” on Ensembl, covering 1Mb of DNA surrounding

the gene of interest.

3.19 Statistics
Where possible, experiments were completed in at least triplicate. Biological replicate refers to

the use of embryos from separate parental batches. Graphs and statistical analyses were
conducted in GraphPad Prism 7. Graphs other than survival curves are shown as means *
standard error of the mean (SEM). Statistical tests used are described per graph. Where relevant,
normality was assessed using a Shapiro-Wilk test. Statistical significance was determined as

P<0.05.
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4 a-Amino-B-Carboxymuconate-e-Semialdehyde Decarboxylase and
Parkinson’s Disease

4.1 Introduction
a-Amino-8-carboxymuconate-e-semialdehyde decarboxylase (ACMSD) lies under a GWAS peak

on chromosome 2 (Nalls et al., 2014), suggesting that SNPs in this gene may alter the risk of
developing PD. This meta-analysis of GWAS reported this locus as “ACMSD/TMEM163”, although
an updated meta-analysis (Nalls et al., 2019) dropped ACMSD, reporting this locus solely as
TMEM163; the significant SNPs also differed from the original report. However, multiple SNPs
have been discovered that lie closer to ACMSD than TMEM163 and the association of these SNPs
with PD appears to vary by population (table 13). This heterogeneity across populations has been
suggested as the reason that some studies do not report ACMSD as a significant risk locus, despite

its likely role in altering susceptibility to PD (Lill et al., 2012; Nalls et al., 2011).

To further support the proposal that ACMSD is indeed the gene responsible for altering PD risk
at this locus, additional links between ACMSD and PD can be made, which is not the case for
TMEM163 (a PubMed search of “TMEM163 and Parkinson’s” produced no results outside of
GWAS). A pathogenic mutation in ACMSD (E298K) has been reported in a patient with late onset
sporadic PD (Vilas et al., 2017), suggesting that other variations in ACMSD may also have effects
relevant to the disease. Exploring Parkinsonian-like disorders also reinforce suggestions that
ACMSD may play a role in PD. The screening of a three generation pedigree of a family with
cortical myoclonic tremor, epilepsy and Parkinsonism identified that a W26*(Stop) mutation in
ACMSD was likely responsible (Marti-Massé et al., 2013). Additionally, metabolites of the
kyurenine pathway have been identified as dysregulated in PD patients (discussed in detail

below), further suggesting that ACMSD is indeed the gene of interest at this locus.

Table 13. The Significance of Single Nucleotide Polymorphisms in a-Amino-8-Carboxymuconate-g-Semialdehyde
Decarboxylase in Various Studies

Study Population SNP Odds Ratio Significant?
(Nalls et al., 2014) Multiple rs6430538 <1 Yes
(Wang et al., 2019) Chinese rs6430538 >1 No
(Chang et al., 2019) Taiwanese rs6430538 <1 No
(Lill et al., 2012) Multiple rs6723108 <1 Yes (not conclusive)
(Bandrés-Ciga et al., 2016) Spanish rs6430538 >1 Yes
(Tejera-Parrado et al., 2019) Spanish rs6430538 >1 Yes
(Nalls et al., 2011) Caucasian Rs6710823 >1 Yes
(Pihlstrgm et al., 2013) Scandinavian rs10928513 <1 Yes

Published data on single nucleotide polymorphisms (SNPs) identified at either the ACMSD/TMEM163 or ACMSD alone loci.
Significance was assumed at P<0.05.
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ACMSD is an enzyme expressed in the kidneys, liver,

and brain (Fukuoka et al., 2002) acting at a critical Tryptophan

branching point in the catabolism of tryptophan via Kynu;'l:anine

the kynurenine pathway. ACMSD is described as a /WD
homodimeric enzyme, with dimerisation being a Quinolinic Acid Picolinic Acid

requirement for decarboxylase function (Huo et al.,  Figure 8. The Role of a-Amino-6-Carboxymuconate-
e-Semialdehyde Decarboxylase in the Degradation

2013). The enzymatic activity of ACMSD is further of Tryptophan.
a-amino-B-carboxymuconate-s-semialdehyde
increased by the formation of a dimer-dimer decarboxylase (ACMSD) is required at a critical
branching point in the kynurenine pathway where it
tetramer, responsible for stabilising an additional acts to convert kynurenine to picolinic acid. In the

absence of ACMSD, kynurenine is non-enzymatically

active site in each monomer, establishing eight  degraded to quinolinic acid. Some pathway steps are
not shown.

active sites per tetramer (Yang et al., 2019).

ACMSD acts in the kynurenine pathway to determine which of two key metabolites result from
the degradation of tryptophan, picolinic acid (PIC) or quinolinic acid (QUIN) (figure 8). More
specifically, ACMSD acts to convert a-amino-B-carboxymuconate-e-semialdehyde (ACMS) to a-
aminomuconate semialdehyde (AMS), which results in the final pathway product of PIC, a stable,

non-metabolised metal chelator. For further pathway details, see figure 9.

Importantly, ACMS is an unstable molecule that will dehydrate to form QUIN in the absence of
ACMSD. QUIN is a precursor for nicotinamide adenine dinucleotide (NAD+) synthesis but also
acts as a potent neurotoxin. Due to its importance in cell survival, via NAD+ production, but also
its neurotoxic nature, the production of QUIN must be tightly controlled; this regulation can be
achieved at the level of ACMSD by modulating both the expression and activity of this enzyme.
ACMSD monomers are held together by hydrogen bonds and salt bridge formation between key
arginine residues that form the active site of the dimer and higher order structures (Huo et al.,
2013). This quaternary structure is partially dependent on the pH and ionic strength of the
surrounding solution (Yang et al., 2019). Aside from expression levels, this offers a further level

of control over the activity of ACMSD and, therefore, the levels of QUIN produced.

NAD+ is a co-enzyme present in all species that is primarily involved in energy metabolism but is
also recognised as an important molecule in DNA repair and epigenetics, where it acts as a co-
enzyme for histone deacetylases. During redox reactions, critical for energy generation, NAD+
cycles between its oxidised and reduced states. However, in other reactions NAD+ is irreversibly
cleaved, requiring the generation of new molecules to maintain adequate NAD+ levels. This

occurs via three pathways: The Preiss-Handler pathway, the Salvage Pathway and the Kynurenine
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Pathway, which is also known as the de novo Pathway here. The kynurenine pathway leads to
the production of NAD+ from QUIN via quinolinate phosphoribosyl transferase and nicotinamide
mononucleotide adenylyl transferase and this process can be directly linked to ACMSD activity —
the greater the activity of ACMSD, the less NAD+ produced. This has been demonstrated in
human and mouse cell-based models as well as in vivo in C.elegans and mice (Katsyuba et al.,
2018). Using RNAI to reduce the expression of acmd-1 (the orthologue of ACMSD) in C.elegans,
resulted in 1.2x higher levels of NAD+ expression (Katsyuba et al., 2018). Furthermore, this
increase in NAD+ was responsible for an increased lifespan that was dependent on Silent
Information Regulator 2.1 (SIR2.1) and activation of the mitochondrial stress defence response
via DAF-16, the sole orthologue of FOXO (Forkhead Box Protein O) family of transcription factors
in C.elegans. This same effect was demonstrated by increasing dietary tryptophan, which would
also result in increased levels of NAD+, although interestingly combining acmd-1 knockdown and
increased tryptophan did not appear to have additive effects. These data were supported in cell-
based assays using both human and mouse cells, where a 98% reduction of ACMSD activity
resulted in a 1.4x increase in NAD+ levels (Katsyuba et al., 2018). This appeared to be important
for mitochondrial function, protection against steatosis and fatty-acid induced apoptosis as well
as resulting in reduced levels of ROS. As with C.elegans, nearly all of the observed effects were
sirtuin 1 (human orthologue of SIR2.1) dependent. However, in mammalian in vivo experiments
the effects of inhibiting ACMSD appeared to vary by organ. As expected, increases in NAD+ were
only present in areas where ACMSD is expressed (brain, liver, kidney), but the effects on QUIN,
which was increased to below toxic levels, was only seen in the brain and mitochondrial effects

only occurred in the liver.

Despite the important relationship between QUIN and NAD+ production, it is well recognised
that QUIN is a neurotoxic molecule and so its levels must be controlled, even at the detriment of
energy generation. Humans therefore rely on dietary niacin, creating NAD+ via the salvage
pathway, rather than the kynurenine pathway, so that levels of QUIN can be kept to a minimum.
In other animals, including mice, the kynurenine pathway alone is enough to produce sufficient
NAD+ for cellular processes, but this comes at the cost of increased levels of QUIN. This
represents a source of species variation, an important factor to bear in mind when choosing
model organisms to study this pathway. This difference can be seen experimentally; mice that
overexpress human ACMSD develop dependency on dietary niacin for NAD+ synthesis, becoming

NAD+ deficient on niacin-free diets (Palzer et al., 2018). In this model, NAD+ deficiency also
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depended on the tryptophan content of the diet, suggesting that some NAD+ is still synthesised

via the kynurenine pathway despite high levels of ACMSD driving ACMS towards PIC production.

The neurotoxic effect of QUIN is conferred via a number of mechanisms, but is primarily thought
to act via the direct activation of NMDA receptors. Whilst less potent than NMDA and glutamate,
QUIN may be less quickly degraded, remaining available to activate receptors for extended
periods of time (de Carvalho et al., 1996; Stone & Perkins, 1981). QUIN is widely accepted to
result in differing neurotoxicity depending on brain region. This is commonly thought to be
NMDA receptor subtype-specific, with only those containing NR2A or NR2B subunits susceptible
to QUIN-induced toxicity (de Carvalho et al., 1996). This concept is particularly interesting since
NR2B subunits are found on dopaminergic neurons (Jones & Gibb, 2005), suggesting they are at
particular risk of excitotoxic NMDA receptor activation. However, ex vivo, QUIN can induce
neurotransmitter release from noradrenergic but not dopaminergic neurons (Pittaluga et al.,
2001). Aside from suggesting that direct excitotoxicity may not explain QUIN-induced
dopaminergic neurodegeneration, the specificity of QUIN for NMDA receptor subtypes is also
guestioned by these data. NMDA receptors in both neuronal populations contain NR2B subunits
and yet are differentially susceptible to QUIN. Pittaluga et al. (2001) suggest that splice variants
of the NR1 subunit may actually be responsible for determining QUIN sensitivity. It is also possible

that specific combinations of subunits are required for QUIN-induced NMDA receptor activation.

QUIN also induces excitotoxicity by increasing the release, and inhibiting the reuptake and
degradation, of glutamate in synaptic regions (Tavares et al., 2005; Tavares et al., 2002; Tavares
et al., 2000; Ting et al., 2009). Increased local glutamate concentrations result in the activation
of glutamate receptors irrespective of subtype composition. Both the direct activation of NMDA
receptors by QUIN and the enhanced availability of glutamate results in an increased calcium flux
into neurons and glia, ultimately leading to the dysregulation of mitochondria and cell death
(Duchen, 2012; Lee et al., 2010; S. Vandresen-Filho et al., 2015). Mitochondrial dysfunction,
namely a reduction in complex 1 activity, is evident in the brain of live rats injected with QUIN

(Hosoi et al., 2021), which may be a result of increased cytosolic calcium levels.

Whilst microglia and macrophages are the primary source of QUIN, they also directly respond to
pathological levels. Exposure to exogenous QUIN results in the activation of microglia in the
surrounding area (Hosoi et al., 2021; Minghetti et al., 2007; Moresco et al., 2008). Whilst this may
be a secondary effect of degenerating neurons, the identification of microglial activation in

response to QUIN in primary microglial cultures suggests that this is likely a direct effect on
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microglia themselves (Feng et al., 2017). Although not fully understood, QUIN-induced microglial
activation may be the result of NFkB translocation to the nucleus, causing the increased
expression of proinflammatory mediators, including IL-1B and TNF-a (Feng et al., 2017).
Pharmacological inhibition of the NMDA receptor is unable to prevent this activation, suggesting
that it occurs via an NMDA receptor-independent mechanism (Pierozan et al., 2018).
Interestingly, conditioned media from QUIN-activated microglia is able to induce neuronal death
and the inhibition of microglial activation reduces QUIN-induced neuronal toxicity (Feng et al.,
2017). These data suggest that the inflammatory effect of QUIN may play a larger role in QUIN-

induced neurotoxicity than direct NMDA receptor activation.

QUIN can also enhance neuroinflammation by inducing the production of monocyte
chemoattractant protein 1 (MCP1), IL-8 and TNF-a from astrocytes (Guillemin et al., 2003;
Pierozan et al., 2018). Generally, astrocytes are considered neuroprotective in the kynurenine
pathway due to their production of anti-inflammatory kynurenic acid and PIC, which can
minimise QUIN production and act as an NMDA receptor antagonist (Guillemin et al., 2001).
However, microglia can acquire the kynurenine generated in astrocytes and drive it down the
neurotoxic, proinflammatory pathway, terminating with the production of QUIN (figure 9). QUIN

can then act on the astrocytes, increasing their production of proinflammatory mediators.

Oxidative stress is another key mechanism involved in QUIN-induced toxicity. QUIN has been
widely demonstrated to increase ROS and reactive nitrogen species (RNS) in astrocytes, microglia
and neurons (Braidy et al., 2009; Hosoi et al., 2021; Ryu et al., 2004; Samuel Vandresen-Filho et
al., 2015). Enhanced production of RNS can be attributed to the increased expression of iNOS
and nNOS following exposure (Braidy et al., 2009; Ryu et al., 2004). Increased ROS may result
from the transfer of electrons from QUIN-iron complexes to oxygen (Platenik et al., 2001).
Oxidative stress induced following QUIN exposure also differs by brain region, although, relevant
to PD, increased ROS has been identified in the striatum (Samuel Vandresen-Filho et al., 2015).
This varying sensitivity of different brain regions has been suggested to result from differing

antioxidant capacities (Samuel Vandresen-Filho et al., 2015).

QUIN can also cause cytoskeletal disruptions in neurons and astrocytes, resulting in a disrupted
morphology and loss of cell-cell interactions (Pierozan et al., 2012). Blocking NMDA receptors has
no effect in preventing QUIN-induced changes to neuronal morphology (Pierozan et al., 2018),
suggesting this aspect of toxicity also occurs independently of NMDA receptors. Finally, QUIN

may also result in disruption of the BBB (Reynolds & Morton, 1998; St'astny et al., 2000), enabling
55



the infiltration of potentially damaging compounds into the CNS which may contribute to

neurodegeneration.

ACMSD appears to have conflicting roles in the CNS. On one hand, ACMSD can be thought of as
an anti-inflammatory molecule. During an immune insult, increased ACMSD acts to limit the
production of QUIN and, therefore, the neuronal damage caused by the resulting neurotoxicity
and inflammation (Thirtamara-Rajamani et al.,, 2017). On the other hand, excessive ACMSD
activity can result in NAD+ deficiency. It is clear that ACMSD activity needs to be carefully
balanced. Humans have developed a dependency on dietary niacin for NAD+ production to
overcome this issue, allowing for increased ACMSD activity to prevent QUIN build up, whilst
generating enough NAD+ for survival. However, this reliance on niacin results in an increased risk
of Pellagra, which in itself is linked to neurodegeneration, particularly in the form of dementia

(Morris et al., 2004).

It is possible that both increases and decreases in ACMSD may alter the risk of developing PD,
either by reducing the production of NAD+ or increasing the vulnerability of the CNS to
inflammation in response to an initial immune insult, such as exposure to toxins or infections.
This theory is also supported by the study of other members of the kynurenine pathway, some
of which have been identified as dysregulated in PD. In MPTP treated mice, decreased kynurenine
aminotransferase 1 (KAT-1) has been found in the SNPc (Knyihar-Csillik et al., 2004), suggesting
that levels of kynurenic acid and other downstream metabolites are also likely to be
dysregulated. In human PD, tryptophan has been found to be decreased and 3-
hydroxykynurenine increased in patient serum and CSF (Han et al., 2017; Klatt et al., 2021; Lewitt
et al.,, 2013; Widner et al., 2002). Kynurenine also tends to be decreased in the blood of PD
patients (Han et al., 2017; Klatt et al., 2021), but levels within the CSF have been shown to be
increased (lwaoka et al., 2020). Levels of kynurenic acid varies by publication, with reports of this
being both increased and decreased in PD patients (Oxenkrug et al., 2017; Sorgdrager et al.,
2019). Within the brain itself, a decrease of kynurenine and kynurenic acid and an increase of 3-
hydroxykynurenine have been found specifically within the substantia nigra of those with PD
(Ogawa et al., 1992). Furthermore, levels of KAT-Il, responsible for 75% of kynurenic acid
production, has been found to be increased in RBCs taken from symptomatic PD patients (Hartai
et al., 2005). A summary of kynurenine pathway metabolites in PD is shown in table 18, section

4.3. The changes to kynurenine pathway metabolites in the blood, brain and CSF of patients
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suggests that this pathway is dysregulated in the CNS as well as more widely in the body, although

its direct link to ACMSD, or indeed cause and effect, cannot be shown.

4.1.1 The Zebrafish Liver
The liver is an organ with a primary role of detoxification and lipid processing. Since the highest

expression of ACMSD in humans is reported in the liver, analysis of this organ in loss-of-function

zebrafish mutants may provide further insight into the basic function of this protein.

As in humans, the zebrafish liver is also a metabolic and lipid storage organ. Liver budding begins
at 24-28hpf in zebrafish larvae, and a functional liver containing all cell types is present by 4dpf
(Field et al., 2003). Development recapitulates that of mammalian liver development and its final
structure and function is mostly conserved. The primary difference is the seemingly random
positioning of bile ducts, veins and arteries that are highly organised in the mammalian liver (Yao

et al.,, 2012).

Fatty acid binding proteins (FABP), involved in the uptake, transport and intracellular targeting
of fatty acids, represent a group of proteins with conserved structure but distinct expression
patterns. Fabp10a was first identified in adult zebrafish as a 126aa protein specifically expressed
in the liver (Denovan-Wright et al., 2000) although later research suggests that its expression
pattern also includes the intestines and testis (Sharma et al., 2006). In zebrafish larvae, fabp10a
is expressed exclusively in the liver, with signals detectable from 48hpf (Sharma et al., 2006;
Venkatachalam et al., 2009). A duplicated gene, fabp10b, was discovered later (Venkatachalam
et al., 2009) although its expression pattern differed significantly from fabp10a; fabp10b is
expressed only in the olfactory vesicles of larvae and primarily in the muscle and heart of adult
zebrafish (Venkatachalam et al., 2009). fabp10a expression can be used as a reliable readout of
hepatotoxicity of some compounds in larval zebrafish (Mesens et al., 2015), making it a useful

marker to use in this project.

Many compounds have been used to induce liver damage in zebrafish. The most commonly used
is paracetamol (acetaminophen). Exposure of zebrafish larvae to toxic doses of paracetamol has
been shown to result in decreased liver size (Cornet et al., 2017; He et al., 2013; M. Kim et al.,
2018; Nguyen et al., 2017; Yamashita et al., 2019; Zhang et al., 2019) and yolk retention (He et
al., 2013; M. Kim et al,, 2018), a commonly used marker of liver damage or delayed liver
development in zebrafish larvae. Paracetamol has also been reported to result in lipid
accumulation in the yolk (Cornet et al., 2017), likely resulting from dysfunction of the liver, which

usually acts to clear these lipids as it develops. At the cellular level, paracetamol results in the
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appearance of vacuoles (M. Kim et al., 2018; Nguyen et al., 2017; Yamashita et al., 2019), swelling
(M. Kim et al., 2018; Yamashita et al., 2019) and nuclear changes (M. Kim et al., 2018; Yamashita
etal., 2019), ultimately leading to necrosis and a reduced number of hepatocytes (He et al., 2013;
Yamashita et al., 2019). At the mRNA level, increased levels of keap1/2 and gstpl are seen
(Yamashita et al., 2019), suggesting oxidative stress plays a role in the hepatotoxicity. The toxicity
of paracetamol in zebrafish larvae appears to be liver specific, with miR-122 (a microRNA known
to be released from injured hepatocytes), increasing specifically in the liver and not in other
organs (Nam et al., 2016). However, if the dose is further increased, cardiac effects become
apparent (Zhang et al., 2014). By using a low concentration of paracetamol, hepatotoxicity can
be induced in zebrafish larvae without effects on other organs (Mesens et al., 2015). Additionally,
both immersion and injection into the yolk at 3dpf have been shown to be viable options to
induce hepatotoxicity (Nguyen et al., 2017) and fabp10a can be used as readout (Mesens et al.,
2015).

Zebrafish provide a great model system that can be used to explore the role of ACMSD as a
putative PD risk gene owing to their genetic manipulability and relative ease of assessing PD-
relevant readouts. The aims of this chapter are to describe the creation of a zebrafish line carrying
a loss-of-function mutation in acmsd and the use of this model to investigate how Acmsd impacts
normal zebrafish development and processes. In addition, the role of this enzyme in PD
pathogenesis will be explored by assessing movement, dopaminergic neuron development and
neuroinflammation as well as challenging this zebrafish line with additional stressors, including

hepatotoxicity and environmental inflammation.
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4.2 Results

4.2.1 In Silico Research
The Ensembl database describes human ACMSD (ENSG00000153086) as a protein coding gene

on chromosome 2 expressed as two splice variants; a 1307bp transcript, coding for a 278aa long
protein, and a 1252bp transcript, coding for a 336aa protein (figure 10). Protein-Protein BLAST
of these transcripts using BLASTP software identified a 100% conserved 252aa C-terminal
between splice variants (figure 10). Needleman-Wunsch global alignment in SnapGene revealed
a total protein identity of 77.1% when accounting for the differing N-terminal. InterPro software
analysis of the full length ACMSD amino acid sequence predicted there were no conserved

protein domains present, suggesting that ACMSD does not belong to a wider protein family.

To identify the zebrafish orthologue of ACMSD, the full length human ACMSD amino acid
sequence was aligned to the zebrafish proteome using BLASTP software. The only result from
this alignment was Acmsd, possessing 81.25% identity to the human protein (figure 10). The
reverse analysis, aligning the zebrafish Acmsd protein sequence to the human proteome, also

revealed ACMSD as a single result.

At the DNA level, Ensembl also identified acmsd (ENSDARG00000062549) on chromosome 9 as
the single zebrafish orthologue to human ACMSD (figure 10). This highly conserved gene
demonstrated 80.95% identity to ACMSD when compared using BLASTN. Zebrafish also express
two splice variants of acmsd, a 1570bp and a 1568bp transcript, although both yield identical
336aa protein sequences. As with human ACMSD, InterPro analysis of conserved domains also

failed to identify any specific protein domains within zebrafish Acmsd.

Genome synteny has been conserved between the human and zebrafish ACMSD loci, with a
number of orthologous genes, including CCNT2/ccnt2a and MAP3K19/map3k19, present in a
1Mb region surrounding each gene (figure 11).

All of the above data suggest that zebrafish acmsd is the true orthologue of human ACMSD.

Table 14. Comparison of Human and Zebrafish a-Amino-8-Carboxymuconate-e-Semialdehyde Decarboxylase.

Human Zebrafish
Transcript Base Pairs 1252 1570
Amino Acids 336 336
Exons 10 10
Protein Coding Splice Variants 2 2
Chromosome Number 2 9

A table outlining the basic features of the a-amino-8-carboxymuconate-e-semialdehyde decarboxylase protein and gene and
comparing these between human and zebrafish. The full length transcripts from both organisms were used for comparison.
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Human ACMSD (splice variant 2)
C Sphice Vanant 1 1 MKIDIHSHILPKEWPDLKKRFOYGGWVOLQHHSKGEAKLLKDGKVFRVVRENCWOPEVRIREMDQKGVTVQALSTVPVMFSYWAKPEDTLNLCQLLNNDLASTYVSYPRRFVGLGTLPMQ 120
l- nalllat EEEEEERY Y I I perrreeererrrnennerrennrereennrnni
Splice Vanant 2 1 MG------- KSSEWCE~~~rerrrerrrrrrrrrrrrmns RIAGIQKFVLEK-WTKK----------coccccccncnnann- AKPEDTLNLCQLLNNDLASTVYSYPRRFVOGLGTLPMQ &2
Splice Vaniant 1 121 APELAVKEMERCVKELGFPGVQIGTHVNEWDLNAQELFPYYAAAERLKCSLFVHPWDMQMDGRMAKYWLPWLYGHPAETTIAICSHINGOVFEKFPKLEVCFAHOOGOAFPFTVGRISHGF 240
NN N N N N N N N N N N NN N NN NNy
Splice Variant 2 63 APELAVKEMERCVKELGFPGVQIGTHVNEWDLNAQELFPYYAAAERLKCSLFVHPWOMQMDGRMAKYWLPWLYGHPAETTIAICSHINGGVFEKFPEKLKVCFAHGGGAFPFTVGRISHGF 122
Sphice Vanant 1 241 SMRPDLCAQDNPMNPKKYLGSFYTDALVHDOPLSLKLLTDOVIGKDKVILGTDYPFPLGELEPGKLIESMEEFDEETKNKLKAGNALAFLGLERKQFE 338
AR N N N N N R AN N
Sphce Vanant 2 183 SHRPDLCAQDNPHMNPKKYLGSFYTOALVHOPLSLKLLTOVIGKDOKVILGTDYPFPLOELEPGKLIESHEEFDEETKNKLKAGNALAFLGLERKQFE 278

T T TN Il

Wild-Type Zebrafish

Figure 10. A Comparison of Human and Zebrafish a-Amino-8-Carboxymuconate-ge-Semialdehyde Decarboxylase Finds That
Both Genes Share High Similarity. A. Humans possess two splice variants of ACMSD which are schematised here at the DNA level.
Both variants have 10 exons. White sections represent untranslated regions of sequence. Scale bar = 1Kb. B. Both organisms have
a single gene encoding for ACMSD, comprised of 10 exons. The human orthologue has increased intron (thin lines) size, resulting
in a DNA sequence length over 6-times that of zebrafish. Scale bar = 1Kb. C. The two splice variants found in humans result in
proteins of either 336aa or 278aa in length. Screenshot from SnapGene shows conserved 253 amino acid C-terminal. D. Schematic
comparison of human splice variants and zebrafish protein. Blue regions represent conserved amino acid sequences between
human variants. The single zebrafish protein is 336aa long. Black regions of the zebrafish graphic symbolise conserved amino
acids between the 336aa human splice variant and the zebrafish sequence, equating to 81.25% protein identity. Graphic is drawn
to scale by equating 1 pixel to 1 amino acid. aa, amino acid; acmsd, a-amino-8-carboxymuconate-e-semialdehyde decarboxylase.
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4.2.2 Expression of acmsd in Wildtype Zebrafish
4.2.2.1 Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)
To identify whether Acmsd may play a role in the early stages of zebrafish development, the

expression of acmsd at this time was analysed. RT-PCR found that acmsd was expressed from 1-
5dpf in wildtype zebrafish (figure 12A). The level of expression compared to the loading control
(rps29) suggested that acmsd mRNA levels increase overtime. Expression was also assessed in
adult zebrafish organs, finding highest expression in the liver and intestines of both sexes (figure
12B). acmsd also appeared to be expressed in the brain, kidney, gonads, gall bladder and possibly

in the heart, although this band was faint in the female and not present in the male.

A dpf

acmsd

rps29

B Male Female

&
bb
3
&
R

acmsd SRR acmsd

rps29 rps29

Figure 12. a-Amino-8-Carboxymuconate-e-Semialdehyde Decarboxylase Expression in Wildtype Zebrafish. A. RT-PCR shows
that acmsd is expressed at an increasing concentration from 1-5dpf in wildtype zebrafish. 15 larvae were combined per age group
for RNA extraction. rps29 was used as a loading control. B. RT-PCR of acmsd in adult zebrafish organs in a single male (left) and
female (right) show similar patterns. acmsd appears to be expressed primarily in the liver and intestines. acmsd, a-amino-6-
carboxymuconate-e-semialdehyde decarboxylase; dpf, days post fertilisation; rps29, ribosomal protein S29.

4.2.2.2 In Situ Hybridisation
In situ hybridisation primers were designed that did not cross the deletion site so that they could

be used in later experiments to assess transcript levels in mutant larvae (figure 13A). Both sets
of primers were tested using a gradient PCR, but even at higher temperatures were found to
have non-specific amplification (figure 13B,C). Nested primers were therefore designed for each
primer pair which enabled the amplification of only the product of interest following both PCRs.

Probe 1 was used on wildtype samples to assess the expression of acmsd in zebrafish larvae at
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3dpf. Staining was seen in the head region in both the sense and antisense probes, but staining

within the liver was seen only with the antisense probe (figure 13).

Due to staining from the sense probe, new probes were designed to determine whether this
staining pattern was real. Owing to the short length of acmsd cDNA, these probes had to cross
the deletion site. These primers produced a single band when amplified by PCR, so nested
primers were not necessary. Two new probes were tested in 3dpf wildtype zebrafish. Both
demonstrated acmsd expression specifically in the liver, with some fish also showing staining in
the gut (images from one probe shown in figure 14). No head staining was identified using these

new probes.

Probe 1 Probe 2 Probe 1

S AS
55 57 59 61 63 65 55 57 59 61 63 65 100 1000 100 1000

v e - O e —
.o

antisense WT 3dpf sense

WT 3dpf antisense

WT 3dpf antisense
WT 3dpf antisense WT 3dpf sense

Figure 13. Designing In Situ Hybridisation Probes Against a-Amino-8-Carboxymuconate-e-Semialdehyde Decarboxylase. A.
Target region of probes at the 3’ end of the acmsd gene. Forward primers in exon 8 and reverse primers in the 3’ UTR. Blue arrows
depict the approximate region of initial primer pairs, orange shows approximate region of nested primers, tagged with T7 for
transcription B. Gradient PCR using initial primer pairs on wildtype cDNA. 1kb plus ladder used. C. Electrophoresis gel showing
specific product after using nested primers on initial PCR products. S, sense; AS, antisense; 100, used 100X dilution of initial PCR
product; 1000, used 1000X dilution of initial PCR product. 1Kb plus ladder used D. In situ hybridisation in 3dpf wildtype larvae
using both the antisense (D-G) and sense (H-1) probes from primer pair 1. dpf, days post fertilisation; WT, wildtype.
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‘ antisense  WT 3dpf : 4

Figure 14. In Situ Hybridisation Demonstrates a-Amino-8-Carboxymuconate-e-Semialdehyde Decarboxylase Expression
Specifically in The Liver of 3-Days Post Fertilisation Wildtype Zebrafish. A-B. Sense probe produced no staining as seen from
lateral (A) and dorsal (B) view. C-F. Antisense probe staining from lateral (C, E) and dorsal (D, F) view. The liver can be seen stained
as well as more faint staining in the gut. Some larvae had more obvious gut staining (E, F) dpf, days post fertilisation; WT, wildtype.

4.2.1 a-Amino-B-Carboxymuconate-e-Semialdehyde Decarboxylase Mutant Zebrafish
4.2.1.1 Generation of an acmsd”’" Mutant Zebrafish
The acmsd”- mutant zebrafish line was created using CRISPR/Cas9 technology by Dr Marcus

Keatinge prior to the commencement of this project. The resulting mutant had a 1bp insertion
and 71bp deletion in exon 6 and into intron 6-7, resulting in the deletion of a 3’ splice site (figure
15). The large 70bp reduction in gene length meant that this mutant was easily genotyped by
standard PCR (figure 15E).
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ANNCNTGGGACCTCNATGCCCCAGAGCTGTTTCCTGTCTATGCTGTAAGTGCCATTGCCTTTTOTAGAACATTCAGAAAATTGTATTTTATTGTCAACAATATTTTTCACCTTACAACAG
ANNCNTGGOGACCTCNATGCCCCAGAGCTGTTTCCTGTCTATGCTGTAAGTGCCATTGCCTTTTGTAGAACATTCAGAAAATTGTATTTTATTGTCAACAATATTTTTCACCTTACAACAG

CGAAGAGCTGGACTGCTCGCTATTTGT A \CA 3 J ; ; TTTAAATCAGTGTTTTAACAT
CGAAGAGCTGGACTGCTCGCTAT ATTTAAATCAGTGTTTTAACAT

138 6CC
136 6CC

258 GACATTTGTOGCTTGTOGTOTGTGATTGCATTTTATTTTGATATGATGTTCCCACACACCTCTTTTAGAAACATCACTGOGCTTTTGTTGTTTTGCTTTTCATTCGAACAGGTATGCCAGCA
186 GACATTTGTGCTTGTGTGTGTOATTGCATTTTATTTTGATATGATGTTCCCACACACCTCTTTTAGAAACATCACTGGGCTTTTOTTOTTTTGCTTTTCATTCGAACAGGTATGCCAGCA

378 GAGACTACAATGGCAATTTGTTCCATGCTTTTTGGAGGTGTTTTTGAAAGATTTCCTAAACTTAAGGTCTGCTNNGCTCACGGA 461
306 GAGACTACAATGGCAATTTGTTCCATGCTTTTTGGAGGTOTTTTTGAAAGATTTCCTAAACTTAAGGTCTGCTTTGCTCACGGA 389

acmsd 5

W  1570bp

Il  1500bp (1bp ins 71bp del)

acmsd mutant

137

135

257
185

377
208

Figure 15. CRISPR-Generated Mutation in Exon 6 of a-Amino-8-Carboxymuconate-e-Semialdehyde Decarboxylase in Zebrafish.
A. Chromatogram of sequenced wildtype DNA with exon 6 of acmsd highlighted in blue. B. Chromatogram of sequenced acmsd
homozygous mutant DNA with exon 6 of acmsd highlighted in blue. C. Comparison of these sequences in SnapGene. Red bases
represent those that differ between genotypes. D. Schematic representation of the mutation induced. 1bp was inserted at the
71bp deletion site (‘del’), creating a DNA sequence 70bps shorter than wildtype acmsd and removing a 3’ splice site. Scale bar =
100 bases. E. The resulting 70bp reduction in DNA length allows for genotyping via standard PCR. Wildtype zebrafish are identified
by a single 425bp band (left), whist homozygous mutants are identified by a 355bp band (right). Heterozygous mutants appear
as double bands (centre). acmsd, a-amino-8-carboxymuconate-e-semialdehyde decarboxylase; bp, basepair; del, deletion; HOM,

homozygous mutant; ins, insertion; WT, wildtype.
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4.2.1.2  Determining Mutation Effect
The mutation created includes the deletion of a 3’ splice site as the 70bp deletion crosses an

exon-intron boundary at the end of exon 6. The outcome of this splice site deletion could be that
the exon is skipped, the 3’ intron is inserted or there is activation of a cryptic splice site. To
determine which occurs in this mutant, RT-PCR was conducted on homozygous mutant zebrafish
cDNA using a primer pair that spanned from exon 5 to exon 7. The amplified cDNA was gel-
extracted and sequenced in both directions. This revealed that exon 6 undergoes complete exon
skipping without the retention of surrounding introns (figure 16). The flanking exon sequences
were indistinguishable from wildtype. In silico transcription of acmsd cDNA sequences with and
without exon 6 were conducted using SnapGene (figure 16). These suggest that the loss of exon
6 results in the production of a 227aa protein, with the 162aa N-terminal identical to wildtype.
Importantly, this transcript induces a premature STOP codon into exon 8 which likely induces
nonsense-mediated decay of the resulting mRNA. SnapGene also suggested that the loss of exon
6 induced an additional open reading frame, resulting in the production of a 156aa protein with
the 142aa C-terminal identical to wildtype. However, this ATG was located towards the 3’ end of
the mRNA and creates a very small reading frame so is unlikely to be transcribed. Additionally, if
the first open reading frame results in nonsense-mediated decay, there would only be very low

levels of mMRNA to transcribe this later variant from.

4.2.1.3 Confirmation of a Pathogenic Mutation

4.2.1.3.1 Using Quantitative PCR

4.2.1.3.1.1 Designing qPCR Primers

Two primer pairs for acmsd qPCR were designed using Primer3 and tested in a standard PCR

reaction using wildtype cDNA as a template. Both pairs produced a single, clean band when run
by gel electrophoresis (figure 17A), indicating primer specificity to acmsd. Therefore,

optimisation steps were taken using both pairs.

Melt curves for both primer pairs produced single peaks above threshold level, confirming that
only one target was amplified (figure 17B,C). Four concentrations of cDNA (5X dilutions) and
three concentrations of primer (100nM, 250nM, 500nM) were used to create standard curves
and identify the most appropriate primer concentration to use for experiments. Primer pair 1 at
500nM was chosen to take forward for gqPCR as this had the highest efficiency and an r-squared
value above 0.99; this was not the case for other combinations tested (figure 17D-F). Whilst ef1a
was used during optimisation steps, rps29 was chosen for use as a reference gene, at a previously

tested concentration of 300nM, as others had reported issues with efla.
67



A T ﬂﬂBﬁcF CA?IICCCCAI]AGCT T TTCCT A TCTAT BCTIGCCOCCOAABAGBGCTOOBACTEBCTCOCTATTTOBTOCATCCATOOGACATOCAG

il

B FEeaRcen cAR T acicccAaAac e T TCle T T TATIGIET] ¢ TAT GC CA GCA GAGACTACAATBBCAATTTBTTCCATOBCTTTTT GGAGET 6
II
i N
|| N I
) (Al , ‘
l i\ i | I 1 | |
| f\ \ A \f i
. VL T EEUW A AR \ !
I .N A ! V1 /V J V \ |
C HOM 1 ~NNHNNNNHNHNNNNHNHNNNNKNT GEGACCTCAATOCCCCAGAGCTBTTTCCTOTCTATBET - mmmmrm s msmmmmsmmmm s mcseoemsm e smsmnemmmnnnn 62
HOM 2 NHNNNNNNHNNHNNNNNHNHNNENTGGGANCTCHATOCCCCAGAGCTOTTTCCTOTCTATGET - = c s e c e e e e e e e cnc e n e ccccim e aa e 63
wT1 ~NHNNNNNNNNNNNNNNNNNNNNCATGGGANCTCNATGCCCCAGAGCTGTTTCCTGTCTATGCTGCCGCCGAAGAGCTGGACTGCTCGCTATTTGTGCATCCATGGGACAT 109
wT2 ===NNNNNNNNNNNNNNNNNNNCNTGGGACNNNNNNGCCCCAGAGCTGTTTCCTGTCTATGCTGCCGCCOAAGAGCTGGACTGCTCGCTATTTGTGCATCCATGGEGACAT 107
pEni | coocooomoococoooosomoomosoo oo noTnT oS oo oo T DD GTATGCCAGCAGAGACTACAATGGCAATTTETTCCATGCTTTTTOOAGOTOTTTTTOAAAGAT 128
HOM2 | =cseecccsccccssssscscssssssssseesssssssssmsans GTATGCCABCABAGACTACAATGGCAATTTGTTCCATGETTTTTGGAGETOTTTTTGAAAGAT 125
wT1 GCAGACAGATGGTAGAATGGCAAAATACTGGCTGCCATGGTTAGTTGGTATGCCAGCAGAGACTACAATGGCAATTTGTTCCATGCTTTTTGGAGGTEGTTTTTGAAAGAT 219
wi2 GCABACAGATGGTABAATGOCAARATACTGGCTGCCATEBTTAGTTGBTATGCCAGCAGABACTACAATGGCAATTTGTTCCATECTTTTTGGAGBTETTTTTGAAABAT 217
HOM 1 TTCCTAAACTTAAGGTCTGCTTTGCTCACGGANAT 160
HOM 2 TTCCTAAACTTAAGGTCTGCTTTGCTCACGGANNN 161
wT1 TTCCTAAACTTAAGGTCTGCNTTGCTCACGGANANNNNGNNNNGNGNNNHNNNGHNHNNNNNNHNNNRTHTNTHHNNNNTNANATNNNCNHGACNTHHNNNNNANNNNKRN 335
wi2 TTCCTAARCTTAAGOTHINGH - HTOCTCACGOANAN - - - - — - - oo 251
D HOM1 ~HNHNNNNNHNNNNCTCCAARAGCATGGRACAAATTBCCATTGTAGTCTCTGCTGOCATA == mrmemsssmemmmmsmmamecmsmomcesmsmnmaammmmnnnn 9
HOM2 NNNHNNNNNNNNNNCTHNNNNNGCATGGAACAAAT TBCCATTOTAGBTCTETBETBBCATA - = === == === === m =@ mmmm o oo m oo oo omom oo ooomoooo 60
wT1 ~HNHNNNNNHNHNNNTCCANNAGCATGGAACAAATTGCCATTETAGTCTCTGCTGOCATACCAACTAACCATGGCAGCCAGTATTTTGECATTCTACCATCTGTCTGCAT 108
w2 - -NHNNNNNHNNNNNNNNNARAGCATGGAACAAATTGCCATTGTAGTCTCTGCTGOCATACCAACTAACCATGGCAGCCAGTATTTTGCCATTCTACCATCTGTCTGCAT 108
s | ococosososososcoooosoocosososssososososoooos CAGCATAGACAGBARACAGCTCTGGGGCATTGAGGTCCCATGTOGTTTATATGAGAGCCAATTTORA 125
O e T CAGCATAGACAGGAAACAGCTCTGGGGCATTOAGGTCCCATOTGTTTATATGAGAGCCAATTTGCA 126
WT1 GTCCCATGGATGCACAAATAGCGAGCAGTCCAGCTCTTCGGCOGCAGCATAGACAGGAAACAGCTCTOGGGCATTGAGGTCCCATOGTGTTTATATGAGAGCCAATTTGCA 219
r GTCCCATOOATOCACAAATAGCGAGCAGTCCAGCTCTTCOGCOGCAGCATAGACAGGAAACAGCTCTOOGGCATTGAGOTCCCATOGTOGTTTATATGAGAGCCAATTTGCA 218
HOM1 CTCCAGGAAAGCCCAGCTGATTCACHNNNNNNNNNANNGNNANNNNNNNTGGNNCATTGANGNCCCNNGNGNTNNTHNGANANCCAATTTGCNCTCCNNGAANNCCCANG 238
HOM2 oG A B AN A G A BT B A AN N e e e T T e e T e e e e e S e S S S S S S o S 154
WT1 CTCCAGGAAAGCCCAGCTGATTCACNNN - - 247
WT2 CTCCABAAAAGECCAGCTAATTCACHMN == = = o == == = o = m = s = msmamcmmmaece-eeace-esacesescesee-ce-esmsscmsmsscmmmesnmmm=nn= 246

Ala Lys Tyr Trp Leu Pro Trp Leu Val

Glu Thr Thr Met Ala Ile Cys Ser Met Leu Phe Gly Gly wal

F Wildtype acmsd homozygous mutant
MEKVDIHNHILPREWPDLKQRYGYGGFVAQLHHHCKGEAKMMEDGKLFRVIQENCW | MKVDIHNHILPREWPDLKQRYGYGGFVQLHHHCKGEAKMMEKDGKLFRVIQENCWDPE
DPEARIRDMEKHGVTVOALSTVPVMESYWAKPNDTLDLCGILNDDLAATVKQYPKR | ARIRDMEKHGVTVOALSTVPVMESYWAKPNDTLDLCGILNDDLAATVKQYPKRFVGLGTL
FVGLGTLPMQAPDLAVQEMRRCVNOLGFPGVQIGSHINTWDLNAPELFPVYARAE | PMQAPDLAVOQEMRRCYNQLGFPGVQIGSHINTWDLNAPELFPYYAVCQORLOWQFVP
ELDCSLFVHPWDMQTDGRMAKYWLPWLVGMPAETTMAICSMLFGGVFERFPKLK | CFLEVFLKDFLNLRSALLTEAVLFHTLLAELSTDLKCDLIFVLLTTRSTHANI®
VCFAHGGGAFPYTVGRIEHGFKVRPDLCATDNKINPRKYLGSFYTDSLVHDPLSLKLL
VDVIGKDKVMLGTDYPFPLGELEPGTLIESMDEFDSLLKDKLLAGNALDFLGLTRKQF MGPQCPRAVSCLCCMPAETTMAICSMLFGGVFERFPELKY CFAHGGGAFPYTVGRIEHGF
E* KVRPDLCATDNKINPRKYLGSFYTDSLVHDPLSLKLLVDVIGKDKVMLGTDYPFPLGELEPG
TLIESMDEFDSLLKDKLLAGNALDFLGLTRKQFE™

G Wildtype Zebrafish

acmsd” Mutant zebrafish | —— 22723

Figure 16. Effect of the CRISPR-Generated Mutation of a-Amino-8-Carboxymuconate-e-Semialdehyde Decarboxylase at the
Protein Level. A. Chromatogram of wildtype acmsd cDNA. The end of exon 5 is highlighted in blue. B. Chromatogram of acmsd
homozygous mutant cDNA. The end of exon 5 is highlighted in blue. C. 5’-3’ sequencing data of acmsd cDNA in 2 homozygous
mutant (top) and 2 wildtype (bottom) zebrafish larvae. In acmsd mutants, the 3’ end of exon 5 appears identical to wildtype, exon
6 is missing and the 5’ end of exon 7 appears identical to wildtype. The sequencing data then becomes hard to interpret. D. 3’-5’
sequencing data of acmsd cDNA shows the same result, with exon 6 being completely lost. E. In silico transcription of wildtype
acmsd shows that the codon for glycine (highlighted in blue) crosses the boundary between exons 6 and 7. F. Predicted protein
sequences resulting from the loss of exon 6 from acmsd cDNA as determined via SnapGene, with a minimum open reading frame
of 75 amino acids. Coloured amino acids represent identity to wildtype sequence. G. The likely protein created by this mutation is
227aa long, sharing complete identity to the 162aa N-terminal of wildtype Acmsd. The black fill in the wildtype protein represents
conserved residues to human ACMSD. aa, amino acids; acmsd, a-amino-8-carboxymuconate-e-semialdehyde decarboxylase;
HOM, homozygous mutant; WT, wildtype.
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Figure 17. A. Electrophoresis gel of a PCR run using acmsd primer pair 1 (left) and acmsd primer pair 2 (right) using wildtype cDNA
at 60°C. B. Melt curve obtained following qPCR using acmsd primer pair 1. C Melt curve obtained following qPCR using acmsd
primer pair 2. D. Standard logarithmic curve created following efficiency testing using acmsd primer pair 1 at 3 concentrations;
100nM, 250nM and 500nM. E. Standard logarithmic curve created following efficiency testing using acmsd primer pair 2 at 3
concentrations; 100nM, 250nM and 500nM. F. Summary of values obtained from efficiency testing of both primer pairs. acmsd,
a-amino-B-carboxymuconate-e-semialdehyde decarboxylase; cDNA, complementary deoxyribose nucleic acid; nM, nanomolar;
PCR, polymerase chain reaction.

4.2.1.3.1.2 Quantitative Polymerase Chain Reaction (qPCR)
acmsd”- mutant zebrafish have significantly reduced acmsd mRNA levels compared to their

wildtype siblings, both in larvae, at 5dpf, and in adult brain tissue (figure 18A). In larvae, mRNA
levels were 79.5% lower in acmsd homozygous mutants than in their wildtype siblings, suggesting
that the CRISPR-Cas9 induced mutation triggers nonsense-mediated decay of the resulting
transcript. In brain tissue taken from adult zebrafish, acmsd mRNA was expressed at 42.5% that
of wildtype siblings, although a high variability in acmsd expression was found in wildtype brains

(figure 18B).
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Figure 18. Quantitative Polymerase Chain Reaction of a-Amino-8-Carboxymuconate-e-Semialdehyde Decarboxylase Transcript
Levels Shows Nonsense-Mediated Decay of mRNA. A. At 5dpf, acmsd”’- mutant zebrafish obtained from a heterozygous incross
show significantly reduced expression of acmsd mRNA compared to their wildtype siblings (two-tailed t test using ddCt values,
n=3 biological replicates (15 larvae per replicate), p=0.0012). B. Adult brain tissue obtained from acmsd”- mutants shows
significantly reduced mRNA expression compared to their wildtype siblings (two-tailed t test using ddCt values, n=6 biological
replicates (1 brain per replicate), p=0.0040). rps29 was used as a reference gene in both datasets. acmsd”" transcript levels are
expressed as a percentage of averaged wildtype levels. All groups passed Shapiro-Wilk test for normality. acmsd, a-amino-8-
carboxymuconate-e-semialdehyde decarboxylase; dpf, days post fertilisation.

4.2.1.3.2 InSitu Hybridisation
Both acmsd in situ hybridisation probes discussed in section 4.2.2.2 were used to assess acmsd

expression in 3dpf larvae obtained from an acmsd heterozygous incross. acmsd probe 1, although
resulting in background staining, binds to acmsd outside of the predicted mutation site. This
means that a reduction in staining using this probe would likely represent a reduction in RNA
levels. acmsd probe 2 binds across the predicted deletion site and therefore may not bind in
mutants. A reduction in staining using this probe would likely represent an altered RNA sequence,

but a reduction in total RNA levels could also be responsible.

A reduction in liver staining of acmsd homozygous mutants was seen using probe 1, although
staining within the head remained the same across genotypes (figure 19). Liver staining also
appeared reduced in heterozygous larve, although a complete absence in either genotype was
difficult to conclude due to non-specifc staining in the surrounding areas. A complete loss of
staining in acmsd”- mutants was seen using probe 2 (figure 20). Heterozygous mutants displayed
two phenotypes; most larvae appreared as wildtype, with obvious staining in the liver, but liver
staining was absent in some larvae, making them indistinguishable from homozygous mutants
(figure 20). This was never seen in wildtype larvae. Slight backgroud staining was apparent in
some of the larvae during this experiment, unrelated to genotype. Methanol clearing was not

attempted as this was unnoticed until imaging, at which point larvae were stored in glycerol.

70



Figure 19. In Situ Hybridisation of a-Amino-8-Carboxymuconate-e-Semialdehyde Decarboxylase Heterozygous Incross Larvae
at 3-Days Post Fertilisation Using Probe 1 Demonstrates an Altered Staining Pattern Depending on Genotype. Representative
brightfield images of 3dpf larvae obtained from a single acmsd* incross following in situ hybridisation using acmsd probe 1.
Staining is seen the head and liver of wildtype embryos (left) but liver staining is absent from acmsd heterozygous (middle) and
homozygous (right) mutant larvae. Experiment carried out in a single Eppendorf tube, blinded to genotype. Larvae were genotyped
following imaging. acmsd, a-amino-8-carboxymuconate-e-semialdehyde decarboxylase; dpf, days post fertilisation.

Figure 20. In Situ Hybridisation of a-Amino-8-Carboxymuconate-g-Semialdehyde Decarboxylase Heterozygous Incross Larvae
at 3-Days Post Fertilisation Using Probe 2 Demonstrates an Altered Staining Pattern Depending on Genotype. Representative
brightfield images of 3dpf larvae obtained from a single acmsd*- incross following in situ hybridisation using acmsd probe 2.
Staining is seen the liver of wildtype larvae (left) that is not seen in acmsd” larvae (right). acmsd*- larvae show a mixed phenotype,
with some fish showing liver staining (top middle) and some fish without liver staining (bottom middle). Experiment carried out in
a single Eppendorf tube, blinded to genotype. Larvae were genotyped following imaging. acmsd, a-amino-8-carboxymuconate-¢-
semialdehyde decarboxylase; dpf, days post fertilisation.
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4.2.2 Overall Morphological Phenotype
Despite acmsd being expressed throughout life in zebrafish and the successful generation of a

loss-of-function mutation, adult homozygous acmsd”- mutant zebrafish are viable and fertile. No
obvious morphological differences in acmsd”- zebrafish were identified at embryonic/larval

stages (figure 21) or throughout adulthood.
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Figure 21. Comparing the Gross Morphology of a-Amino-8-Carboxymuconate-e-Semialdehyde Decarboxylase Mutant
Zebrafish Larvae. Brightfield images of 5dpf zebrafish siblings showing normal gross morphology between genotypes. Larvae
were anaesthetised using 4.2% tricaine for imaging and genotyped immediately after. acmsd, a-amino-B8-carboxymuconate-e-
semialdehyde decarboxylase; dpf, days post fertilisation.

4.2.3 Movement Analysis

4.2.3.1 Larval (5dpf) Movement Analysis
Movement analysis at 5dpf found no difference in swimming behaviour between acmsd”

zebrafish and their heterozygous or wildtype siblings (figure 22). Movement was recorded over
a 1-hour time period; following an unrecorded habituation period, larvae were maintained in
light conditions for 30 minutes prior to alternating 5-minute dark-light cycles for 30 minutes.
Analysis of distance travelled over time suggested there may be differences in the swimming
behaviour of acmsd”- homozygous mutants during the initial 30-minute light period as well as
during dark phases (figure 22A). Therefore, the total distance travelled in each of these phases
separately was quantified, finding no significant differences between genotypes during the initial
30-minute light period, the combined light phases, the combined dark phases or over the entire

1-hour recording period (p>0.05 for each phase, figure 22B-E).

72



>

300+
— acmsd”
- ,
2 E — acmsd™”
S 200
c 2 — acmsd™*
* 2 150-
g £
c € 11
& « 1004
23 |
(] 50
0 L 1 L L} L] 1
0 10 20 30 40 50 60
Time / minutes
B2 42000, C ¢ 60001
T E R gL .
° e Z o
B o g3 .
2 2 soood -2 4000+
5 8 e
Ec S 2
o'E =
[¥]
58 40004 5 = 2000
bs 52
TS —
= £ = 3
g o
D g 6000 E 20000
T o < .
g~ 4 s
] 2 E 15000- .
£ :g 4000+ E o . -
o = o T £ .__'_-_'_..
& g 3 10000- : ;
.- X - e
o5 aC
T © 20004 T -
O 5000
8 g
© 0 0-

acmsd™  acmsd™ acmsd™™

Figure 22. a-Amino-8-Carboxymuconate-e-Semialdehyde Decarboxylase Mutant Zebrafish Demonstrate Normal Swimming
Behaviour at 5-Days Post Fertilisation. Larval zebrafish movement was recorded over a 1-hour time period at 5dpf. Following
habituation, larvae were maintained in light conditions for 30 minutes prior to alternating 5-minute dark-light cycles for 30
minutes. A. Distance over time analysis between acmsd”’, acmsd*/- and their wildtype siblings. Horizontal white bar represents
time zebrafish were in light conditions, black bar represents time in dark conditions. B-E. Comparing the distance travelled in each
phase of the experiment found no differences between genotypes during (B) the initial 30-minute light period (one-way ANOVA,
p=0.2160), (C) during the combined light phases (one-way ANOVA, p=0.6810), (D) during the combined dark phases (one-way
ANOVA, p=0.0745) or (E) over the entire 1-hour recording period (one-way ANOVA, p=0.8594). Note different axis scales between
graphs. n=45 acmsd”; 62 acmsd*/; 35 acmsd*/* from 3 biological replicates. acmsd, a-amino-8-carboxymuconate-s-semialdehyde
decarboxylase; cm, centimetre; dpf, days post fertilisation.
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4.2.3.2  Adult Movement Analysis
Movement was also assessed in adult (9mpf) zebrafish by recording the distance travelled by

individually housed fish over 7 hours (figure 23). The first hour was used as a habituation period
and therefore not used for further analysis. No significant difference was found in the distance
travelled between acmsd” mutant zebrafish and their wildtype siblings over the 6-hour

experimental time period (figure 23, p=0.1796).
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Figure 23. a-Amino-8-Carboxymuconate-e-Semialdehyde Decarboxylase Mutant Zebrafish Demonstrate Normal Swimming
Behaviour at 9-Months Post Fertilisation. Adult zebrafish movement was recorded over a 7-hour time period at 9mpf. Zebrafish
were maintained in light conditions for 7 hours, with the first hour counted as a habituation period. A. Distance travelled over
time by acmsd’ mutant zebrafish and their wildtype siblings. Data points represent mean+SEM values per genotype. B.
Comparing the total distance travelled in hours 2-7 (removing the first hour for habituation) found no differences between
genotypes (unpaired two-tailed t test, p=0.1796). Data points in this graph represent individual fish. n=10 acmsd’-; 10 acmsd*/*
(equal male/female ratios between groups) taken at 2 different time points. acmsd, a-amino-8-carboxymuconate-e-semialdehyde
decarboxylase; cm, centimetre; mpf, months post fertilisation.
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4.2.1 Dopaminergic Neuron Quantification
4.2.1.1 thi1+ Cell Counts
Tyrosine hydroxylase (th1) was used as a marker of dopaminergic neurons in 3dpf larval

zebrafish. In situ hybridisation enabled the visualisation of thi+ neurons in the ventral
diencephalon (figure 24). Following in situ hybridisation against th1, decapitated heads from
acmsd*/ incross larvae were mounted in glycerol and dopaminergic neuronal cell bodies were
counted. The tails were used for genotyping. No significant difference in the number of th1+ cells
in neuronal populations DC2 and DC4/5 was found between acmsd”- mutant zebrafish and their
wildtype siblings (p=0.9866, figure 24).

4.2.1.2  Methyl-4-phenylpyridinium (MPP+) Toxin Exposure

MPP+ produces a reduction in the number of thi+ cells in zebrafish and other animal models
(Lam et al., 2005). Here, exposure to 3mM MPP+ from 1-3dpf resulted in significant reductions
of thl+ cells in both wildtype (43.11% reduction) and acmsd”- mutant zebrafish (43.43%
reduction) (p<0.0001, figure 24). There was no significant difference between genotypes in the
number of th1+ cells following exposure (p=0.9999, figure 24), suggesting that the effect of MPP+
on th1+ cells was unaffected by genotype.

4.2.1.3 thil+ Cells in acmsd Homozygous Incross Larvae

The above experiment was repeated using three biological replicates of acmsd”- mutant larvae
obtained from acmsd”’ parents. For wildtype controls, larvae were obtained from wildtype
siblings of the acmsd” parents, making experimental larvae cousins. The data remain the same
as for heterozygous incross larvae (figure 25). No differences were seen the number of th1+ cells
between wildtype and acmsd” larvae (p=0.1638). Both genotypes were equally susceptible to
the effects of MPP+, which significantly reduced the number of th1+ cells by 38.28% in wildtype
(p<0.0001) and 28.81% in acmsd”- larvae (p<0.0001) following a 3-day exposure. No significant

difference was identified in the number of th1+ cells following MPP+ exposure (p=0.2920).
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Figure 24. a-Amino-8-Carboxymuconate-e-Semialdehyde Decarboxylase Mutant Zebrafish Retain Normal Dopaminergic
Neuron Numbers and Susceptibility to MPP+. In situ hybridisation against tyrosine hydroxylase (th1) shows no change in staining
pattern between wildtype (A) and acmsd”/- mutant (B) zebrafish. MPP+ exposure resulted in clear reductions in th1+ cells in both
wildtype (C) and acmsd”/- mutant (D) zebrafish E. th1+ neuron numbers in the ventral diencephalon show no difference between
wildtype and acmsd”- mutant zebrafish (p=0.9866). MPP+ exposure resulted in significant reductions in thl+ cells irrespective of
genotype (43.11% in acmsd*/*, p<0.0001; 43.43% in acmsd”/, p<0.0001). Total cell counts between groups following MPP+
exposure remained indistinguishable (p=0.9999). Data represented as mean+SEM. n=26-35 per group, from 3 biological replicates.
Statistics from a two-way ANOVA with Tukey's multiple comparisons post-hoc test. All groups passed Shapiro-Wilk test for
normality. acmsd, a-amino-8-carboxymuconate-e-semialdehyde decarboxylase; dpf, days post fertilisation; mM, millimolar;
MPP+, 1-methyl-4-phenylpyridinium; th1, tyrosine hydroxylase 1.
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Figure 25. a-Amino-8-Carboxymuconate-g-Semialdehyde Decarboxylase Mutant Larvae from Homozygous Parents Retain
Normal Dopaminergic Neuron Numbers and Susceptibility to MPP+. In situ hybridisation against tyrosine hydroxylase (th1)
shows no change in staining pattern between wildtype and acmsd’/- mutant zebrafish. th1+ neuron numbers in the ventral
diencephalon show no difference between wildtype and acmsd’- mutant zebrafish (p=0.1638). MPP+ exposure resulted in
significant reductions in th1+ cells irrespective of genotype (38.28% in acmsd*/*, p<0.0001; 28.81% in acmsd™-, p<0.0001). Total
cell counts between groups following MPP+ exposure remained indistinguishable (p=0.2920). Data represented as mean+SEM.
n=26-29 per group, from 3 biological replicates. Statistics from a two-way ANOVA with Tukey's multiple comparisons post-hoc
test. All groups passed Shapiro-Wilk test for normality. acmsd, a-amino-8-carboxymuconate-e-semialdehyde decarboxylase; dpf,
days post fertilisation; mM, millimolar; MPP+, 1-methyl-4-phenylpyridinium; th1, tyrosine hydroxylase 1.
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4.2.1.4 Using the ETvmat2:GFP Zebrafish Line
To assess dopaminergic neurons in 5dpf larvae, acmsd”- mutant zebrafish were crossed with

wildtype zebrafish carrying the ETvmat2:GFP transgene. This transgene results in the expression
of green fluorescence wherever the vesicular monoamine transporter 2 (vmat2) gene is
expressed, therefore enabling visualisation of monoaminergic neurons in the zebrafish brain. The
resulting adults were heterozygous for the acmsd mutation and carried one copy of the vmat2
transgene. An incross of these, whilst enabling the study of siblings, would result in larvae that
carry one, two or no copies of the vmat2 transgene; screening out those with no copy would be
simple but distinguishing between one or two copies would be more difficult, adding a possible
extraneous variable to this experiment. Therefore acmsd*/;ETvmat2:GFP adults were crossed to
either acmsd”” or acmsd** (siblings) adults. Larvae were selected for fluorescence at 24hpf and
finclipped for genotyping at 3dpf. For imaging, larvae were anaesthetised in tricaine, mounted in
imaging dishes with low melting point agarose and imaged using a 10X objective lens on the
AiryScan confocal microscope [Zeiss]. This experiment was conducted on three biological

replicates, with three fish per genotype per replicate.

No obvious difference in monoaminergic groups was seen in the brain of 5dpf acmsd”- mutant
larvae compared to that of wildtypes (figure 26). To view the DC groups, more ventral images
were needed as these are located deeper than the nuclear groups visualised in the full brain.
Using the caudal hypothalamus as a marker, zoomed in z-stacks ventral to the raphe nuclei were
obtained. This enabled the visualisation of DC2 and DC4/5 (figure 26). Using z-stack images,
neuronal cell bodies were counted, finding no difference in the number of dopaminergic neurons

between wildtype and acmsd”- mutant zebrafish at 5dpf (figure 26E, p=0.8126).
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Figure 26. Monoaminergic Neurons in a-Amino-8-Carboxymuconate-e-Semialdehyde Decarboxylase Mutant Larvae Visualised
using the ETvmat2:GFP Transgenic Line. Full dorsal head view of wildtype (A) and acmsd”/- mutant (B) zebrafish at 5dpf with
labelled brain regions. Zoomed in images of DC neuronal groups in the ventral diencephalon of wildtype (C) and acmsd”- mutant
(D) zebrafish. All images were taken on anaesthetised larvae mounted in low melting point agarose using a 10X objective lens on
the Zeiss AiryScan confocal microscope. Scale bar represents 50um in all images. D. Neuronal cell bodies in DC2 and DC4/5 were
counted from z-stack images. No difference in cell number was identified between wildtype and acmsd”’- mutant zebrafish
(p=0.8126). Data represented as mean+SEM. n=9 larvae per group, from 3 biological replicates. Statistical analysis from an
unpaired two-tailed t test following Shapiro-Wilk test for normality. acmsd, a-amino-8-carboxymuconate-e-semialdehyde
decarboxylase; DC, diencephalic neurons; dpf, days post fertilisation; Hc, caudal hypothalamus; PT, pretectal neural cluster; Ra,
raphe nucleus; Te, telencephalic neurons; vmat2, vesicular monoamine transporter 2.
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4.2.2 Inflammation in acmsd” Mutant Zebrafish Larvae
4.2.2.1 Global Inflammation
Inflammation was assessed in whole zebrafish larvae to determine whether acmsd”- mutant

larvae possess increased inflammation under basal conditions. This was done using two methods;
gPCR and fluorescent reporter lines.

4.2.2.1.1 Quantitative PCR

gPCR primers designed against three inflammatory markers were initially tested on wildtype
cDNA using a gradient PCR to assess specificity. All annealing temperatures tested produced
single bands following PCR (figure 27A). 60°C was selected for gPCR experiments. Primers were
optimised as described for acmsd primers in section 4.2.1.3.1.1 (data not shown), finding primer
concentrations of 500nM optimal for all three primer pairs. gPCR was then conducted on three
biological replicates of acmsd*~ incross larvae, finding no difference in the expression of cxcl8
(p=0.9044), il-18 (p=0.4583) or mmp9 (p=0.3905) between acmsd”- mutants and their wildtype
siblings (figure 27B-D).
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Figure 27. Quantitative Polymerase Chain Reaction for Markers of Inflammation Found No Evidence of an Altered Inflammatory
State in a-Amino-8-Carboxymuconate-g-Semialdehyde Decarboxylase Mutant Larvae. A. Gradient PCR test using wildtype cDNA
as a template, showing single bands for all 3 genes. Numbers represent annealing temperatures used. 100bp ladder. B-D. No
significant differences were identified between acmsd”’- homozygous mutant larvae and their wildtype siblings in the expression
levels of cxcl8 (B, p=0.9044), mmp9 (C, p=0.3905) or il-18 (D, p=0.4583) at 5dpf. n=3 biological replicates (15 larvae per replicate).
Larvae were obtained from a heterozygous incross and genotyped by tailfin clip assay at 3dpf. ddCt values were used for statistical
analysis using an unpaired t test but fold change values are shown on graphs. All groups passed Shapiro-Wilk test for normality.
acmsd, a-amino-8-carboxymuconate-s-semialdehyde decarboxylase; cxcl8, c-x-c motif chemokine ligand 8; il-18, interleukin-1
beta; mmp9, matrix metalloproteinase 9.
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4.2.2.1.2 Fluorescently Labelled Reporter Lines
4.2.2.1.2.1 Visualising Neutrophils
acmsd”’- homozygous mutant adult zebrafish were crossed with the transgenic reported line,

tg(mpx:GFP)i114, which enables the visualisation of neutrophils (Elks et al., 2011). Following
selection and raising of offspring, acmsd*/;tg(mpx:GFP)i114 adults were incrossed and larvae
imaged using a fluorescent microscope at 5dpf. Fish were genotyped following imaging. Although
no quantification of these images was performed, there was no visually obvious difference in
neutrophil number or location in acmsd”- mutant zebrafish compared to their wildtype siblings

(figure 28).
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Figure 28. Neutrophil Number and Location Appear Grossly Normal in o-Amino-8-Carboxymuconate-e-Semialdehyde
Decarboxylase Mutant Larvae. The transgenic line, tg(mpx:GFP)i114, was crossed into the acmsd background to enable
visualisation of neutrophils within acmsd”- mutant larvae (E-H) and their wildtype siblings (A-D) at 5dpf. acmsd, a-amino-6-
carboxymuconate-e-semialdehyde decarboxylase; dpf, days post fertilisation; mpx, myeloid-specific peroxidase.

4.2.2.1.2.2 Tumour Necrosis Factor Alpha
acmsd”’- homozygous mutant adult zebrafish were crossed with the transgenic reported line,

tgBAC(tnfa:GFP), a fluorescently labelled tnf-a line (Lewis & Elks, 2019). Following selection and
raising, adult acmsd*/;tgBAC(tnfa:GFP) zebrafish were incrossed and larvae imaged using a
fluorescent microscope. Fish were genotyped following imaging of the tailfin injury assay. tnf-a
expression was seen in the yolk sac extension and hindbrain area, with no difference in
expression pattern identified between acmsd”- mutant larvae and their wildtype siblings (figure
29). 16 hours post tailfin injury, tnf-a expression was increased at the wound site (figure 29).
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There was no obvious difference in expression following injury between acmsd”- mutant larvae

and their wildtype siblings, however this was not quantified due to low image quality.
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Figure 29. a-Amino-8-Carboxymuconate-e-Semialdehyde Decarboxylase Mutant Larvae Demonstrate the Same Expression
Pattern of Tumour Necrosis Factor Alpha as Their Wildtype Siblings. The transgenic line, tgBAC(tnfa:GFP), was crossed into the
acmsd background to enable visualisation of tnf-a within acmsd” mutant larvae (I-P) and their wildtype siblings (A-H). A-D and I-
L shows fluorescence from whole larvae at 4dpf. E-H and M-P show expression in the tail 16-hours post tailfin injury. acmsd, a-
amino-B8-carboxymuconate-s-semialdehyde decarboxylase; dpf, days post fertilisation; tnfa, tumour necrosis factor alpha.




4.2.2.2  Microglial Analysis
To assess possible microglial changes in acmsd” mutant zebrafish, three approaches were used;

L-plastin immunostaining on 5dpf midbrain sections, neutral red microglial stain on live 4dpf
larvae and 4c4 wholemount immunohistochemistry on 5dpf fixed whole larvae.

4.2.2.2.1 L-plastin

Initially microglia were assessed using L-plastin immunostaining on 14um sections of larval (5dpf)
brain tissue. Staining patterns suggested a possible increase in the number of microglia in acmsd
/- zebrafish (figure 30H,K) compared to their wildtype siblings (figure 30B,E). Tyrosine
hydroxylase was used as a positive control and to identify regions of the brain from sections.
Quantification of staining was not carried out as sections were not from comparable brain regions

and so further assessment would have been invalid.
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Figure 30. L-plastin Expression in 5-Days Post Fertilisation a-Amino-8-Carboxymuconate-e-Semialdehyde Decarboxylase
Homozygous Mutant Zebrafish and Their Wildtype Siblings. Representative immunohistochemistry staining of L-plastin (green,
B,E,H,K) in 14um cryosections of 5dpf acmsd’- homozygous mutant zebrafish brain (G-L) compared to their wildtype (acmsd*/*)
siblings (A-F). Co-stained with tyrosine hydroxylase (magenta, C,F,I,L) and DAPI (blue, A,D,G,J). Scale bar = 50um. ACMSD, a-
amino-8-carboxymuconate-e-semialdehyde decarboxylase; DAPI, 4°,6-diamidino-2-phenylindole; dpf, days post fertilisation; TH,
tyrosine hydroxylase.




4.2.2.2.2 Neutral Red Staining
To obtain a more valid representation of microglial number in acmsd”- mutant zebrafish, neutral

red staining was used to visualise microglia in the entire brain of living 4dpf larvae (figure 31).
Following incubation in neutral red stain for 6 hours, larvae were anaesthetised using 4.2%
tricaine and mounted in agarose for brightfield imaging. Larvae were genotyped after imaging.
In contrast to single sections, imaging the entire brain allowed for quantification of microglial
number by counting the neutral red stained dots directly from brightfield images using Image)
software. The average number of microglia in homozygous acmsd”- mutants was 40.2, an
increase of 11.8 compared to their wildtype siblings (figure 31G). There also appeared to be a
gene-dosage effect, with heterozygous acmsd mutants having an average of 38 neutral red-
positive cells. However, statistical analysis was not conducted due to a single biological replicate,
low sample number and high variability within genotypes.

4.2.2.2.3 4c4d Wholemount Immunohistochemistry

Due to the high variability in neutral red staining between larvae, another method of analysing
microglial number across the entire brain was utilised; 4c4 wholemount immunohistochemistry.
This enabled a more reliable readout of microglial number as well as a comparison of microglial
activation in the brains of acmsd”" zebrafish larvae compared to their wildtype siblings.
4.2.2.2.3.1 Microglia Number

Immunohistochemistry against 4c4 was conducted on 5dpf zebrafish larvae. Decapitated heads
were mounted in agarose whilst tails were used for genotyping. Fluorescently labelled microglia
were imaged using the Opera Phenix and subjectively counted using Imagel) software. No
differences were seen in the number of microglia (4c4+ cells) in the brains of acmsd”- mutant
zebrafish compared to their wildtype siblings (p>0.9 for each brain region, figure 32). Combining
cell counts from the forebrain and midbrain gave an average of 65.59 4c4+ cells in wildtype larvae
and 66.48 in acmsd” mutant larvae. Microglia did not appear to be differentially distributed
between genotypes.

4.2.2.2.3.2 Microglia Activation

The activation state of the fluorescently labelled cells was determined based on morphology.
Cells were assigned to one of two distinct groups; active (amoeboid morphology) or inactive
(ramified with at least one visible process). This analysis found no difference in the percentage
activation of microglia in acmsd”- mutant zebrafish and their wildtype siblings (p>0.6 for each
brain region, figure 32). Wildtype larvae had an average of 7.35% activated microglia in combined

midbrain and forebrain regions, whilst acmsd”- mutant larvae had an average of 8.31%.
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Microglia Number

Figure 31. Neutral Red Staining of a-Amino-8-Carboxymuconate-se-Semialdehyde Decarboxylase Homozygous and
Heterozygous Mutants and Their Wildtype Siblings at 4-Days Post Fertilisation. Representative brightfield images of microglial
labelling of wildtype (acmsd** (A, B)), heterozygous (acmsd*/- (C, D)) and homozygous (acmsd”- (E, F)) mutant zebrafish larvae
using neutral red staining. Neutral red staining was achieved by incubating 4dpf zebrafish in 2.5ug of neutral red per mL of E3
media for 6 hours at 28°C. Anesthetised larvae were mounted in low melting point agarose and imaged immediately. G. Microglial
number was assessed in ImageJ by subjectively counting the number of distinct red dots. Data represented as mean+SEM. n=5
acmsd’; 2 acmsd*/; 5 acmsd*/* from 1 biological replicate. acmsd, a-amino-8-carboxymuconate-s-semialdehyde decarboxylase;
dpf, days post fertilisation.
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Figure 32. Microglial Analysis of a-Amino-8-Carboxymuconate-e-Semialdehyde Decarboxylase Mutant Zebrafish Using 4c4.
Representative images from wholemount immunohistochemistry against 4c4 in wildtype (A) and acmsd”’- mutant (B) zebrafish at
5dpf (scale bar = 100um). C. There is no difference in the number of 4c4+ cells (microglia) between wildtype (acmsd*/*) and acmsd
7/~ mutant larvae in the forebrain, midbrain or these combined (whole brain) (p>0.9 for all brain regions). D. Microglial activation
was determined using cell morphology, represented as the percentage of amoeboid cells out of the total 4c4+ cell count. No
differences were identified between wildtype and acmsd”- mutant activation levels in the forebrain, midbrain or these combined
(whole brain) (p>0.6 for all brain regions). n=31 acmsd”’- and 27 acmsd** from 3 biological replicates. Data represented as
mean#SEM. All individual groups were assessed for normality using Shapiro-Wilk test (all passed, except activation levels in
forebrain). Statistics analysed by two-way ANOVA with post-hoc Sidak’s multiple comparisons test between genotypes. 4c4,
microglial marker; acmsd, a-amino-8-carboxymuconate-e-semialdehyde decarboxylase; dpf, days post fertilisation.
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4.2.3 Susceptibility of acmsd” Mutant Zebrafish to Inflammation
acmsd”- mutant fish were exposed to saponin from 3-5dpf to induce inflammation (see chapter

6, section 6.2.6.2 for method optimisation). acmsd”- mutants were obtained from an acmsd”
incross and wildtype controls obtained from siblings of these adults (making experimental larvae
cousins). Following exposure, larvae were culled using tricaine and RNA extracted from groups
of 15 fish. cDNA was reverse transcribed and used in gPCR against markers of inflammation. As
shown in acmsd*/ incross larvae (section 4.2.2.1.1), no differences in the expression of any
marker was identified between acmsd”- and acmsd*/* zebrafish (figure 33, p=0.6056 for mmp9;
p=0.9993 for il-16; p=0.7655 for cxcl8). Following exposure to 100ug/mL saponin for 48 hours,
acmsd** larvae appeared to show an increased expression of these markers (figure 33).
However, only the increase in il-18 reached significance (p=0.0189), although for other genes the
significance was close to 0.05 (p=0.0831 for mmp9, p=0.0605 for cxcl8). A statistically significant
increase in mmp9 (p=0.0044), il-18 (p=0.0017) and cxcl8 (p=0.0065) was seen following exposure
of acmsd”- larvae to 100ug/mL saponin (figure 33). Despite the difference in significance
between genotypes, expression following exposure remained the same for acmsd”- and acmsd*/*
zebrafish (mmp9, p=0.9954; il-16, p=0.9652; cxcl8, p=0.1648), suggesting there was no genotype
effect on the response to saponin. To assess this further, the difference in expression per
biological replicate was determined by calculating dddCt (ddCt after saponin — ddCt before
saponin). Data was then converted to a fold change (2*(-dddCt)), making increases in expression
after exposure denoted by values above 1 and decreases by values less than 1. Analysis of these
datasets found that both wildtype and acmsd”- mutant zebrafish larvae respond equally to
saponin exposure (figure 33, mmp9, p=0.1774; il-16, p=0.3675; cxcl8, p=0.1991).

4.2.1 NAD/NADH Assay

The data in this section (section 4.2.1) was collected and analysed by Mr Oluwaseyi Pearce,
Bandmann Laboratory. Brains were extracted from 25mpf acmsd”- mutant zebrafish and their
wildtype siblings for colourimetric NAD assays. Three biological replicates (one pair per replicate)
were conducted, with each replicate assessed on consecutive days. Total NAD (NADH and NAD+)
levels in adult acmsd”- mutant brain tissue remained unchanged from wildtype (p=0.2839, figure
34A). Individual levels of NADH and NAD+ also showed no significant difference to wildtype
(p=0.2497 for NADH; p=0.4790 for NAD+, figure 34B,C). There was high variability between
replicates for both genotypes and all three measurements. The ratio of NAD:NADH per replicate
showed less variability and was no different in acmsd” mutant zebrafish compared to their
wildtype siblings (p=0.5818, figure 34D).
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Figure 33. Susceptibility of a-Amino-8-Carboxymuconate-e-Semialdehyde Decarboxylase Mutant Zebrafish to Saponin
Exposure. acmsd”- and acmsd*/* zebrafish were exposed to 100ug/mL saponin from 3-5dpf. The expression of cxcl8 (A, B), il-16
(B, C) and mmp9 (E, F) were assessed using gPCR on RNA extracted at 5dpf. Graphs A, C, E show expression of inflammatory
molecules relative to untreated wildtype samples. Statistical analysis using a two-way ANOVA with Tukey’s multiple comparisons
post hoc test (on ddCt data). Graphs B, D, F show the fold change of expression after exposure for each biological replicate.
Statistical analysis using an unpaired t test (normality confirmed via Shapiro-Wilk test). All p values shown in main text. n=7
biological replicates for acmsd”- and 8 biological replicates for acmsd*/*(15 larvae combined per replicate). acmsd, a-amino-6-
carboxymuconate-e-semialdehyde decarboxylase; cxcl8, c-x-c motif chemokine ligand 8; dpf, days post fertilisation; il-186,
interleukin-1 beta; mmp9, matrix metalloproteinase 9.
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Figure 34. Nicotinamide Adenine Dinucleotide Levels Are Unchanged in a-Amino-8-Carboxymuconate-g-Semialdehyde
Decarboxylase Mutant Zebrafish. Brain tissue from 25-months post fertilisation zebrafish of known genotype was assayed for
NAD/NADH levels using a colourimetic assay. NAD levels were calculated from total NAD and NADH levels, which were measured
directly. Data from 3 biological replicates (1 pair per replicate) with each replicate conducted on a different day. p=0.2839 (total);
p=0.2497 (NADH); p=0.4790 (NAD),; p=0.5818 (ratio). Statistical analysis conducted by two-way paired t test. acmsd, a-amino-6-
carboxymuconate-e-semialdehyde decarboxylase; NAD, nicotinamide adenine dinucleotide; NADH, reduced nicotinamide
dinucleotide; ns, not significant; pmol, picomoles.
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4.2.2 Investigating the Liver of acmsd”- Mutant Zebrafish Larvae
As acmsd was shown to be expressed primarily in the liver of both larval and adult zebrafish,

acmsd”- mutant larvae were assessed for changes in liver size and susceptibility to paracetamol,

a compound known to cause hepatotoxicity, as discussed previously.

In situ hybridisation against fabp10a was able to specifically label the liver of larval zebrafish
(figure 35). At 5dpf, there was no difference in the area of the liver between acmsd”- mutant

zebrafish and their wildtype siblings (figure 35), as analysed from fabp10a in situ hybridisation

images.
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Figure 35. Comparison of Liver Size Between Larval a-Amino-8-Carboxymuconate-e-Semialdehyde Decarboxylase Mutant
Zebrafish and Their Wildtype Siblings. Representative images from wholemount in situ hybridisation against fabp10a in wildtype
(A) and acmsd’- mutant (B) zebrafish at 5dpf. C. There is no difference in the area of the liver between wildtype (acmsd*/*) and
acmsd”- mutant larvae (p=0.1058). n=24 acmsd+, 29 acmsd*/* fish from 3 biological replicates. Larvae were genotyped following
imaging. Data represented as mean+SEM. Data were assessed for normality using Shapiro-Wilk test (p=0.2518, acmsd**;
p=0.3797, acmsd”") and then statistically analysed by an unpaired two-tailed t test. acmsd, a-amino-8-carboxymuconate-&-
semialdehyde decarboxylase; dpf, days post fertilisation,; fabp10a, fatty acid-binding protein 10a.
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4.2.2.1 Susceptibility to Hepatotoxic Compounds
4.2.2.1.1 Method Development
Paracetamol exposure from 3dpf was used to induce hepatotoxicity in zebrafish larvae. Initially,

toxicity trials were carried out in wildtype larvae, identifying 10mM as a lethal concentration
where all larvae developed heart oedema and died by 5dpf (figure 36). Concentrations between
1mM and 10mM were then tested to identify the maximum tolerated concentration. However,
in this trial fish survived in 10mM paracetamol to 5dpf, although larvae appeared unhealthy,
developing severe heart oedema, lack of swim bladder and reduced swimming behaviour (figure
36). A darkened liver area was also seen in larvae treated with 10mM paracetamol from 3-5dpf
(figure 37), indicative of liver damage. Wildtype zebrafish larvae were fixed for in situ
hybridisation to assess liver area following treatment with various concentrations of
paracetamol. Larvae were co-treated with phenylthiourea to ensure that fish remained
transparent for staining; this did not affect paracetamol toxicity. Following in situ hybridisation
against fabp10a, liver area was assessed using Imagel. A dose-dependent decrease in liver size
was seen in response to paracetamol exposure (figure 38). Exposure to 1mM, 3mM or 5mM
paracetamol appeared to have no effect on liver area, whilst 7mM showed a moderate reduction
in size (figure 38). Many fish in the 10mM treatment group had little or no staining of the liver so

could not be measured (figure 38G). Therefore, this dose was not used in further experiments.
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Figure 36. Larval Zebrafish Can Tolerate Exposure to up to 10mM Paracetamol for 48 Hours. Wildtype zebrafish larvae were
exposed to various concentrations of paracetamol from 3dpf. A. Initial toxicity trials found 10mM to be toxic to larvae after 48-
hours exposure, but larvae tolerated 0.1mM and 1mM with no impact on survival. B. A second toxicity trial was conducted based
on the first trial with 10mM as a maximal dose. Here, larvae tolerated all doses tested, including 10mM. C. Representative images
of 5dpf larvae treated with paracetamol from 3dpf. For all toxicity trials, n=20 wildtype larvae per group. DMSO, dimethyl
sulfoxide; dpf, days post fertilisation; mM, millimolar.

Untreated, 5dpf 10mM paracetamol from 3-5dpf

Figure 37. Liver Damage was Evident in Larval Zebrafish Exposed to 10mM Paracetamol from 3-5 Days Post Fertilisation.
Darkening of the liver can be seen in wildtype zebrafish larvae exposed to 10mM paracetamol (right) when compared to their
untreated siblings (left).
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Figure 38. Liver Area of Zebrafish Larvae Exposed to Paracetamol. A-G. Representative images of 5dpf zebrafish following in situ
hybridisation against fabp10a after exposure to various concentrations of paracetamol from 3-5dpf. G shows example of low
staining seen in many fish exposed to 10mM paracetamol. H. Liver area was measured from in situ hybridisation images using
ImageJ software. A dose-dependent decrease in liver area in response to paracetamol is evident. Statistics were not conducted as
only one biological replicate was included. dpf, days post fertilisation; fabp10a, fatty acid-binding protein 10a; mM, millimolar.
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4.2.2.1.2 Treatment of acmsd”” Mutant Zebrafish
acmsd’- mutant larvae were obtained from an incross of adult acmsd”- homozygous zebrafish.

Wildtype controls were obtained from the wildtype siblings of the adult acmsd”- mutants, making
experimental fish cousins. Survival analysis using concentrations of paracetamol between 1mM
and 15mM found no difference in lethality between acmsd”- mutant larvae and wildtype controls
(figure 39). Whilst significant death, determined as a loss of heartbeat, was only seen in wildtype
and not acmsd”- mutant larvae treated with 15mM paracetamol, fish in both genotypes lost
response to touch when exposed to concentrations above 10mM (figure 39D), suggesting
paracetamol had negative effects on larval health independent of genotype. Based on the
preliminary data obtained from treated wildtype larvae (above), 3mM and 7mM were selected
for analysis of effect on liver area. As before, fish were exposed to paracetamol from 3-5dpf, as
well as phenylthiourea. 1% DMSO was used as a carrier for paracetamol and therefore also as a
control group. Three biological replicates of larvae were then fixed at 5dpf for in situ hybridisation
against fabpl10a. As shown previously, wildtype zebrafish demonstrated a dose-dependent
decrease in liver size in response to paracetamol exposure (figure 40). This was also seen in
acmsd”- mutant zebrafish (figure 40). There was no difference in the response to paracetamol
between acmsd” mutant and wildtype larvae when assessing liver area (figure 40G). 3mM
paracetamol resulted in a significant decrease in liver area in both wildtype (19.96% decrease,
p=0.0004) and acmsd”” mutant larvae (21.26% decrease, p<0.0001). The effect of 3mM was more
evident in this experiment compared to preliminary trials, where it appeared to have little effect
on liver size. 7mM paracetamol exposure resulted in a larger significant decrease in liver area in
both wildtype (59.62% decrease, p<0.0001) and acmsd”- mutant larvae (63.37% decrease,
p<0.0001). There was no significant difference in liver size between wildtype and acmsd”" larvae
in any treatment group (p=0.8695 for control, p=0.9918 for 3mM, p=0.9990 for 7mM), suggesting
that wildtype and acmsd”- mutant zebrafish are equally susceptible to paracetamol-induced

hepatotoxicity.
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Figure 39. Paracetamol Appears Equally Toxic to a-Amino-8-Carboxymuconate-e-Semialdehyde Decarboxylase Mutant and
Wildtype Zebrafish Larvae. 3dpf zebrafish larvae were exposed to various concentrations of paracetamol for up to 48 hours.
Paracetamol concentrations below 10mM had no effect on the survival of either wildtype (A) or mutant (B) larvae. C shows the
survival of combined genotypes on one graph, for simplicity only concentrations above 10mM are shown. Whilst significant death
was only seen in wildtype and not mutant larvae, fish in both genotypes lost response to touch (D). n=20 per genotype from a
single replicate. acmsd, a-amino-8-carboxymuconate-e-semialdehyde decarboxylase; dpf, days post fertilisation; mM, millimolar.

96



3mM paracetamol DMSO control

7mM paracetamol

N
o
1
*
*
*
*

-
a
L

L]
L
.

[ ]

Liver Area / : 000 pixels
2
K &
W'
B

3]
[
[ ]
[ ]
* 2
[ ]
h
H
am Ty
[ ]
e
’: "
LS
»>

. " u A

s

0 +I | ] +I Ll +l |

< ~ ~ ~ ~ ~

5 3 % 33 %

S 5 £ 5 S 5
" A T S R ®

DMSO 3mM 7mM
control paracetamol paracetamol

Figure 40. Wildtype and a-Amino-8-Carboxymuconate-e-Semialdehyde Decarboxylase Mutant Zebrafish Larvae Are Equally
Susceptible to Paracetamol Exposure. 3dpf zebrafish larvae were exposed to either 3mM or 7mM paracetamol for 48 hours.
Following exposure, zebrafish were fixed and in situ hybridisation against fabp10a carried out (A-F, representative images). G.
Graph showing liver area per genotype and treatment group as calculated using Imagel following in situ hybridisation against
fabp10a. Data points represent liver areas from individual fish with mean and SEM bars. 3mM paracetamol exposure resulted in
a significant decrease in liver area in both wildtype (p=0.0003) and acmsd”’- mutant larvae (p<0.0001). 7mM paracetamol
exposure also resulted in a significant decrease in liver area in both wildtype (p<0.0001) and acmsd”- larvae (p<0.0001). There
was no significant difference between wildtype and acmsd”- larvae in any treatment group (p=0.8602 for control, p=0.9911 for
3mM, p=0.9990 for 7mM). Data from 3 biological replicates, n=51-59 per group. 1% DMSO was used as a carrier and therefore a
control group. All statistical analyses from a two-way ANOVA following Shapiro-Wilk test for normality (all groups passed). acmsd,
a-amino-B-carboxymuconate-e-semialdehyde decarboxylase; dpf, days post fertilisation; fabp10a, fatty acid-binding protein 10a;
mM, millimolar; ns, not significant.
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4.2.3  Kynurenine Pathway Metabolomics Analysis
4.2.3.1 Larvae
Larvae were obtained from an incross of acmsd”- homozygous mutant parents or their wildtype

siblings, making experimental fish cousins. Five 5dpf larvae were combined per replicate for
analysis. Most kynurenine pathway metabolites were expressed in a concertation that was too
low to detect in larvae (table 15). The only dataset that allowed for comparison between
genotypes was 3-hydroxykynurenine expression, for which there was no significant difference
between acmsd*/* and acmsd”~ zebrafish (figure 41, p=0.3232). The increase in QUIN in acmsd”
mutant larvae was clear despite being undetectable in wildtype samples. The lower limit of
quantification (LLOQ) for QUIN was 0.42ng/mL, suggesting that expression is at least 349.4 times
higher in acmsd”- mutant larvae. A Mann-Whitney statistical test between measured mutant

values and the LLOQ suggested this minimum difference was statistically significant (p=0.0079).

Table 15. Kynurenine Pathway Metabolite Concentrations in Zebrafish Larvae

Sample Kynurenine Kynurenic Acid 3-Hydroxykinurenine Quinolinic Acid
WT
acmsd*/* 1 <LLOQ <LLOQ 0.888 <LLOQ
acmsd*/* 2 3.81 <LLOQ 0.751 <LLOQ
acmsd*/* 3 2.89 <LLOQ 0.742 <LLOQ
acmsd*/* 4 2.12 <LLOQ 0.565 <LLOQ
acmsd*/* 5 <LLOQ <LLOQ 0.502 <LLOQ
HOM
acmsd”/ 1 <LLOQ <LLOQ 0.478 91.9
acmsd”’- 2 <LLOQ <LLOQ 0.552 129
acmsd”’ 3 <LLOQ <LLOQ 0.300 197
acmsd”’ 4 3.31 <LLOQ 0.913 133
acmsd”’ 5 2.31 <LLOQ 0.565 183

Table outlining the measured concentration of kynurenine metabolites from 5dpf zebrafish larvae (5 fish per biological replicate,
combined from a single larval clutch obtained from homozygous parents). Concentrations are given as ng/mL of extract. acmsd,
a-amino-B-carboxymuconate-g-semialdehyde decarboxylase; HOM, homozygous mutant; LLOQ, lower limit of quantification; WT,
wildtype.
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Figure 41. 3-Hydroxykynurenine Expression in a-Amino-8-Carboxymuconate-s-Semialdehyde Decarboxylase Mutant Zebrafish
Larvae. The concentration of 3-hydroxykynurenine in the extract obtained from combining five 5dpf zebrafish larvae from a single
clutch was determined in wildtype and acmsd mutant larvae. No significant difference was identified between genotypes
(p=0.3232, unpaired, two-tailed t test). Both datasets passed Shapiro-Wilk test for normality. acmsd, a-amino-6-
carboxymuconate-e-semialdehyde decarboxylase; dpf, days post fertilisation; mL, millilitre; ng, nanograms.
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4.2.3.2  Adult Brain Tissue
Whole brains were extracted from 9-month old adult zebrafish for metabolite analysis, for which

the data is summarised in table 16. Kynurenine and kynurenic acid were expressed in a
concentration that was too low to detect in brain tissue so these could not be compared between
genotypes. No significant difference in 3-hydroxykynurenine concentration was identified
between acmsd** and acmsd”’- mutant zebrafish brains (figure 42, p=0.0827). There was a
significant increase in QUIN expression in acmsd”” mutant brains, with mutants possessing a

111.7 times greater average concentration than their wildtype siblings (figure 42, p=0.0002).

Table 16. Kynurenine Pathway Metabolite Concentrations in Adult Zebrafish Brain Tissue

Sample Kynurenine Kynurenic Acid 3-Hydroxykinurenine Quinolinic Acid
WT
acmsd*/* 1 <LLOQ <LLOQ 14.6 23.2
acmsd*/* 2 <LLOQ <LLOQ 10.6 18.8
acmsd*/* 3 <LLOQ <LLOQ 8.06 17.0
acmsd*’* 4 <LLOQ <LLOQ 7.39 11.1
acmsd*/* 5 <LLOQ <LLOQ 9.74 13.7
HOM
acmsd”/ 1 <LLoQ <LLOQ 22.0 2030
acmsd”’- 2 <LLoQ <LLOQ 14.5 1454
acmsd”’ 3 <LLOQ <LLOQ 8.71 1220
acmsd”’ 4 <LLOQ <LLOQ 17.9 1805
acmsd”’ 5 <LLOQ <LLOQ 12.9 2858

Table outlining the measured concentration of kynurenine metabolites from whole brains extracted from 9-month old zebrafish.
Concentrations are given as ng/gram of brain tissue. acmsd, a-amino-8-carboxymuconate-e-semialdehyde decarboxylase; HOM,
homozygous mutant, LLOQ, lower limit of quantification WT, wildtype.
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Figure 42. 3-Hydroxykynurenine and Quinolinic Acid Expression in Adult a-Amino-8-Carboxymuconate-e-Semialdehyde
Decarboxylase Mutant Zebrafish Brain Tissue. The concentration of kynurenine metabolites was determined in brain tissue
obtained from individual adult wildtype and acmsd mutant zebrafish. No significant difference was identified between genotypes
in 3-hydroxykynurenine expression (A, p=0.0827, unpaired, two-tailed t test). Levels of quinolinic acid were found to be
significantly increased in mutant zebrafish compared to controls (B, p=0.0002, unpaired, two-tailed t test). All datasets passed
Shapiro-Wilk test for normality. acmsd, a-amino-8-carboxymuconate-e-semialdehyde decarboxylase; ng, nanograms.

99



4.2.3.3  Adult Liver Tissue
Liver samples were obtained from 9-month old adult zebrafish for metabolite analysis. As

expected, high concentrations of kynurenine pathway metabolites were found in the liver (table
17), enabling a comparison of each metabolite between genotypes. Neither kynurenic acid
(figure 43B, p=0.9125) or 3-hydroxykynurenine (figure 43C, p=0.0986) expression was found to
vary between genotypes. However, kynurenine levels were significantly reduced in acmsd”
mutant zebrafish liver tissue compared to controls (figure 43A, p=0.0079). QUIN in liver tissue
obtained from acmsd”- mutant zebrafish was found at levels averaging 715.4 times greater than

those found in wildtype livers (figure 43D, p=0.0079).

Since no differences were found in kynurenic acid expression, but the levels of its precursor were
significantly reduced, this suggested that this pathway may be upregulated in acmsd”- mutant
zebrafish. To explore this further, ratios of metabolites were calculated. The ratio of kynurenic
acid to kynurenine was increased in homozygous mutants by an average of 2.53 times (figure
43E, p=0.0161), suggesting an upregulation of kynurenine aminotransferase. The ratio of 3-
hydroxykynurenien to kynurenine was increased in homozygous mutants by an average of 1.92
times (figure 43F, p=0.0063), suggesting an upregulation of kynurenine-3-monooxygenase, but

at a lower rate than kynurenine aminotransferase.

Table 17. Kynurenine Pathway Metabolite Concentrations in Adult Zebrafish Liver Tissue

Sample Kynurenine Kynurenic 3- Quinolinic Kynurenic 3-Hydroxykinurenine
Acid Hydroxykinurenine Acid Acid/Kynurenine /Kynurenine

WT
acmsd*+ 1 9234 9.84 161 111 0.001066 0.017436
acmsd*/* 2 8641 2.50 189 75.2 0.000289 0.021872
acmsd*/* 3 8453 10.6 117 80.0 0.001254 0.013841
acmsd*/* 4 8641 27.9 118 76.4 0.003229 0.013656
acmsd*/* 5 14575 16.4 254 123 0.001125 0.017427

HOM
acmsd’- 1 5112 21.7 136 57907 0.004245 0.026604
acmsd’/-2 1301 2.30 61.8 52141 0.001768 0.047502
acmsd” 3 5611 21.4 146 61834 0.003814 0.02602
acmsd”’ 4 2322 10.7 75.7 60915 0.004608 0.032601
acmsd’/- 5 4529 14.3 132 100271 0.003157 0.029146

Table outlining the measured concentration of kynurenine metabolites from liver samples taken from 9-month old zebrafish.
Concentrations are given as ng/gram of liver tissue. acmsd, a-amino-6-carboxymuconate-e-semialdehyde decarboxylase; HOM,
homozygous mutant, LLOQ, lower limit of quantification WT, wildtype.
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Figure 43. Kynurenine Pathway Metabolite Expression in Adult a-Amino-8-Carboxymuconate-s-Semialdehyde Decarboxylase
Mutant Zebrafish Liver Tissue. The concentration of kynurenine metabolites was determined in liver tissue obtained from
individual adult wildtype and acmsd mutant zebrafish. No significant difference was identified between genotypes in kynurenic
acid (B, p=0.9125, unpaired, two-tailed t test) or 3-hydroxykynurenine (C, p=0.0986, unpaired, two-tailed t test) expression. Levels
of kynurenine were significantly reduced in mutants compared to controls (A, p=0.0079, Mann-Whitney test), whilst quinolinic
acid was significantly increased (D, p=0.0079, Mann-Whitney test). The ratio of kynurenic acid to kynurenine was increased in
homozygous mutants (E, p=0.0161, unpaired t test) by an average of 2.53 times. The ratio of 3-hydroxykynurenine to kynurenine
was increased in homozygous mutants (F, p=0.0063, unpaired t test) by an average of 1.92 times. All datasets passed Shapiro-
Wilk test for normality except kynurenine and quinolinic acid; for these, nonparametric statistical tests were used. acmsd, a-
amino-8-carboxymuconate-e-semialdehyde decarboxylase; ng, nanograms.
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4.3 Discussion
Acmsd is expressed as two splice variants in humans, a 336aa protein and a 278aa protein, which

is identical in the C-terminal but shorter than the full-length transcript. Previous reports have
identified that whilst both variants are expressed in the kidney and liver, only ACMSD1, the longer
transcript, is present in the human brain (Pucci et al., 2007). Since PD is a disease of the brain,

the longer, brain-specific variant was used for in silico comparisons in this thesis.

In silico data strongly suggests that acmsd is the true and sole orthologue of the human ACMSD
gene implicated as a risk gene for PD. High levels of similarity at both the DNA and protein level,
as well as the conservation of synteny between comparable chromosome regions, suggest that
these genes are indeed orthologous. The presence of a single ACMSD homologue, with only one
protein product, indicates that zebrafish represent a good model system to study the biological
role of Acmsd. By mutating a single gene, we can be sure that no other variants of the protein
will provide compensation for this reduced function, a mechanism often seen when multiple
homologues of the same gene are present, particularly where important domains are conserved.
The high degree of similarity between zebrafish and human ACMSD also suggests that studying
this protein in zebrafish is a valid means to study the role of this enzyme in humans. However, it
is important to remember that, as mentioned in the chapter introduction, different organisms
express differing levels of ACMSD as a trade-off between NAD+ production and the neurotoxic
effects of QUIN. Where zebrafish lie on this opposing evolutionary solution has not been studied.
Without directly comparing the expression and activity levels of Acmsd between organisms, we
cannot be sure that any effects seen in zebrafish as a result of a loss-of-function of this enzyme

recapitulate the effects that would occur in the human CNS.

RT-PCR data found that acmsd is expressed throughout development in zebrafish at seemingly
increasing concentrations until 5dpf. This suggests that Acmsd likely plays a vital role at this time.
Without measuring expression levels in unfertilised embryos, it is impossible to determine
whether the acmsd expression in embryos occurs as a result of maternal contribution. However,
maternal to zygotic transition, whereby maternal RNAs are degraded and zygotic transcription is
activated, occurs after just 10 cell cycles (Harvey et al., 2013). This suggests that, at least from
this point, acmsd is transcribed in the embryo itself, further supporting the notion that Acmsd is
important during larval development. Interestingly, at a similar developmental age in chick
embryos (based on the reliance of the yolk for energy), ACMSD decreases as development

progresses (Cogburn et al., 2018), suggesting differences between organisms. However, this
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assay only looked at transcript levels in the liver, whereas in zebrafish the whole larvae was used
for analysis. RT-PCR also only represents a semi-quantitative means of assessing acmsd levels and
small differences in band intensity do not always accurately represent changes in expression. In

order to assess this in more detail, gPCR could be carried out throughout development.

In situ hybridisation identified that the acmsd expression in larval zebrafish was specific to the
liver. Some fish also demonstrated low levels of staining in the intestines as well as the prominent
liver staining, suggesting that acmsd may also be expressed in the gut of larval zebrafish. No
staining was seen in the brain at this age. It may be that brain expression levels are much lower
than in the liver, as is true in humans, and therefore the probe may need longer to stain (i.e.
allowing the staining to over develop in the liver may result in staining appearing in the brain);
this was not tested as part of this thesis. However, if the lack of staining indicates a true absence
of expression in the brain of larval zebrafish, this may have implications on the relevance of larvae
as a model for PD. The hallmark pathology of PD occurs within the brain and ACMSD is known to
be expressed here in humans (Fukuoka et al., 2002). However, it is unclear whether changes to
ACMSD within the brain itself is what alters the risk of PD in humans. The kynurenine pathway
metabolites are altered not just in the brain and CSF, but also in the peripheral blood (see table
18), and these may originate from the liver or kidneys, the primary area of expression in humans.
Since the liver is the primary area of expression in zebrafish larvae too, if the peripheral-origin
theory is correct, then this model would still be relevant. Further research, both in humans and

zebrafish, is needed to explore this further.

Within adult zebrafish, acmsd was found by RT-PCR to be expressed primarily in the liver and
intestine, but also at lower levels in the brain, kidney, gonads and gall bladder. There appeared
to be expression in the heart in females but not in males, although this may be due to
contamination since this sex-dependent difference has no logical explanation. This suggests that
as zebrafish develop, the expression of acmsd, which is primarily conserved to the liver at larval
stages, spreads to other organs in the adult fish. The expression of acmsd in zebrafish imitates
that of ACMSD in humans, where it is expressed in the kidney, liver and brain in adults (Fukuoka
et al., 2002). As acmsd is expressed in both larval and adult zebrafish in a pattern similar to that
seen in humans, the zebrafish appears to represent a good model system for assessing the role

of this enzyme with relevance to human disease.

It is clear from the literature that kynurenine pathway metabolites are altered in people with PD

(Hartai et al., 2005; Ogawa et al., 1992; Sorgdrager et al., 2019) and can even be used as a
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biomarker for the disease (Klatt et al., 2021). However, the role of ACMSD within PD still

represents an understudied area, possibly owing to the lack of vertebrate animal models.

The generation of a stable acmsd”” mutant zebrafish line using CRISPR-Cas9 technology enabled
the study of the role of this enzyme in vivo. qPCR analysis demonstrated that the mutation
introduced into exon 6 of the gene resulted in nonsense-mediated decay of mutated acmsd
mRNA in larvae. Brains dissected from adult zebrafish also demonstrated a reduced expression
of acmsd mRNA; expression data for wildtype siblings in this experiment was highly variable
affecting the significance level of this dataset, although the reduction in transcript level was still
significant. This could be due to errors during experimentation or reflect the natural variation of
expression seen across individuals. In situ hybridisation was used to confirm the loss of
expression in larvae, which was clearly absent in homozygous mutants. The mixed phenotype of
heterozygous mutants was unexpected. Most heterozygotes were indistinguishable from
wildtype, suggesting haplosufficiency of acmsd. However, this hypothesis was challenged by the
absence of staining in some lavae, indicative of a haploinsufficient gene. It is possible that the in
situ had failed in these larvae, but this is unlikely as larvae of all genotypes were stained in a
single eppendorf and an absence of staining was never seen in wildtype larvae. It is also possible
that these larvae were misgenotyped or contaminated with wildtype DNA and were actually
homozygous mutants. The expression of acmsd in acmsd*/~ larvae could only be confirmed by
gPCR, which was not conducted on heterozygotes during this project. However, it was clear that
acmsd”’- mutant zebrafish larvae expressed very low levels of acmsd mRNA which remained
reduced throughout adulthood, suggesting that very little protein would be made and a true

knockout zebrafish had been created.

Despite finding a significant reduction in mRNA transcript levels, acmsd”- mutant zebrafish did
not demonstrate any obvious overt phenotypic changes. Homozygous mutant zebrafish were
viable to adulthood and fed and bred normally. There were no changes to the overall size or

shape of either adult or larval homozygous mutants, although this was not formally measured.

As primarily a movement disorder, mutations in PD risk genes may lead to alterations of
movement within zebrafish. However, larval (5dpf) and adult (9mpf) acmsd”- mutant zebrafish
demonstrated swimming behaviour that was indistinguishable from their wildtype siblings,
suggesting that the loss of acmsd did not have an effect on locomotion. It is important to take
into consideration the aspects of movement assessed during this project. Swimming distance was

measured over a pre-set time period in both adult and larval fish, whilst other aspects of
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movement, such as direction, speed or stop-go behaviour was not assessed. Movement changes
in PD are usually changes in gait, bradykinesia or akinesia (reviewed in Mazzoni et al. (2012)) and
these were not assessed in the acmsd”- mutant zebrafish. Such changes would likely result in an
overall reduced distance travelled and as this also represented a relatively easy readout,
swimming distance was initially assessed, with the plan of measuring other locomotive readouts

if changes were seen.

To study the effect of an acmsd knockout in the context of PD, dopaminergic neurons, being the
population of neurons specifically targeted in PD, were assessed. It was hypothesised that the
mutation in acmsd, as a PD risk gene, would result in a reduction in the number of dopaminergic
neurons, as is characteristic of human PD pathology. However, acmsd”- mutant zebrafish larvae
did not demonstrate changes in the number or positioning of their dopaminergic neurons at
either 3dpf or 5dpf. There are three possible explanations for this. Firstly, it may be that Acmsd
has no effect on the development or survival of dopaminergic neurons in zebrafish. Given that
ACMSD is a risk gene and not linked to monogenic PD, it is unsurprising that acmsd mutations
alone did not result in typical PD pathology. It is possible, however, that a knockout of acmsd
could result in changes to dopaminergic neurons, even if less dramatic than seen in typical PD.
PD is recognised as a disease of ageing with dopaminergic neuronal death usually occurring later
in life, even in hereditary cases. Since this neuronal population was only studied at larval stages
here, it cannot be ruled out that changes may occur in older acmsd” mutants. This is more
difficult to assess due to the accessibility of neurons within the adult brain. Antibodies specific to
tyrosine hydroxylase are available for use in zebrafish and could be used to look at these neuronal
populationsin sections, although this would only offer a 2D analysis and neuronal counting would
not be possible. Large deviations from the norm would be able to be identified using this method,
although it is unlikely that the acmsd”- mutant zebrafish develop such changes given their
seemingly healthy phenotype into late adulthood. Thirdly, Acmsd may be important in neuronal
development/survival, even in larval zebrafish, but the upregulation of compensating proteins
may act to preserve dopaminergic neuronal function in these mutants. With the lack of
knowledge regarding this protein it is impossible to develop a hypothesis for which proteins may

compensate for its loss. Only RNAseq would be able to identify such compensatory mechanisms.

In addition to the above suggestions, it is well established that SNPs in PD risk genes alter the
chance of an individual developing PD, but do not directly cause or prevent the disease. Given

this, it was hypothesised that acmsd”- mutant zebrafish larvae would be more likely to develop
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dopaminergic alterations in response to an additional trigger. To test this hypothesis, 1-3dpf
larval zebrafish were exposed to MPP+, a well-studied PD neurotoxin that has been
demonstrated to result in the death of dopaminergic neurons in the DC2 and DC4/5 populations
in wildtype zebrafish (Lam et al., 2005). The treatment of wildtype larvae with MPP+ resulted in
significant reductions in dopaminergic neuron number, recapitulating the data published in the
literature. acmsd”- mutant zebrafish larvae appeared no more or less susceptible to MPP+ than
wildtype zebrafish, with both groups demonstrating similar reductions in neuronal numbers. This
does not support the hypothesis that an additional PD trigger would have cumulative effects on
dopaminergic neurons in these mutants. However, only one additional trigger was assessed
during this project. Other factors, such as the intake of caffeine, smoking and exposure to other
toxins have been demonstrated to alter PD risk in human and animal models. It is plausible that
SNPs in risk genes interact specifically with other risk factors depending on the gene mutated. In
a C.elegans knockdown model of acsd-1, the orthologue of acmsd in worms, mutants were less
susceptible to paraquat exposure. They displayed reduced levels of ROS, an increase in activity
and improved survival compared to their wildtype counterparts (Katsyuba et al.,, 2018),
suggesting that a lack of Acmsd may indeed alter the sensitivity of zebrafish to PD risk factors. To
fully explore this hypothesis, it would be necessary to treat the mutant zebrafish with further

stressors.

The death of dopaminergic neurons in the substantia nigra is associated with the activation of
microglia in the immediate area (McGeer et al., 1988). Gliosis is a neuropathological feature of
many diseases, whereby the activation of glial cells, both macroglia (astrocytes and
oligodendrocytes) and microglia, is observed. The presence of gliosis is often used as a readout
of more general neuroinflammation. Since Acmsd can be thought of as an anti-inflammatory
protein due to its ability to reduce the production of QUIN, a proinflammatory molecule, it was
hypothesised that a loss-of-function of Acmsd would result in increased neuroinflammation,
mostly likely resulting from increased levels of QUIN. To assess whether a loss of acmsd was
indeed resulting in neuroinflammation in this zebrafish model, microglial number and activation

levels were assessed in the brains of acmsd” larvae.

Initially this was attempted in sections using L-plastin immunoreactivity, a pan-leukocyte marker,
which appeared increased in acmsd homozygous mutants compared to their heterozygous and
wildtype siblings. It was difficult to make direct comparisons between genotype as obtaining high

quality images of comparable brain regions proved difficult, despite the addition of a tyrosine
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hydroxylase marker to assist with this. Furthermore, L-plastin has been described as highly
expressed in monocytes and T cells in humans (Goldstein et al., 1985), but is not specific to
microglia. Whilst this early stage of zebrafish development means that T cells are not yet present,
as adaptive immunity is only activated after 3 weeks of age, monocytes other than microglia will

also be L-plastin positive, a possible source of invalidity.

To provide a more representative readout of microglial number, neutral red staining of the entire
larval brain was used. Whilst enabling visibility of the entire brain in one image, the staining
obtained was unreliable, with some larvae staining better than others and some demonstrating
no staining at all, even within genotypes. For this reason, quantification of microglial number by
counting the neutral red stained dots in the larval brain was also unreliable. Additionally, neutral
red acts by accumulating in the lysosomes of cells that directly phagocytose it, which also makes
it imperfect for use as a microglia marker. Firstly, the dye will only label cells that are actively
phagocytosing material so not all microglia will be labelled as some may be in an inactive, resting
state. Secondly, the visible red dots are representative of lysosomes, not of the cell itself, so it is
impossible to accurately determine the number of microglia as some cells may have more than
one labelled lysosome. Finally, as with L-plastin staining, neutral red is not specific to microglia.

The dye will be taken up by any cell able to carry out phagocytosis.

To overcome these issues, 4c4 wholemount immunohistochemistry was used to visualise
microglia in the entire brain of fixed larvae at 5dpf. This method was the most reliable and
therefore used for quantification. There was no difference in the number or activation level of
microglia in the midbrain or forebrain of acmsd”- mutant zebrafish larvae compared to their
wildtype siblings. As discussed previously, there are multiple possible reasons for this; a genuine
lack of effect of an absence of acmsd, 5dpf fish too young to observe a phenotype or the presence
of compensatory mechanisms. There is also the possibility of subtle changes in acmsd mutant
larvae being missed by using this method. A subjective measurement was used for both the
counting and the activation of microglia. All microglial analysis was conducted by the same
person to reduce issues of interrater reliability and had a difference been found, a second
counter would have been used to confirm these changes. However, if changes in the number or
activation level were small, a seemingly minor mistake in counting may have resulted in a false
negative outcome. Additionally, static cell morphology, whilst offering a relatively quick
assessment, may not be the most reliable way of measuring the activation state of microglia.

Whilst it is widely accepted that microglia acquire an amoeboid morphology when activated, they
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often develop new processes following activation (Stence et al., 2001). By using a binary method
(cells with at least one process vs cells with no processes), not all active cells will be identified.
Furthermore, by conducting experiments on fixed larvae, it is not possible to distinguish cells in
an intermediate state, for example activated cells in the process of retracting their branches. This
makes it nearly impossible to accurately determine the number of activated cells based on
morphology alone. Thus, a new way of assessing neuroinflammation is desperately needed. The
use of molecular markers enables a quantifiable readout of neuroinflammation, although no

single marker has so-far been identified to provide such information.

Additionally, there is also a possibility that neuroinflammation is occurring via a mechanism that
does not involve microglia. The activation of microglia represents only one part of the
phenomenon of gliosis, which extends to other glial cells in the brain. However, oligodendrocytes
have not been directly implicated in PD and astrocytes, for which their role in PD is debated, are
not present in zebrafish (Liberatore et al., 1999; Qiao et al., 2016; Wu et al., 2002). Therefore,
measuring microglial activation seems the most appropriate method of assessing

neuroinflammation in zebrafish models.

Given that acmsd expression was not identified in the brain of zebrafish at this stage, the lack of
a neuroinflammatory phenotype is not so surprising. Whilst there is a possibility that a lack of
ACMSD in the periphery is responsible for altering the risk of PD, as discussed above, this is still
an untested hypothesis. It would be interesting to assess neuroinflammation in adult acmsd

mutant zebrafish, a stage when acmsd is normally expressed within the brain.

More global inflammation within the whole larvae was also assessed during this project, as
peripheral inflammation has also been linked to PD (discussed in main introduction to this thesis).
It was hypothesised that a reduction in Acmsd would lead to an increase in inflammation due to
the subsequent increase of QUIN and other pro-inflammatory metabolites. gPCR analysis of
three commonly studied markers of inflammation (il-16, mmp9 and cxc/8) was unable to find a
difference in their expression between acmsd’ mutant larvae and their wildtype siblings,
suggesting that a heightened level of basal inflammation was not present in acmsd mutants.
Transgenic reporter lines were also used to demonstrate this. No obvious difference was seen in
neutrophil number / location or the expression of tnf-a in acmsd mutant larvae compared to
their wildtype siblings, although these were not quantifiable due to low quality images. Using
confocal microscopy for analysis of the fluorescent neutrophil line would have allowed for the

counting of neutrophils within larvae, which may have shown small changes in the mutants.
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Previous groups have suggested using spinning disc microscopy to assess neutrophils in this line
due their constant movement making imaging difficult (Elks et al., 2011). Due to reduced access
to training and the microscope facility during the coronavirus pandemic, such experiments were
unable to be conducted as planned. Additionally, this line has been combined with the tailfin
transection assay with consistent results (Elks et al., 2011). However, this assay is time consuming
and an effect was unlikely given previous data so was not conducted in the present study. It could
be interesting to combine these lines with exposure to inflammatory triggers, to assess whether
acmsd”’- mutant zebrafish respond differently to this, although given their lack of an altered

response to saponin, discussed below, this also seems unlikely.

The susceptibility of acmsd” mutant zebrafish to external inflammation was also assessed as it
was hypothesised that a lack of acmsd may prime these larvae to react to inflammation in a
heightened way. Multiple compounds were tested for use in this assay which are discussed in
chapter 6. Saponin was chosen to induce inflammation as it was shown to result in an increase
in inflammatory markers as assayed by qPCR (section 6.2.6.2.2). The increase in these markers
in wildtype fish in this chapter did not reach significance, contrasting that which was found as
part of the assay development in chapter 6. However, this likely reflects the power of the two-
way ANOVA used for analysis in this chapter, opposed to the one-way ANOVA used during
method development. To overcome this, data was also presented as a fold-change in expression
following treatment per biological replicate, enabling a better comparison of the response to
saponin exposure between genotypes. Importantly, using these readouts, acmsd mutant larvae
were found to be no more or less susceptible to saponin exposure than wildtype larvae. Whilst
this result cannot be generalised to conclude that an absence of acmsd does not increase the
susceptibility of larval zebrafish to inflammation, this result was disappointing. It is clear that
saponin is able to induce an inflammatory state in zebrafish, as was shown here and has been
previously reported in the literature (Lopez Nadal et al., 2018). However, whilst saponin is able
to induce increases in inflammatory markers following gPCR, the effects of the compound may
be specific to the gut. Neutrophil recruitment specifically to the intestines following immersion
has been reported in zebrafish larvae (Lopez Nadal et al., 2018), although the role of ingestion
from the surrounding media during feeding cannot be ruled out. It would be interesting to
challenge the acmsd”- mutant larvae with other inflammation-inducing compounds that are
known to act via a different mechanism. Unfortunately, these models could not be established

during this project (see chapter 6 for further discussion).
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QUIN is a known precursor for NAD+ synthesis in humans
(figure 44). Therefore, a loss of acmsd may result in
increased levels of QUIN in acmsd”’- mutant zebrafish
which may subsequently increase the level of NAD+. To
test this hypothesis, the levels of NAD+ and NADH were
assessed in the brain tissue of adult acmsd’- mutant
zebrafish. Surprisingly, NAD+, NADH and the ratio of
NAD:NADH were normal in acmsd’/- mutant zebrafish. As
discussed in the introduction to this chapter, this

expected increase in NAD+ has been seen in other cell and

a-Amino-p-Carboxymuconate-
e-Semialdehyde

Non-enzymatic ACMSD

Quinolinic Acid Aminomuceonic Acid Semialdehyde
QPRT {Nun—emvmal\(.
Nicotinic Acid Mononucleotide Picolinic Acid
NMNAT1
Nicotinic Acid Adenine Dinucleotide

NADSYN1

Nicotinamide Adenine
Dinucleotide

Figure 44. Nicotinamide Adenine Dinucleotide
Synthesis from Quinolinic Acid. Pathway of NAD
synthesis via the kynurenine pathway. Enzymes in
purple.  Original image. ACMSD, a-amino-8-
carboxymuconate-e-semialdehyde decarboxylase;
NADSYN1, NAD synthetase 1; NMNAT, nicotinamide

animal models of acmsd deficiency (Katsyuba et al., 2018).  mononucleotide  adenylyl  transferase;  QPRT,

quinolinate phosphoribosyl transferase.
Why this expected change in NAD+ levels were not seen

in acmsd”’- mutant zebrafish may be explained by examination of this pathway in humans. QUIN
is initially converted to nicotinic acid mononucleotide via quinolinate phosphoribosyl transferase
(QPRT) (figure 44). BLASTP of the human QPRT protein did not identify a homologue in zebrafish
and this was supported by a search in Ensembl. This may explain why there is no change in NAD+
levels, even though QUIN was increased in these mutants. It is possible that another, unknown
enzyme is responsible for the conversion of QUIN to NAD+ in zebrafish or that the kynurenine
pathway does not lead to the production of NAD+ in zebrafish at all; as discussed in the
introduction, this is a source of species variation (a trade-off between the production of a
neurotoxic molecule but also a precursor to NAD+) (Palzer et al., 2018). Zebrafish do, however,
have nicotinamide mononucleotide adenylyl transferase (NMNAT) and NAD synthetase 1
(NADSYN1) orthologues (figure 44) suggesting that NAD+ may be synthesised via the Preiss-
Handler pathway in zebrafish, as this is where the pathways merge. If NAD+ production is
substantially different in humans and zebrafish, fish may not represent the best model for acmsd
deficiency as it may not recapitulate what is seen in human PD patients. If ACMSD-linked PD is
the result of increased levels of QUIN, as is currently the consensus within the field, then this

difference in NAD+ pathways may be irrelevant.

As acmsd was shown to be almost exclusively expressed in the liver of larval zebrafish and
primarily in the liver in adults, a logical question to ask was whether the liver was abnormal in
acmsd”’- mutant zebrafish. Fabp10a was used as a known liver marker in larval zebrafish, which

was visualised using in situ hybridisation. No obvious differences were seen in the liver of acmsd
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/- mutant zebrafish compared to controls. Liver area was measured using Imagel) software,
calculating the area of staining as seen from the left side of the larvae (location of the largest
lobe of the liver). Again, no difference was identified between acmsd”’- mutant zebrafish and the
control larvae, suggesting that an absence of acmsd does not affect liver development in
zebrafish. It may be more useful to look at liver volume as opposed to liver area, which may not
be representative of the full liver and miss key changes occurring in other aspects. Whilst this is
more difficult to do from in situ hybridisation stains, fluorescent lines that label the larval liver
are available and could be crossed into the acmsd background to assess changes in the liver in a
more reliable way. However, as demonstrated below with paracetamol, it is possible to detect
changes to the size of the liver using this method so the conclusion that the liver is unaffected in

larval acmsd mutants is likely correct.

To assess the effects of hepatotoxicity in acmsd”- mutant zebrafish, paracetamol was chosen as
it had been used extensively in zebrafish to induce liver damage (Cornet et al., 2017; He et al.,
2013; M. Kim et al., 2018; Mesens et al., 2015; Nguyen et al., 2017; Yamashita et al., 2019; Zhang
et al.,, 2014). Furthermore, paracetamol had been combined with phenylthiourea without
affecting its ability to induce liver damage (M. Kim et al., 2018), which was important in the

current study as treated larvae were to be used for in situ hybridisation experiments.

Paracetamol exposure had no effect on the survival of larval zebrafish under 10mM, with effects
between 10 and 15mM being inconsistent between replicates. This is in agreement with others
who found small effects on survival at 10mM, but large reductions in survival when larvae were
immersed in 15mM for 3 days (Nguyen et al., 2017), although exposure in this study was for an
additional 24 hours compared to the methodology used here. Importantly, however, no
difference in survival was found between acmsd’- mutants and wildtype controls exposed to
various concentrations of paracetamol, suggesting that overall paracetamol toxicity was not

enhanced in acmsd mutants.

Using in situ hybridisation against fabp10a, it was clear that exposure to paracetamol from 3-
5dpf resulted in a decrease in the liver size of larval zebrafish, in concordance with published data
(Cornet et al., 2017; He et al., 2013; M. Kim et al., 2018; Nguyen et al., 2017; Yamashita et al.,
2019; Zhang et al., 2019). However, as with survival, acmsd”’- mutant zebrafish appeared equally
susceptible to this damage, suggesting that a loss of acmsd does not make zebrafish more
vulnerable to hepatotoxicity. The exposure via constant immersion, however, raises the question

as to whether paracetamol was only having an effect on the liver. It may be that damage was
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also being caused in other areas resulting in the observed toxicity. To achieve a more local effect,
it was also considered to inject paracetamol directly into the yolk due to its close proximity to
the larval liver. However, Nguyen et al. (2017) found that using this technique resulted in a
reduced overall effect on the liver compared to immersion exposure and so immersion was used

as the method of choice for inducing hepatotoxicity, despite its drawbacks.

It would be interesting to evaluate the effects of other hepatotoxic compounds within this line
due to their different mechanisms of action. For example, tamoxifen is also commonly used to
induce liver damage in zebrafish. Like paracetamol, larvae exposed to tamoxifen by immersion
develop signs of hepatotoxicity including a decreased liver size, yolk retention and increased
transaminase and lipids in the liver (Yu et al., 2020), ultimately resulting in liver-specific cell death
(Nam et al., 2016). However, some groups have reported other toxicities, usually cardiac in
nature, to occur in response to tamoxifen, often leading to the death of zebrafish larvae before
effects on the liver can be measured (Mesens et al., 2015). Additionally, tamoxifen was shown to
increase the expression of inflammatory cytokines (tnf-a, il-18 and il-6) in the whole larvae (Yu
et al., 2020), which may add a confounding variable to experiments, particularly in lines like

acmsd”- where inflammation was hypothesised to be altered.

This is a common theme for compounds used to induce hepatotoxicity in zebrafish. For example,
triptolide, which results in a reduced liver size, yolk retention, necrosis and the appearance of
vacuoles in both larval and adult livers (Huo et al., 2019; Vliegenthart et al., 2017), can also induce
heart oedema, notochord break, a missing swim bladder and an increase in inflammatory
cytokines (Huo et al., 2019; Vliegenthart et al., 2017). Similarly, alcohol-induced liver toxicity also
causes more widespread effects, including increased mortality, reduced hatching and a
decreased somite number as well as a number of neural and cardiac defects (Cornet et al., 2017;
Manjunatha et al., 2021; Zhang et al., 2014). Isoniazid, an anti-tuberculosis drug, has been
reported to result in a reduced liver size, yolk retention and possible complete absence of the
lateral liver lobes in exposed larvae (Jia et al.,, 2019; Zhang et al., 2014; Zhang et al., 2019).
However, as seen with the other compounds, isoniazid has also been shown to have non-hepatic
effects, including increased levels of tnf-8 and cox2 as well as an increase in the number of
circulating myeloid cells (Zhang et al., 2019). This suggests that isoniazid may also induce
widespread inflammation, supported by the finding that the effects of isoniazid are made worse

if zebrafish are already challenged by inflammation, such as exposure to LPS (Zhang et al., 2019).
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Exposure of zebrafish to monobutyl phthalate (MBP), an environmental pollutant, demonstrates
an accumulation of MBP in the liver and subsequent hepatotoxicity including lesions and
degeneration of hepatocytes (Jiao et al., 2020; Zhang et al., 2021). These studies suggested a
liver-specific effect of exposure, primarily as a result of a decreased protection against oxidative
stress due to the decreased expression and activity of antioxidant enzymes (Jiao et al., 2020).
However, other studies have identified metabolic effects of MBP in additional areas of the
zebrafish (Tao et al., 2020), suggesting that MBP toxicity is not specific to the liver. Similarly,
macrolide antibiotics, whilst resulting in necrosis of the liver, changes in liver size, yolk retention
and steatosis in zebrafish larvae, have also been shown to alter multiple pathways as identified
by genetic analysis (KEGG) (He et al., 2013; Zhang et al., 2020). One pathway altered by exposure
to a subset of macrolides was tryptophan metabolism (Zhang et al., 2020), which may be
interesting within the context of acmsd, which is involved in the catabolism of tryptophan.
However, these effects may also make results difficult to interpret in the context of

hepatotoxicity.

Overall, it is difficult to select a compound to induce liver toxicity in zebrafish that is entirely
specific to the liver without inducing more widespread effects that make data interpretation
more difficult. Exposing zebrafish to a number of different hepatotoxic compounds would
provide a more complete picture of their susceptibility to liver damage. However, such work is

time consuming, particularly if in situ hybridisation is used to assay the effects of exposure.

The overarching hypothesis for the study of ACMSD as a risk gene for PD is that a loss of ACMSD
function redirects ACMS towards the production of QUIN and away from the production of PIC
at the final step in the kynurenine pathway. Since QUIN is a pro-inflammatory and neurotoxic
molecule, able to activate microglia and cause direct neuronal excitotoxicity, it is attractive to
hypothesise that an increase of this pathway metabolite could lead to neuroinflammation and

the death of dopaminergic neurons seen in PD.

Metabolomics data supported this hypothesis by demonstrating a huge increase in QUIN
concentration in acmsd mutant zebrafish, but the viability and lack of obvious phenotype was
surprising if we consider the effect that increased QUIN could have on the brain and other tissues.
Further analysis found that whilst the overall concentrations of 3-hydroxykynurenine and
kynurenine were reduced, the activity of both branches of the pathway were upregulated
(obtained from metabolite ratio data). The neuroprotective pathway (kynurenic acid production)

was increased to a greater extent than the canonical pathway, suggesting a compensatory
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upregulation of kynurenic acid. Kynurenic acid is an NMDA receptor antagonist, which may
protect against QUIN-induced excitotoxicity and explain the lack of phenotype in acmsd mutant

zebrafish. This conclusion is summarised in figure 45.

PIC was not directly measured during this study as it could not be separated from its isomer,
nicotinic acid, during method development. However, the increase in QUIN strongly suggested
that Acmsd function was indeed reduced in the acmsd mutant line, confirming a pathogenic
mutation at the protein level. The only other vertebrate model of ACMSD deficiency has yet to
be published, but a published abstract indicated that in mice, a loss of ACMSD at both the RNA
and protein level resulted in up to 50X increased QUIN in the liver, kidney, brain and plasma,

whilst levels of QPRT and kynurenine-3-monooxygenase were normal (Rajamani et al., 2017).

Kynurenine pathway metabolites in human PD vary by study; some of which mirror that seen in
the acmsd” zebrafish model, some of which contrast it (summarised in table 18). Notably, whilst
levels of QUIN have been shown to increase with age in the human brain (Heyes et al., 1992;
Sorgdrager et al., 2019), these do not appear to be further increased in those with PD (Iwaoka et
al., 2020; Sorgdrager et al., 2019). The patients in these studies did not, however, have identified
SNPs in ACMSD and therefore the ACMSD-QUIN hypothesis in PD still remains unanswered. To
fully assess this, PD patients identified as having SNPs in ACMSD would need to have kynurenine
pathway metabolites measured. The protective mechanism against increased QUIN identified in
zebrafish may not be present in other animals, so data obtained from this model may not be
directly applicable to other models or human PD. In fact, in PD patients, the kynurenic
acid:kynurenine ratio has been identified as unchanged or even decreased (table 18), although

as mentioned above, these patients were not identified as having SNPs in ACMSD.

It is also possible that the increased level of QUIN did not have the expected effect in acmsd
mutants due to the differing composition of the mammalian and zebrafish CNS. The mechanisms

of QUIN-induced toxicity may not be fully conserved in the zebrafish.

The primary mechanism of neuronal death following exposure to QUIN is excitotoxicity conferred
via NMDA receptors. As discussed in the chapter introduction, QUIN is differentially toxic
depending on brain region which may be a result of the subunit composition of NMDA receptors
in that area. QUIN is thought to act primarily on NMDA receptors with NR1, NR2A and NR2B
subunits (de Carvalho et al., 1996), although this has been questioned by its inability to induce

dopamine release from receptors with NR1/NR2B composition (Pittaluga et al., 2001). Zebrafish
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NMDA receptors are comprised from the same subunits as those found in mammals, although
zebrafish possess two copies of each gene (Cox et al., 2005). Both zebrafish NR1 paralogs are
expressed throughout the larval brain, with NR1.1 expression from 24hpf and NR1.2 from 80hpf
(Cox et al., 2005; Zoodsma et al., 2020). NR2A, however, is only expressed in the retina of the
larval CNS and NR2B, whilst being expressed from 96hpf, does not appear to be expressed within
the CNS during development (Cox et al., 2005). The expression of NMDA receptor subunits in

adult zebrafish is not yet well determined.

The difference in subunit expression in the zebrafish CNS may explain the lack of excitotoxic
effect in acmsd”- mutant zebrafish, despite an increase in QUIN. However, the notion that QUIN
is selective for only NR2A and NR2B subunits, which are not expressed in the larval brain, is not
a fully accepted theory, possibly being disproved by the lack of effect of QUIN on neurons
expressing NR1/NR2B NMDA receptors (Pittaluga et al., 2001). It is also important to consider
that NMDA receptors are not only expressed in the CNS (see review by (Bozic & Valdivielso,
2015)). It is possible that QUIN may also have an NMDA receptor-induced excitotoxic effect in

the periphery. This has not yet been studied.

As previously discussed, NMDA receptor-induced excitotoxicity is not the only way in which QUIN
results in CNS damage. The increased availability of glutamate (Tavares et al., 2005; Tavares et
al., 2002; Tavares et al., 2000) can also contribute to an enhanced calcium influx, a mechanism
that is not receptor subunit dependent. It would be interesting to assess glutamate levels in
acmsd”’” mutant zebrafish brains to establish whether this is indeed increased as a result of high

levels of QUIN.

Microglial activation, oxidative stress and cytoskeletal disruption are also involved in QUIN-
induced neurotoxicity and these processes occur independent of NMDA receptors (discussed in
chapter introduction). Whilst the exact mechanisms of these processes are not fully understood,
it is likely that at least some of these would be conserved within zebrafish. For example, microglia
from larval zebrafish have an almost identical gene expression profile to those from adult

mammals (Mazzolini et al., 2020), suggesting that functional processes are likely to be conserved.

Interestingly, kynurenic acid also offers protection from QUIN-induced toxicity via NMDA
receptor-independent mechanisms. As an antagonist of all ionotropic glutamate receptors,
kynurenic acid may protect against the increase in local glutamate concentrations. Kynurenic acid

is also considered anti-oxidative, acting as a free radical scavenger (Lugo-Huitrén et al., 2011),
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and can partially prevent QUIN-induced microglial activation, iNOS induction, TNFa release from
astrocytes, and cytoskeletal changes in both neurons and astrocytes (Pierozan et al., 2018).
Inhibition of the NMDA receptor was unable to prevent these protective effects (Pierozan et al.,
2018), confirming that kynurenic acid protection is not only conferred via NMDA receptor

antagonism.

Exogenous QUIN exposure in zebrafish does lead to phenotypic changes. In larvae, exposure via
constant immersion results in stunted growth, cardiac oedema, seizures and a decreased
heartrate (Cassar et al.,, 2017; Majewski et al., 2018). These data may not recapitulate the
endogenous increased QUIN in acmsd”- mutants since immersion exposure likely increases QUIN
in the whole larvae rather than only in areas where the kynurenine pathway is active. However,
in adult zebrafish, direct injection of QUIN into the telencephalon resulted in local cell death and
microglial recruitment (Skaggs et al., 2014). Defects in swimming were also seen (Skaggs et al.,
2014). These studies demonstrate that zebrafish are sensitive to QUIN, suggesting that high levels
of QUIN, as demonstrated throughout life in acmsd”- mutant zebrafish, would likely result in
negative effects in the absence of additional protective mechanisms. This further supports the
hypothesis that the increased activity of the neuroprotective branch of the kynurenine pathway

may protect acmsd”- mutants against toxic levels of QUIN.

Table 18. Summary of Altered Kynurenine Pathway Metabolites from Human Patients with Parkinson’s Disease.

Sample and Reference Tryptophan Kynurenine Kynurenic Acid 3-hydroxykynurenine Quinolinic Acid Kynurenic 3-hydroxykynurenine
Acid/Kynurenine /Kynurenine
This thesis
Adult zebrafish liver N & (=4 T T 0
Adult zebrafish brain ? ? (=4 T ? ?
Whole zebrafish larvae ? ? s ™ ? ?
Serum
Widner et al. (2002) N N
Schulte et al. (2016) = =4
Han et al. (2017) N N N
Oxenkrug et al. (2017) N N N
Havelund et al. (2017) = = $* = i =d OP*
Sorgdrager et al. (2019) N <~ N <~ =4
Heilman et al. (2020) = © & T [ =d
Klatt et al. (2021) N ™
Urine
Luan et al. (2015) T T
CSF
Lewitt et al. (2013) ™
Havelund et al. (2017) = = L= = i =d OP*
Sorgdrager et al. (2019) = <~ N <~ =4
Iwaoka et al. (2020) R=s T & T R=a N T
Heilman et al. (2020) = i N L= < N
Brain
Ogawa et al. (1992) N N T ~

Changes in kynurenine pathway metabolites measured in human patients with Parkinson’s disease as well as those measured as
part of this thesis. Arrows represent changes from controls. * in this study, changes were only identified in patients on L-DOPA
treatment who displayed signs of dyskinesia.
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The primary reason for studying PD risk genes is to better understand the pathology behind these
genetic alterations to enable the development of more targeted, personalised medicine
approaches. Pharmacological modulation of the kynurenine pathway has been suggested to have
potential for PD treatment. The current zebrafish model suggests that an increase in kynurenic
acid may have a therapeutic potential in PD cases where QUIN is increased. Indeed, kynurenic
acid has been shown to reduce MPP+ toxicity in a human cell line (Lee et al., 2008), protect
against QUIN damage to dopaminergic neurons in rats (Miranda et al., 1997) and reduce PD-like
motor symptoms in primates exposed to MPTP (Graham et al., 1990). For this to be beneficial,
kynurenic acid must be injected into the brain since it cannot cross the BBB, making it

inappropriate as a real-world treatment strategy.

However, inhibiting the 3-hydroxykinurenine branch of the pathway could lead to subsequent
increases in kynurenic acid as a secondary effect. Inhibition of kynurenine-3-monooxygenase
using Ro-61-8048 or nicotinyalanine has been shown to result in increases in kynurenic acid in
the brain and blood of rats and primates, protecting against the toxic effects of QUIN (Grégoire
et al., 2008; Miranda et al., 1997). However, such modulation of the pathway in humans could
result in decreased levels of QUIN and, therefore, NAD+. As discussed previously, humans rely
less on this pathway for NAD+ production than other animals, although reducing the levels of all
downstream kynurenine metabolites via the inhibition of kynurenine-3-monooxygenase would

need careful consideration before its use in human disease.
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Figure 45. Summary of Kynurenine Pathway Metabolite Changes in oa-Amino-8-Carboxymuconate-e-Semialdehyde
Decarboxylase Mutant Zebrafish. A. The basic overall kynurenine pathway. B. Initial hypothesised result of a reduction in acmsd
activity. C. Findings identified from metabolomics data. Green arrows show increases in metabolites in acmsd”/- mutant zebrafish
compared to wildtype, red arrows show decreases. Arrow thickness represents enzyme activity. Round headed arrow depicts
inhibition of target receptor. Original images.
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4.4 Conclusion
It is easy to hypothesise how a dysfunction of ACMSD may lead to vulnerability in the CNS; a

decrease in activity would result in the build-up of neurotoxic QUIN and an increase in activity
would result in a decrease of available NAD+. Zebrafish express a single orthologue of human
ACMSD, which has been associated with altering the risk of a person developing PD. A loss-of-
function acmsd mutant zebrafish was successfully created that demonstrated nonsense-
mediated decay of mRNA at both the larval and adult stages, resulting in huge increases of toxic
QUIN. Despite this, homozygous mutant zebrafish were indistinguishable from wildtype in all

areas assessed during this project, even when the biological system was under stress.

Metabolomics suggested that this lack of phenotype may be explained by the compensatory
upregulation neuroprotective kynurenic acid via increased kynurenine-3-monoxygenase activity.
The upregulation of this enzyme in zebrafish, as well as the uncoupling to the NAD+ synthesis
pathway, represents a key functional divergence from humans, which may have implications for
applying results from this in vivo model to disease processes in humans. However, these findings

support the literature in suggesting modulation of the pathway as a treatment option for PD.

The generation of this zebrafish represents the first vertebrate loss-of-function acmsd mutant,
which has now been comprehensively characterised as a part of this thesis. Although no
phenotype was identified, the system is now established for further experiments, including

additional stressors or assessment of gene-gene interaction between PD risk genes.
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5 Leucine-Rich Repeat Kinase 2 and Parkinson’s Disease

5.1 Introduction
Leucine-rich repeat kinase 2 (LRRK2), also known as Dardarin, was identified as the gene

responsible for PARK8-linked cases of autosomal dominant PD in 2004 and is now recognised as
the most common Mendelian inherited, monogenic PD gene (Paisan-Ruiz et al., 2004; Zimprich
et al., 2004). LRRK2 itself is an enzyme that possesses both kinase and GTPase activity, whilst also
acting as a scaffolding protein (Li et al., 2007). It is primarily expressed in the lungs and kidneys,
although lower levels have also been identified in the brain, and to an even lesser extent in the

spleen and other tissues (Biskup et al., 2007; Li et al., 2007).

Within the brain itself, LRRK2 is observed in the cerebral cortex, amygdala, hippocampus,
cerebellum, striatum and ventral tegmental area of mice, where expression levels appear to
increase over time (Li et al., 2007; Melrose et al., 2007). Expression in the human brain is less
well defined, but LRRK2 has been identified in the caudate and putamen (Galter et al., 2006;
Higashi et al., 2007) as well as the cerebral cortex (Higashi et al., 2007). Of particular interest,
LRRK2 expression has been shown in the dopaminergic neurons of the substantia nigra in both
mouse (Li et al., 2007; Melrose et al., 2007) and human (Greggio et al., 2006; Higashi et al., 2007)
research; however, this is disputed amongst research groups where this was shown not to be the
case (Galter et al., 2006), but where expression was identified in dopamine-receptive areas of

the brain.

On a cellular level, LRRK2 is largely found in the cytoplasm but can also be seen on the cytosolic
side of various cellular and organelle membranes (Biskup et al., 2006; Greggio et al., 2006; Li et
al., 2007; West et al., 2005). Whilst the majority report LRRK2 expression on the outer
mitochondrial membrane (Biskup et al., 2006; West et al., 2005), some suggest it is not expressed
in mitochondria as it does not co-localise with MitoTracker (Greggio et al., 2006). This may be
due to the sub-organelle localisation of this marker, which is primarily inside, rather than at the

membrane of, the mitochondrion.

LRRK2 forms a homodimer where cross phosphorylation at sites found in the activation loop is
required for kinase activation (Luzén-Toro et al., 2007; West et al., 2007). The kinase and GTPase
activities of LRRK2 can be linked; the kinase activity of LRRK2 is increased in the presence of GTP
(Ito et al.,, 2007; West et al., 2007). Since GTPase activity converts GTP to GDP, a negative
relationship between the activity of these two distinct domains is established. This relationship
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is only maintained intracellularly and not seen with isolated LRRK2 in the presence of GTP (West
et al., 2007), suggesting the involvement of other cofactors. This is imperative to remember when

choosing models to study LRRK2 function, with in vivo models having a distinct advantage.

LRRK2 is implicated in many basic functions in the CNS including neurite outgrowth, cytoskeletal
function, autophagy, phagocytosis and synaptic vesicle exocytosis (Alegre-Abarrategui et al.,
2009; Gillardon, 2009; K. S. Kim et al., 2018; MacLeod et al., 2006; Parisiadou et al., 2009; Piccoli
et al., 2011). Interestingly, LRRK2 isolated from brain tissue has been shown to have increased
kinase and GTPase activity compared to that isolated from other tissues (Li et al., 2007), indicative
of a more essential role in the CNS than elsewhere in the body. Co-immunoprecipitation studies
suggest that LRRK2 directly interacts with other important PD-related proteins in the brain,
including a-synuclein (Guerreiro et al., 2013) and parkin (Smith et al., 2005). However, despite
the interaction between LRRK2 and a-synuclein, LRRK2 was shown not to phosphorylate it (Li et

al., 2007), suggesting a separate purpose of this interaction.

Seven mutations in LRRK2 (N1437H, R1441C, R1441G, R1441H, Y1699C, G2019S and 12020T) have
so-far been confirmed as pathogenic causes of PD (Aasly et al., 2010; Di Fonzo et al., 2005; Nichols
et al., 2005; Paisan-Ruiz et al., 2004; Zimprich et al., 2004). The majority of these result in gain-
of-function mutations, usually increasing LRRK2 activity directly, by increasing kinase activity, or
indirectly, by inhibiting GTPase activity; although the literature on the exact effect of each

mutation is inconsistent (table 19).

In addition to its role in familial PD, LRRK2 is also considered a PD risk gene (Chang et al., 2017,
Nalls et al., 2019; Nalls et al., 2014), with 1-5% of sporadic PD patients identified as carrying LRRK2
point mutations (Healy et al., 2008). By 2011, 121 exonic point mutations in LRRK2 had been
identified, although many of these were considered extremely rare (Ross et al., 2011). As with
pathogenic LRRK2 mutations identified in familial PD cases, the majority of SNPs at the LRRK2
locus are predicted to result in increased LRRK2 function. Indeed, the most significant SNP,
rs76904798 (p=1.52x107%8, (Nalls et al., 2019)), likely results in increased levels of LRRK2 mRNA
despite occurring at an intronic region (Ryan et al., 2017). Likewise, some SNPs in LRRK2, such as
R1398H, which acts to reduce kinase activity (Nixon-Abell et al., 2016; Tan et al., 2010), are
thought to be protective, reducing the overall risk of developing PD (Chen et al., 2011; Heckman
et al,, 2014).
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Table 19. Mutations in Leucine-Rich Repeat Kinase 2 That Result in Monogenic Parkinson’s Disease.

Mutation Consequence of Mutation on LRRK2 Reference

N1437H | Decreased GTP binding affinity; Decreased GTPase activity Huang et al. (2019)
Increased kinase activity Sheng et al. (2012)

R1441C | Increased kinase activity West et al. (2005)
Increased kinase activity West et al. (2007)
Increased kinase activity Sheng et al. (2012)
No change in kinase activity Jaleel et al. (2007)
Formation of cytoplasmic inclusion bodies and cellular toxicity, both dependent on Greggio et al. (2006)
kinase activity
Increased GTP binding capabilities West et al. (2007)
Increased GTPase activity Li et al. (2007)

R1441G | No change in kinase activity Jaleel et al. (2007)
Increased kinase activity; Increased GTP binding capabilities West et al. (2007)
Increased kinase activity; Increased ubiquitination Zhao et al. (2015)
Increased kinase activity Sheng et al. (2012)
Increased GTPase activity Li et al. (2007)

R1441H Reduced GTPase activity; Increased GTP affinity Liao et al. (2014)

Y1699C No change in kinase activity Jaleel et al. (2007)
No change in kinase activity Luzén-Toro et al. (2007)
Formation of cytoplasmic inclusion bodies and cellular toxicity, both dependent on Greggio et al. (2006)
kinase activity
Increased GTP binding capabilities; Increased kinase activity; Increased neuronal West et al. (2007)
toxicity; Increased susceptibility to hydrogen peroxide / oxidative stress
Increased kinase activity; Increased ubiquitination Zhao et al. (2015)

G2019S | Increased kinase activity West et al. (2005)
Increased kinase activity Sheng et al. (2012)
Increased kinase activity Luzoén-Toro et al. (2007)
Formation of cytoplasmic inclusion bodies, dependent on kinase activity Greggio et al. (2006)
No change in GTP binding capabilities; Increased kinase activity; Increased neuronal West et al. (2007)
toxicity; Increased susceptibility to hydrogen peroxide / oxidative stress

12020T Reduced kinase activity Jaleel et al. (2007)

Increased kinase activity

Increased kinase activity

No change in kinase activity

Formation of cytoplasmic inclusion bodies, dependent on kinase activity

No change in GTP binding capabilities; Increased kinase activity; Increased neuronal
toxicity; Increased susceptibility to hydrogen peroxide / oxidative stress

Increased ubiquitination

Sheng et al. (2012)
Gloeckner et al. (2006)
Luzdn-Toro et al. (2007)
Greggio et al. (2006)
West et al. (2007)

Zhao et al. (2015)

Pathogenic mutations in leucine-rich repeat kinase 2 that have been shown to cause Parkinson’s disease and the predicted
effects of these mutations on the protein itself. GDP, guanosine diphosphate; GTP, guanosine triphosphate; LRRK2, leucine-rich
repeat kinase 2.
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Whilst most LRRK2 SNPs and mutations that lead to PD likely result from an overall increase in
kinase activity, this is not the case for them all. This alludes to a “homeostatic hypothesis”
surrounding LRRK2, suggesting that dysfunction (either a gain or loss in activity) alters the risk of

PD.

G2019S, a substitution of glycine for serine in the kinase domain of LRRK2, is the most common
single genetic cause of PD. G2019S results in a gain-of-function mutation, whereby increased
kinase activity (table 19) is conferred to LRRK2 via the addition of a novel autophosphorylation
site and the continuous partial accessibility of an existing activation site, suggested to result from
the increased size of serine compared to glycine (Kachergus et al., 2005; Luzén-Toro et al., 2007).
This mutation has been linked to reduced striatal dopamine levels (Tozzi et al., 2018), increased
neuronal toxicity (West et al., 2007) and decreased release of dopamine from striatal projection
neurons, despite maintaining excitability (Xenias et al., 2020). However, there is a discrepancy
between models, as younger mice harbouring this mutation show increased levels of dopamine
(Volta et al., 2017). This could suggest an effect of age; PD is a disease of ageing and it is possible
that such genetic alterations do not have their effects in model systems at a young age in the
same way that symptoms are not apparent in humans until later in life, even in patients with

defined causative PD mutations.

G2019S has been identified in 4% of familial PD cases, as well as in 1.6% of sporadic cases (Gilks
et al., 2005). Some literature refers to these cases as “seemingly sporadic” as their sporadic
nature may be due to the incomplete penetrance of the mutation, which is, on average, just 30%
(Marder et al., 2015). G2019S has a penetrance that is age-, sex- and population-dependent, with
ethnicity contributing the most to this inconsistency. G2019S accounts for 13.3% of PD cases in
Ashkenazi Jews (Ozelius et al., 2006), 40.8% of cases in North African Arabs (Lesage et al., 2006),
but only 0.7% of cases in the Russian population (lllarioshkin et al., 2007). This mutation is also
more likely to affect women than men and, like most PD mutations, is more likely to be
symptomatic in people over 60 years old (Kumari & Tan, 2009). Other mutations in LRRK2 also
demonstrate incomplete penetrance (Gosal et al., 2007; Ruiz-Martinez et al., 2010), which makes
genetic data more difficult to interpret. However, there is no doubt that, even where mutations
do not invariably lead to PD, certain missense alterations in LRRK2 do have an impact on the risk

of developing the disease.

LRRK2-associated PD is well documented to be a pleomorphic disease with a heterogeneous

pathology (Zimprich et al.,, 2004). At the cellular level, pathological changes vary between
123



patients but are usually characteristic of sporadic PD, even when clearly identified as monogenic
familial cases. For example, as with most sporadic cases, the primary site of dopaminergic
neuronal damage in LRRK2-associated disease is the putamen and not the caudate nucleus
usually seen in familial PD (Adams et al., 2005). Whilst the typical signs of PD are seen in the
substantia nigra, namely the loss of dopamine and the death of dopaminergic neurons (Adams
et al., 2005; Kalia et al., 2015; Takanashi et al., 2018), only half of PD patients with LRRK2
mutations have been shown to have Lewy Body disease from post mortem brain analysis (Kalia
et al., 2015), a sign that used to be required for a definitive PD diagnosis. Similar data was
obtained from PET scans of patients with familial G2019S-linked PD (Adams et al., 2005). Whilst
all seven participants had dopaminergic neuronal loss and gliosis in the substantia nigra, only two
presented with Lewy Body pathology, of which one of these was isolated to the brainstem.
Neurofibrillary tangles also represented an area of inconsistency between patients, with three

demonstrating this pathology and four not.

Despite LRRK2-associated PD somewhat mimicking sporadic PD at a cellular level, at a clinical
level LRRK2 mutation carriers demonstrate differences to both sporadic and other monogenic
cases of disease. Patients are more likely to experience tremor than those with sporadic PD and
are less likely to suffer cognitive deficits or a loss of smell (Healy et al., 2008). Patients identified
as LRRK2 SNP carriers respond well to L-DOPA treatment, which is often required at a later stage
compared to other subclasses of sporadic PD (Healy et al., 2008; Paisan-Ruiz et al., 2004;
Puschmann et al., 2012; Zimprich et al., 2004). Furthermore, those treated with L-DOPA appear

less likely to develop dyskinesia as a result of treatment (Healy et al., 2008).

As well as its relationship to PD as both a causative and risk gene, LRRK2 can also be implicated
in inflammation, creating a plausible hypothesis of how LRRK2 may result in the disease
phenotype; LRRK2 SNPs may contribute to an inflammatory state in the CNS, which leads to the

secondary development of PD symptoms.

LRRK2 expression has been demonstrated in immune cells. Although disagreement exists
between research groups, LRRK2 expression has been shown in B cells, CD14+ monocytes, T cells,
microglia and astrocytes (Gardet et al., 2010; Hakimi et al., 2011; Miklossy et al., 2006; Moehle
et al., 2012; Thévenet et al., 2011). Variations in expression data likely reflect differences
between mRNA and protein levels as a result of post transcriptional regulation, as well as the
possibility of inter-cellular transportation of LRRK2 protein. Additionally, multiple antibodies

have been used by different research groups examining protein expression, creating a variable
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that might result in unreliable data sets. Nevertheless, it is interesting to note that PD patients
exhibit increased LRRK2 expression in B cells, T cells, CD14+ monocytes and CD16+ monocytes

compared to healthy controls (Bliederhaeuser et al., 2016; Cook et al., 2017).

The expression of LRRK2 in these cells is increased during inflammation, strongly implicating
LRRK2 as a regulator of the inflammatory response. This has been intensely studied using the
inflammation-inducing molecule IFN-y. IFN-y increases LRRK2 mRNA and/or protein levels in
monocytes, macrophages, T cells and B cells (Gardet et al., 2010; Kuss et al., 2014; Thévenet et
al., 2011). Additionally, cell based models have shown other proinflammatory molecules, namely
IFN-B, TNF-a and IL-6, to also increase LRRK2 expression (Thévenet et al., 2011), although other
cell models found TNF-a to have no effect (Gardet et al., 2010). Additionally, LPS, known to
activate microglia, has also been shown to induce the expression of LRRK2 in these cells (Moehle
etal., 2012). However, in peripheral blood mononuclear cells, LPS actually resulted in a decreased

expression of LRRK2 (Thévenet et al., 2011).

Aside from expression data, LRRK2 can also be mechanistically linked to inflammation. The above
mentioned increase in LRRK2 has been implicated in the intrinsic activation of immune cells. As
monocytes mature from CD14*/CD16 to CD14*/CD16* cells, levels of LRRK2 increase and this
maturation process can be prevented by pharmacologically inhibiting the kinase activity of LRRK2
(Thévenet et al., 2011), demonstrating its vital role in this process. In microglia, a knockdown of
LRRK2, or its inhibition using small molecules, reduces the number of proinflammatory
mediators, including IL-6, IL-1B, NO and TNF-a, expressed in response to LPS, as well as reducing
the levels of iINOS (Kim et al., 2012; Moehle et al., 2012). Additionally, in vitro, microglia
expressing a common mutant form of LRRK2 found in PD (R1441G) secrete more
proinflammatory cytokines in response to LPS than control cells (Gillardon et al., 2012). Such data
suggest that LRRK2 is required for the full response of microglia to immune insults. Indeed,
transcriptome analysis of microglia activated using LPS or a-synuclein found that, although a
knockout of LRRK2 had little effect under basal conditions, microglia lacking LRRK2 demonstrated
a reduced inflammatory phenotype, including less oxidative stress, in response to
proinflammatory signals, most likely via alterations to the endolysosomal pathway (Russo et al.,

2019).

Interestingly, LRRK2 has been shown to activate NFkB pathways, resulting in the expression of
proinflammatory mediators, independent of kinase activity (Gardet et al., 2010). Therefore, even

LRRK2 mutations that result in decreased kinase activity may still be able to activate this pathway
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and initiate neuroinflammation. This could, in part, explain the homeostatic hypothesis, whereby

LRRK2 dysfunction, even if a loss of function, can result in PD.

This mechanistic link of increased LRRK2 activity resulting in inflammation is supported by animal
models of the G2019S mutation. Rats or mice harbouring this Lrrk2 mutation demonstrate
increased activation of microglia and astrocytes in response to either LPS or an overexpression
of a-synuclein compared to their wildtype littermates (Daher et al., 2015; Kozina et al., 2018; Lin
et al.,, 2009; Schildt et al., 2019). This is further supported by Lrrk2 knockout studies which
prevent LPS or a-synuclein-induced neurodegeneration and neuroinflammation (Daher et al.,
2014). Interestingly, the gliosis and neurodegeneration in the substantia nigra of the rat model
in response to a-synuclein was abolished when the kinase activity of LRRK2 was inhibited (Daher
et al., 2015). The neuroinflammation resulting from Lrrk2 mutations has been suggested to be a
consequence of increased LRRK2 activity in the periphery rather than the CNS, with the

inflammatory state of the brain a secondary effect of this (Kozina et al., 2018).

To further link LRRK2-related PD to inflammation, proinflammatory cytokines have been found
in the blood of PD patients carrying the G2019S mutation, even if they were asymptomatic
(Dzamko et al., 2016). Furthermore, SNPs in LRRK2 have also been found in other inflammatory
diseases, where 17 loci overlap between PD and inflammatory diseases, including type 1
diabetes, Crohn’s disease, ulcerative colitis, rheumatoid arthritis, celiac disease, psoriasis and
multiple sclerosis (Witoelar et al., 2017). This is substantiated by multiple studies linking SNPs in
LRRK?2 to the susceptibility of inflammatory diseases, including Crohn’s disease, colitis, Leprosy,
and cancer (Agalliu et al., 2015; Hui et al., 2018; Liu et al., 2015; Umeno et al., 2011; Younis et al.,
2020; Zhang et al., 2009). In the periphery, LRRK2 has also been associated with the immune
system where it appears to be protective against infections such as Listeria (Zhang et al., 2015)

and Salmonella (Gardet et al., 2010; Shutinoski et al., 2019).

The above data suggest that mutations in LRRK2 may enhance the immune response when
inflammation is already present, such as during an infection. LRRK2 kinase activity appears to be
required for the activation of immune cells, in particular those of monocyte origin, supporting
the hypothesis that increased activity as a result of mutations or SNPs in LRRK2 may result in
detrimental levels of neuroinflammation during conditions where immune cells would normally
act in a protective manner. This enhanced neuroinflammation may increase the susceptibility of

developing PD by resulting in the death of dopaminergic neurons.
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Currently used animal models of LRRK2 function are lacking. Drosophila and C.elegans models,
whilst plentiful, must be carefully interpreted since neither of these have a true LRRK2
orthologue. Mice, however, have proven a useful model regarding LRRK2. Knockout mouse
models are able to recapitulate PD pathogenesis at the cellular level in the kidney, although were
unable to demonstrate such changes in the brain (Hinkle et al., 2012). It has also been possible
to induce the G2019S point mutation in transgenic mouse models, resulting in a hyperkinetic
phenotype and less motor symptoms associated with the normal ageing process (Longo et al.,
2014). However, this opposes what is usually seen in PD, where the primary motor symptom is
bradykinesia. It is important to consider the differences between mouse and human LRRK2; the
mouse protein is more stable, has less kinase activity, shows increased substrate binding and has

higher expression levels under basal conditions (Langston et al., 2019).

In zebrafish, many groups have attempted to study Lrrk2 using a variety of approaches (discussed
later in the chapter). Each model used has its drawbacks and data from different publications
about the role of this protein in zebrafish appear contradictory. The relatively small toolbox
available to reliably study Lrrk2 has meant that study of wildtype function is scarce. Since this
protein is evolutionarily conserved and expressed throughout the human body, it is likely that

LRRK2 has an important role across species.

5.1.1 Leucine-Rich Repeat Kinase 1
Leucine-Rich Repeat Kinase 1 (LRRK1) is the single paralogue of LRRK2, both of which evolved

from a common ancestral gene (Marin, 2006). This was initially thought to be gene duplication
(Marin, 2006), but was later discovered to be a more complex genetic event whereby three LRRK
genes present in early organisms were lost in different branches of evolution; leaving
deuterostomes with LRRK1/2 and protostomes with a single LRRK that differs from both

deuterostome paralogues (Marin, 2008).

Structurally, both LRRK paralogues are very similar, with LRRK1 possessing five of the seven
functional protein domains present in LRRK2 (Sejwal et al., 2017). However, differences between
the proteins exist in the N and C terminals, where armadillo repeats and a WD40 domain present
in LRRK2 are absent from LRRK1 (Civiero et al., 2012; Sejwal et al., 2017). Although the proteins
are predicted to share only 26% identity and 45% similarity (Greggio et al., 2007), the important
kinase domain is suggested to be 30-50% identical and 50-71% similar in its amino acid sequence,

varying by publication (Civiero et al., 2012; Sejwal et al., 2017; Taylor et al., 2007).

127



Like LRRK2, LRRK1 also belongs to the ROCO family of proteins, possessing functional kinase and
GTPase domains (Korr et al., 2006). Both proteins appear to have similar affinities for GTP (Civiero
et al., 2012; Sejwal et al., 2017) and, as with LRRK2, the binding of GTP to the ROC domain
increases LRRK1 kinase activity (Korr et al., 2006). Likewise, LRRK1 mutants unable to bind GTP

demonstrate decreased kinase activity (Hanafusa et al., 2011).

Expression patterns of the LRRK paralogues largely overlap, but the levels of each vary and their
profiles appear to diverge during adulthood. Throughout murine development, Lrrk1 has similar
but slightly more widespread expression than Lrrk2 (Giesert et al., 2013). However, LrrkI mRNA
levels peak at E15.5 and later decline, remaining relatively low in the adult mouse, particularly in
comparison to Lrrk2 (Biskup et al., 2007; Giesert et al., 2013) although in some areas, namely the
liver and gut, Lrrk1 expression appears higher than Lrrk2 throughout adulthood (Biskup et al.,
2007). In humans, LRRK1 expression is also described as ubiquitous and widespread (Korr et al.,
2006). Very little data exists thus far for zebrafish Irrk1, although its expression during embryonic
development has been demonstrated using in situ hybridisation (Suzzi, 2017; Suzzi et al., 2021).
Expression was described as transient and tissue restricted, but included staining in the

prechordal plate, polster, sensory organs and the proctodeum.

Within the brain, LRRK1 expression has been confirmed in mice (Biskup et al., 2007; Giesert et
al., 2013; Taylor et al., 2007), rats (Westerlund et al., 2008) and humans (Biskup et al., 2007;
Greggio et al., 2007; Korr et al., 2006), but remains far lower than that of LRRK2 (Biskup et al.,
2007). In the human brain, LRRK1, as demonstrated with LRRK2, is most highly expressed in the
frontal cortex (Greggio et al., 2007). However, in the adult mouse brain Lrrk1 is expressed only in
the olfactory bulb, which, interestingly, is the sole region devoid of Lrrk2 (Giesert et al., 2013).
When analysing brain tissue, LRRK1 appears restricted to the deep cell layers, in contrast to the
diffuse expression of LRRK2 (Westerlund et al., 2008). The expression of Irrk1 in the zebrafish
brain remains inconclusive. Irrk1 mRNA has been identified in the telencephalon and ventral
hindbrain at 24hpf, but its expression throughout the CNS appears to be transient and absent
after this time point (Suzzi, 2017; Suzzi et al., 2021). In adults, whilst gPCR data suggests Irrk1 is
expressed in the brain, in situ hybridization in adult brain sections was unable to confirm this

(Suzzi, 2017).

At the cellular level, LRRK1 is a cytoplasmic protein (Greggio et al., 2007; Korr et al., 2006),
existing primarily as anti-parallel homodimers (Civiero et al., 2012; Klein et al., 2009; Sejwal et

al., 2017). These dimers have been shown to undergo autophosphorylation (Greggio et al., 2007;
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Korr et al., 2006), although this has been debated using pure protein preparations (Civiero et al.,
2012). Given the important role of autophosphorylation in LRRK2 regulation, it is highly plausible
that LRRK1 is indeed also phosphorylated by other LRRK1 proteins. The tertiary and quaternary
structures of the LRRK paralogues are very similar, except for the smaller size of LRRK1 and its
subsequently narrower binding pocket (Civiero et al., 2012; Sejwal et al., 2017). Despite this
similarity, autophosphorylation assays have suggested that the LRRK1 protein may not be as
enzymatically active as LRRK2 (Greggio et al., 2007). Interestingly, both LRRK paralogues have
been shown to interact in vitro (Dachsel et al., 2010; Klein et al., 2009), which may have functional

implications where their expression overlaps, such as during early development.

Functionally, LRRK1 has been shown to promote cell proliferation (Harada et al., 2005), regulate
exocytosis (Wang et al., 2018) and play a role in the cell stress response pathway, acting as part
of the BCR-ABL1 network (Titz et al., 2010). Additionally, LRRK1 acts in the endolysosomal
pathway, in particular during autophagosome-lysosome fusion (Toyofuku et al., 2015). Its role in
this pathway has primarily been described for EGF signalling, where LRRK1, via interactions with
GRB2, ensures proper endosomal trafficking of EGFR (Hanafusa et al., 2011; Ishikawa et al., 2012).
Furthermore, Lrrk1 knockout mice develop lysosomal dysfunction (Toyofuku et al.,, 2015),

supporting an important role for LRRK1 in this pathway.

Functional enrichment analysis suggests that LRRK1 is also likely involved in neurogenesis, cell
development and neuron projection development (Tomkins et al., 2018). The role of LRRK1 in
the nervous system is supported by Onishi et al. (2020), who identified that LRRK1 is crucial to
axon pathfinding. LRRK1 acts as a scaffolding protein within the growth cone, bringing additional
kinases into close proximity of Frizzled3 at the plasma membrane, a requirement for correct
pathfinding in a Wnt gradient (Onishi et al., 2020). The group created three knockout mouse lines
using CRISPR-Cas9; Lrrk17/~ Lrrk2/- and Lrrk1/27-. All three mouse lines demonstrated
disorganised pathfinding of spinal cord commissural axons and midbrain dopaminergic neurons
during development. A loss of both Lrrk paralogues resulted in a more severe phenotype than
either single knockout, although the loss of Lrrk2 appeared more detrimental than Lrrkl1.
Interestingly, G2019S mutants had a similar phenotype, suggesting that a dysregulation, rather

than a loss, of Lrrk is responsible for the dysregulated pathfinding phenotype.

However, the most commonly reported function of LRRK1 is within osteoclasts. Mice carrying
homozygous knockout mutations of Lrrk1 have a shorter body length due to decreased bone

length and develop osteopetrosis, although heterozygotes remain unaffected (Brommage et al.,
129



2014; Xing et al., 2013). To study this phenotype further, osteoclasts from Lrrk1 knockout mice
have been studied ex vivo and found to possess a disrupted cytoskeletal arrangement, including
the dephosphorylation of L-plastin (Si et al., 2018). In vitro research has also discovered that
INO4, a compound that prevents the binding of ATP to LRRK1, disrupts the function of osteoclasts
(Sietal., 2019).

Pathologically, multiple mutations in LRRK1 have been directly linked to osteosclerotic
metaphyseal dysplasia (Guo et al., 2017; Howaldt et al., 2020; lida et al., 2016; Miryounesi et al.,
2020), a disease primarily affecting the bones but also resulting in developmental delay,
hypotonia and spastic paraplegia (Nishimura & Kozlowski, 1993). This complements data from
knockout studies (discussed above and in the discussion of this chapter), where LRRK1 is
suggested to play a vital role in bone development. Additionally, LRRK1 has also been identified
as a risk gene for central corneal thickness (Cornes et al., 2011; Guo et al., 2017) and Crohn’s
disease (Hong et al.,, 2018) and suggested to act as a prognostic biomarker for lung
adenocarcinoma (Zhao et al., 2020) and acute myeloid leukaemia, where increased expression is

associated with a worse outcome (Lv et al., 2018).

LRRK1 is particularly relevant to this project because of its links to immunity and inflammation.
As mentioned above, LRRK1 is a risk gene for Crohn’s disease (Hong et al., 2018), an inflammatory
bowel disease associated with increased levels of inflammation in the intestines. LRRK1 is also
upregulated in blood samples taken from patients with T cell acute lymphoblastic leukaemia (Li
et al., 2020), suggesting a role within T cell development. LRRK1 has also been shown to be
expressed in B cells from both mice (Morimoto et al., 2016) and humans (Thévenet et al., 2011).
In mice, this is responsible for B cell development, namely in response to NFkB activation, and

immunoglobulin production (Morimoto et al., 2016), affording LRRK1 a role in humoral immunity.

The aim of this chapter is to explore the biological role of Lrrk2 in vivo by creating a loss-of-
function mutation in the zebrafish gene using CRISPR-Cas9. The role of this protein in the
development of PD will be explored by assessing alterations in dopaminergic neurons in Irrk2
mutant larvae, as well as a basic characterisation of the overall phenotype. Additionally,
neuroinflammatory phenotypes will be explored using microglial analysis. Lrrkl will also be
assessed as a possible compensating protein. Finally, methods to develop new zebrafish lines
harbouring equivalent mutations to confirmed pathogenic human LRRK2 mutations will be

discussed.
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5.2 Results

5.2.1 InSilico Research

The Ensembl database was used to explore basic features of human LRRK2. LRRK2
(ENSG00000188906.16), found on chromosome 12, has nine splice variants; four of these are
protein coding, resulting in proteins of 454, 521, 1271 or 2527 amino acids in length (table 20).
Previous research has concluded that the full length (2527aa) protein is most dominant in
humans (Vlachakis et al., 2018), so this isoform was used for further in silico analysis. Inputting
this amino acid sequence into InterPro software enabled the identification of seven protein
domains within full-length LRRK2; an armadillo domain, an ankyrin repeat domain, a leucine-rich
repeat (LRR) domain, a Ras of complex protein (Roc) domain, a C-terminal of Roc domain, a
mitogen-activated protein kinase kinase kinase (MAPKKK) domain and a WDA40-repeat-

containing domain (figure 46).

To identify the zebrafish orthologue of LRRK2, the human LRRK2 protein sequence was aligned
to the zebrafish proteome using BLASTP software. The top hit resulting from this alignment was
Lrrk2 on chromosome 25, which had 47.61% identity to the human protein. When this protein
sequence was aligned to the human proteome, similarly LRRK2 was the top hit, with 47.66%
identity to the zebrafish amino acid sequence. At the DNA level, Ensembl also identified Irrk2 as
the single orthologue to human LRRK2, possessing 47.76% identity. Lrrk2 exists as a single 2523
amino acid protein in zebrafish with no splice variants, unlike its human orthologue. InterPro
domain analysis identified all seven domains present in human LRRK2 to be conserved in
zebrafish (figure 46). Each domain was then compared individually between species using BLASTP
software and subrange selection based on InterPro data. Protein domain identity is described
in figure 46; notably, the kinase domain, which confers most of LRRK2’s activity, is highly

conserved between human and zebrafish, sharing 72.03% amino acid sequence identity.

A comparison of genome synteny between the human and zebrafish Irrk2 loci found only one
common gene between organisms, SLC2A13 /slc2a13b (figure 47), although it should be noted
that only four other protein-coding genes lie within 1Mb of the LRRK2 gene in humans. SLC2A13
lies upstream of LRRK2 on human chromosome 12, whilst s/c2a13b lies downstream of Irrk2 on

chromosome 25 in zebrafish.

The in silico research conducted on Lrrk2 strongly suggests that this is the true orthologue of

human LRRK2.
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Table 20. Comparison of Human and Zebrafish Leucine-Rich Repeat Kinase 2.

Human Zebrafish
Transcript Base Pairs 9239 8042
Amino Acids 2527 2532
Exons 51 51
Protein Coding Splice Variants 4 1
Chromosome 12 25

A table outlining the basic features of the leucine-rich repeat kinase 2 protein and gene and comparing these between human and
zebrafish. The full length human transcript was used for comparison.

Human LRRK2

Zebrafish Irrk2

Human LRRK2
ﬂaa__-_--E_-_-_Zﬁz?aa
Zebrafish Lirk2  42.58% 32.89% 51.92% 52.17% 65.31% 72.03% 39.41%
Armadillo Ankyrin Leucine-rich Rasof C-terminal Mitogen- WD40
repeat complex  of Roc activated
protein protein
kinase kinase
kinase

Figure 46. Comparison of Leucine-Rich Repeat Kinase 2 Structure Between Human and Zebrafish. A. Schematic comparison of
the LRRK2 gene at the DNA level. Human LRRK2 is made up of 51 exons, whilst zebrafish Irrk2 is comprised of 51. Scale bar
represents 10kb. B. Comparison of LRRK2 protein structure between human and zebrafish finds that both proteins are comprised
of the same 7 conserved domains. Percentage values represent sequence identity specifically between protein domains. Graphic
is drawn to scale by equating 1 pixel to 1 amino acid. aa, amino acids; LRRK2, leucine-rich repeat kinase 2.
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5.2.2 Expression of Irrk2 in Wildtype Zebrafish

5.2.2.1 Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)
RT-PCR was completed in our laboratory by Dr Sarah Brown prior to the commencement of this

project. It demonstrated that /rrk2 was expressed throughout development in whole zebrafish
larvae (from 1-5dpf) as well as throughout adulthood (from 3-24mpf) specifically in the brain

(figure 48). Expression levels remained constant regardless of age.
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Figure 48. The Expression of Leucine-Rich Repeat Kinase 2 in Larval and Adult Zebrafish. RT-PCR shows that Irrk2 is expressed
at a constant level during zebrafish development from 1-5dpf as well as during adulthood. Whole zebrafish larvae were used up
to 5dpf. Whole brains were used for expression analysis in adult zebrafish. efla was used as a loading control. dpf, days post
fertilisation; Irrk2, leucine-rich repeat kinase 2; efla, eukaryotic translation elongation factor 1 alpha 1.

Experiment and figure by Dr Sarah Brown (Bandmann Laboratory).

5.2.2.2 In Situ Hybridisation
Two in situ hybridisation probes were designed to target zebrafish Irrk2. Probe 1 primer

sequences were taken from published work by Sheng et al. (2010) and probe 2 sequences were
designed using Primer3 software. Both primer pairs produced single, clean bands when PCR
amplified using wildtype cDNA as a template, suggesting that both amplified /rrk2 specifically and

would produce Irrk2-specific staining during in situ hybridisation.

To create riboprobes for in situ hybridisation, wildtype cDNA was initially amplified using the
probe primer pairs. For probe 2, the antisense primers inadequately amplified the cDNA,
resulting in weak bands when visualised by gel electrophoresis. For this reason, only probe 1 was

completed and taken forward in experiments.

In situ hybridisation was conducted on wildtype 5dpf zebrafish larvae to determine the
expression pattern of Irrk2 under basal conditions. Two time points were used to analyse Irrk2

staining. After 45 minutes of staining, fish incubated with antisense Irrk2 probe appeared to have
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slightly increased staining, particularly in the head region (figure 49). Staining could be seen in
‘tracts’ within the brain (figure 49F), which was not evident in larvae incubated with the sense

control (figure 49C).

However, after 1hour 45minutes of staining, the expression pattern of Irrk2 appeared different
(figure 50). Although similar, albeit stronger, staining was seen in larvae incubated with the
antisense probe (figure 50D-F), there was now very little difference between this and the staining
pattern in larvae incubated with the sense probe. What appeared as specific tract staining in the
brains of larvae incubated with the antisense probe after 45 minutes, was now also clearly visible

in control larvae (figure 50C).

The experiment was repeated using 3dpf wildtype larvae. Clear differences in staining between
sense and antisense probes were now evident (figure 51). The staining pattern in 3dpf larvae
suggested that Irrk2 is expressed diffusely in the head region of wildtype larvae. Staining
appeared darker in clusters (figure 51G), possibly representing Irrk2 expression specifically within

microglia or other cell bodies within the brain.

Irrk2 sense  WT 5dpf Irrk2 antisense
(@ E F
' sense ' !se
Irrk2 sense Irrk2 antisense

Figure 49. In Situ Hybridisation of Leucine-Rich Repeat Kinase 2 in Wildtype Zebrafish at 5-Days Post Fertilisation, 45 Minute
Staining. Representative brightfield images of staining patterns obtained after 45 minutes of staining in wildtype larvae incubated
with either sense (A-C) or antisense (D-F) Irrk2 probes. Images show staining patterns seen from lateral (A, D), dorsal (B, E) and
dorsal head (C, F) regions. dpf, days post fertilisation; Irrk2, leucine-rich repeat kinase 2; WT, wildtype.
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Figure 50. In Situ Hybridisation of Leucine-Rich Repeat Kinase 2 in Wildtype Zebrafish at 5-Days Post Fertilisation, 1 Hour 45
Minute Staining. Representative brightfield images of staining patterns obtained after 1 hour 45 minutes of staining in wildtype
larvae incubated with either sense (A-C) or antisense (D-F) Irrk2 probes. Images show staining patterns seen from lateral (A, D),
dorsal (B, E) and dorsal head (C, F) regions. dpf, days post fertilisation; Irrk2, leucine-rich repeat kinase 2; WT, wildtype.
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Figure 51. In Situ Hybridisation of Leucine-Rich Repeat Kinase 2 in Wildtype Zebrafish at 3-Days Post Fertilisation.
Representative brightfield images of staining patterns obtained in wildtype larvae incubated with either sense (A, B, F) or antisense
(C, D, E, G) Irrk2 probes. Images show staining patterns seen from lateral (A-D) and dorsal head (E-G) regions. Irrk2 appears to be
expressed diffusely in the head of 3dpf larvae. G. Within the head, staining can be seen in clusters, possibly representing cell bodies
or microglia. dpf, days post fertilisation; Irrk2, leucine-rich repeat kinase 2; WT, wildtype.
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5.2.3 Generation of a Irrk2 Knockout Mutant Zebrafish
A Irrk2 loss-of-function mutant zebrafish was created prior to the commencement of this project

by Dr Marcus Keatinge and Dr Sarah Brown, but all data reported, except initial adult gPCR
analysis, was collected by the author as part of this PhD. Using CRISPR-Cas9 technology, a
frameshift mutation was introduced into the ankyrin repeat domain via a 5bp insertion into exon
19 of Irrk2. The likely outcome of this mutation at the protein level was predicted using EMBOSS
Transeq software, where it was predicted to result in the introduction of a premature stop codon
at position 796, in theory creating a truncated protein beyond this point (figure 52B). Using the
Needleman—Wunsch algorithm in SnapGene, the protein sequences for exon 19 were compared
(figure 52C). This predicted an additional amino acid to be present in the mutated protein, as
well as numerous dissimilar amino acids prior to the newly generated STOP codon (represented
as a star). Due to the small (5bp) overall change in DNA length, mutant zebrafish could not be
identified by PCR alone. However, this mutation resulted in the disruption of a restriction enzyme

(Bsl1) site, enabling mutants to be easily identified following a Bsl1 digest (figure 52A).
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Figure 52. CRISPR-generated Knockout Mutation of Irrk2 in Zebrafish. A. The resulting mutation is visible by digest with Bsl1.
Wildtype zebrafish (left) are identified by a single 161bp band which is completely digested by Bsl1 to give fragments of 92bp and
69bp. Heterozygous mutants (centre) have 2 bands, the longer representing a heteroduplex, which undergo partial digestion by
Bsl1. Homozygous mutants (right) appear as a single 166bp band which is not digested by Bsl1. B. Schematic representation of
the mutation induced by CRISPR-Cas9 targeting exon 19 of the zebrafish Irrk2 gene. The protein created by this mutation has a
premature stop codon at position 796 in the ankyrin repeat domain. C. Comparison of exon 19 amino acid sequence resulting from
the mutation. A line represents identical amino acids, two pluses (+) represent amino acids that are similar and a single plus
represents positions where amino acids are not similar. The asterisk (*) represents a STOP codon. Image taken from SnapGene.
aa, amino acids; bp, basepairs; Dig, DNA digested with Bsl1; Irrk2, leucine-rich repeat kinase 2; Undig, undigested DNA.
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5.2.1 Confirmation of a Pathogenic Mutation

5.2.1.1 Quantitative Polymerase Chain Reaction (qgPCR)
qPCR analysis of mRNA transcripts in adult (3mpf) brain tissue identified that /rrk27- mutant

zebrafish demonstrated a 95% decrease in Irrk2 transcript levels compared to their wildtype
counterparts (p=0.0111, figure 53). This suggested that the CRISPR-Cas9 induced mutation in
Irrk2 led to nonsense-mediated decay of the resulting mRNA (data and figure by Dr Sarah Brown,
Bandmann Laboratory). Access to the original raw data was not available during this project, so

individual values are not known.
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Figure 53. Quantitative Polymerase Chain Reaction of Leucine-Rich Repeat Kinase 2 Transcript Levels Demonstrates Nonsense-
Mediated Decay of mRNA in Homozygous Mutant Knockout Zebrafish. Transcript levels in Irrk2 homozygous mutant zebrafish
(Irrk2-/-) are expressed as a percentage of wildtype (Irrk2+/+) (one-tailed t test, n=3 biological replicates (cDNA extracted from

adult (3 months old) brain tissue), p=0.0110). Expression was normalised to elongation factor 1 alpha 1 (efla). Data and graph
created by Dr Sarah Brown.

5.2.1.2 In Situ Hybridisation
In situ hybridisation was conducted in /rrk27 mutant zebrafish larvae at 3dpf using the Irrk2 probe

discussed above. For this experiment, larvae were obtained by incrossing homozygous mutant
parents and control larvae from the wildtype siblings of these adults, making experimental fish
cousins. As seen previously, wildtype zebrafish demonstrated widespread staining in the head
region (figure 54A-C). Irrk27- mutant zebrafish expressed two distinct staining patterns; almost
half of the fish (12/30) demonstrated staining identical to wildtype larvae (figure 54D-F) whilst
the other half (18/30) had clearly reduced staining, although demonstrated the same pattern as
wildtype (figure 54G-I).
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Figure 54. In Situ Hybridisation of Homozygous Leucine-Rich Repeat Kinase 2 Mutant Larvae at 3-Days Post Fertilisation
Demonstrates Two Distinct Staining Patterns. A, B, C. Staining in wildtype zebrafish larvae demonstrates expression of Irrk2
MRNA in the head. D, E, F. 12 out of 30 Irrk2- mutant larvae demonstrated a staining pattern indistinguishable from wildtype. G,
H, I. 18 out of 30 Irrk27- larvae showed reduced staining. All larvae obtained from a homozygous adult incross. dpf, days post
fertilisation; Irrk2, leucine-rich repeat kinase 2.

5.2.2 Assessing Leucine-Rich Repeat Kinase 1 Compensation
Due to the similarities between LRRK2 and its paralogue, LRRK1, expression levels of Irrk1 were

assessed in Irrk27- mutant zebrafish to check for a compensatory upregulation following a loss of

Irrk2 mRNA.

Ensembl states that zebrafish possess a single copy of Irrk1, found as three protein coding splice
variants; a 1377aa protein, a 585aa protein and a 444aa protein. However, on closer examination
of the RNA sequences for these variants, it is clear that there are, in fact, only two protein-coding
variants, as one of the variants suggested by Ensembl is actually a continuation of another,
possessing no ATG. This means there are actually two /rrk1 splice variants in zebrafish, a 444aa
protein and a 1962aa protein. The 444aa variant, hereafter referred to as “short variant” is
identical to the 1962aa variant, hereafter referred to as “long variant”, but shorter in both the N
and C terminal (figure 55A). Since there is no unique sequence in the short variant, a single set
of primers alone could not be used to detect its levels. To overcome this issue, primers specific
to the long variant and primers common to both variants were designed to distinguish between
transcript levels of each variant (figure 55). Eight primer pairs were designed using Primer3 and

checked for specificity using primerBLAST software. Primers were tested using a gradient PCR
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(55-65°C) using wildtype cDNA to ensure specificity and select the most appropriate to take
forward in qPCR experiments (figure 55). From this, pair 1 was selected to amplify the long
transcript and pair 7 for amplification of both transcripts. Both sets of primers were optimised

for gPCR using wildtype cDNA as described previously (see section 4 for details).

A

Long Transcript | i
ShortTranscript ]

‘| —

=~o - oo
L I -

Irrk1 pair 2
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Irrk1 pair 5 Irrk1 pair 6

Irrk1 pair 7 Irrk1 pair 8
Figure 55. Designing Leucine-Rich Repeat Kinase 1 Quantitative Polymerase Chain Reaction Primers. A. Schematic of both Irrk1
transcripts and the approximate region amplified by each primer pair. B-J. Gradient PCR from 55(left)-65(right)°C using wildtype
larval cDNA. Irrk1, leucine-rich repeat kinase 1, Irrk2, leucine-rich repeat kinase 2.
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To obtain cDNA for qPCR, adult /rrk2 heterozygous mutants were incrossed and single clutches
of larvae collected. At 3dpf, larvae were finclipped and genotyped and then allowed to develop
until 5dpf. 15 larvae were combined per genotype from the same biological replicate for RNA

extraction and cDNA synthesis.

No significant difference in expression of Irrk1, either the long transcript (p=0.8021) or both
transcripts combined (p=0.5384), was identified between /rrk27- mutant zebrafish and their

wildtype siblings (figure 56). Large variations in expression were seen within genotypes.
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Figure 56. Quantitative Polymerase Chain Reaction Assessment of Leucine-Rich Repeat Kinase 1 Expression in Leucine-Rich
Repeat Kinase 2 Mutant Zebrafish. gPCR analysis of Irrk1 expression in Irrk27/- mutant larvae at 5dpf. Larvae were obtained from
a heterozygous incross and genotyped by finclipping at 3dpf. A. When assessing just the long transcript of Irrk1, there was no
difference in expression between mutant and wildtype larvae (p=0.8021). B. Using primers that amplify both variants, no
significant difference in overall Irrk1 expression was identified between Irrk27- mutant larvae and their wildtype siblings
(p=0.5384). rps29 was used as a reference gene for both experiments. n=3 biological replicates (15 larvae per replicate). Statistics
from an unpaired, two-tailed t test following Shapiro-Wilk test for normality (all groups passed) on ddCt values. dpf, days post
fertilisation; Irrk1, leucine-rich repeat kinase 1; Irrk2, leucine-rich repeat kinase 2; ns, not significant.
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5.2.1 Overall Morphological Phenotype
Despite Irrk2 expression identified throughout early zebrafish development as well as during
adulthood, Irrk27/- mutant zebrafish were viable, bred well and appeared phenotypically normal

at both larval (figure 57) and adult stages (data not shown).
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Figure 57. Gross Morphology of Leucine-Rich Repeat Kinase 2 Wildtype, Heterozygous and Homozygous Knockout Sibling
Zebrafish at 5-Days Post Fertilisation. Brightfield images of 5dpf zebrafish showing normal gross morphology between genotypes.
Larvae were anaesthetised using 4.2% tricaine for imaging. Fish were genotyped following imaging. dpf, days post fertilisation;
Irrk2, leucine-rich repeat kinase 2.

5.2.2  Movement Analysis

5.2.2.1 Larval (5dpf) Movement Analysis
Tracking the distance travelled by larvae under a series of light/dark cycles found no significant

difference in the behaviour of Irrk27- mutant zebrafish and their wildtype siblings (figure 58).
Movement was recorded over a 1-hour time period; following an unrecorded habituation period,
larvae were maintained in light conditions for 30 minutes prior to alternating 5-minute dark-light
cycles for 30 minutes. From initial data it appeared that Irrk27- larvae moved more during dark
periods (figure 58), so the total distance travelled in each of these phases was also quantified.
No differences were found between Irrk2**, Irrk2*- and Irrk2”- zebrafish during the initial 30-
minute light period, the combined light phases, the combined dark phases or over the entire 1-

hour recording period (p<0.05 for each period, figure 58B-E).
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Figure 58. Leucine-Rich Repeat Kinase 2 Knockout Zebrafish Larvae Demonstrate Normal Swimming Behaviour. Larval zebrafish
movement was recorded over a 1-hour time period at 5dpf. Following habituation, larvae were maintained in light conditions for
30 minutes prior to alternating dark-light cycles for 30 minutes. Fish were genotyped after the experiment. A. Distance over time
analysis between Irrk27/-, Irrk2*/- or their wildtype siblings. Horizontal white bar represents time zebrafish were in light conditions,
black bar represents time in dark conditions. B-E. Comparing the distance travelled in each phase of the experiment found no
differences between genotypes during (B) the initial 30-minute period (p=0.2876), (C) during the combined light phases
(p=0.6234), (D) during the combined dark phases (p=0.1750), or (E) over the entire 1-hour recording period (p=0.7490). Note
different axis scales between graphs. Data from 3 biological replicates. n=41 Irrk2*/*; 76 Irrk2+/~; 27 Irrk27-. All statistics analysed
using a one-way ANOVA following Shapiro-Wilk test for normality. Irrk2, leucine-rich repeat kinase; cm, centimetre.
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5.2.2.2 Adult (12 months) Movement Analysis
Movement was also assessed in adult zebrafish at 12 months of age. Zebrafish, held in single

tanks, were maintained in light conditions at 28°C and swimming distance recorded over 7 hours.
The first hour was used as the habituation period so not included in further analysis. No
significant difference in the distance moved over the 6-hour experimental period was identified

between Irrk27- mutant zebrafish and their wildtype siblings (p=0.6254, figure 59).
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Figure 59. Distance Travelled by 12-Month Old Adult Leucine-Rich Repeat Kinase 2 Homozygous Mutant Knockout Zebrafish
Over 7 Hours Compared to their Wildtype Siblings. A. Distance travelled per hour by 12-month old Irrk27- mutant zebrafish (blue)
compared to their wildtype (Irrk2*/*) siblings (black). Adult fish were maintained in single tanks and light conditions throughout.
B. Taking the first hour as a habituation period, the total distance moved over the entire 6-hour recording period was measured,
showing no difference between genotypes (p=0.6254, two-tailed t test following Shapiro-Wilk test for normality). n=10 Irrk2*/*;
10 Irrk27- (equal male: female ratio) taken at two separate time points. Irrk2, leucine-rich repeat kinase; cm, centimetre.
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5.2.1 Dopaminergic Neuron Quantification

5.2.1.1 thi+ Cell Counts
In situ hybridisation against tyrosine hydroxylase (thl, marker of dopaminergic neurons) was

used to assess changes in dopaminergic neuron number in 3dpf Irrk27- mutant zebrafish. On
average, wildtype larvae had 19.13 th1+ cells in neuronal populations DC2 and DC4/5 in the
ventral diencephalon (figure 60). No significant difference in the number of th1+ cells was found
in Irrk2”7- mutant zebrafish, who had, on average, 18.13 cells (p=0.5674, figure 60).

5.2.1.2  Methyl-4-phenylpyridinium (MPP+) Toxin Exposure

As described in chapter 4, the neurotoxin MPP+ results in a decrease of thi+ cells in zebrafish
and other animal models. Irrk2”- mutant zebrafish and their wildtype siblings were exposed to
3mM MPP+ from 1-3dpf via constant immersion. This resulted in a significant 25.87% reduction
of thi+ cells, to an average of 14.18 cells, in wildtype zebrafish (p<0.0001, figure 60) and a
significant 22.79% reduction, to an average of 14.00 cells, in Irrk27- mutant zebrafish (p=0.0003,
figure 60). No significant difference in the number of th1+ cells was seen between genotypes
following MPP+ treatment (p=0.9977, figure 60), suggesting that the mutation in /rrk2 did not

alter the susceptibility of larvae to MPP+.
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Figure 60. Leucine-Rich Repeat Kinase 2 Mutant Zebrafish Retain Normal Dopaminergic Neuron Numbers and Susceptibility to
1-methyl-4-phenylpyridinium. In situ hybridisation against thl shows no change in staining pattern between wildtype (A) and
Irrk27- mutant (B) zebrafish. MPP+ exposure resulted in clear reductions in th1+ cells in both wildtype (C) and Irrk27/- mutant (D)
zebrafish. D. th1+ neuron numbers in the ventral diencephalon show no difference between wildtype and Irrk27- mutant zebrafish
(p=0.5674). MPP+ treatment resulted in significant reductions in th1+ cells irrespective of genotype (25.87% in wildtype, p=0.0001;
22.79% in Irrk27- mutant larvae, p=0.0003). Total cell counts between groups following MPP+ treatment remained
indistinguishable (p=0.9977). Data represented as mean+SEM. n=22-35 per group, from 3 biological replicates. Data were
assessed for normality using Shapiro-Wilk test (all groups passed) and then statistically analysed using a two-way ANOVA with
Tukey's multiple comparisons post-hoc test. MPP+, 1-methyl-4-phenylpyridinium; dpf, days post fertilisation; Irrk2, leucine-rich
repeat kinase 2; th1, tyrosine hydroxylase 1.
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5.2.2 Microglial Characterisation

5.2.2.1 Neutral Red Staining
Microglia number in Irrk27/- mutant zebrafish was initially assessed using neutral red staining in

live 4dpf larvae (figure 61). Larvae were incubated in neutral red stain for 6 hours, anaesthetised
using 4.2% tricaine and mounted in agarose for brightfield imaging. Larvae were genotyped
following imaging. Microglia number was estimated by counting the number of distinct red dots
in brightfield images using Image) (figure 61). Irrk2”/- mutant larvae demonstrated an increased
mean microglial number from 38.50 in wildtype siblings to 61.67 in homozygous mutants.
Heterozygous Irrk2 mutant larvae demonstrated an intermediate number of microglia in their
brains, with an average of 44.00. The low sample size, single replicate and high variability within

genotypes meant that these differences were not statistically analysed.
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100+

Microglia Number

Figure 61. Neutral Red Staining of Leucine-Rich Repeat Kinase 2 Homozygous and Heterozygous Mutants and Their Wildtype
Siblings at 4-Days Post Fertilisation. Representative brightfield images of microglial labelling of wildtype (Irrk2+/* (A, B)),
heterozygous (Irrk2*/- (C, D)) and homozygous (Irrk27/- (E, F)) leucine-rich repeat kinase 2 mutant zebrafish larvae using neutral red
staining. Neutral red staining was achieved by incubating 4dpf zebrafish in 2.5ug of neutral red per mL of E3 media for 6 hours at
28°C. Larvae were mounted in low melting point agarose and imaged immediately. G. Microglial number was assessed in ImageJ
by subjectively counting the number of distinct red dots. Data represented as mean+SEM. n=3 Irrk27/; 3 Irrk2*/; 2 Irrk2*/* from 1
biological replicate. Irrk2, leucine-rich repeat kinase 2; dpf, days post fertilisation.
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5.2.2.2  4c4 Wholemount Immunohistochemistry
As found in previous chapters, large variations in microglial number estimated from neutral red

staining was evident within genotypes. For a more reliable method of microglia counting in larval
zebrafish, 4c4 immunohistochemistry was used, which also enabled a comparison of microglial
activation levels in the brains of Irrk2”- zebrafish larvae and their wildtype siblings.

5.2.2.2.1 Microglia Number

Immunohistochemistry against 4c4 was conducted on 5dpf fixed zebrafish larvae. Decapitated
heads were mounted in low melting point agarose whilst tails were used for genotyping.
Fluorescently labelled microglia were imaged using the Opera Phenix and manually counted
using Imagel software. No significant difference in the number of microglia (4c4+ cells) was found
between Irrk2*/* and Irrk2”" larval zebrafish (p=0.9458, figure 62). Combining cell counts from the
forebrain and midbrain gave an average of 54.00 cells in wildtype larvae and 55.42 in Irrk2”
mutant larvae. Microglia did not appear to be differentially distributed in the brain between
genotypes.

5.2.2.2.2  Microglia Activation

The activation state of 4c4+ cells was determined based upon morphology. As previously
described, each cell was classed as either active (amoeboid) or inactive (ramified with at least
one visible process). This analysis found no difference in the percentage activation of microglia
in the brains of Irrk2”- mutant zebrafish compared to their wildtype siblings; wildtype larvae had
an average of 6.29% activated microglia in the midbrain and forebrain, whilst /rrk27- mutant

larvae had an average of 6.90% (p=0.2121, figure 62).
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Figure 62. Microglial Analysis of Leucine-Rich Repeat Kinase 2 Mutant Zebrafish. Representative images from wholemount
immunohistochemistry against 4c4 in wildtype (A) and Irrk27- mutant (B) zebrafish at 5dpf (scale bar = 100um). C. There is no
difference in the number of 4c4+ cells (microglia) between wildtype and Irrk27- mutant larvae in the forebrain, midbrain or these
combined (whole brain) (p>0.9000 for all brain regions). D. Microglial activation was determined using cell morphology,
represented as the percentage of amoeboid cells out of the total 4c4+ cell count. No differences were identified between Irrk2/-
mutant larvae and their wildtype siblings in activation levels in the forebrain, midbrain or these combined (whole brain) (p>0.8000
for all brain regions). n=41 Irrk27-, 32, Irrk2*/*, from 3 biological replicates. Data represented as mean+SEM. Statistics analysed by
two-way ANOVA with post hoc Tukey's multiple comparisons test between genotypes. 4c4, microglial marker; dpf, days post
fertilisation; Irrk2, leucine-rich repeat kinase 2; WT, wildtype.
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5.2.3 Homozygous Mutants from Homozygous Parents
Irrk27/- mutant zebrafish are viable to adulthood and can breed to produce homozygous offspring.

Larvae obtained from an incross of homozygous parents appeared morphologically normal (data
not shown). To assess their phenotype with a relevance to PD, th1+ cells were counted with and
without prior exposure to MPP+, as above. Wildtype control larvae were obtained from an
incross of the wildtype siblings of the Irrk2 homozygous mutant parents, making experimental
larvae cousins. No difference was seen in the number of dopaminergic neurons between Irrk27
mutant larvae (average 19.69 cells) and wildtype control larvae (average 19.3 cells, figure 63,
p=0.8381). As with previous experiments, exposure to 3mM MPP+ from 1-3dpf resulted in
significant reductions in th1+ cells in the ventral diencephalon in wildtype larvae (39.95%,
p<0.0001), and this was also true for Irrk27- mutant larvae (42.31%, p<0.0001, figure 63). No

difference in th1+ cell counts was seen between genotypes after MPP+ exposure (p=0.9653).
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Figure 63. Leucine-Rich Repeat Kinase 2 Homozygous Mutants from Homozygous Parents Retain Normal Dopaminergic Neuron
Numbers and Susceptibility to 1-methyl-4-phenylpyridinium. Dopaminergic neuron numbers in the ventral diencephalon were
counted following in situ hybridisation against tyrosine hydroxylase 1 (th1). No difference was seen between wildtype and Irrk2-
mutant zebrafish (p=0.8381). 1-methyl-4-phenylpyridinium (MPP+) exposure resulted in significant reductions in th1+ cells
irrespective of genotype (39.95% in wildtype, p<0.0001 and 42.31% in Irrk27/-mutants, p<0.0001). Total cell counts between groups
following MPP+ treatment remained indistinguishable (p=0.9653). Data represented as mean+SEM. n=54-66 per group, from 3
biological replicates. Statistics from a two-way ANOVA with Tukey's multiple comparisons post-hoc test. Irrk2, leucine-rich repeat
kinase 2; MIPP+, 1-methyl-4-phenylpyridinium; ns, not significant.
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5.2.4 Mutation Effect on Protein Function

To assess the effect of the Irrk2 mutation at the protein level, phopsho-Rab assays were
conducted via western blotting. These assays assess the phosphorylation of Rab8A and Rab10
proteins (known targets of Irrk2 kinase activity (Steger et al., 2017; Steger et al., 2016)). An
increase in the phosphorylation of these Rab proteins would suggest an increase in Lrrk2
function, whilst a decrease in phosphorylation would suggest a decrease in kinase function.
Sample preparation was carried out by the author, western blots and image generation were

conducted by Dr Pawel Lis in the Laboratory of Dr Dario Alessi (University of Dundee).

For optimisation assays, whole wildtype 5dpf larvae (20 per Eppendorf) or dissected wildtype
brain tissue was snap frozen and sent to Dundee on dry ice. Samples were homogenised and
resuspended in lysis buffer. Although large quantities of protein (~2mg) were obtained from
larval samples resuspended in 300uL of lysis buffer, western blots using 30ug lysate from these
samples were unsuccessful, despite no detection of protein degradation via Ponceau S staining
(figure 64). Brain tissue, however, gave more robust staining for some of the proteins of interest
(figure 64). Therefore, brain tissue was used for the analysis of mutant larvae, for which assays
had already been established and optimised in the Alessi group. For all blots, human A549 cells
were used as positive controls, as each antibody was known to work on these samples.

Membranes were also stained with Ponceau S to assess the quality of lysates.

Whole brains were dissected from adult zebrafish of known genotype, snap frozen and sent to
Dundee on dry ice. Two separate blots were performed using three biological replicates of Irrk2
/~mutant brain tissue, as well as age-matched control tissue, although these were not siblings. A
phosphorylated Rab10 signal was readily detected in the brain samples, although there was no
obvious difference in band intensity between mutant and control samples (figure 65). Although
two of the LRRK2 antibodies did not work (one that recognises autophosphorylated LRRK2 and
one that recognises LRRK2 c-terminal), even in wildtype tissue, the UDD3 LRRK2 antibody gave a
correct band size following immunoblotting. However, this antibody suggested equal levels of
Lrrk2 protein were present in Irrk27- mutant brains and wildtype controls (figure 65). A pan-
phosphoT-Rab antibody, able to recognise various Thr-phosphorylated Rab proteins, was also
tested, although again no differences were seen between controls and Irrk27- mutant samples
(figure 65). Levels of Protein Phosphatase, Mg2+/Mn2+ Dependent 1H (PPM1H), a phosphatase
that opposes LRRK2 activity by dephosphorylating Rab proteins (Berndsen et al., 2019), were also

assessed in the brain samples, but staining was the same between genotypes (figure 65).
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Figure 64. Phospho-Rab Assay Optimisation Using Wildtype Zebrafish Tissues. A. Western blot using adult brain (centre) or 5dpf
embryo (right) lysates against a number of proteins. B. Ponceau S blot using brain (centre) or embryo (right) lysates. In both cases,
human A549 cell lysates were used as positive controls for the antibodies. Experiments and figure kindly produced by Dr Pawel Lis
(University of Dundee). kDa, kilodaltons; Irrk2, leucine-rich repeat kinase 2; ug, micrograms.
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Figure 65. Leucine-Rich Repeat Kinase 2 Protein Function Assay using Phospho-Rab Western Blotting. A. Western blot showing
levels of Rab10 phosphorylated on tyrosine 73 (row 1), total Rab10 protein (row 2), LRRK2 protein (rows 3, 4, 5) and PPM1H (row
6) in adult zebrafish brain tissue from Irrk2 homozygous mutants (LRRK2 KO) or their wildtype siblings (WT). B. Western blot with
ponceau S staining to assess protein quality in brain samples. C. Western blot showing levels of Rab10 phosphorylated on tyrosine
73 (row 1), total Rab10 protein (row 2) and Rab8 phosphorylated on tyrosine 72 (this antibody recognises multiple phosphorylated
Rab proteins). For all blots, each column represents a single adult zebrafish brain. All embryo samples refer to wildtype embryos.
A549 cells were used as a positive control. Experiments and figure kindly produced by Dr Pawel Lis (University of Dundee). kDa,
kilodaltons; Irrk2, leucine-rich repeat kinase 2; MLi2, Irrk2 inhibitor; PPM1H, Protein Phosphatase, Mg2+/Mn2+ Dependent 1H;

ug, micrograms.
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5.2.5 Further Analysis of mRNA
Following the disappointing western blot data, /rrk2 mRNA levels were re-tested in Irrk2”/-mutant

larvae. Larvae were finclipped and genotyped at 3dpf and allowed to develop until 5dpf. Fifteen
larvae per genotype per replicate were then combined for RNA extraction and cDNA synthesis.
The primer pair initially designed and tested by Dr Sarah Brown was also used for these
experiments to maintain consistency. This primer pair was tested for specificity in a gradient PCR

using wildtype cDNA (figure 55B) and optimised for qPCR as described previously.

In contrast to the previous data obtained by Dr Brown (section 5.2.9.8), there was no significant
difference in Irrk2 mRNA levels between Irrk2/- mutant zebrafish and their wildtype siblings in
this generation of mutants (figure 66). The initial gPCR by Dr Brown was conducted using adult
brain samples. Therefore, the gPCR was repeated using adult brain RNA; this also showed no
significant difference in expression levels of Irrk2 mRNA between wildtype and /rrk2”- mutant
zebrafish (figure 66). Repeating the larval experiment using Irrk2”- mutant larvae from Irrk27
parents (homozygous incross), also did not demonstrate a significant reduction in mRNA levels,
although there did seem to be a trend of reduced expression (figure 66). For this experiment,

wildtype control larvae were cousins as opposed to siblings of the Irrk27-mutant larvae.
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Figure 66. Quantitative Polymerase Chain Reaction of Leucine-Rich Repeat Kinase 2 Transcript Levels Demonstrates the
Nonsense-Mediated Decay of mRNA is Lost. A. No significant difference was seen in expression levels of Irrk2 mRNA between
wildtype and Irrk2/- mutant larvae at 5dpf (p=0.5233). n=6 biological replicates (15 larvae per replicate) B. No significant
difference was seen in expression levels of Irrk2 mRNA between wildtype and Irrk27/-mutant zebrafish when assessing expression
in brain tissue (p=0.5537). n=3 biological replicates (1 brain per replicate) C. No significant difference was seen in expression levels
of Irrk2 mRNA between wildtype and Irrk27- mutant larvae (5dpf) obtained from a homozygous incross (p=0.0685). n=3 biological
replicates (15 larvae per replicate). Wildtype control larvae were obtained from the siblings of the Irrk2/- mutant adult zebrafish,
making experimental larvae cousins. In all datasets, transcript levels of Irrk27/- mutant zebrafish are expressed as a percentage of
wildtype. Expression was normalised to rps29. All groups passed Shapiro-Wilk test for normality and were statistically analysed
using an unpaired, two-tailed t test on ddCt values. Irrk2, leucine-rich repeat kinase 2; ns, not significant; rps29, ribosomal protein
$29.
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5.2.6 Using The CRISPant Approach to Assess Leucine-Rich Repeat Kinase 2 Function

5.2.6.1 Creating Irrk2 CRISPants
Due to the absence of a measurable functional kinase deficit and the loss of nonsense-mediated

decay in the stable Irrk2 mutant line, additional experiments using the CRISPant method were
designed to continue assessing the effect of a loss of Irrk2 in zebrafish. Guides targeting Irrk2
were designed by Dr Deepak Ailani (Bandmann group), but all future work including testing the

primers and guides was done as part of this thesis by the author.

Firstly, primer pairs flanking the guide target site were tested on wildtype genomic DNA. A
gradient PCR before and after digestion with appropriate restriction enzymes (those that would
be disrupted following Cas9 cleavage) was conducted to ensure primer specificity and detectable
digestion. All four pairs were able to recognise altered DNA length following digestion at all
temperatures tested (figure 67). Therefore, corresponding guides were ordered and underwent
efficiency testing in wildtype embryos (for experimental details, see methods). Two HAGs were
identified with an almost complete loss of corresponding restriction sites, one targeting exon 1
and another targeting exon 6 (figure 68). These were combined and co-injected into single-celled

embryos to create /rrk2 CRISPants.

Figure 67. Electrophoresis Gel Following a Gradient Polymerase Chain Reaction Experiment and Subsequent 2-Hour Digest with
Restriction Enzymes to Assess Suitability for Leucine-Rich Repeat Kinase 2 CRISPant Work. A. Primer pair flanking guide RNA
targeting exon 1 of Irrk2, digested with Bsrl. B. Primer pair flanking guide RNA targeting exon 5 of Irrk2, digested with AIwNI. C.
Primer pair flanking guide RNA targeting exon 6 of Irrk2, digested with Bsll. Non-specific band can be seen at ~110bp, although
this does not affect ability to detect efficient digestion. D. Primer pair flanking guide RNA targeting exon 9 of Irrk2, digested with
Mwol. Ladder is 100bp [Bioline]. Temperatures above represent the annealing temperature used for each PCR. dig, digested PCR
product with appropriate restriction enzyme; Undig, undigested PCR product.
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Figure 68. Efficiency Testing of Guides That Target Leucine-Rich Repeat Kinase 2. DNA was extracted from injected 1dpf embryos
and amplified by PCR. Following digest with respective restriction enzymes, samples were run on 2% gel. For exon 1 (top lane)
samples are shown as undigested (PCR product) followed by digested result of the same sample in adjacent lane. For all other
target exons, gels are laid out as 3 uninjected, undigested samples (Uninj uncut), 3 injected undigested samples (Inj Uncut), 3
uninjected digested samples (Uninj cut) and 12 injected digested samples (Injected cut). Ladder is 100bp [Bioline]. Percentages
represent estimates of guide efficiency based on the reduction in digested products.

5.2.6.2 Analysis of the Irrk2 CRISPant
Following injection, fish were raised to assess effects on their phenotype. Irrk2 CRISPants were

viable and appeared morphologically normal up to 5dpf (figure 69). Fish were not raised beyond

this point.

Irrk2 CRISPant injected, 5dpf

Figure 69. Leucine-Rich Repeat Kinase 2 CRISPants Appear Morphologically Normal at 5-Days Post Fertilisation. Representative
brightfield images of Irrk2 CRISPant and control injected wildtype sibling at 5dpf. dpf, days post fertilisation; Irrk2, leucine-rich
repeat kinase 2.
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5.2.6.2.1 Quantitative PCR
RNA was extracted from 5dpf /rrk2 CRISPants or control larvae (injected with Cas9 and tracrRNA

only). Following cDNA production, levels of Irrk2 and Irrk1 were assessed using qPCR. Irrk2 mRNA
levels appeared reduced in Irrk2 CRISPants compared to controls, although this was not
significant due to the large variability in control-injected larvae (p=0.0809, figure 70). Irrk1 mRNA
levels were measured in Irrk2 CRISPants to assess Irrk1 compensation. Unexpectedly, levels of
Irrk1 were found to be reduced in Irrk2 CRISPants, although as with Irrk2 this was not significant,
likely owing to the high variability in wildtype samples (p=0.1960 and 0.1626, figure 70). Of note,
control samples with high levels of Irrk2 also demonstrated high levels of Irrk1, and vice versa.
However, analysis of rps29 levels, as well as an additional qPCR against another gene (acmsd)
using the same cDNA samples (data not shown), suggested that this was real and specific as
variations in control samples were not seen for these additional genes. Furthermore, primer
specificity was checked using Primer-BLAST software, which suggested that each primer pair was
specific for only one Irrk paralog. The gRNAs used should also only target Irrk2, having no

recognition sites in Irrk1 DNA.
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Figure 70. mRNA Levels of Both Leucine-Rich Repeat Kinase Paralogues in Leucine-Rich Repeat Kinase 2 CRISPants. Quantitative
PCR found no significant differences in expression between Irrk2 CRISPants and control-injected larvae of either the long transcript
of Irrk1 (A, p=0.1960), the combined expression of both Irrkl1 splice variants (B, p=0.1626) or Irrk2 (C, p=0.0809). For all
experiments, RNA was pooled from 15 5dpf larvae. Control larvae were injected with tracrRNA and Cas9 only. rps29 was used as
a reference gene and all data is expressed as a change to control levels. Each group passed a Shapiro-Wilk test for normality, so
were statistically analysed using an unpaired, two-tailed t test on ddCt values (note fold change is displayed on graph). dpf, days
post fertilisation; Irrk1, leucine-rich repeat kinase 1; Irrk2, leucine-rich repeat kinase 2; ns, not significant; rps29, ribosomal protein
529.
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5.2.6.2.2 Dopaminergic Neuron Number and Susceptibility to MPP+
Irrk2 CRISPants were assessed for their dopaminergic neuron count and response to MPP+.

Injected larvae were treated with phenylthiourea and raised to 3dpf, either being exposed to
MPP+ from 1-3dpf or a MilliQ control. Fixed larvae underwent th1 in situ hybridisation and th1+
cells were counted from three biological replicates. Irrk2 CRISPants did not show significant
differences in the number of dopaminergic neurons compared to control injected larvae (figure
71, p=0.0512). MPP+ treatment resulted in significant reductions in thi+ cells in both groups
(figure 71, 35.51% in Irrk2 CRISPants, p<0.0001; 37.90% in controls, p<0.0001). Total cell counts

between groups following MPP+ treatment remained indistinguishable (figure 71, p=0.8874).
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Figure 71. Leucine-Rich Repeat Kinase 2 CRISPants Have Normal Dopaminergic Neuron Numbers and Susceptibility to 1-methyl-
4-phenylpyridinium. Dopaminergic neuron numbers in the ventral diencephalon, counted following in situ hybridisation against
tyrosine hydroxylase 1 (th1), show no difference between Irrk2 CRISPants and control injected larvae (p=0.0512). 1-methyl-4-
phenylpyridinium (MPP+) treatment resulted in significant reductions in thi+ cells in both groups (35.51% in Irrk2 CRISPants,
p<0.0001; 37.90% in controls, p<0.0001). Total cell counts between groups following MPP+ treatment remained indistinguishable
(p=0.8874). Data represented as mean+SEM. n=39-45 per group, from 3 biological replicates. Statistics from a two-way ANOVA
with Tukey's multiple comparisons post-hoc test. thl, tyrosine hydroxylase; Irrk2, leucine-rich repeat kinase 2; MPP+, 1-methyl-4-
phenylpyridinium; ns, not significant.
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5.2.7 Leucine-Rich Repeat Kinase 1 CRISPants

Irrk1 CRISPants were also developed as a part of this thesis with the aim of combining their use
with Irrk27- mutant zebrafish or Irrk2 CRISPants, effectively creating a zebrafish devoid of all Irrk
paralogues.

5.2.7.1 Creating Irrk1 CRISPants

Guides were designed to target regions of Irrk1 present in both spice variants of the gene to
reduce the likelihood of either variant being part-translated. This was done manually by assessing
the presence of Cas9 recognition sites (NGG/CCN) in the cDNA of the shorter Irrk1 variant.
Initially, primer pairs were tested using a gradient PCR on wildtype genomic DNA to ensure they
were specific and could recognise changes in DNA length following digestion with the appropriate
restriction enzymes (figure 72). All four primer pairs were successful, so guides were ordered and
tested by injecting into wildtype embryos (for details, see methods). Problems occurred with the
PCRs for some of these samples, which was later revealed as an issue with the NaOH used for
DNA extraction. However, guide efficiencies could still be estimated from the remaining samples,
by assessing alterations to the digest following injection (figure 73). Only one guide, targeting
exon 1, appeared to have a high efficiency and so four new guides were designed and tested in
the same way. Primers were initially tested in wildtype genomic DNA (figure 74). The primer pair
flanking gRNA targeting exon 7 demonstrated non-specific amplification (figure 74D), so new
primers were designed and found to be specific (figure 74E). These four new guides underwent
efficiency testing, which identified two guides that were approximately 70% active (figure 75).
The gRNA targeting exon 1 from the initial set and the gRNA targeting exon 5 from new set were

combined to create /rrk1 CRISPants.
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Figure 72. Electrophoresis Gel Following a Gradient Polymerase Chain Reaction Experiment and Subsequent 2-Hour Digest with
Restriction Enzymes to Assess Suitability for Leucine-Rich Repeat Kinase 1 CRISPant Work. A. Primer pair flanking guide RNA
targeting exon 1 of Irrk1, digested with Avall. B. Primer pair flanking guide RNA targeting exon 2 of Irrk1, digested with Mwol. C.
Primer pair flanking guide RNA targeting exon 3 of Irrk1, digested with Alul. D. Primer pair flanking guide RNA targeting exon 4
of Irrk1, digested with Msll. Ladder is 50bp [Meridian Bioscience]. The numbers above represent the annealing temperature used
for each PCR. D, digested PCR product with appropriate restriction enzyme; UD, undigested PCR product.

162



uninjected injected uninjected injected
undigested undigested digested digested

Exon 1 ~90%
e e e e
—— — -

uninjected injected uninjected injected

undigested  undigested digested digested
Exon 2 ~0%

uninjected injected uninjected injected

undigested undigested digested digested

-— - ~NO,

Exon 3 ‘ - ———— 0%

uninjected injected uninjected injected

undigested undigested digested digested
Exon 4 ~40%

e e e e B
-

i
Figure 73. Efficiency Testing of Guides That Target Leucine-Rich Repeat Kinase 1. DNA was extracted from injected 1dpf embryos
and amplified by PCR. Following digest with respective restriction enzymes, samples were run on 2% gel. For all target exons, gels
are laid out as 3 uninjected, undigested samples, 3 injected undigested samples, 3 uninjected digested samples and 10 injected
digested samples. Ladder is 100bp [Bioline]. Percentages represent estimates of guide efficiency based on reduction in digest
efficiency.
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Figure 74. New Electrophoresis Gel Following a Gradient Polymerase Chain Reaction Experiment and Subsequent 2-Hour Digest
with Restriction Enzymes to Assess Suitability for Leucine-Rich Repeat Kinase 1 CRISPant Work. A. Primer pair flanking guide
RNA targeting exon 2 of Irrk1, digested with Bsll. B. Primer pair flanking guide RNA targeting exon 3 of Irrk1, digested with Ddel.
C. Primer pair flanking guide RNA targeting exon 5 of Irrk1, digested with Btgl. D. Primer pair flanking guide RNA targeting exon
7 of Irrk1, digested with AlwNI. E. New primer pair flanking guide RNA targeting exon 7 of Irrk1, digested with AlwNI. Ladder is
100bp [Bioline]. Temperatures above represent the annealing temperature used for each PCR. dig, digested PCR product with
appropriate restriction enzyme; Undig, undigested PCR product.
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Figure 75. Efficiency Testing of New Guides That Target Leucine-Rich Repeat Kinase 1. DNA was extracted from injected 1dpf
embryos and amplified by PCR. Following digest with respective restriction enzymes, samples were run on a 2% gel. For all target
exons, gels are laid out as 3 uninjected, undigested samples, 3 injected undigested samples, 3 uninjected digested samples and 16
injected digested samples. Ladder is 100bp [Bioline]. Percentages represent estimates of guide efficiency based on the reduction

of digested products.

5.2.7.2  Analysis of Irrk1 CRISPants

Irrk1 CRISPants were generated by injecting these two HAGs into single-cell stage wildtype

zebrafish embryos. Resulting CRISPants were viable and appeared morphologically identical to

their control injected (tracrRNA and Cas9 only) siblings until 5dpf (figure 76). Larvae were not

raised beyond this point.
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Figure 76. Leucine-Rich Repeat Kinase 1 CRISPants Appear Morphologically Normal at 5-Days Post Fertilisation. Brightfield
images of a Irrk1 CRISPant and control injected wildtype sibling at 5-dpf. dpf, days post fertilisation; Irrk1, leucine-rich repeat

kinase 1.
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5.2.7.2.1 Quantitative PCR
gPCR was used to assess the effect of Irrk1 gRNA injections on the expression of the target gene,

Irrk1, and for compensatory up-regulation of Irrk2. No significant difference was found in the
expression of either transcript of Irrk1 in the Irrk1 CRISPants compared to controls (figure 77).
Irrk2 mRNA levels were also assessed, demonstrating Irrk2 expression to show a trend of

increasing in Irrk1 CRISPants, although no significant differences were found (figure 77).

A B
® 1.51 ; ns | ® 1.5+ [ ns |
g g
@ c © —
52 I ! &3 }
w
o & 1.0 2 2 1.0
S 2 S8
L s —l— L g — —
T o T
o 5 D
2 = 0.5 £ x 0.54
@ x © =
E = £
— S
2 2
0.0 T T 0.0 T T
Control Injected  Irrk1 CRISPant Control Injected  Irrk1 CRISPant
C
ns
® 2.5+ I 1
o
E 2.0
£ =<7
O3
T n
B 1.54
w §- ——
® 21.0- L
2 x
S = —
E 0.5-
L=
2
0.0

Control Injected  Irrk7 CRISPant

Figure 77. mRNA Levels of Both Leucine-Rich Repeat Kinase Paralogues in Leucine-Rich Repeat Kinase 1 CRISPants. Quantitative
PCR found no significant differences in expression between Irrk1 CRISPants and control-injected larvae of either the long transcript
of Irrk1 (A, p=0.3781), the combined expression of both Irrk1 splice variants (B, p=0.2247) or Irrk2 (C, p=0.0794). Note different
axis between Irrk1 and Irrk2 data. For all experiments, RNA was pooled from 15 5dpf larvae. Control larvae were injected with
tracrRNA and Cas9 only. rps29 was used as a reference gene and all data is expressed as a change to control levels. Each group
passed a Shapiro-Wilk test for normality, so were statistically analysed using an unpaired, two-tailed t test on ddCt values. dpf,
days post fertilisation; Irrk1, leucine-rich repeat kinase 1; Irrk2, leucine-rich repeat kinase 2; ns, not significant; rps29, ribosomal
protein 529.

5.2.7.2.2 Dopaminergic Neuron Counting and Susceptibility to MPP+
As before, dopaminergic neurons were assessed following in situ hybridisation against th1. No

difference was seen in the number of thl+ cells between Irrk1 CRISPants and control injected
larvae (figure 78, p=0.9996). MPP+ exposure resulted in significant reductions in thi+ cells in
both /rrk1 CRISPants (39.30% reduction, p<0.0001) and controls (39.34% reduction, p<0.0001),
although total cell counts between groups following exposure remained indistinguishable (figure

78, p>0.9990).
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Figure 78. Leucine-Rich Repeat Kinase 1 CRISPants Have Normal Dopaminergic Neuron Numbers and Susceptibility to 1-methyl-
4-phenylpyridinium. Dopaminergic neuron numbers in the ventral diencephalon, counted following in situ hybridisation against
tyrosine hydroxylase 1 (th1), show no difference between Irrk1 CRISPants and control injected larvae (p=0.9996). MPP+ treatment
resulted in significant reductions in th1+ cells in both groups (39.30% in Irrk1 CRISPants, p<0.0001; 39.34% in controls, p<0.0001).
Total cell counts between groups following MPP+ treatment remained indistinguishable (p>0.9990). Data represented as
mean+SEM. n=34-44 per group, from 3 biological replicates. Statistics from a two-way ANOVA with Tukey's multiple comparisons
post-hoc test. Irrk1, leucine-rich repeat kinase 1; MPP+, 1-methyl-4-phenylpyridinium; ns, not significant; th1, tyrosine
hydroxylase.

5.2.8 Leucine-Rich Repeat Kinase Double Mutants
To generate Irrk1/2 double mutants, the CRISPant techniques used to create the single Irrk

CRISPants were combined. Two guides targeting each gene (described above) were
simultaneously injected into single-cell stage wildtype embryos. Briefly, 1uL of each 20uM gRNA,
1pl 20uM tracrRNA, 1uL Cas9 and 1ul water were combined and 2nL of this mixture injected.
The resulting double CRISPants were viable and appeared morphologically normal up to 5dpf

(figure 79). As before, controls were injected with tracrRNA and Cas9 only.

Irrk1/2 CRISPant injected, 5dpf

Figure 79. Leucine-Rich Repeat Kinase 1/2 Double CRISPants Appear Morphologically Normal at 5-Days Post Fertilisation.
Brightfield images of a Irrk1/2 double CRISPant and control injected wildtype sibling at 5dpf. dpf, days post fertilisation; Irrk,
leucine-rich repeat kinase.
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5.2.8.1 Quantitative PCR
As before, levels of Irrk1 and Irrk2 were assessed in double CRISPants using gPCR. However, some

samples during this experiment did not amplify (figure 80). Therefore, no statistical analysis could
be applied to these data and no conclusions can be drawn about expression levels in double
CRISPants without repeating this experiment. This repeat was not conducted as the study focus

had shifted towards the generation of new stable mutant lines (section 80).
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Figure 80. mRNA Levels of Both Leucine-Rich Repeat Kinase Paralogues in Leucine-Rich Repeat Kinase 1/2 Double CRISPants.
Quantitative PCR assessment of the expression of either the long transcript of Irrk1 (A), the combined expression of both Irrk1
splice variants (B) or Irrk2 (C). No statistical analysis was conducted due to the small number of replicates. For all experiments,
RNA was pooled from 15 5dpf larvae. Control larvae were injected with tracrRNA and Cas9 only. rps29 was used as a reference
gene and all data is expressed as a change to control levels. dpf, days post fertilisation; Irrk1, leucine-rich repeat kinase 1; Irrk1/2,
leucine-rich repeat kinase 1 and 2; Irrk2, leucine-rich repeat kinase 2; rps29, ribosomal protein S29.

5.2.8.2 Dopaminergic Neuron Counting and Susceptibility to MPP+
Dopaminergic neuron numbers in the ventral diencephalon were found to be no different

between Irrk1/2 CRISPants and control injected larvae (figure 81, p=0.8010). However, Irrk1/2
double CRISPants appeared to be more susceptible to MPP+ exposure, which resulted in a larger
reduction in thi+ cells in Irrk1/2 CRISPants (42.19%, p<0.0001) compared to controls (34.85%,
p<0.0001). Subsequently, total cell counts following exposure to MPP+ were significantly lower
in Irrk1/2 CRISPants compared to controls (figure 81, p=0.0361), although the actual difference

in cell number was small (2 cells).
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Figure 81. Leucine-Rich Repeat Kinase 1/2 Double CRISPants Have Normal Dopaminergic Neuron Numbers but Increased
Susceptibility to 1-Methyl-4-Phenylpyridinium. Dopaminergic neuron numbers in the ventral diencephalon, counted following in
situ hybridisation against tyrosine hydroxylase 1 (th1), show no difference between Irrk1/2 CRISPants and control injected larvae
(p=0.8010). MPP+ exposure from 1-3dpf resulted in significant reductions in th1+ cells in both groups, with a larger reduction seen
in Irrk1/2 CRISPants (42.19% in Irrk1/2 CRISPants, p<0.0001; 34.85% in controls, p<0.0001). Subsequently, total cell counts
following MPP+ treatment were lower in Irrk1/2 CRISPants compared to controls (p=0.0361). Data represented as meanSEM.
n=31-34 per group, from 3 biological replicates. Statistics from a two-way ANOVA with Tukey's multiple comparisons post-hoc
test. Irrk1/2, leucine-rich repeat kinase 1 and 2; MPP+, 1-methyl-4-phenylpyridinium; th1, tyrosine hydroxylase.
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5.2.9 Generation of New Stable Mutant Lines

Seven mutations in LRRK2 have been confirmed as pathological causes of familial PD with a
variable penetrance (discussed in the introduction to chapter 5). The generation of stable
zebrafish lines carrying equivalent single amino acid changes was attempted using CRISPR/Cas9
technology. For the following section, all proteins and DNA alignments were conducted in
SnapGene and guides identified manually by the presence of NGG / CCN (see methods for further
details).

5291 G2019S

Protein alignments in SnapGene found that glycine at position 2019 in human LRRK2 is equivalent
to glycine at position 2009 in zebrafish Irrk2 (figure 82A). In silico transcription of the /rrk2 DNA
sequence found that this glycine was coded for by the codon “GGC” in zebrafish (figure 82). gRNA
was designed to target this region of the gene, where the Cas9 cut site was 4bps upstream of the
target codon, and primers either side of this were designed using Primer3 (for guide and primer
sequences, see methods). This gRNA was tested by injecting into the yolk of single-celled wildtype
zebrafish embryos and analysed at 1dpf using the flanking primer pair. The smearing of injected
samples on a high percentage gel, which was not seen in uninjected samples, suggested that this
guide was active and could create dsDNA breaks (figure 82). Therefore, a single-stranded donor

oligonucleotide (ssODN) to act as a template for HDR was designed.

A DYGIAQYCC MO+++SEGTPGFRAPEVARGNVIYN QADVYSFOLLLYD+LT G RI +G+KFP+EFDE+ +QGKLPDPVK+YGC+PWP +E L+++C++ENPQ+RPTSAQVFD LNSAE

human lrk2 2017 DYBXAQYC(RNGIHlSEG'l‘uFﬂI\PE\H\RoNVXVNQQADV\'SFGLLLVDILX'uukl'.'kuLKf?NE‘DELEIQuKLPDPVKEV&CAF‘IPM'.‘EP\LIRQI.‘LP.ENPQERPTSAOVFDILNSAE 2136

2f k2 2007 OY[EIAQYCCSMGVRSSEGTPGFRAPEVARGNVIYNVQADVYSFOLLLYDLLTYGERISOGMKFPSEFDEVAVQGKLPDPVKOYGCSPWPEIESLMRECMRENPQDORPTSAQVFORLNSAE 2126

ATTTGC AE‘I ATCTATOATCATCTAC ruAuALCYuAAG CBCACAAC oTTCcTaC r(rvru (YolAuALobA(utV\aAbAT\ON,L‘L'AAAA"(ACAC\A(‘VA\‘QGCA'CLN,uFAO'AEYuCYuFAC\ ATGOGCOTE on(v TOAAGGAACAC (Auu

TAAACOTOGAGTAGATAC YAWAUAY\u TCTGOACTTCGOCOTOTTGC AAL.A AlAAh'thA T7¢C Yl CTOCOAC 1 TAGCAGC QAYTYYA( ToTC Y(AA'ACCOYA\A ocorvc A'lA OACOTC YAL CocC »\\u(‘u'L JAGAC 'lL TTOTO0TCC
YL«SSMIlvlnttF»NJLxKNLr‘IDAEl-.‘AKxYov“xAchcsMless:aY=a_

Uninjected . Injected

Figure 82. Designing Guide RNA to Target the Zebrafish Equivalent of G2019. A. Protein-protein alignment of human and
zebrafish Lrrk2, demonstrating glycine 2009 to be the zebrafish equivalent of human glycine 2019. B. DNA sequence and in silico
transcription of zebrafish Irrk2, demonstrating that the target glycine (highlighted in blue) is coded for by GGC. C. Electrophoresis
gel (3%) of PCR amplified DNA extracted from 1dpf zebrafish embryos either injected with G2019 guide RNA, tracrRNA and Cas9
or uninjected. Ladder is 100bp [Bioline]. dpf, days post fertilisation; Irrk2, leucine-rich repeat kinase 2; zf, zebrafish.
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Serine can be coded for by multiple codons (table 21). Each codon was looked up in a zebrafish
codon usage table to exclude the use of any rare codons in the ssODN design, as these may be
less likely to be transcribed by the transcription machinery. From this, UCG was excluded due to
its low frequency of use in the zebrafish genome (5.6 per 1000 codons). Each codon was also
assessed for the induction of novel restriction enzyme sites using SnapGene; UCU and UCA did
not add any restriction sites so were not used. AGC was selected to take forward since it had the
highest codon use frequency and resulted in the addition of an Sfcl restriction site (figure 83).
However, an Sfcl restriction site was also present 21bps downstream, which needed to be taken
into account when analysing gels following digest; in silico electrophoresis was conducted to

assist with gel interpretation (figure 86B).

Table 21. Possible Codons for Serine to Use in the Design of the G2009S Donor Oligonucleotide

Possible Codon Frequency (per thousand) Enzyme site added?
ucu 16.9 None
ucc 15.2 Bccl
UCG 5.6 Taql, BfuCl, Mbol, Dpnll, Sau3Al, Pvul, BsiEl
UCA 13.2 None
AGU 13.2 Hgal, Bael, Sfcl
AGC 18.4 Sfcl

Table showing codons that are translated into the amino acid serine and their frequency in the zebrafish genome. Final column
describes restriction enzyme sites that are added into the DNA following mutation of the wildtype codon to each of the possible
serine codons. For more information, see methods section.
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Figure 83. Restriction Enzyme Sites in Zebrafish Leucine-Rich Repeat Kinase 2 Before and After G2009S Mutation. Screenshots
taken from SnapGene showing the position of the G2019 guide in green, target codon in blue and restriction enzyme sites above.

An Sfcl site is added following mutation of GGC (top) to AGC (bottom).
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An oligonucleotide of 127bps and an oligonucleotide-specific primer were then designed around
this region. To achieve this, the 127bp region and 300bps before or after were copied into
Primer3 and wobble bases altered until a primer pair was generated with the lowest penalty
(figure 84A). A forward primer in the intron before the exon of interest and a reverse primer that
covered the new codon plus two additional wobble bases (ACA -> ACG; ATC -> ATT) were chosen
as the best primer pair. These were assessed using Primer-BLAST, which suggested that this pair
should not amplify zebrafish DNA unless mutated and had no ectopic binding sites (figure 84B).
The ssODN sequence was reverse complemented and ordered from IDT (table 22). The
oligonucleotide-specific primers were tested on wildtype DNA using a gradient PCR, with no

amplification of the correct product size seen at any temperature tested (figure 84C,D).

A LeftPrimer 1:  [GGACGGTATCTGTGACTCGT
Start: 60 Length:20bp Tm:589C GC:550% Anv:0.0 End:00 TIB:80 HP:0.0 3'Stab:4.2 Penaltyv:1.093

Right Primer 1: |GCGCGATGCIATAGTCcGTa

Start: 210 Length: 20bp Tm:59.8C GC:55.0% f“—“l- End:00 TB:7.0 HP:417 3'Stab- 4.0 Penalty: 0.167

Pair: Product Size: 151 bp Any:0.0 End:00 T1B:14.0 Penalty: 1.261

| Send to Primer3Manager || Reset Form |

1 TACACGCAGC CATTTTAAAT AAATCTTCTC AGTTCAATGT
51 GACGGTATCT GTGACTCGIT TTGTTTCCGA AC TATTT
101 SAGACCT ( . GTTCTGC
151 TGTTCAACCT GCTGAGATCG tACgGACTAT
201 aGCATCGCGC
B m) U.S. National Library of Medicine NCBI National Center for Biotechnology Information
Primer-BLAST » JoB ID:d320MJ28kBS3LgArDUskGXdQNStaQya2Ww
Primer-BLAST Results &
Input PCR template none
Specificity of primers No target templates were found in selected Genome (r assembly only) for selected species (Organism limited to Danio rerio)
Other reports b Search Summary
“Detailed primer reports
Primer pair 1
Sequence (5'->3') Length Tm GC%  Self complementarity Self 3' complementarity
Forward primer GGACGGTATCTGTGACTCGT 20 5891 5500 3.00 3.00
Reverse primer GCGCGATGCTATAGTCCGTA 20 5083 55.00 6.00 2.00

Figure 84. Designing Oligonucleotide-Specific Primers for G2009S. A. Screenshot from Primer3 software showing the final chosen
primer pair with the lowest penalty of 1.261. Lower case letters represent bases that differ from the wildtype sequence. B.
Screenshot from NCBI Primer-BLAST software demonstrating that the chosen primer pair has no target templates in the zebrafish
genome. C. Electrophoresis gel showing the chosen primer pair does not amplify the correct size product (red line) in wildtype
zebrafish DNA. Numbers represent the annealing temperature of the PCR protocol. D. Over-exposed gel to check for weak bands.
Ladder is 100bp [Bioline].
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Table 22. G2009S Oligonucleotide Development
A. Original GAAGACGGACGCTGAGATCGTCGCTAAAATCACAGACTATGGCATCGCGCAGTACTGCTGCAGCATGG

DNA GCGTCCGCAGCTCTGAAGGAACACCAGGTCTCGCTCATTTACCCATAATCCTCCTTTAA
B. Mutated | GAAGACGGACGCTGAGATCGTCGCTAAAATEACEGACTATaGCATCGCGCAGTACTGCTGCAGCATGG
DNA GCGTCCGCAGCTCTGAAGGAACACCAGGTCTCGCTCATTTACCCATAATCCTCCTTTAA

C. ssODN T*T*AAAGGAGGATTATGGGTAAATGAGCGAGACCTGGTGTTCCTTCAGAGCTGCGGACGCCCATGCT
GCAGCAGTACTGCGCGATGCtATAGTCcGTaATTTTAGCGACGATCTCAGCGTCCGTCT*T*C

Table showing the stages of oligonucleotide development for the induction of G2009S mutation in zebrafish. A. Original 127bp
DNA sequence with the guide sequence shown in yellow, the PAM site underlined and the target codon in red. B. The 127bp
sequence following mutation (new codon plus wobble bases). The novel primer (reverse) is shown in blue, PAM site underlined
and target codon in red. C. The ssODN that was ordered from IDT. It is a reverse complemented version of the sequence in B. Stars
represent bases that have been phosphorothioated.

Next, the ssODN was co-injected with the G2009 gRNA to assess HDR. Oligonucleotide-only
controls were used to check for toxicity induced by the direct injection of DNA and to ensure the
oligonucleotide itself was not affecting subsequent PCRs. Using the oligonucleotide-specific
primer pair, it appeared that approximately 1/3 of embryos had successfully incorporated the
new DNA sequence into at least some of their cells (figure 85). Whilst clear differences were also
seen between injected and control samples following restriction digest (figure 86), an Sfcl
restriction site present in wildtype DNA should have been evident in all samples but was missing
from controls. Additionally, the bands present in injected samples represent the predicted band
sizes for wildtype DNA following Sfcl digestion (figure 86). This is unsurprising due to the
expected low rate of successful HDR; the oligonucleotide-specific primers, being highly specific,
are likely to reflect the real picture. The reason for the absence of digested products in uninjected

samples is unclear.

100 injected embryos were raised to adulthood and screened at 3-months of age to assess
germline transmission. Here, individual injected zebrafish were crossed to wildtype zebrafish and
DNA extracted from their offspring at 24hpf. DNA from 24 individual embryos was amplified using
the oligonucleotide-specific primers to assess whether they carried the G2009S mutation. For the
majority of the screened fish none of the 24 embryos produced a band following this PCR. Any
embryos that produced bands of the correct size were then sequenced by running an additional
PCR using the primer pair that flanked the mutation site and sending cleaned-up DNA to Genewiz
for sequencing. Some embryos produced the correct bands following PCR, but after sequencing
turned out to not have the correct DNA sequence. After screening 71 injected adult fish, two
males were identified that produced embryos carrying the correct DNA sequence (figure 87).
Each of these was then outcrossed to wildtype and 60 of their offspring raised. When these fish
reach 3mpf, they will be finclipped to check for successful insertion of the correct DNA sequence.
Those that do not have this will be culled and the remainder of the fish will be outcrossed to

wildtype to generate a heterozygous stock.
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Guide only — no oligo Oligo only — no guide

Figure 85. Electrophoresis Gel Showing Successful Insertion of the G2019S Mutation. DNA samples were collected at 1dpf from
embryos injected with the G2019S oligonucleotide, guide RNA, tracrRNA and Cas9 (top row); guide RNA, tracrRNA and Cas9 only
(bottom left); oligonucleotide only (bottom right) or uninjected samples (middle row). Samples were run using an oligonucleotide-
specific primer pair at 65°C. Blue line represents expected product size after successful insertion. Ladder is 100bp [Bioline].

G2019S oligo + guide G2019S oligo + guide

%,

o
o %
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Figure 86. Electrophoresis Gel Showing Sfcl Digest of G2019S Injected Samples and Controls. A. DNA samples were collected at
1dpf from embryos injected with G2019S oligonucleotide, guide RNA, tracrRNA and Cas9 (top 2 rows), guide RNA, tracrRNA and
Cas9 only (bottom left) or oligonucleotide only (bottom right). Samples were run by PCR using primers flanking the target region
and then digested with Sfcl for 2 hours. 100bp ladder [Bioline]. B. Screenshot from SnapGene of an in silico PCR and Sfcl digest.
Lane 1 shows amplified wildtype DNA, lane 2 shows wildtype DNA digested with Sfcl, lane 3 shows amplified mutated DNA, lane
4 shows mutated DNA following Sfcl digest. dig, digested samples; dpf, days post fertilisation; undig, undigested samples.
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A. PCR using oligonucleotide-specific primers on the offspring obtained by crossing a zebrafish injected with the G2009S construct
with a wildtype zebrafish. Each lane represents a single embryo. Ladder is 100bp [Bioline]. B. Chromatogram following sequencing
of the DNA from a single embryo obtained from this cross. The table above shows the expected DNA sequence of the region in
wildtype zebrafish and in zebrafish following successful insertion of the construct. The embryo had both sequences, as expected.

5.2.9.2 R1441C/G/H
Protein-protein alignment in SnapGene identified arginine at position 1441 in human LRRK2 to

be equivalent to valine at position 1428 in zebrafish Irrk2 (figure 88A). Valine 1428 was found to
be coded for by the codon “GTA” following in silico transcription of the Irrk2 DNA sequence
(figure 88). There were two possible guide choices in this region, differing by a single base. These
were inputted into the ChopChop online software, which identified one guide as slightly more
active than the other (50.6% vs 50.0%) which was therefore selected for use. The Cas9 cut site of
this gRNA directly disrupts the codon of interest as well as an Sfcl restriction site. Primers flanking
this region were designed using Primer3 (for guide and primer sequences, see methods). Guide
activity was assessed by injecting into the yolk of single-celled wildtype zebrafish embryos and
analysed at 1dpf using the flanking primer pair and a digest with Sfcl. Injected embryos
demonstrated a successful loss of the Sfcl restriction site, suggesting that this guide is highly
active (figure 88). Therefore, ssODNs to act as templates for HDR for all three mutations in this

region were designed.
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A human Irrk2 1421 LSKGQAEVDAMKPWLFNIKAMASSSPVILVGTHLDVSDEKQRKACMSKITKELLNKRGFPAIRDYHFVNATEESDALAKLRKTIINESLNFKIRDQLVVGQLIPDCYVELEKIILSERKN 1540
LSKG +E+ A+KPWLFNIKA A PVI+VGTH D+ +E+ + C+ K+ KEL ++ GFPAIR+ H ++A EES++L +LRK I E +# FKI+ Q V+GQL+PDCYVELEK +L ER
zf Irk2 1408 LSKGASEIHATKPWLFNIKAJAGQCPVIVVGTHADLCEERHLQECLLKLQKELQSQPGFPATIRENHVLSACEESESLGRLRKAIYRELIGFKIQGQPVMGQLVPDCYVELEKRLLQERSC 1527

B uCTCTACGACCTCAGTAAAGGAGCCAGCGAGATCCACGCCATCAAACCCTGGCTCTTTAACATTAAGGCTGTAGCGGGTCAATGTCCAGTGATTGTGGTGGGAACTCAT
t } t t t t t t t t t 4320
"GAGATGCTGGAGTCATTTCCTCGGTCGCTCTAGGTGCGGTAGTTTGGGACCGAGAAATTGTAATTCCGACATCGCcCAGTTACAGGTCACTAACACCACCCTTGAGTA
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uninjected

Figure 88. Designing Guide RNA to Target the Zebrafish Equivalent of R1441. A. Protein-protein alignment of human and
zebrafish Lrrk2 in SnapGene, demonstrating valine 1428 to be the zebrafish equivalent of human arginine 1441. B. DNA sequence
and in silico transcription of zebrafish Irrk2, with target valine highlighted in blue. This shows that this is coded for by “GTA” C.
Screenshot from SnapGene demonstrating the guide design for targeting this region, showing the disruption of an Sfcl site. D. A
gradient PCR identified 65°C as the most appropriate annealing temperature for this primer pair and demonstrated wildtype DNA
would be digested with Sfcl at this site. E. Electrophoresis gel (3%) of PCR amplified DNA extracted from 1dpf zebrafish embryos
either injected with R1441 guide RNA, tracrRNA and Cas9 or uninjected. Some DNA samples did not amplify. Ladder is 100bp
[Bioline]. dig, DNA digested with Sfcl; dpf, days post fertilisation; Irrk2, leucine-rich repeat kinase 2; undig, undigested DNA; zf,
zebrafish.

5.2.9.3 R1441C
One amino acid variant found in this region is the substitution of arginine for cysteine. Two

codons result in translation to cysteine, and these were assessed for their codon usage in
zebrafish (table 23). Whilst both codons had equal frequency in the zebrafish genome, only TGC

resulted in the addition of restriction enzyme sites and was therefore chosen for HDR.

Table 23. Possible Codons for Cysteine to Use in the Design of the V1428C Donor Oligonucleotide

Possible Codon Frequency (per thousand) Enzyme site added?
TGT 11.3 None
TGC 11.2 Cac8l, HinP1l, Hhal, BstUI

Table showing codons that are translated into the amino acid cysteine and their frequency in the zebrafish genome. Final column
describes restriction enzyme sites that are added into the DNA following mutation of the wildtype codon to each of the possible
cysteine codons. For more information, see methods section.

A 127bp ssODN and oligonucleotide-specific primers were then designed around this region, as
described previously. The PAM was mutated at the wobble base to ensure that gRNA would not
cleave DNA that had undergone successful HDR. The CGG PAM site was made up by two codons;
GCG (Ala / GCN) and GGT (Gly / GGN). Each potential PAM mutation was tested in Primer3, with
GCG -> GCA resulting in the best possible oligonucleotide-specific primer pair (figure 89).
Following alteration of the PAM site, the newly-added BstUI restriction enzyme site was lost,

although Hhal, Cac8l, and HinP1l were still present. A forward primer in the exon before the exon

175



of interest and a reverse primer that targeted the new codon plus the mutated PAM site (GTA -
> TGC; CGG -> GCA) were designed and checked using Primer-BLAST (figure 89D). Whilst some
ectopic binding sites were identified, all products produced were over 2000bps which would be

unlikely to amplify during a PCR with an extension time of 30 seconds.
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(@eftPrimer 1:  [GATCCACGCCATCAAACCCT |
Start: 45 Length: 20bp Tm:604C GC:55.0% Anyv:0.0 End:00 TB:6.0 HP:0.0 3 Stab:43 Penaltyv;0.394
Right Primer 1: |CTGGACATTGACCaGCgca |

Start: 311 Length: 19bp Tm:60.7C GC:57.9% f’—;‘g—: End:00 TB:8.0 HP:463 3'Stab:6.1 Penalty: 1672

Pair: Product Size: 267 bp Anv: 1.9 End: 0.0 TB:14.0 Penalty; 2.066
Send to Primer3Manager || Reset Form |

1 GCTGTCTATC TAGTGCTCTA CGACCTCAGT AARGGAGCCA GCGAGATCEA

51 CGCCATCARA CCCTGGCTCT TTAACATTAR GGTGAGAAGG ATTTCACCAC

101 ATGCTTTGAT CCRAATCAAR CATTGCTTAA GGGGTCTTAT AATATTGACC

151 TTARAATGGG TTTAAAGCAA TTAMAACTGC TTTTATICTA GCCGAAATAA

201 aaccacacTT  Torci A
251 ATTIGIGGAT CTATTAAACC TTGCICIGIG TTICTCCAGE CT-:-57:33

301 TCAATGTCCA GTGATTG

J;) Sequence (5'->3") Length Tm GC%  Self complementarity Self 3" complementarity
rward primer GATCCACGCCATCAAACCCT 20 60.39 5500 4.00 0.00

Reverse primer TGGACATTGACCTGCGCA 18 5057 5558 6.00 6.00

Products on target templates
>NC_007118.7 Danio rerio strain Tuebingen chromosome 7, GRCz11 Primary Assembly

product length = 2886
Reverse primer 1 TGGACATTGACCTGLGCA 18
Template 65689498 ..... G..TG........ 65689481

Reverse primer 1 TGGACATTGACCTGCGCA 18
Template 65687493 CAA..... Aooooaaa, 65687518

>NC_007112.7 Danio rerio strain Tuebingen chromosome 1, GRCz11 Primary Assembly

product length = 3682
Forward primer 1 GATCCACGCCATCARACCCT 20
Template 923331 .TC.T...... Covvnnnn G 923358

Reverse primer 1 TGGACATTGACCTGCGCA 18
Template 92712 CA..T....... C.o.... 926995

Figure 89. Designing Oligonucleotide-Specific Primers for V1428C. A. Original DNA sequence and restriction enzyme sites, with
R1441 guide RNA shown in green and the codon for the target arginine in pink / blue highlighted. B. DNA sequence and restriction
enzyme sites following the mutation of GTA to TGC. C. Screenshot from Primer3 software showing final chosen primer pair with
lowest penalty of 2.066. Lower case letters represent bases that differ from wildtype sequence D. Screenshot from NCBI Primer-
BLAST software demonstrating that the chosen primer pair only has targets in the zebrafish genome that are over 2000bps in
length and therefore will not amplify by standard PCR.
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Oligonucleotide-specific primers were initially tested on wildtype DNA, finding no amplification
of products of the correct length (figure 90A). Wildtype embryos were then injected at the one-
cell stage with the ssODN and gRNA. DNA was extracted at 24hpf and amplified using the
oligonucleotide-specific primers (figure 90B). Following electrophoresis, bands of the correct size
were present in the control samples as well as the injected samples, although the intensity was
drastically reduced. The PCR was run again with an increased annealing temperature of 65°C to
improve discrimination between the wildtype and mutant sequence. Bands were now only

present in samples injected with both the ssODN and gRNA (figure 90C).

100 injected embryos were raised to adulthood and screened at 3 months of age to assess
germline transmission, as described previously. As seen with other mutations, some samples that
produced the correct bands following oligonucleotide-specific PCR did not possess the correct
DNA sequence. After screening 45 injected adult fish, two males were identified that produced
embryos with the correct DNA sequence (figure 91). Each of these was then outcrossed to

wildtype and 60 of their offspring raised.

Table 24. V1428C Oligonucleotide Development
A. Original | GATCTATTAAACCTTGCTCTGTGTTTCTCCAGGCTGTAGCGGGTCAATGTCCAGTGATTGTGGTGGGAAC

DNA TCATGCAGATTTGTGTGAAGAGCGCCACCTACAGGAGTGTTTGCTGAAGCTGCAGAA
B. Mutated | GATCTATTAAACCTTGCTCTGTGTTTCTCCAGGCTtgcGCaGGTCAATGTCCAGTGATTGTGGTGGGAACTC
DNA ATGCAGATTTGTGTGAAGAGCGCCACCTACAGGAGTGTTTGCTGAAGCTGCAGAA

C. ssODN T*T*CTGCAGCTTCAGCAAACACTCCTGTAGGTGGCGCTCTTCACACAAATCTGCATGAGTTCCCACCACA
ATCACTGGACATTGACCtGCgcaAGCCTGGAGAAACACAGAGCAAGGTTTAATAGA*T*C

Table showing the stages of oligonucleotide development for the induction of V1428C mutation in zebrafish. A. Original 127bp
DNA sequence with the guide sequence shown in yellow, the PAM site underlined and the target codon in red. B. The 127bp
sequence following mutation (new codon plus wobble bases). The novel primer (reverse) is shown in blue, PAM site underlined
and target codon in red. Lower case letters represent base changes from wildtype. C. The ssODN that was ordered from IDT. It is
a reverse complemented version of the sequence in B. Stars represent bases that have been phosphorothioated.
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Figure 90. Assessment of the Zebrafish Equivalent of the R1441C Oligonucleotide. A. The R1441C oligonucleotide-specific primer
pair was used to amplify wildtype zebrafish DNA in a gradient PCR, demonstrating that the correct sized product (267bp, red line)
was not produced at any temperature. Numbers represent annealing temperature. B. DNA was extracted from 1dpf zebrafish
injected with R1441C oligonucleotide, guide RNA, tracrRNA and Cas9 (top two rows) or controls (oligonucleotide only (bottom
left), guide RNA, tracrRNA and Cas9 (bottom middle) or uninjected (bottom right)) and amplified using oligonucleotide-specific
primers at 60°C. C. The same DNA samples were run again with the PCR annealing temperature increased to 65°C. Ladder for all
gels is 100bp [Bioline].
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Figure 91. Germline Transmission of the V1428C Mutation was Identified in Adult Zebrafish by Assessment of Their Offspring.
A. PCR using oligonucleotide-specific primers on the offspring obtained by crossing a zebrafish injected with the V1428C construct
with a wildtype zebrafish. Each lane represents a single embryo. Ladder is 100bp [Bioline]. B. Chromatogram following sequencing
of the DNA from a single embryo obtained from this cross. The table above shows the expected DNA sequence of the region in
wildtype zebrafish and in zebrafish following successful insertion of the construct. The embryo had both sequences, as expected.

5294 R1441G

The second substitution at this position is arginine to glycine. Glycine has four possible codons
which were all checked against the zebrafish codon usage table and SnapGene was used to check

for restriction enzyme sites that would be added after each codon change (table 25).

Table 25. Possible Codons for Glycine to Use in the Design of the V1428G Donor Oligonucleotide

Possible Codon Frequency (per thousand) Enzyme site added?
GGT 13.7 None
GGC 17.2 Cac8l, HinP1l, Hhal, BstUI
GGA 215 BsrBI, Bpml
GGG 10.0 BseYl, Bsll

Table showing the possible codons that are translated into the amino acid glycine and their frequency in the zebrafish genome.
Final column describes restriction enzyme sites that are added into the DNA following mutation of wildtype codon to each of the
glycine codons. For more information, see methods section.
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A 127bp oligonucleotide (table 27) and oligonucleotide-specific primers were then designed
around this region. The PAM site (CGG) was mutated to ensure gRNA would not re-cleave DNA
that had been successfully mutated. The PAM was made up of two codons; GCG (Ala / GCN) and
GGT (Gly / GGN), each of which could be altered at the wobble base. All combinations of glycine
and PAM codons were inputted to Primer3 to identify the combination that produced the lowest
primer pair penalty (summarised in table 26). The lowest penalty was achieved with a
combination of GGA and GCC. However, this combination, or indeed any PAM option with GGA,
removed the BsrBI restriction site. The remaining novel Bpml site would be difficult to work with
due to other nearby sites making it difficult to see changes on a gel (figure 92A). The second
choice option for primer design was GGG with GCA. However, as with the Bpml site, using a Bsll
digest would not be appropriate due to nearby restriction sites (figure 92B). The other novel site,
Bseyl, whilst giving differing digest patterns (figure 92C), is not a good enzyme to work as it is
able to stay bound to DNA following cleavage which can change how it runs on a gel. Therefore,
a final option was assessed, GGC with GCA. Following this mutation combination, the BstUI site
was lost but all three additional novel sites remained and provided good discrimination between

mutants and controls (figure 92D-F).

Table 26. Assessment of Glycine and PAM Codon Combinations.

Codon change PAM change | Penalty with best primers Comments

GGC GCT 3.576

GGC GCC 3.894

GGC GCA 2.067 Removes BstUI site
GGA (best codon choice) | GCT 1.841 (hairpin stability high) Removes BsrBI site
GGA (best codon choice) | GCC 1.691 Removes BsrBlI site
GGA (best codon choice) | GCA 1.841 Removes BsrBI site
GGG GCT 1.357 (hairpin stability high)

GGG GCC 2.833

GGG GCA 1.775

Each combination of glycine codon and PAM change at the wobble base was assessed using Primer3 software. Both forward and
reverse primers in the region were tested and the primer pairs that gave the lowest penalty score are reported in the table. Rows
highlighted in red represent those that were assessed further, discussed in the main text.
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Figure 92. In Silico Gel Electrophoresis Images Assessing Restriction Enzyme Choices Following V1428G Mutation. A. The
oligonucleotide-specific primer pair that resulted in the lowest penalty gave very little discrimination following digest with Bpmi.
B. The second choice combination of mutations also resulted in difficult discrimination between wildtype and mutant following
digest with Bsll. C. This combination was successful following Bseyl! digest, but was not used due to this enzymes properties. The
third choice of codon combinations enabled easy identification of mutants following restriction digest with either Cac8l (D), Hhal
(E) or Hinpl (F). In all images, row 1 represents wildtype DNA amplified with flanking primers, row 2 represents this product
following restriction digest with appropriate enzyme, row 3 represents mutated DNA amplified with flanking primers and row 4
represents mutated DNA digested with appropriate enzymes.

Table 27. R1441G Oligonucleotide Development
A. Original | GATCTATTAAACCTTGCTCTGTGTTTCTCCAGGCTGTAGCGGGTCAATGTCCAGTGATTGTGGTGGGA

DNA ACTCATGCAGATTTGTGTGAAGAGCGCCACCTACAGGAGTGTTTGCTGAAGCTGCAGAA
B. Mutated | GATCTATTAAACCTTGCTCTGTGTTTCTCCAGGCTGgeGCaGGTCAATGTCCAGTGATTGTGGTGGGAA
DNA CTCATGCAGATTTGTGTGAAGAGCGCCACCTACAGGAGTGTTTGCTGAAGCTGCAGAA

C. ssODN T*T*CTGCAGCTTCAGCAAACACTCCTGTAGGTGGCGCTCTTCACACAAATCTGCATGAGTTCCCACCA
CAATCACTGGACATTGACCtGCgcCAGCCTGGAGAAACACAGAGCAAGGTTTAATAGA*T*C

Table showing the stages of oligonucleotide development for the induction of V1428G mutation in zebrafish. A. Original 127bp
DNA sequence with the guide sequence shown in yellow, the PAM site underlined and the target codon in red. B. The 127bp
sequence following mutation (new codon plus wobble bases). The novel primer (reverse) is shown in blue, PAM site underlined
and target codon in red. Lower case letters represent bases that differ from wildtype. C. The ssODN that was ordered from IDT. It
is a reverse complemented version of the sequence in B. Stars represent bases that have been phosphorothioated.
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The oligonucleotide-specific primer pair chosen was made up of a forward primer in the exon
before the exon of interest and a reverse primer that covered the new codon plus the mutated
PAM site (GTA -> GGC and GCG -> GCA). The primers were assessed using Primer-BLAST software
which found that although ectopic binding sites exist in wildtype zebrafish DNA, the resulting
products would be over 1kb and, therefore, unlikely to amplify in a PCR with a 30-second
annealing time (figure 93). Thus, this primer pair should not amplify zebrafish DNA unless

successfully mutated.
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BAAAAAATTTGTGGATCTATTAAACCTTGCTCTGTGTTTCTCCAGGCTGGCGCGGGTCAATGTCCAGTGATTGTGGTGGGAACTCATGC

FTTTTTTAAACACCTAGATAATTTGGAACGAGACACAAAGAGGTCCGACCGCGCCCAGTTACAGGTCACTAACACCACCCTTGAGTACGT

C  LeftPrimer I:  |GATCCACGCCATCAAACCCT
Start: 33 Length: 20bp Tm: 604 C GC:55.0% Any:0.0 End:0.0 TB:6.0 HP:0.0 3 Stab:43 Penalty: 0.394
Right Primer 1:  |ACTGGACATTGACCIGCgc |
Start: 300 Length: 19bp Tm:60.7C GC:57.9% Any:0.0 End:0.0 TB:50 HP:0.0 3'Stab: 6.1 Penalty: 1.672

Pair: Product Size: 268 bp Anv: 17 End: 00 TB:110 Penalty: 2.067
[ Send to Primer3Manager H Reset Form |

1 GTGCTCTACG ACCTCAGTAR AGGAGCCARGC GAGATCCACG CCATCARACC

51 CTGGCTCTITT AACATTAAGG TGAGARGGAT TTCACCACAT GCTTTGATCC

101 AAATCARAACA TTGCTTAAGG GGTCTTATAA TATTGACCTT AAAATGGGTT

151 TAARGECAATT ARARCTGCTT TTATTCTAGC CGRARTARZE CCAGACTTTC

201 TCCAGARGAA AAAAGATTAT AGGAATACT GTGAAAAMAT TTGTGGATCT

251 OO CORGEONINE - G2 GCTC | AATGTCCAGT

301 GAT

D Sequence (5'->3') Length Tm GC%  Self complementarity Self 3' complementarity

Forward primer GATCCACGCCATCAAACCCT 20 60.38 5500 4.00 0.00
Reverse primer ACTGGACATTGACCTGCGC 19 6067 57.89 5.00 4.00

Products on target templates
>NC_007123.7 Danio rerio strain Tuebingen chromosome 12, GRCz11 Primary Assembly

product length = 2427
Reverse primer 1 ACTGGACATTGACCTGCGC 19
Template 18582886 ....T....6C....... T 1ess27s8

Reverse primer 1 ACTGGACATTGACCTGCGC 19
Template lessesse ....T....G6C....... T lesse3ss

>NC_007127.7 Danio rerio strain Tuebingen chromosome 16, GRCz11 Primary Assembly

product length = 1482
Reverse primer 1 ACTGGACATTGACCTGCGC 19
Template 1782e184 ... .T....GC....... T 17820166

Reverse primer 1 ACTGGACATTGACCTGCGC 19
Template 17818783 ....T....GC....... T 17818881

Figure 93. Design of Oligonucleotide-Specific Primers for the V1428G Mutation. A. DNA sequence and restriction enzyme sites
in the target region of wildtype leucine-rich repeat kinase 2. Target codon shown in blue. Region of guide binding shown by green
bar. B. DNA sequence and restriction enzyme sites following mutation of the codon of interest. C. Screenshot from Primer3
software showing the design of the chosen oligonucleotide-specific primers. D. Screenshot from NCBI Primer-BLAST software
demonstrating that the chosen primer pair only has targets in the zebrafish genome that are over 1kb in length and therefore will
not amplify by standard PCR.
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The oligonucleotide-specific primer pair was first assessed in a gradient PCR on wildtype zebrafish
DNA to ensure no products of expected size were amplified (figure 94A). Following confirmation,
HDR using this construct was determined by injecting the gRNA, tracrRNA, Cas9 and the ssODN
into wildtype embryos at the one-cell stage. DNA was extracted at 24hpf and amplified using the
oligonucleotide-specific primers. Whilst products of the correct size seemed to be evident in all
conditions, those amplified from DNA extracted from embryos injected with the ssODN were

considerably brighter, suggesting successful insertion of the mutation of interest (figure 94B).

100 injected embryos were raised to adulthood and screened at 3 months of age to assess
germline transmission, as described previously. After screening 12 injected adult fish, two males
were identified that produced embryos carrying the correct DNA sequence (figure 95). Each of

these was then outcrossed to wildtype and 60 of their offspring raised.

B R1441G oligo + guide -

R1441G oligo + guide

Y e —— s T T TT S em o e e ) e e - e e e - -

A R1441G, 268bp
55 57 58 61 6365

Oligo only— no guide - Guide only — no oligo

Uninjected samples

Figure 94. Electrophoresis Gel Showing Successful Insertion of the Zebrafish Equivalent of the R1441G Mutation. A. Assessment
of the oligonucleotide-specific primer pair found it was unable to amplify products of the correct length (268bp, red line) in
wildtype DNA. B. DNA samples were collected at 1dpf from embryos injected with the R1441G oligonucleotide, guide RNA,
tracrRNA and Cas9 (top 2 rows); oligonucleotide only (middle left); guide RNA, tracrRNA and Cas9 only (middle right) or uninjected
samples (bottom row). Samples were amplified using the oligonucleotide-specific primer pair at 65°C. Blue line represents
expected product size after successful insertion. Ladder is 100bp [Bioline].
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Figure 95. Germline Transmission of the V1428C Mutation was Identified in Adult Zebrafish by Assessment of Their Offspring.
A. PCR using oligonucleotide-specific primers on the offspring obtained by crossing a zebrafish injected with the V1428C construct
with a wildtype zebrafish. Each lane represents a single embryo. Ladder is 100bp [Bioline]. B. Chromatogram following sequencing
of the DNA from a single embryo obtained from this cross. The table above shows the expected DNA sequence of the region in
wildtype zebrafish and in zebrafish following successful insertion of the construct. The embryo had both sequences, as expected.

5295 R1441H
The final amino acid change at this region was arginine to histidine, which is coded for by two

possible codons (table 28). Whilst CAC had the highest frequency of use in the zebrafish genome,
the only additional restriction enzyme site, BstUI, was lost when the PAM was mutated at wobble
bases (to inhibit additional cleavage, as discussed above). Therefore, CAT was used as the codon
for histidine, which resulted in the addition of three restriction enzyme sites 30-40bps
downstream of the codon of interest. The PAM was altered at wobble bases, chosen by trial and
error using Primer3, identifying GCG - > GCC to give the best possible oligonucleotide-specific
primer (figure 96). The forward primer was designed in the intron before exon of interest and
the reverse primer spanning the new codon plus the mutated PAM site (GTA -> CAT and GCG ->
GCC). When choosing the best restriction enzyme for use here, it was realised that digestion by
Fatl, CviAll or Nlalll would be difficult to see on a gel due to the small additional band added
following mutation (figure 96); CviAll and Nlalll are also unstable enzymes and therefore difficult

to work with. However, following mutation of the PAM as well as the codon of interest, additional
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restriction sites were induced (BsrFi, Mspl and Hpall). Mspl appeared to enable discrimination of

wildtype and mutant DNA using in silico restriction digest so was chosen for use.

Table 28. Possible Codons for Histidine to Use in the Design of the V1428H Donor Oligonucleotide

Possible Codon Frequency (per thousand) Enzyme site added?
CAT 10.9 Fatl, CviAll, Nlalll
CAC 14.8 BstUI

Table showing the possible codons that are translated into the amino acid histidine and their frequency in the zebrafish genome.
Final column describes restriction enzyme sites that are added into the DNA following mutation of wildtype codon to each of the
histidine codons. For more information, see methods section.
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Figure 96. Designing Oligonucleotide-Specific Primers for the V1428H Mutation. A. Screenshot from SnapGene showing the DNA
sequence and restriction enzyme sites of the region prior to mutation. The codon of interest is highlighted in blue. The target
region of the R1441 guide is depicted by the green bar. B. Screenshot from SnapGene showing the DNA sequence and restriction
enzyme sites of the region following mutation of the codon of interest to CAT. C. The oligonucleotide-specific primers designed
using Primer3 software. Lower case letters represent bases that differ from wildtype. D. In silico electrophoresis of PCR
amplification of the region using flanking primers in wildtype (row 1) or mutated DNA (row 3) samples. A digest following PCR
using one of the initially selected enzymes resulted in a small additional band in mutated DNA (row 4) compared to wildtype DNA
(row 2). E. Samples were then digested with Mspl in silico, which resulted in digested products in only the mutated DNA (row 4).

F.

Screenshot from SnapGene showing the DNA sequence and restriction enzyme sites of the region following mutation of the

codon of interest as well as the additional wobble bases. The novel Mspl site can be seen.
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The 127bp oligonucleotide (table 29) was then co-injected with the R1441 gRNA into wildtype
zebrafish at the single-celled stage to assess HDR using the oligonucleotide-specific primer pair,
as described previously. However, no difference was seen between injected fish and controls at
24hpf, with no DNA being amplified using the oligonucleotide-specific primers in any condition
(figure 97). However, this was also the case for N1437H (discussed below, section 5.2.9.8) which
was injected and assessed on the same day as the V1428H construct. To determine whether the
lack of PCR product was reproducible or the result of a poor injecting session or DNA analysis,
the V1428H construct was tested again in wildtype larvae. This time, bands of expected size were
present following PCR, but their pattern (present in every other embryo) seemed unlikely (figure
98). This may be due to contamination and the presence of some bands at this length does
suggest that this mutation is inducible in zebrafish. As this re-test was conducted late into the
current project, there would not have been time to raise and genotype these larvae before
completion so these fish were not taken to adulthood and assessed for successful DNA insertion.

Table 29. V1428H Oligonucleotide Development
A. Original GATCTATTAAACCTTGCTCTGTGTTTCTCCAGGCTGTAGCGGGTCAATGTCCAGTGATTGTGGTGGGA

DNA ACTCATGCAGATTTGTGTGAAGAGCGCCACCTACAGGAGTGTTTGCTGAAGCTGCAGAA
B. Mutated GATCTATTAAACCTTGCTCTGTGTTTCTCCAGGCTcatGCcGGTCAATGTCCAGTGATTGTGGTGGGAA
DNA CTCATGCAGATTTGTGTGAAGAGCGCCACCTACAGGAGTGTTTGCTGAAGCTGCAGAA

C. ssODN T*T*CTGCAGCTTCAGCAAACACTCCTGTAGGTGGCGCTCTTCACACAAATCTGCATGAGTTCCCACCA
CAATCACTGGACATTGACCgGCatgAGCCTGGAGAAACACAGAGCAAGGTTTAATAGA*T*C

Table showing the stages of oligonucleotide development for the induction of V1428H mutation in zebrafish. A. Original 127bp
DNA sequence with the guide sequence shown in yellow, the PAM site underlined and the target codon in red. B. The 127bp
sequence following mutation (new codon plus wobble bases). The novel primer (reverse) is shown in blue, PAM site underlined
and target codon in red. Lower case letters represent bases that differ from wildtype. C. The ssODN that was ordered from IDT. It
is a reverse complemented version of the sequence in B. Stars represent bases that have been phosphorothioated.
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Figure 97. Electrophoresis Gel Showing No Successful Insertion of the R1441H Mutation. A. Assessment of the oligonucleotide-
specific primer pair found it was unable to amplify products of the correct length (red line) in wildtype DNA. B. DNA samples were
collected at 1dpf from embryos injected with the R1441H oligonucleotide, guide RNA, tracrRNA and Cas9 (top 2 rows);
oligonucleotide only (middle left); guide RNA, tracrRNA and Cas9 only (middle right) or uninjected samples (bottom row). Samples
were run using the oligonucleotide-specific primer pair at 65°C. Blue line represents expected product size following successful
insertion. Ladder is 100bp [Bioline].
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Figure 98. Re-testing the V1428H Construct in Wildtype Zebrafish. Wildtype zebrafish were injected with V1428H oligonucleotide,
guide RNA, tracrRNA and Cas9 and DNA extracted from these embryos at 24hpf. For control samples, DNA from uninjected siblings
was used. DNA was amplified by PCR using the oligonucleotide-specific primer pair and run by gel electrophoresis. Blue line
represents expected product size following successful insertion of the new DNA sequence.

52.9.6 Y1699C
Another pathogenic mutation in LRRK2 is the substitution of tyrosine for cysteine at 1699. Protein

alignment in SnapGene identified this tyrosine in human LRRK2 to be equivalent to tyrosine at
position 1684 in zebrafish Irrk2, encoded by the codon TAT (figure 99). There were three possible
guide choices in this region. However, one of these had two target sites in the Irrk2 gene, as
shown using ChopChop software, and one demonstrated a predicted low efficiency of 32%. The

guide chosen had a predicted efficiency of 54% and resulted in the disruption of a Hpy188lI
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restriction site. Primers flanking this region were designed in Primer3 and tested using wildtype
DNA. Amplification using a gradient PCR and Hpy188l digest found that this primer pair produced
a single product that was digested as expected at all annealing temperatures (figure 99). To
assess the activity of this guide, it was injected into single-cell stage wildtype embryos and subject
to PCR amplification and Hpy188I digest at 24hpf. However, this guide did not appear to disrupt
the Hpy188l site as predicted (figure 99). It is possible that this was due to a poor injecting session
or this guide may truly be inactive. Re-testing this guide or testing one of the other available
guides in the region may have provided success, but to enable focus on those that were working

well, the Y1699C mutant was not taken any further during this project.

;\ human Irrk2 1%3PIGEEVLLVPSSLSDHRPVIELPNCENSEI!!RLYEHPMFPHGFWSRLINRLLE1SPVHLSGRERALRPNRHVWRQG!VLNWSPEAVCLVGSEVLDNHPESFLK!TVPSCRKGCILLGQV 1780
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zf k2 1647 PFDHDQLLIPSSLSDHRPVIELPHCENSEVIIRLYEMPJFPMGYWPRQISRLLEVSAFLLYGREKALKPNRIVWRKGIYLSWSAEAYCLVEALTLEENPASFIKITVPCSRKGRVLFGQV 1766

B TCATTCCTAGCAGTCTGTCAGACCACAGGCCAGTGATTGAGCTTCCTCACTGTGAGAATTCAGAAGTGATCATTCGACTATATGAGATGCCATATTTTCCGATGGGCTACTGGCCCAGACAGATCAGCCGTCTGCTGGAAGTGTCTGCATTCCTGCTCTA
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Figure 99. Development of the Y1684C Guide. A. Protein-protein alignment in SnapGene identified tyrosine (Y) at position 1699
in human LRRK2 to be equivalent to tyrosine at position 1684 in zebrafish Irrk2, highlighted in blue. B. In silico transcription of the
Irrk2 gene found this tyrosine to be coded for by TAT, highlighted in blue. C. The guide designed in this region disrupted a Hpy188/
restriction site. Green shows the target region of the guide RNA and pink represents the codon of interest. D. Gradient PCR test of
the primers designed around this region and digest with Hpy188Il. Numbers represent annealing temperatures used. E. The guide
was tested for efficiency by injecting into single-celled wildtype embryos and assessing DNA at 24hpf. No difference was seen
following digest with Hpy188l, suggesting the guide was not active. Ladder is 100bp [Bioline]. dig, DNA samples digested with
Hpy188I; Irrk2, leucine-rich repeat kinase 2; undig, undigested PCR product; zf, zebrafish.

5.2.9.7 12020T
A further LRRK2 mutation (12020T) was also created in zebrafish. Protein-protein alignment in

SnapGene identified isoleucine at position 2020 in human LRRK2 to be equivalent to isoleucine
at position 2010 in zebrafish (figure 100A). This isoleucine was found to be coded for by ATC
using in silico transcription (figure 100B). Due to its proximity to G2019S(human)/G2010S(zf), the
G2019 guide discussed in section 5.2.9.1 was also used for creating the dsDNA break needed for
HDR to achieve 12010T. Four codons are known to be translated to threonine, with ACA being the

most commonly used in the zebrafish genome (table 30).
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Table 30. Possible Codons for Threonine to Use in the Design of the 12010T Donor Oligonucleotide

Possible Codon Frequency (per thousand) Enzyme site added?
ACT 14.5 Btsal, Nb.Btsl, BtsIMutl, TspRI (multiple nearby
sites so not good), Fspl
ACC 16.2 Banl, NlalV, Acil (multiple nearby sites so not good)
ACA 17.0 None
ACG 7.4 BceAl (14bps downstream)

Table showing the possible codons that are translated into the amino acid glycine and their frequency in the zebrafish genome.
Final column describes restriction enzyme sites that are added into the DNA following mutation of wildtype codon to each of the
glycine codons. For more information, see methods section.

The PAM site for this guide (TGG) was made up of two codons: TAT/GGC.
All combinations of wobble bases in both codons still resulted in the presence of an NGG
recognition sequence in the DNA as glycine (GGC) can only be coded for by GGN. Consequently,
using the method of mutating the PAM to inhibit re-cleavage of the DNA was unfeasible.
Therefore, the guide sequence was heavily mutated to prevent binding of the gRNA to DNA that
had successfully undergone HDR. Wobble bases for five codons 5’ of the 12010 site were altered,
creating five bases that differed from wildtype and therefore the gRNA recognition site (table
31). Following this mutation, novel restriction enzyme sites were induced: Tsp5091, MIuCl, Fspl

and BsmFI (figure 100D).

Table 31. Codon Combinations to Create the 12010T Oligonucleotide.

ATC ACA GAC TAT GGC ATC (12010)

ATt ACt GAt TAc GGa Act
ACg GGt Acc
ACc GGg Aca

Bases in bold represent the wildtype DNA sequence of this region. Bases below each column show the possible codons that could
replace the wildtype sequence without altering the final amino acid sequence. The final codon is isoleucine at position 2010, the
target codon for this oligonucleotide. The codons below this are those which code for tyrosine. Lower case letters represent bases
that differ from the wildtype sequence. All combinations were tested using Primer3 software. For the optimal primer design, the
sequence in red was used: ATtACtGAtTAcGGgAct.

A human Irrk2 2017 DYGHAQYCCRMGIKTSEGTPGFRAPEVARGNVIVNQQADVYSFGLLLYDILTTGGRIVEGLKFPNEFDELEIQGKLPDPVKEYGCAPWPHVEKLIKQCLKENPQERPTSAQVFDILNSAE 2136
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zf Imk2 2007 DYGAQYCCSMGVRSSEGTPGFRAPEVARGNVIYNVQADVYSFGLLLYDLLTYGERISDGHMKFPSEFDEVAVQGKLPDPVKDYGCSPWPEIESLMRECHRENPQDRPTSAQVFDRLNSAE 2126

B AYTTGCACYGATCTATGAYBATCYACCGAGAGCTGAAGCCGCACAACGYTCTGCYGTTCAACCTGAAGACGGACGCYGAGAYCGTCGCYAAAATGACAGACTATGGCATGGCGGAGYAGTGCTGCAGCATGGGCGYCCGC!GGTCYGAAGGAACACCAGG

6080
rnnntsmnﬁmsna:mummnsﬁUcmancﬂcﬁscc,mTmcnanncnncnnmmuncﬁ:mccmcmm:rnucnucsnwTnmmcmnmccﬁn\ocscercnmncsacmcsnc:cGcnsncsrcunsncﬂccﬂmsmcc

Y LW S S M I I Y ®R DL K P H NV L L F N LKTODATETILIVAKTETOoY GENAT TYTCCSM MGV RS SEG T P 6 =

C LeftPamerl [GTCGACAAAGBACACGTTGG D Fatl cvian
Psil Mwol
Start: 142 Length:20bp Tm:594C GC:55.0°% ﬁj; End:00 TB:80 HP:399 ¥Sub 3§ Penalry: 0.580 Frosg Niall1
Teel BsaHl
Apekl
Right Primer 1 [GCGCagTeCCgTAaTCaGTa HoyGay Bl
Start: 392 Length: 20bp Tm:$99C GC:550% Apw:03 End:00 TB:50 HP:00 3Sub 27 Penalfy:0.102 b (=
Fruanl
Pair: Product Size: 251bp Apy: 39 End:02 TB:130 Penalty: 0.682 et
Apekl FusHI
|s» d to Primer3Manager Risel Form | N .;;u.,.:[ .
- Mool Dot Real =5
1 Donir Acul ovigr
Sauznl
Mboll Hpyoor Hhal
odal MuCl Fspl

act Bl Tap3091
HoVCHAIY  Acul BspCNI Bbsl) EcoP 151 v MNP

CTTCTECTATTCAACCTEAABACGBACOC TOABATCATCECTAAAAT LACTBAT TACEBGACEBCECAGTACTOCTECAGCATOOGCETCEOCABETCT
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Figure 100. Designing Primers for the 12010T Mutation in Zebrafish Leucine-Rich Repeat Kinase 2. A. Protein-protein alignment
in SnapGene found that isoleucine in position 2020 in human LRRK2 was equivalent to isoleucine at position 2010 in zebrafish Irrk2
(blue). B. In silico transcription identified ATC as the codon for this isoleucine (blue). C. The oligonucleotide-specific primers
designed using Primer3 software. Lower case letters represent bases that differ from wildtype. D. Restriction enzyme sites
following the mutation of the codon of interest and five wobble bases.
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The oligonucleotide-specific primer pair (figure 100C) was then assessed to ensure no
amplification of the wildtype DNA sequence occurs (figure 101A). The 127bp oligonucleotide
(table 32) was ordered from IDT and co-injected with the G2009 gRNA into wildtype zebrafish at
the single-celled stage. HDR was assessed using the oligonucleotide-specific primer pair, as
described previously, identifying a high rate of insertion (figure 101B). 100 injected embryos
were raised to adulthood and screened for germline transmission. Due to time constraints, only
one transmitter was identified for this line, after screening 32 adults. This male produced
offspring that carried the correct DNA sequence when outcrossed to wildtype (figure 102); 60 of

these were then raised to adulthood.

Table 32. 12010T Oligonucleotide Development

A. Original DNA GAAGACGGACGCTGAGATCGTCGCTAAAATCACAGACTATGGCATCGCGCAGTACTGCTGCAGC
ATGGGCGTCCGCAGCTCTGAAGGAACACCAGGTCTCGCTCATTTACCCATAATCCTCCTTTAA
B. Mutated DNA | GAAGACGGACGCTGAGATCGTCGCTAAAATtACtGALTACGGEACtGCGCAGTACTGCTGCAGCAT
GGGCGTCCGCAGCTCTGAAGGAACACCAGGTCTCGCTCATTTACCCATAATCCTCCTTTAA
C. ssODN T*T*AAAGGAGGATTATGGGTAAATGAGCGAGACCTGGTGTTCCTTCAGAGCTGCGGACGCCCA
TGCTGCAGCAGTACTGCGCagTcCCgTAaTCaGTaATTTTAGCGACGATCTCAGCGTCCGTCT*T*C
Table showing the stages of oligonucleotide development for the induction of 12010T mutation in zebrafish. A. Original 127bp
DNA sequence with the guide sequence shown in yellow, the PAM site underlined and the target codon in red. B. The 127bp
sequence following mutation (new codon plus wobble bases). The novel primer (reverse) is shown in blue, PAM site underlined
and target codon in red. Lower case letters represent base changes from wildtype. C. The ssODN that was ordered from IDT. It is
a reverse complemented version of the sequence in B. Stars represent bases that have been phosphorothioated.

12020T oligo + guide

- — s o
— Tl e T e e e

12020T oligo + guide

A 12020T, 251bp 5 e e

55 57' 59 61 63165

Guide only — no oligo

Rt @S e

Uninjected Samples

Figure 101. Electrophoresis Gel Showing Successful Insertion of the Zebrafish Equivalent of the 12020T Mutation. A. Assessment
of the oligonucleotide-specific primer pair found it was unable to amplify products of the correct length (red line, 251bp) in
wildtype DNA. B. DNA samples were collected at 1dpf from embryos injected with the R1441G oligonucleotide, guide RNA,
tracrRNA and Cas9 (top 2 rows); oligonucleotide only (middle left); guide RNA, tracrRNA and Cas9 only (middle right) or uninjected
samples (bottom row). Samples were run using the oligonucleotide-specific primer pair at 65°C. Blue line represents expected
product size after successful insertion. Ladder is 100bp [Bioline].
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Figure 102. Germline Transmission of the 12010T Mutation was Identified in Adult Zebrafish by Assessment of Their Offspring.
A. PCR using oligonucleotide-specific primers on the offspring obtained by crossing a zebrafish injected with the 12010T construct
with a wildtype zebrafish. Each lane represents a single embryo. Ladder is 100bp [Bioline]. B. Chromatogram following sequencing
of the DNA from a single embryo obtained from this cross. The table above shows the expected DNA sequence of the region in
wildtype zebrafish and in zebrafish following successful insertion of the construct. The embryo had both sequences, as expected.

5298 NI1437H
The final pathogenic LRRK2 mutation is the substitution of asparagine for histidine at position

1437. The zebrafish equivalent to this is asparagine at position 1424, coded for by AAC (figure
103A,B). A guide was designed in this region, with a cut site 1bp downstream of the codon of
interest, resulting in the disruption of an Msll restriction site. Primers flanking this region were
designed and tested using wildtype zebrafish DNA in a gradient PCR and MslI digest (figure 103D).
At an annealing temperature of 65°C, this primer pair produced a single product that was
completely digested following incubation with Msll for 2 hours. The gRNA for this region was
tested in wildtype embryos (described previously) and found to be approximately 60% efficient
based on the loss of the Msll site (figure 103E). A 127bp ssODN was then designed to target this
region. First, redundant codons for histidine were assessed for their usage in the zebrafish

genome, finding both to be common (table 34).
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Figure 103. Designing A Guide RNA to Target N1424. A. Protein-protein alignment of human and zebrafish Lrrk2 in SnapGene
shows asparagine at position 1437 in human LRRK2 to be equivalent to asparagine at position 1424 in zebrafish Irrk2 B. In silico
transcription identifies the codon for this asparagine as AAC. C. Restriction enzyme sites nearby the guide cut site (grey arrow),
highlighting the Msll cut site (blue). Green bar shows the region of the guide RNA and the pink bar shows the codon of interest.
D. Gradient PCR using primers flanking the target region followed by digest with Msll identified 65°C as the optimum annealing
temperature. Numbers represent annealing temperature used. E. Electrophoresis gel of DNA obtained at 24hpf from wildtype
embryos injected with the N1424 guide RNA, tracrRNA and Cas9 and amplified using the flanking primers. Samples were the
digested with Msll. Less digestion can be seen in injected samples compared to uninjected controls. Ladder is 100bp [Bioline]. dig,
digested with msll for 2 hours; Irrk2, leucine-rich repeat kinase 2; undig, DNA from PCR reaction.

Table 34. Possible Codons for Histidine to Use in the Design o

f the N1424H Donor Oligonucleotide

Possible Codon

Frequency (per thousand)

Enzyme site added?

CAT

10.9

None

CAC

14.8

None

Table showing the possible codons that are translated into the amino acid histidine and their frequency in the zebrafish genome.
Final column describes restriction enzyme sites that are added into the DNA following mutation of wildtype codon to each of the
glycine codons. For more information, see methods section.

However, mutating the zebrafish DNA to either codon would not induce any novel restriction
enzyme sites. However, as the PAM also needed to be mutated, restriction sites could be created
from altering wobble bases in the PAM. The PAM site was made up of two codons; AAG/GTG.
GTG (valine) could only be altered in the third position which would not affect the PAM.
Therefore, AAG (lysine) was mutated to the only other codon, AAA. After mutating both the
codon of interest and the PAM, five new restriction sites were induced: Mboll, Earl, Sapl, BspQl,
Nt. BspQl. Further wobble bases were altered by trial and error in Primer3 to identify
oligonucleotide-specific primers with the lowest penalty (figure 104). ssODN development is
summarised in table 35. Oligonucleotide-specific primers were tested using a gradient PCR on
wildtype zebrafish DNA, showing that no products of the correct size are amplified (figure 104).
The ssODN was then co-injected with the N1437 gRNA into wildtype zebrafish at the single-celled

stage to assess HDR using the oligonucleotide-specific primer pair, as described previously.
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However, no difference was seen between injected fish and controls at 24hpf, with no DNA being
amplified using the oligonucleotide-specific primers in any condition (figure 104). As mentioned
previously, HDR for N1424H was assessed at the same time as V1428H, which was also seen to
be unsuccessful. To determine whether the lack of PCR product was reproducible or the result of
a poor injecting session or DNA analysis, the N1424H construct was tested again in wildtype
larvae. Again, no bands of expected size were present following PCR (figure 105), suggesting that

this construct is unable to induce HDR in zebrafish Irrk2.
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Figure 104. Oligonucleotide Development to Induce a Zebrafish Equivalent of the N1437H Mutation into Leucine-Rich Repeat
Kinase 2. A. Screenshot taken from SnapGene showing the position of the N1437 guide in green, target codon in blue and
restriction enzyme sites above in wildtype zebrafish DNA. B. DNA sequence and restriction enzyme site following the mutation of
the target codon AAC to CAC as well as additional wobble bases. C. Design of the oligonucleotide-specific primer using Primer3
software. D. Testing the oligonucleotide-specific primer pair in wildtype zebrafish DNA demonstrated that this primer pair did not
amplify any products of the correct size. E. DNA samples were collected at 1dpf from embryos injected with the N1437H
oligonucleotide, guide RNA, tracrRNA and Cas9 (top 2 rows); oligonucleotide only (middle left); guide RNA, tracrRNA and Cas9
only (middle right) or uninjected samples (bottom row). Samples were run using the oligonucleotide-specific primer pair at 65°C.
Blue line represents expected product size after successful insertion. Ladder is 100bp [Bioline].
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Table 35. N1424H Oligonucleotide Development
A. Original | GCGAGATCCACGCCATCAAACCCTGGCTCTTTAACATTAAGGTGAGAAGGATTTCACCACATGCTTTGAT

DNA CCAAATCAAACATTGCTTAAGGGGTCTTATAATATTGACCTTAAAATGGGTTTAAAG
B. Mutated | GCGAGATCCACGCCATCAAACCCTGGCTCTTccACATCAAaGTGAGAAGGATTTCACCACATGCTTTGATC
DNA CAAATCAAACATTGCTTAAGGGGTCTTATAATATTGACCTTAAAATGGGTTTAAAG

C. ssODN C*T*TTAAACCCATTTTAAGGTCAATATTATAAGACCCCTTAAGCAATGTTTGATTTGGATCAAAGCATGT
GGTGAAATCCTTCTCACtTTgATGTggAAGAGCCAGGGTTTGATGGCGTGGATCTC*G*C

Table showing the stages of oligonucleotide development for the induction of N1424H mutation in zebrafish. A. Original 127bp
DNA sequence with the guide sequence shown in yellow, the PAM site underlined and the target codon in red. B. The 127bp
sequence following mutation (new codon plus wobble bases). The novel primer (reverse) is shown in blue, PAM site underlined
and target codon in red. Lower case letters represent base changes from wildtype. C. The ssODN that was ordered from IDT. It is
a reverse complemented version of the sequence in B. Stars represent bases that have been phosphorothioated.

Injected samples 'Control samples

Figure 105. Re-testing the N1424H Construct in Wildtype Zebrafish. Wildtype zebrafish were injected with N1424H
oligonucleotide, guide RNA, tracrRNA and Cas9 and DNA extracted from these embryos at 24hpf. For control samples, DNA from
uninjected siblings was used. DNA was amplified by PCR using the oligonucleotide-specific primer pair and run by gel
electrophoresis. Blue line represents expected product size following successful insertion of the new DNA sequence.
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5.3 Discussion
The aim of chapter two of this thesis was to explore the function of Lrrk2 in zebrafish, with a

particular focus on its role in PD and inflammation. To ensure that studying this protein in
zebrafish had relevance to human PD, where LRRK2 mutations and SNPs have been implicated in

disease processes, genetic comparisons between organisms were initially conducted.

In silico data supported Lrrk2 as the zebrafish orthologue of human LRRK2, having a conserved
protein domain structure and both amino acid and DNA similarity. Although the overall identity
between organisms was less than 50% at both the DNA and amino acid level, a comparison of
each protein domain independently found high levels of similarity. Of particular importance, the
kinase domain demonstrated over 70% identity between organisms, suggesting that the most
important functional domain represents an evolutionarily conserved region of the protein. It was
difficult to compare chromosomal synteny between organisms as human LRRK2 had only four
other genes within a 1Mb region. Nevertheless, of these, one gene was also found in the same
size region surrounding Irrk2 in the zebrafish genome, indicating some level of conserved
synteny. It is important to remember, however, that this conservation does not necessarily
equate to conserved protein properties. For example, in mice, Lrrk2 shares 88% identity to
human LRRK2 and yet the biochemical properties, including stability, expression levels and
activity, differ significantly (Langston et al., 2019). Despite this, the presence of a true LRRK2
orthologue in zebrafish suggests that this model may be a useful tool to assess the role of this
protein in an in vivo system. The lack of multiple Irrk2 splice variants, or paralogues resulting from
genome duplication, reduces the likelihood of compensation mechanisms occurring. It is
possible, however, that Lrrk1, a structurally similar protein, may compensate for a loss of Lrrk2
function. It has been suggested that LRRK1 and LRRK2 may have redundant functions in mammals
(Biskup et al., 2007), although expression patterns of each paralogue in zebrafish differ
considerably, overlapping only in distinct areas (Suzzi, 2017; Suzzi et al., 2021). This is discussed

in further detail below.

In wildtype zebrafish, Irrk2 mRNA was found to be expressed throughout development from 1-
5dpf. This supports existing literature where Irrk2 transcript levels have been shown to gradually
increase throughout larval development (Sheng et al., 2010). To further explore the spatial
expression of Irrk2, in situ hybridisation was conducted in wildtype 5dpf larvae. The results from
this experiment were inconclusive, as the staining pattern observed following different staining

times were markedly different. Initially, it appeared that Irrk2 mRNA was upregulated in specific
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tracts of the zebrafish brain. However, this pattern was also seen in control larvae following a
longer incubation with the staining buffer, suggesting that this was nonspecific. The absence of
specific staining with the antisense probe may be a result of using older larvae, preventing
penetrance of the probe into their more developed tissues. The experiment was repeated using
3dpf larvae, which resulted in staining in the head region from the antisense probe that was not
seen in the sense probe. This expression pattern mimics that seen in another study published
this year, where Irrk2 expression was ubiquitous before 24hpf but became restricted to the head
during development (Suzzi et al., 2021). Previous literature, from which the riboprobe sequences
were acquired, also report ubiquitous brain expression at both 24hpf and 6dpf (Sheng et al.,
2010). Immunohistochemistry against the Lrrk2 protein has also identified Lrrk2 in the CNS, as

well as in the heart and kidney, of wildtype larvae (Prabhudesai et al., 2016).

In this project, RT-PCR also identified Irrk2 mRNA in adult brain tissue, which has also been found
at the protein level (Sheng et al., 2010). This implies a role of Lrrk2 in the function of the zebrafish
CNS under basal conditions. This is unsurprising since LRRK2 is reported to have a wide variety of
functions in vital cellular pathways, particularly in CNS immune cells and during neuronal

development (See review by Harvey and Outeiro (2019)).

The expression profile of Irrk2 suggests a continued, important role throughout life, potentially
being required during zebrafish patterning and also for normal functioning in adulthood. The
staining patterns obtained mimic the expression data demonstrated for human LRRK2 as
discussed in the chapter introduction. To explore this protein further, a Irrk2 knockout line was
created using CRISPR/Cas9 targeting exon 19 of zebrafish Irrk2. The mutation induced led to the
introduction of a premature stop codon and resulted in nonsense-mediated decay of the

resulting mRNA, as shown by qPCR.

Whilst studying a loss-of-function mutation may seem counterintuitive in a gene that usually
shows gain-of-function pathogenesis, there are many benefits. Loss-of-function models enable
study of the biological role of proteins. By understanding the effects of an absence of a particular
protein, inferences can be made about its role under basal conditions. Whilst LRRK2 function has
been studied in detail in mammalian systems, its role in zebrafish has not been fully determined

as currently available zebrafish models have important limitations (discussed in detail below).

Furthermore, as a risk gene, LRRK2 SNPs are plentiful and some may confer reduced activity

rather than result in the usual gain-of-function seen in LRRK2 Mendelian cases. For example,
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G2385R has been described as a loss-of-function SNP in LRRK2 (Carrion et al., 2017) and both
G2385R and R1941H have been demonstrated to result in reduced kinase activity (Jaleel et al.,
2007). Similarly, 12020T presents as a dominant negative mutation that increases the degradation
of wildtype LRRK2 with which it forms heterodimers (Ohta et al., 2013) and is also associated
with reduced kinase activity (Jaleel et al., 2007). However, recent genetic studies have concluded
that loss-of-function mutations in LRRK2 are not associated with disease, Parkinson’s or

otherwise (Whiffin et al., 2020).

Finally, since LRRK2 mutations are primarily gain-of-function, future personalised therapy is likely
to target LRRK2 activity. This option also offers therapeutic use more broadly in idiopathic PD
because LRRK2 kinase activity has been identified as increased in dopaminergic neurons in
idiopathic cases where LRRK2 mutations were not identified (Di Maio et al., 2018). Likewise,
inhibiting LRRK2 kinase activity using a brain-penetrant compound was able to protect rats
against the endolysosomal impairment, a-synuclein accumulation and nigrostriatal dopaminergic
neuron degeneration in response to rotenone (Rocha et al., 2020). Using LRRK2 inhibitors in cases
where LRRK2 hyper-activity is not thought to be the main the cause of pathogenesis would likely
result in decreasing LRRK2 function to below basal conditions. The effect of this remains relatively
unknown at this time. By studying the effect of a complete loss of Irrk2 function in zebrafish, it
may be possible to predict potential side effects that may occur with such interventions in
humans. It is especially important to study this in an in vivo system as LRRK2 appears to have
conflicting roles in different regions. In the periphery, for example, LRRK2 appears to be
protective against infections, such as Listeria (Zhang et al., 2015) and Salmonella (Gardet et al.,
2010; Shutinoski et al., 2019). Therefore, inhibiting LRRK2 in the entire body may present

problems with an increased risk of infection.

The resulting Irrk2- mutant zebrafish were viable, fertile and appeared morphologically identical
to their wildtype siblings. Given the involvement of Lrrk2 in many cell-critical pathways, the lack
of a severe phenotype was somewhat surprising. Indeed, previous morpholino zebrafish studies
report a complete loss of Irrk2 as an embryonic lethal mutation (Sheng et al., 2010), although this
has not been supported in later morpholino study (Suzzi et al., 2021). Zebrafish lacking the entire
Irrk2 locus are also viable (Suzzi, 2017; Suzzi et al., 2021) and LRRK2 knockout in other animals,
including mice (Hinkle et al., 2012; Lin et al., 2009; Pellegrini et al., 2018; Tong et al., 2010), rats
(Baptista et al., 2013; Ness et al., 2013) and drosophila (Lee et al., 2007; D. Wang et al., 2008)

also report viability, usually without any obvious phenotype. This suggests that the role of LRRK2
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in seemingly vital cell survival pathways may have a redundant role that can be compensated for

by other proteins, a capacity that seems evolutionarily conserved across organisms.

Due to the similarity in structure between LRRK1 and LRRK2, it is reasonable to question whether
these proteins are functionally redundant and a reason for the absence of an obvious phenotype
in these animal models. Attempts to associate LRRK1 with PD have been unsuccessful. The
sequencing of people with PD has, on multiple occasions, found no segregating amino acid
substitutions (Haugarvoll et al., 2007; Taylor et al., 2007). Likewise, the probing of specific LRRK1
variants in PD patient populations also concluded that there were no associations with disease
(Chung et al., 2011; Dachsel et al., 2010). Additionally, LRRK1 loss-of-function variants have been
identified in PD patients at the same frequency as the general population (Blauwendraat et al.,
2018), suggesting they have no impact on the risk of disease. Furthermore, LRRK1 proteins
carrying corresponding amino acid substitutions to well-known LRRK2 mutations appear less
toxic than their LRRK2 counterparts and result in less inclusions in cell-based, in vitro assays

(Greggio et al., 2007).

However, one LRRK1 variant (p.L416M SNP) has been suggested to lower the age of onset in PD
patients carrying the G2019S LRRK2 mutation (Dachsel et al., 2010). p.L416M is also thought to
act as a protective variant in other cases of PD (Dachsel et al., 2010). Despite these data not being
conclusive, it is possible that LRRK1 may be a disease modifying gene, having a modulatory role

in PD resulting from other causal mutations, rather than directly causing the disease itself.

Research also suggests that LRRK1 and LRRK2 have distinct biological roles and both paralogues
have been shown to interact with different proteins on multiple occasions. A dual-method
protein-protein interaction screen, whilst identifying some common interactors, primarily
concluded that each paralogue has its own distinct interactome (Reyniers et al., 2014). The
authors admit to having false positives and negatives within their dataset, as borne out by other
research, and more recent reports have found that only low numbers of previously published
LRRK1 and LRRK2 interactors are replicated across studies (Tomkins et al., 2018). Nevertheless,
specific examples, such as the ability of LRRK1 but not LRRK2 to interact with GRB2 during EGFR
signalling (Hanafusa et al.,, 2011), have been separately researched and verified. From an
inflammatory standpoint there are also differences between the LRRK paralogues. Whilst LRRK2
expression is increased in hPBMCs in response to inflammatory stressors, including IFN-y, IL-6
and TNF-a, this is not the case for LRRK1, whose expression remains constant when exposed to

these cytokines (Thévenet et al.,, 2011). To further support the diverging roles of the LRRK
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paralogues, LRRK2 inhibitors appear to have no effect on LRRK1 (Li et al., 2014), suggesting that
their structure and/or functions differ. Additionally, Lrrkl is unable to compensate for Lrrk2
during synaptic transmission and vesicle release, demonstrated in mouse hippocampal slices

(Maas et al., 2017).

Whilst structurally LRRK1 and LRRK2 appear to have a high degree of homology, most research
suggests that these paralogues are not functionally redundant. Each protein appears to have
overlapping but distinct expression patterns, binding partners, kinase targets and regulation.
However, these diverging functions do not mean that under pathological conditions there is no
interplay between the LRRK paralogues and that in the complete absence of LRRK2, LRRK1 is
unable to partially compensate. Given this, it is still important to determine the effect of LRRK1
in LRRK2 knockout models. Irrk1 expression was assessed in the /rrk27- mutant zebrafish during
this project, where an upregulation was not identified, suggesting that this was not the reason

behind the absence of phenotype seen in these mutants.

PD is primarily recognised as a movement disorder and bradykinesia is described in LRRK2-
associated cases, where tremor is also more commonly reported than in idiopathic PD (Healy et
al., 2008). To determine whether disruptions to movement were seen in zebrafish with a reduced
expression of Irrk2, behavioural analysis was conducted on larval (5dpf) and adult (12-month old)

zebrafish using the ZebraBox and Viewpoint software.

No significant differences in movement were identified between /rrk27- mutant zebrafish and
their wildtype siblings at 5dpf. This replicates other zebrafish loss-of-function mutants, both
knockdown (Ren et al., 2011) and knockout (Suzzi, 2017; Suzzi et al., 2021) models, where no
defects in swimming behaviour were identified at 5-6dpf. However, Sheng et al. (2010) reported
a reduced distance travelled by larvae when the WD40 domain was disrupted using morpholinos,
which was rescued by human LRRK2 expression and L-dopa treatment. Furthermore, the whole
locus deletion reported by Suzzi (2017) developed swimming defects (stop-go behaviour) by
10dpf, which were absent at 5dpf. These inconsistencies could reflect differences in the model

used or in the methodology of assessing movement, both of which varied by study.

Despite the loss of Irrk2 having no effect on movement at 5dpf, it is possible that Irrk27- zebrafish
develop changes to their movement later in life. PD is a disease of aging, with signs and symptoms
appearing during late adulthood in patients and so movement was also assessed in adult

zebrafish. Sheng et al. (2018) also reported varied movement data depending on batch in larval
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zebrafish, as was also seen during the current project, but were able to demonstrate significant

differences in adulthood in Irrk2 loss-of-function mutants.

However, no differences were identified in the movement of Irrk2”- zebrafish at 12mpf in this
project. Previously reported Irrk2 mutations have been shown to result in hyperactivity of adult
(8-22mpf) zebrafish (Sheng et al., 2018). However, this mutation occurred only in the final WD40
domain of Irrk2; when analysing complete loss-of-function mutants, such as the whole locus
deletion reported by Suzzi (2017), the differences in adult movement at 6mpf were minimal and
when reported in publication were said to be absent (Suzzi et al., 2021). Mouse knockout models
also report no changes in movement (Herzig et al., 2011; Lin et al., 2009), although this is not
supported by all research groups (Hinkle et al., 2012). The effect of a loss of LRRK2 on movement
in vivo appears to be inconclusive, even within organisms. Logically, if pathogenic mutations in
LRRK2 are primarily gain-of-function, then movement abnormalities associated with PD would
be unlikely to occur in knockout models. However, the involvement of LRRK2 in multiple cellular
pathways could suggest substantial changes to cell function that leads to a nonspecific effect on

movement as well as other areas.

A hallmark of PD pathology is the loss of dopaminergic neurons in the SNpc. This has been
demonstrated in the brains of patients with LRRK2 mutations, where the substantia nigra
appeared depigmented on post mortem analysis, supported by reduced TH staining (Takanashi
et al.,, 2018). Gain-of-function mutations resulting in increased LRRK2 activity have been
suggested to result in this neuronal loss due to the toxicity of increased kinase activity, as kinase-
dead LRRK2 was unable to cause neuronal death (West et al., 2007). This would suggest that the
current zebrafish model, which in theory possessed reduced/absent kinase activity due to low
expression levels of a truncated mRNA, would not result in dopaminergic neuronal toxicity.
However, cell culture studies have suggested that a loss of LRRK2 can prevent the differentiation
of dopaminergic neurons (Milosevic et al., 2009). Since this zebrafish was a stable mutant, Lrrk2
should have been absent from fertilisation, including during the development of the nervous
system. Therefore, dopaminergic neurons in Irrk27- larvae were assessed, with the hypothesis
that mutants would demonstrate reduced numbers in DC2 and DC4/5 due to possible inhibition

of differentiation during early development.

Irrk27/- mutant zebrafish did not demonstrate any changes to the number of dopaminergic
neurons at 3dpf. Whilst not supporting the current hypothesis, this data corroborates other

zebrafish models where morpholinos targeting Irrk2 also failed to alter mRNA levels of the
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dopamine transporter (dat) or tyrosine hydroxylase (th) at 3dpf (Ren et al., 2011). However, other
zebrafish Irrk2 morpholino models do report reduced th or dat levels in larvae (Prabhudesai et
al., 2016; Sheng et al., 2010). The model most similar to the present Irrk27- mutant, the entire
locus deletion, reported varying levels of th mRNA depending on age; reduced at 5dpf, normal at
10dpf and normal at 6 months (Suzzi, 2017). In agreement with this RNA data, a reduction in Th1+
cells was observed in multiple brain regions, including the diencephalic populations, using a Thl
antibody in this mutant at 5dpf, a phenotype that was not evident at 6mpf (Suzzi et al., 2021).
Mouse models with LRRK2 knockout mutations also report no changes to dopaminergic neurons
(Andres-Mateos et al., 2009; Giaime et al., 2017; Herzig et al., 2011; Hinkle et al., 2012; Lin et al.,
2009; Tong et al., 2010) and this is also seen in most drosophila models (Imai et al., 2008; D. Wang
et al., 2008), although reduced th was reported in one mutant (Lee et al., 2007). Given the

previous literature, the lack of a neuronal phenotype in the Irrk27-mutant is not unexpected.

Mice harbouring the G2019S mutation display a mild phenotype that is exacerbated by exposure
to MPTP, including selective dopaminergic neuronal death (Arbez et al., 2020). Importantly, this
enhanced neuronal death was not seen when mice were treated with a kinase inhibitor,
suggesting that the gain of kinase function resulting from the G2019S substitution was
responsible for the increased susceptibility to this toxin. Therefore, the hypothesis that Irrk27/
zebrafish, as a loss-of-function mutant, would be less severely affected by MPP+ than wildtype
fish seemed logical. However, treatment of /rrk2”- mutant larvae with MPP+ from 1-3dpf did not
result in a more or less severe loss of dopaminergic neurons compared to their wildtype siblings.
However, although an increase in Lrrk2 activity appears to lead to an increased susceptibility to
MPTP, this does not necessarily mean that the opposite is true and basing a hypothesis on this
may have been naive. An absence of Irrk2 in larval zebrafish appears to have no effect on

dopaminergic neuronal number or their susceptibility to MPP+.

As discussed in the introduction to this chapter, LRRK2 positively regulates inflammation via
microglia and is required for their full response. LRRK2 has been demonstrated to be upregulated
at the protein level in activated microglia in both mouse and cell-based models (Moehle et al.,
2012). Furthermore, studies on manganese exposure, which activates LRRK2, have shown that
this results in the apoptosis of microglia and macrophage cell lines, effects not seen when LRRK2
was inhibited (Kim et al., 2019). This literature suggests that an absence of Irrk2 may lead to a
reduced inflammatory state in the CNS, but may increase overall microglial numbers due to the

reduction in apoptosis.
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To assess the inflammatory phenotype of Irrk27- zebrafish, microglial number and activation was
initially assessed in 5dpf larvae, finding no change in either parameter compared to their wildtype
siblings. In vitro, microglia exposed to LRRK2 kinase inhibitors were unable to undergo
morphological remodelling to become amoeboid in response to LPS (Moehle et al., 2012).
Therefore, using morphological changes as a readout for microglial activation may not be valid in
this genetic model; cells that are activated may be unable to display the usual morphology due
to the loss of Lrrk2. However, some microglia were identified as amoeboid during image analysis,
suggesting that the effects seen in vitro may not be present to the same extent in vivo, at least in
the zebrafish. Previous animal models of LRRK2 knockout differ in their findings regarding
microglia. Mice lacking LRRK2 have been shown to have both increases (Lin et al., 2009) and no
changes (Tong et al., 2010) in microglia number depending on publication. In zebrafish, the whole
locus deletion of Irrk2 was reported to result in a reduced number of microglia that appeared
larger and more ramified at 5dpf, but were indistinguishable from wildtype at 10dpf and in adults
(Suzzi, 2017; Suzzi et al., 2021). This increase in ramification could corroborate results from cell-
based models suggesting an inability to develop an amoeboid morphology, although the loss of
this effect at later stages is unclear. It is relevant to mention that this analysis was on L-plastin
labelled cells, whereas the current mutant was assessed using 4c4 immunolabelling, which could

potentially mean that different cell populations were assessed between models.

The phenotypes seen in mouse and cell models discussed above were only evident following
exposure to microglial-activating compounds or toxins. Therefore, the absence of a microglial
phenotype under basal conditions is unsurprising. It is plausible that following stimulation of the
system, a phenotype may become evident. The Bandmann Laboratory had previously established
a technique to assess microglial response involving the injection of zymosan directly into larval
zebrafish brains (Larbalestier et al., 2021). Using this methodology on the /rrk27/- mutant may
have revealed a microglial phenotype but due to issues with this line, discussed below, these

experiments were not completed.

It may also be more relevant to study other aspects of inflammation besides microglial activation
in Irrk2”- zebrafish. The brain pathology of patients carrying LRRK2 mutations do not always
demonstrate activated microglia, but neuroinflammation, including the activation of astrocytes,
is usually reported (Takanashi et al., 2018). In zebrafish Irrk2 mutants, evidence of altered
inflammation elsewhere in the fish has been shown in multiple models, including ZFN-induced

mutants, CRISPR- induced mutants and morpholino knockdowns (Prabhudesai et al., 2016; Sheng
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et al., 2018; Suzzi, 2017). Phenotypes included a weakened anti-bacterial response, reduced
leucocyte response to external inflammation and an increase in ROS in the tail. Furthermore,
RNAseq pathway analysis using the ZFN-induced 5bp deletion in the WD40 domain identified
“infectious disease” and “immunological disease” as altered groups alongside the expected
“neurological function” (Sheng et al., 2018). To assess inflammation more broadly in this line,
Irrk27- mutants had been crossed into fluorescent reporter lines and gPCR against inflammatory
mediators was planned, as reported for acmsd in chapter 4, but due to issues with this line,

discussed below, these experiments were also not completed.

There are a number of Irrk2 loss-of-function zebrafish models currently available, but each is not
without limitation. The majority of published models were created using morpholinos targeted
to either prevent translation or splicing of Irrk2 mRNA (Prabhudesai et al., 2016; Ren et al., 2011,
Sheng et al., 2010). These knockdown models present a number of widely accepted issues
including the inability to determine knockdown effectiveness and the differences in genetic
compensation between stable mutants and mophants, creating phenotypes that are often more
severe. Additionally, the effects of a morpholino are usually transient, lasting for around four
days in zebrafish. Perhaps the most concerning issue with morpholino models are the off-target
effects, particularly that resulting from cell death via activation of p53, which can result in a

number of phenotypes unrelated to the gene of interest (Robu et al., 2007).

Stable mutants are often more reliable when studying the effects of a loss-of-function. One
reported Irrk2 stable zebrafish line was created using zinc finger nucleases (Sheng et al., 2018).
Whilst overcoming the issues of morpholino knockdown models, this mutation targeted the
WD40 domain of the protein, creating an expressed but truncated version of Lrrk2. Since this is
the final domain of Lrrk2, the truncated protein likely retains at least some of its activity due to
the presence of both catalytic domains and almost all of its amino acid sequence, which may
assist in secondary structure formation and binding to its usual targets. It is unlikely that this line

represents a true loss-of-function phenotype because of this.

The Irrk2”/- mutant created in the current project presents a stable mutant line that resulted in
reduced expression levels of mutated Irrk2 mRNA. Furthermore, due to the formation of a
premature stop codon, translation of any remaining mRNA would result in a truncated protein
lacking five of the seven Lrrk2 protein domains, including both enzymatic domains. This would
result in a protein without kinase or GTPase activity. The amorphic model, created using CRISPR-

Cas9 to delete the entire Irrk2 locus (Suzzi, 2017; Suzzi et al., 2021), may be a superior model to
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the one used during this project since no truncated protein can be produced. However, the low
levels of mMRNA and early stop codon in the current mutant would mean that any potential
protein translated would be minimal and almost certainly non-functional, suggesting that this

mutant was equally valid.

Unfortunately, following full characterisation of the stable /rrk27- mutant, gPCR data revealed
that this line no longer showed the reduction in Irrk2 mRNA that was detected when it was first
created. Levels were assessed alongside Irrk1 during compensation experiments and the results
were unexpected. This may explain the absence of a phenotype in this line and why functional
assays carried out by external collaborators did not see a reduction in Lrrk2 kinase activity of the
Irrk2”- homozygous mutant, as expected. Due to these findings, this line was culled and no future

experiments were carried out as planned.

Whilst it is impossible to know why this loss of nonsense-mediated decay occurred, re-
sequencing of new DNA confirmed that it was not due to a change in DNA sequence at the initial
mutation site; the 5bp deletion was still present in the Irrk2 gene. The initial gPCR was conducted
prior to the start of this project and access to the original data was not possible. The expression
of Irrk2 in the wildtype samples from this initial dataset demonstrated a large variance that was
not seen in the Irrk27- samples. It is possible that outliers in the initial dataset gave the impression
of a loss of RNA expression, but without knowing the individual values for each replicate it is
impossible to evaluate. Nevertheless, the loss of expression was suggested to be significant,
although the use of a one-tailed (as opposed to the two-tailed) t test in this case may have
afforded less power to the statistics, making the difference appear significant even if this was not
the case. Again, without accessing the raw data, it is impossible to conclude such possibilities. It
is important to note that an absence of nonsense-mediated decay does not mean that a mutation
is not pathogenic, but the loss of this phenotype between generations was concerning. If the loss
of nonsense-mediated decay is real, one explanation may be that additional compensatory
mutations may have been introduced throughout the generations. For example, the introduction
of a novel splice site may have resulted in the induced mutation being skipped and therefore no
longer resulting in a premature stop codon and the subsequent degradation of mRNA. This
possibility, whilst unlikely, would also explain the lack of difference found in functional assays.
Without sequencing the entire Irrk2 locus any suggestions are speculative and whilst it would be
interesting to explore such compensatory mechanisms, this was beyond the scope of the current

project.
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To enable the continued research into the effect of a loss of Irrk2 function in zebrafish, another
method was employed, the CRISPant technique. Using two highly active guides that targeted the
Irrk2 gene, zebrafish with a predicted loss-of-function mutation were generated. Only basic
overall larval morphology, th1+ cells and response to MPP+ were assessed in the /rrk2 CRISPants,
all of which were found to be indistinguishable from wildtype. The data from these experiments
supported that collected from the stable mutant line, suggesting that mutations in /rrk2 have no
effect in zebrafish larvae. However, whilst the guides were highly active at inducing indels in the
zebrafish DNA, the effect of these mutations or the percentage of cells carrying them remains
unknown using this technique. Therefore, data from CRISPant work alone should be interpreted

with this in mind.

The CRISPant approach was also used to explore the gene-gene interaction between Irrk1 and
Irrk2. Irrk1 CRISPants were intended to be combined with the stable /rrk27- mutant. However, as
this line appeared to have no loss-of-function, it was decided to combine Irrk1 and Irrk2 CRISPants

together to assess a possible effect of mutating both paralogous genes.

Initially Irrk1 CRISPants were assessed alone, identifying no changes to larval survival, overall
morphology, thl+ cell counts or susceptibility to MPP+. This is in concordance with mouse
models, where a knockout of Lrrk1 also had no effect on survival or th+ cells (Giaime et al., 2017).
The only effect observed in this knockout mouse was an age-dependent reduction in body weight
compared to their littermates. However, other groups have found that mice lacking Lrrk1, whilst
displaying no developmental defects at birth, possess a vulnerability to starvation and lysosomal
dysfunction that resulted in half of the homozygous mutants dying by 1 day old (Toyofuku et al.,
2015). This is in contrast to that seen in mice reported by Giaime et al. (2017) and in zebrafish

reported in this thesis.

Interestingly, with relevance to inflammation, a mouse Lrrk1 knockout model was also found to
have an increased number of B cells in the spleen and altered immunoglobulins in the blood,
despite a normal response to LPS (Morimoto et al., 2016). Inflammation was not assessed in the
CRISPants created as a part of this project, but this data suggests that exploring inflammatory

phenotypes in Irrk1 CRISPants may be relevant.

The primary effect of a loss of Lrrk1 appears to be on osteoclasts, as discussed in the introduction
to this chapter. Mice with homozygous Lrrk1 loss-of-function mutations appear healthy during

the 1t year of life but develop osteopetrosis as they age (Brommage et al., 2014; Xing et al.,
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2013). This suggests that whilst appearing healthy at the larval stage, there may be abnormalities
in the Irrk1 CRISPants that are not yet evident, particularly with respect to bone health. Further
experiments would be needed to assess this. However, as this project was primarily interested in
its interaction with /rrk2 and relevance to PD, no additional experiments were conducted on the

Irrk1 CRISPants.

In mouse models, it has been shown that a loss of both Lrrk paralogues results in the emergence
of phenotypes that are not present in either mutant alone (Giaime et al., 2017; Onishi et al.,
2020). To assess whether this may also be the case for zebrafish, Irrk1 and Irrk2 CRISPant
approaches were combined to create Irrk1/2 double CRISPants, with mutations in both Irrk
paralogues. As before, no changes to the overall phenotype or th1+ cell number was observed in
the double CRISPants. A reduction in th+ cells was seen in double Lrrk mouse mutants, but only
from 14 months of age (Giaime et al., 2017), so the assessment at 3dpf may be too early a time
point to observe any differences. In fact, most of the phenotypic changes identified in double
knockout mice were age-dependent, including a reduction in body weight, reduction in striatal
dopamine, and an increase of a-synuclein in the brain. These mice also demonstrated a reduced
overall survival, suggesting that the Irrk1/2 double CRISPants may need to be assessed into

adulthood to observe a phenotype.

However, this project did identify that the /rrk1/2 double CRISPants appeared more susceptible
to the effects of MPP+, having less th1+ cells following exposure compared to controls. This
would suggest that whilst the loss of either paralogue alone has no effect on dopaminergic
neurons, the loss of both Irrk paralogues may make this neuronal population more susceptible
to external damage. However, despite being significant, the actual difference in cell number was
minimal (a mean decrease of 2 cells) and, therefore, unlikely to be biologically relevant. The use
of a subjective measurement for this also creates the possibility of this result being inaccurate;
because the absolute difference in cell number was small, even slight miscounts of cells could
have resulted in this significant difference. To confirm this result, the experiment should be
repeated with a second counter or the loss of dopaminergic neurons explored using a different
method, such as the ETvmat2:GFP transgenic line or by th1 RNA analysis. It is also important to
confirm such findings in a stable mutant line. This was not explored during this project due to the
minimal effect seen and to allocate additional time to the creation of more biologically relevant

Irrk2 lines.
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It is important to note that no changes in RNA of either Irrk paralogue was seen in any CRISPant
created as part of this thesis. However, conclusions in the double CRISPant cannot be drawn due
to issues with one replicate of the gPCR. It is also important to note the implicit limitations of the
CRISPant technique resulting from specificity. CRISPR can result in the induction of large deletions
and off-target mutations (Adikusuma et al., 2018), predicted to occur in up to 2.5% of cases
(Hruscha et al., 2013). These are usually removed by outcrossing during the generation of a new
stable mutant line. However, this does not occur when using CRISPants, as experiments are
conducted directly on the injected embryos. Variants of Cas9 known to have increased specificity
could be used to reduce the likelihood of these off-target effects occurring, but these variants
often also result in reduced DNA cleavage at the target site (Jamal et al., 2018). Whilst this may
be less important in the creation of a stable mutant line, when using the CRISPant approach it is
paramount that guide activity is high to ensure larvae have significant reductions in expressed

genes.

The final aim of this chapter was to generate new stable mutant zebrafish lines with targeted
mutations in Irrk2. Single amino acid changes in the LRRK2 protein sequence have been identified
to result in a number of familial PD cases. Therefore, studying zebrafish harbouring equivalent
mutations may better recapitulate patient pathology, creating a more relevant in vivo model to
study PD. CRISPR was used to induce specific mutations via the co-injection of gRNA, tracrRNA

and Cas9, and a single-stranded DNA oligonucleotide that acted as a template for HDR.

The technique of using CRISPR technology to induce specific amino acid changes is a relatively
new technique that has been scarcely utilised in zebrafish. Whilst CRISPR has been used to induce
knock-ins for many years, the first report of germline transmission of a specific edit to the
zebrafish genome was in 2016 (Armstrong et al., 2016). It was quickly demonstrated that 127bp
asymmetrical ssODNs afford an increased efficiency at successful editing compared to
symmetrical ssODNs in cells (Liang et al., 2017; Richardson et al., 2016) and later in zebrafish
(Prykhozhij et al., 2018). Likewise, ssODNs complementary to the target strand are also thought
to increase the efficiency of gene editing (Prykhozhij et al., 2018; Richardson et al., 2016).
Although this is not supported in other studies (Liang et al., 2017) and has been suggested to be
locus dependent (Hwang et al., 2013), there are no reports of such a design resulting in less
efficient editing. Therefore, all oligonucleotides used in the current project to create the novel
Irrk2 lines were designed as antisense, asymmetrical ssODNs. Additionally, the Cas9 cleavage site

was designed as close as possible to the intended base changes, since an inverse relationship
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between this distance and editing success has been identified in all previous studies (Liang et al.,
2017; Paquet et al., 2016; Prykhozhij et al., 2018). Finally, phosphothioate was incorporated into
the ssODNs during this project, as this had also been shown to improve efficiency (Liang et al.,
2017; Prykhozhij et al., 2018). Whilst not effecting the number of positive founders,
phosphothioate addition is thought to result in a higher number of offspring from positive

founders with the correct edit (Prykhozhij et al., 2018).

The founders for these lines were screened by outcrossing and analysis of their offspring. Whilst
it may have been quicker to finclip these injected fish, a positive result would not necessarily
mean that the mutation would show germline transmission. It has also been shown that some
positive transmitters can be missed using the finclipping technique (Zhang, Zhang, et al., 2018).
During screening, it was common to identify larvae that consistently generated positive bands
via the oligonucleotide-specific PCR, but when sequenced would show only the wildtype DNA
sequence. The reason for this is unclear, but this anomaly was observed in all four lines.
Furthermore, some of the founders, when screened by sequencing, were found to have the
correct sequence as well as additional indels. The addition of mutations at wobble bases in the
PAM site was included to reduce the likelihood of Cas9 re-cutting correctly edited DNA and
resulting in additional indels. However, it is possible that additional mutations could be
introduced during the repair process. Furthermore, altering wobble bases within the PAM site
rather than elsewhere in the guide recognition sequence has been shown to result in less indels
(Paquet et al., 2016), but this was not possible for some of the PAM sites during this project due
to their spanning of multiple codons. Conversely, there was no difference in the number of
offspring that demonstrated successful editing without further mutations between R1441C/G,
which had the PAM site altered, and 12020T which had the guide sequence altered. It is possible,
however, that some were missed due to a lack of amplification by the oligonucleotide-specific

primers due to the potential alteration of DNA.

The success of HDR in the new [rrk2 lines differed depending on region and base change. For
example, attempts to induce the zebrafish equivalent of the N1437H mutation were completely
unsuccessful, despite the high activity of the gRNA. Likewise, at the R1441 locus, analysis of
injected fish found that almost all fish had at least some cells with the correct DNA alteration,
shown by oligonucleotide-specific PCR. However, the rate for the G2019S mutation was
considerably lower, at approximately 30%. However, in all lines made during this project, the

success rate was much higher than previously reported (3.8-21.4%) (Tessadori et al 2018). In
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some PCRs, the mismatch of bases between DNA and primer was ignored and the
oligonucleotide-specific primers amplified the wildtype DNA sequence. The increased intensity
of bands from samples injected with both oligonucleotide and gRNA, and the disappearance of
bands when annealing temperatures were increased, suggested that there had been insertion of
the correct sequence in these cases. This was later confirmed when sequencing offspring from

these adults.

One way to increase the success rate even further would be the addition of an NHEJ inhibitor,
such as SCR7, which has been shown to increase edit efficiency in zebrafish (Zhang, Zhang, et al.,
2018). Likewise, ssODNs have been shown to interfere with guide efficiency (Hwang et al., 2013)
and the use of dsDNA or plasmids have been shown to offer improved genome editing (Zhang,
Zhang, et al., 2018). Furthermore, it has been suggested that sequential application of the gRNA
and ssODN results in enhanced editing efficiency compared to co-injection (Liang et al., 2017).
However, this is impractical in zebrafish due to the time constraints around injecting. There are
also other methods to induce gene edits. For example, by using a deactivated version of Cas9
(dCas9) and tethered enzymes that convert single bases, less indels are created since no DNA

cleavage occurs (Gaudelli et al., 2017; Komor et al., 2016).

The most recent technology to increase efficiency has been demonstrated using a prime editing-
ribonucleoprotein, with the ability to induce base substitutions with an increased efficacy
compared to HDR in cells (Petri et al., 2021). This involves the injection of a single construct
consisting of a partially deactivated Cas9 able to induce single-stranded breaks, a gRNA for gene
targeting that also acts as a template for repair, and reverse transcriptase. In zebrafish, this
technique increased the efficiency when used to induce insertion or deletion mutations, although
for substitutions the efficiency was equal to that of the HDR technique used in this project.
However, using an editing-ribonucleoprotein did have the advantage of resulting in significantly

less unintended gene edits / off-target effects.

The demonstrated success of this new genetic editing technique via the creation of four new
stable mutant lines during this project offers a new technique to the zebrafish field. Previously
thought to be a lengthy and difficult process, site-directed mutagenesis in zebrafish has been
scarcely utilised despite its obvious advantages. This thesis demonstrates the reliable success of
this methodology in generating transmissible mutations at a number of different loci in the

zebrafish genome. Not only does this provide new disease models for PD, but this technique
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could also now be applied to additional genes, generating more disease-relevant zebrafish lines

in other research areas throughout the field.

5.4 Conclusion
Zebrafish carrying a CRISPR-induced knockout mutation in /rrk2 displayed no phenotypic changes

from their wildtype siblings. Whilst this is surprising given the known important biological
function of LRRK2, these data were supported by the assessment of an additional CRISPant model
and also by much of the literature. These mutants appeared to lose the nonsense-mediated
decay of Irrk2 RNA observed when this line was generated, resulting in no effect of this DNA
mutation at the functional level in later generations. Whilst it was impossible to say at which

point this occurred, further experiments using this line were discontinued.

Studying a loss-of-function mutant may not be the most relevant to PD anyway, since most
pathogenic PD mutations result in the gain of LRRK2 function. Therefore, new Irrk2 zebrafish lines
with equivalent mutations to human cases of familial PD were generated to provide more
relevant vertebrate models of PD. Whilst these could not be characterised during this project,
the production of these stable mutant zebrafish lines will be useful to the field for future work
into Irrk2-linked PD and the demonstrated ease-of-use of this novel methodology can be

translated into other areas of research.
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6 Resolving Inflammation in Zebrafish Models of Parkinson’s Disease

6.1 Introduction

This thesis has so far explored the possible role of inflammation in PD by evaluating
inflammation-linked PD risk genes. The large body of evidence suggesting that
neuroinflammation contributes to the development of PD suggests that its resolution may
represent a disease-modifying treatment option, a currently unmet clinical need. Chapter 6 of
this thesis will explore how the modulation of inflammation in zebrafish, using both genetic and

pharmacological approaches, may be beneficial within the context of PD.

6.1.1 Targeting Inflammation Pharmacologically

Currently available treatments for PD are symptomatic only, of limited number, demonstrate
decreased efficacy over time and are responsible for a number of side effects (Thanvi et al.,
2007). Given the likely role of neuroinflammation in PD neurodegeneration, targeting the
immune system is a promising approach for a disease-modifying treatment that may prevent
disease progression. Dopaminergic neurons are reported to be essentially absent by four years
after diagnosis (Kordower et al., 2013), therefore, any therapy aimed at neuroprotection must
be given early in the disease process. There are two ways in which to establish new treatment
strategies for PD, but neither are without their limitations. Creating entirely new compounds is a
timely, costly and complex method, whilst the repurposing of existing drugs affords its own

challenges of requiring altered bioavailability and obstacles surrounding existing patents.

6.1.1.1  Targeting Microglia

Given the vital role of microglia in establishing neuroinflammation, as discussed previously, these
cells represent an obvious target for pharmacological intervention. Indeed, inhibiting microglial
activation has been suggested to be neuroprotective in PD, initially demonstrated using the
antibiotic minocycline (Wu et al., 2002). Minocycline, which inhibits the activation of microglia,
significantly reduced dopaminergic neuronal death by more than 90% in an MPTP mouse model
of PD. However, this neuroprotection did not translate into symptom reduction in a small scale
clinical trial of the antibiotic (The NINDS NET-PD Investigators, 2008), though it is impossible to

conclude whether further neuronal death occurred in patients during this study.

Microglia express both B1l- and P2-adrenergic receptors, able to increase the levels of
intracellular cyclic adenosine monophosphate (cCAMP) in response to B-agonists (Tanaka et al.,

2002). B2 receptors inhibit microglial proliferation and therefore B-agonists, including
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adrenaline, isoproterenol and terbutaline, act to prevent increases in microglial cell number
(Fujita et al., 1998), reducing the number of cells able to induce neuroinflammation. In addition
to cell proliferation, B2 adrenergic receptors are also involved in cytokine production in microglia.
Salmeterol has been identified as one drug that acts on microglial B2 receptors to significantly
reduce the production of TNF-a, proving to be neuroprotective to dopaminergic neurons treated
with LPS or MPTP both in vitro and in vivo (Qian et al., 2011). Salbutamol use has been associated
with a reduced risk of developing PD in a Norwegian study involving over four million participants,
whilst 2 antagonists were associated with an increased risk of the disease (Mittal et al., 2017).
This is likely due to their effects on neuroinflammation, although this cannot be confirmed from
such correlative data. These data suggest that the activation of B2 adrenergic receptors on
microglia, and thus the prevention of cytokine production and cell proliferation, are protective
in PD, possibly offering a disease-modifying treatment option via the inhibition of

neuroinflammtion.

Other compounds that target microglia have been identified that may be beneficial in
neurodegenerative disease. Tacrolimus, an immunophilin ligand, is a clinically available drug able
to decrease the number of microglia in the substantia nigra, leading to reduced levels of TNF-a
and IL-2 (Brecht et al., 2009). Although initially demonstrated in ischemia, this data has been
replicated in a rat model of PD, where tacrolimus was also found to afford dopaminergic
neuroprotection (Van der Perren et al., 2015). Epigallocatechin gallate, a monomer from green
tea polyphenols, is able to prevent the death of neurons and primary mesencephalic cultured
cells by regulating the activation of microglia in response to LPS. Epigallocatechin gallate inhibited
NO production from microglia by over 70% and TNF-a by 67% (Li et al., 2004), preventing the

build-up of proinflammatory molecules surrounding the neurons and the subsequent toxicity.

The most recently identified microglia-mediating pharmacological agents for possible PD
treatment are idebenone and tubeimoside. Idebenone, an antioxidant, decreases the production
of IL-6, IL-1B, TNF-a, and NO from microglia and induces their switching away from the
proinflammatory M1 phenotype towards a protective M2 phenotype (Yan et al., 2018). /n vivo,
idebenone reduced neurodegeneration in the substantia nigra and protected against motor
deficits in a model of PD (Yan et al., 2018). The reduced levels of proinflammatory cytokines may
be responsible for this neuroprotection and rescue of motor symptoms, which suggests that
modulating the neuroinflammatory state in PD could potentially prevent the development of

these symptoms in humans. Similarly, tubeimoside, an anti-inflammatory drug, is able to
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suppress microglial activation and the degeneration of dopaminergic neurons, at least in a rat
model of PD (He et al., 2018). A natural alternative, salidroside, was recently identified to have
similar effects, demonstrated in an MPP+-induced cell model of PD to reduce the levels of
inflammatory cytokines, ROS and oxidative stress, consequently improving cell survival (F. Zhou
etal., 2019). It will be interesting to see whether future research is able to recapitulate the effects

of these newly identified compounds in PD patients.

Vaccines against PD have also been developed that target microglia, including AFFITOPE which
has successfully completed phase 1 trials (McFarthing & Simuni, 2019). This involves injecting
short fragments of a-synuclein that result in the generation of anti-a-synuclein antibodies, which
have been shown to enter the brain and prevent the degeneration of dopaminergic neurons in
animal models of PD (Mandler et al., 2014). This approach induces microglia to phagocytose
excess a-synuclein and increase their production of anti-inflammatory cytokines which, alongside
the long-term reduction in microglial reactivity, results in a decreased inflammatory state of the
CNS (Mandler et al., 2014). Promisingly, an immune response against a-synuclein, including in
the CSF, was seen during the clinical trial (McFarthing & Simuni, 2019). The results of this trial
could be a game changer in PD research, creating the ability to prevent those with genetic

predispositions from ever developing the disease.

Given the availability of compounds that modulate glial responses and provide neuroprotection
in PD models, further study into developing similar drugs that are more specific, more potent and

more efficacious may be the key to the early treatment and prevention of PD.

6.1.1.2 Non-Steroidal Anti-Inflammatory Drugs

Non-Steroidal Anti-Inflammatory Drugs (NSAIDs) are the obvious class of drugs for reducing
inflammation. Correlations between the use of NSAIDs and PD have been identified (Bower et
al., 2006), with some studies suggesting a 45% lower risk of PD among regular users of non-aspirin
NSAIDs compared to non-users (Chen et al., 2003). However, such correlations do not
demonstrate causality. There may have been other, uncontrolled factors affecting the risk of
developing PD and these interesting data were not supported in later studies (Hancock et al.,
2007). A meta-analysis of NSAID use, however, did associate the use of non-aspirin NSAIDs with
a reduced risk of developing PD, which reduced further with long-term treatment (Gagne &
Power, 2010). Interestingly, this effect was not seen in users of aspirin in either study. A previous
meta-analysis concluded that there was no association between NSAIDs and PD (Samii et al.,

2009), although these authors did not separate aspirin from other NSAIDs. It appears evident
214



that NSAIDs, beside aspirin, are able to reduce the likelihood of developing PD, though more

research is required to conclude that this is due to their anti-inflammatory properties.

6.1.1.3 Bile Acids and Zebrafish

If found to be efficacious, bile acids represent a useful treatment option for PD due to their
previous regulatory approval and demonstrated ability to penetrate the BBB when administered
orally (Parry et al., 2010). Ursodeoxycholic acid (UDCA), an FDA-approved hepatic and liver-
disease drug, and its taurine conjugate tauroursodeoxycholic acid (TUDCA) have recently been
identified as having neuroprotective effects in PD (Mortiboys et al., 2015) and other

neurodegenerative diseases (Elia et al., 2016; Keene et al., 2002; Nunes et al., 2012).

Bile acids have previously been recognised as having a marked anti-inflammatory effect. In
animal models, rotenone-induced increases in striatal proinflammatory molecules, including
TNF-a and IL-1B, were halved by the addition of UDCA (Abdelkader et al., 2016). TUDCA has been
shown to exert its anti-inflammatory effect via the bile salt receptor GPBAR1/TGR5 which
increases intracellular cAMP (Yanguas-Casas et al., 2017). This induces the anti-inflammatory
TGFB pathway (Yanguas-Casas et al., 2017) and prevents NFkB activation (Joo et al., 2004),
leading to increases in anti-inflammatory mediators (Yanguas-Casas et al., 2017), decreases in
proinflammatory mediators (Joo et al., 2004) and overall reductions in microglial activation

(Yanguas-Casas et al., 2014).

Bile acids and bile alcohols, collectively known as cholanoids, are metabolic products of
cholesterol. In mammals, the main cholanoids are Ca4 bile acids, whilst in other vertebrates, like
amphibians and jawless fish, the main cholanoids are C7 bile alcohols. In zebrafish, like other
cypriniform fish, C7 alcohols, namely 5a-cyprinol, predominate (Hagey et al., 2010; Haslewood,
1967). Cholanoids facilitate the digestion and absorption of dietary fat and vitamins, transport
cholesterol, stimulate bile flow and aid mucin secretion (de Aguiar Vallim et al., 2013). The
conjugation of bile acids to taurine or glycine, or bile alcohols to sulfate, enhances their solubility,
making them impermeable to cell membranes (Russell, 2003). Secondary bile acids are bacteria-
modified versions of bile acids, where deconjugation occurs to remove the amino acid moieties,
allowing them to be absorbed into the intestines. However, zebrafish bile alcohols are not found
in secondary forms, since 5a-cyprinol is unlikely to be absorbed even post-deconjugation due to

its large number of hydroxy groups and limited solubility (Goto et al., 2003).
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6.1.1 Targeting Inflammation Genetically
Zebrafish are a genetically tractable model organism, meaning that inflammatory pathways can

be modulated using genetic approaches. Creating knockout or knockdown models of
inflammation-relevant genes allows the effects of pathway disruption to be identified without
the need to develop compounds that target these specifically and with high potency, which can
be a costly and time-demanding task. Such modulation represents a useful initial experiment in
the identification of disease-modifying treatments, as pathways identified as critical to pathology
can then be targeted pharmacologically in human patients.

6.1.1.1 Interferon Regulatory Factor 8

As described in the introduction to this thesis, microglia are central to inflammatory processes.
As zebrafish do not possess astrocytes, microglia may be even more relevant to inflammation in

the CNS in these models.

Interferon regulatory factor 8 (IRF8), also known as interferon consensus sequence binding
protein (ICSBP), is a nuclear transcription factor required for myeloid cell differentiation (Tamura
et al., 2000). IRF8 was first discovered in mice by Driggers et al. (1990), with a predominant
expression in lymphoid tissue. IRF8 is primarily expressed in hematopoietic cells, including
constitutively in B cells (H. Wang et al., 2008) and monocytes (Hagemeyer et al., 2016; Kierdorf
et al.,, 2013; Minten et al., 2012). /RF8 is also expressed in T cells, where it is involved in the
response to infections and in the development of effector T cells via the activation of TGFB (Giese
et al.,, 1997; Yoshida et al., 2014). The identification of this transcription factor primarily in
immune cells suggests its role in the immune response and inflammation. This is supported by
its ability to protect against bacterial and viral infections (Giese et al., 1997; Holtschke et al., 1996;
Masud et al., 2019). Additionally, IFNy increases IRF8 expression in microglia (Minten et al., 2012)
and macrophages (Driggers et al., 1990; Hagemeyer et al.,, 2016), further suggesting its

expression is linked to the immune response.

IRF8 belongs to the interferon regulatory factor (IRF) family of transcription factors, characterised
by an N-terminal DNA binding domain and a C-terminal IRF association motif. The latter is
responsible for dimerisation with other transcription factors, including other IRF family members
and PU.1, an important factor discussed below. IRF8 can act as an activator or repressor of
transcription (Masuda et al., 2014), partly depending on the dimer made, and regulates many
genes, with 851 IRF8 target sites identified in the mouse genome (N. Zhou et al., 2019). IRF8

target sites include cytokines which further links IRF8 to the immune response. The expression
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of IRF8 in microglia is usually associated with inflammation, in part due to the ability of IRF8 to
induce IRF1 expression, resulting in downstream /L-18 expression (Masuda et al., 2015). IRF8
induces transcription in microglia of mediators required for their activation (Masuda et al., 2014)
and has been shown to increase the production of cytokines, particularly IL-12 and IFNy (Giese

et al., 1997; Turcotte et al., 2005).

PU.1 is a critical transcription factor also required for the differentiation of myeloid cells,
governing a broader range of cell fates than IRF8. Inhibition of PU.1 has been demonstrated to
result in the absence of macrophages, microglia and neutrophils from animal models (Kierdorf et
al., 2013; Rhodes et al., 2005; Yu et al., 2017). Further study revealed IRF8 to act downstream of
PU.1 to regulate myeloid cell differentiation (Kierdorf et al., 2013; Li et al., 2011; N. Zhou et al.,
2019). Interestingly, IRF8 can also directly regulate PU.1 expression, creating a feedback loop that

is potentially relevant to cell fate decisions (H. Wang et al., 2008; N. Zhou et al., 2019).

Mouse models with a loss of IRF8 function are found to have increased granulocytes, increased
macrophages, immunodeficiency and a downregulation of immune-related genes (Giese et al.,
1997; Hagemeyer et al., 2016; Holtschke et al., 1996; Turcotte et al., 2005). Of particular interest,
these knockout mice demonstrated changes in microglia, including an increase in microglial
number and the development of less developed / more amoeboid cells (Hagemeyer et al., 2016;
Horiuchi et al., 2012; Minten et al., 2012). These microglia were described as having a reduced
ability to become activated; defective chemotaxis, proliferation and phagocytosis; altered
transcriptional responses to LPS and IFNy; and a delayed response to tissue damage (Akagi et al.,
2014; Horiuchi et al., 2012; Masuda et al., 2014). However, not all research groups reported this
increase in microglial number; reduced numbers were demonstrated in the midbrain of

embryonic and adult mice lacking Irf8 in one publication (Kierdorf et al., 2013).

Ten common IRF family members have been identified in vertebrates and all ten, plus an
additional member not recognised in other vertebrates, are found in zebrafish (Huang et al.,
2010). Zebrafish irf8 has 55% sequence identity to mammalian IRF8, with conserved DNA binding
and IRF domains (Li et al., 2011). irf8 is first seen in the rostral blood island at 16hpf, in the yolk
sac a few hours later and finally in the tail region by 30hpf (Li et al., 2011). It was found to be
expressed in myeloid cells during development, specifically those of macrophage, and not
neutrophil, linage (Li et al., 2011). irf8 is expressed in the zebrafish brain by 2dpf, becoming
restricted to microglia in 3-7dpf larvae, but with its highest expression level at 3dpf (Li et al.,

2011; Mazzolini et al., 2020).
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A loss of Irf8 function in zebrafish appears to cause a fate transition of myeloid progenitor cells,
resulting in a lack of macrophage and microglia development (Earley et al., 2018; Li et al., 2011;
Prajsnar et al., 2021; Shiau et al., 2015; Tsarouchas et al., 2018; Yu et al., 2017; Zhao et al., 2018).
irf8 knockout is also associated with an increase in neutrophil number (Li et al., 2011; Prajsnar et
al., 2021; Shiau et al., 2015; Zhao et al., 2018). These cell changes oppose the changes seen in
mouse models, possibly owing to a difference in compensation mechanisms between organisms.
However, the lack of macrophages and microglia in these zebrafish enable their use as a genetic
model of reduced inflammation. The absence of these crucial cell populations results in fish with

a reduced ability to mount an immune response.

6.1.1 Zebrafish Lines Used in Chapter 6

6.1.1.1 Cyclin G Associated Kinase
Cyclin G Associated Kinase (GAK), known for its vital role in clathrin-mediated intracellular

transport (C. X. Zhang et al., 2005), has been suggested as a candidate gene associated with the
risk of developing PD (Nalls et al., 2014). GAK interacts with the IL-12 receptor B on T cells, where
it prevents the production of IFN-y (Lin et al., 2007). It is clear that GAK is involved in immunity
and inflammation in the periphery, suggesting that a direct link to neuroinflammation may also
be present. GAK can also be indirectly linked to neuroinflammation via its ability to alter a-
synuclein expression. A knockdown of GAK in vitro induced an accumulation of a-synuclein
(Dumitriu et al., 2011), a process known to lead to neuroinflammation, as discussed previously.
Furthermore one GAK SNP, rs1564282, is associated with an increased expression of a-synuclein
in human PD brains (Dumitriu et al., 2011), which, as well as demonstrating a link between a-

synuclein regulation and GAK, suggests that the loci identified by GWAS is likely to be GAK indeed.

In zebrafish, the single gak gene (ENSDARG00000090654) demonstrates 62.94% sequence and
62% protein identity to the human orthologue (ENSG00000178950, based on CLUSTAL W v1.81
data). Zebrafish models with homozygous gak knockout mutations demonstrate a severe
phenotype (death by 5dpf) and were available in the Bandmann Laboratory.

6.1.1.2 GTP Cyclohydrolase 1

GTP Cyclohydrolase 1 (GCH1) mutations are usually associated with dopamine responsive
dystonia, although SNPs lying close to this gene have also been associated with PD (Nalls et al.,
2019; Nalls et al., 2014). Whole exome sequencing identified certain alleles to increase the risk
of developing PD by seven times (Mencacci et al., 2014). GCH1 encodes the rate-limiting enzyme
needed for tetrahydrobiopterin (BH4) biosynthesis and, therefore, dopamine production

(Werner et al., 2011).
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GCH1 is expressed in activated microglia (Thomas et al., 2006), strongly suggesting a role for the
enzyme in neuroinflammatory pathways. A further link between GCH1 and neuroinflammation
can be made by evaluating how the expression of GCH1 is regulated. Proinflammatory cytokines,
namely IL-1, IFN-y, TNF-a, increase GCH1 expression whilst, conversely, anti-inflammatory
cytokines, namely IL-4, IL-10 and TGF-B, reduce its expression (Shi et al., 2004). Given the
involvement of GCH1 in inflammatory pathways, the increased risk of PD may arise from the

effects that GCH1 deficiency may have on inflammation in the CNS.

Independent of GWAS, pathogenic GCH1 mutations have been identified in 0.57% of patients
with PD (Guella et al., 2014), further demonstrating the importance of this gene in PD. Given this,
a zebrafish mutant line has been created by knocking out the single gchl zebrafish orthologue
(ENSDARG00000070453) which possesses 72.51% sequence homology and 72% protein identity
to human GCH1 (ENSG00000131979, based on CLUSTAL W v1.81 data). This homozygous
deletion leads to death by 10-12dpf, as well as other phenotypic changes including a lack of swim

bladder inflation, movement abnormalities and neuroinflammation (Larbalestier et al., 2021).

6.1.1.3 Chemically-Induced Models of Inflammation
Inducing inflammation pharmacologically in zebrafish serves two purposes. Wildtype zebrafish

exposed to such compounds provide a useful model for drug efficacy experiments. Phenotypes
resulting from exposure may be rescued by the addition of secondary compounds, suggesting an
anti-inflammatory activity of the rescue drug. Secondly, these models can be combined with

existing zebrafish mutants to assess their susceptibility to external inflammatory factors.

A number of compounds have been used in zebrafish to induce inflammation. For example,
trinitrobenzene sulfonic acid (TNBS), a hapten primarily used in murine models of colitis, has
been demonstrated to increase proinflammatory mediators in zebrafish larvae (Oehlers et al.,
2011; Oehlers et al., 2010). A hapten is a molecule that, only once bound to larger proteins, can
act as an antigen to ilicit immune responses. Most research evaluates the effect of TNBS in the
Gl tract, although the increase in proinflammatory mediators in exposed zebrafish has been seen

in the whole larvae.

Dextran sodium sulfate (DSS) is another compound commonly used as a murine colitis model
that, when added directly to E3 media, results in zebrafish larvae developing inflammation,

including recruitment of macrophages and neutrophils (Oehlers et al., 2012). DSS causes
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inflammation via epithelial damage as it is toxic to colonic epithelial cells causing reduced

mucosal barrier functioning (Wang et al., 2021).

Saponin is a naturally occurring compound that has been associated with a number of health
benefits in humans, including reports of reducing inflammation (Hassan et al., 2012; Jang et al.,
2013). However, it was discovered that feeding food high in saponins to farmed fish could result
in intestinal inflammation (Gu et al., 2018; Krogdahl et al., 2015), suggesting the use of this model
for zebrafish research. Indeed, saponin has been demonstrated to cause recruitment of
neutrophils and dose-dependent increases in il-18, mmp9, il-10 and tnf-a in zebrafish larvae

(Lopez Nadal et al., 2018).
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6.2 Results
6.2.1 Developing a Method of Microglial Knockout

6.2.1.1  Pre-Existing Interferon Regulatory Factor 8 CRISPR
Research groups in the zebrafish field have targeted irf8 using CRISPR to create zebrafish with an

absence of microglia. Initially, a single gRNA provided by Dr Daniel Lysko was assessed for its
ability to inhibit microglia development in GO larvae. Injecting gRNA against irf8 into the yolk of
single-cell stage zebrafish embryos was successful in preventing the development of microglia,
demonstrated by a lack of neutral red staining (figure 106). The efficiency of this guide at
resulting in a complete loss of neutral red staining was 66.7% when 2nL of the maximum gRNA

concentration was injected (table 36).

A

Figure 106. Knockout of Microglia Using CRISPR-Cas9 Technology Against Interferon Regulatory Factor 8. Neutral red staining
of microglia in control injected (tracrRNA and Cas9 only) zebrafish (A) and following injection of 2nL 50uM irf8 gRNA (B). Arrow
highlights neutral red staining of microglia in the midbrain. dpf; days post fertilisation; irf8, interferon regulatory factor 8; gRNA,
guide RNA; WT, wildtype.

Table 36. Efficiency of irf8 Guide RNA at Inhibiting Microglia Development in Zebrafish Larvae.

Injection Group No. with microglia No. without microglia n % efficiency
2nl 50uM irf8 gRNA 3 6 9 66.7%
1nl 50uM irf8 gRNA 10 10 20 50%

Control 20 0 20 n/a

Efficiency of the irf8 guide RNA was assessed by calculating the percentage of fish with a complete loss of microglia as determined
by neutral red staining. Guide RNA was injected along with Cas9 and tracrRNA into the yolk of one-cell stage wildtype zebrafish.
Control larvae were injected with tracrRNA and Cas9 only. Neutral red staining was conducted at 4dpf. dpf, days post fertilisation;
irf8, interferon regulatory factor 8; gRNA, guide RNA,; uM, micromolar.
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6.2.1.2 Generation of a Novel irf8 CRISPR Triple gRNA
To increase the efficiency of microglia depletion, three gRNAs, each targeting a different region

of the irf8 gene, were combined in a single injection mix. Injection of this triple gRNA was
demonstrated to result in successful microglia depletion (figure 107) with a higher efficiency
(87.5%) than the single gRNA (table 37). Unfortunately, fish injected with 1nL of this injection mix
developed too much pigment during development for accurate assessment of microglial number.

Microglia depletion was confirmed using immunohistochemistry against 4c4 in 5dpf larvae

(figure 107C,D).
B
N
¥
RS
WT 4dpf * Control WT 4dpf __2nlirf8 gRNA

4c4

2nlirf8 gRNA

Figure 107. Microglial Depletion Using CRISPR-Cas9 Technology Against Interferon Regulatory Factor 8. Neutral red staining of
microglia in control injected (tracrRNA and Cas9 only) zebrafish (A) and 2nL 50uM triple irf8 gRNA (B). Arrow highlighting neutral
red staining of microglia in the brain. This was confirmed in wholemount immunohistochemistry against 4c4 in 5dpf larvae. 4c4+
cells were seen in control injected larvae (C) but were absent in larvae injected with 2nL 50uM triple irf8 gRNA (D). DAPI, 4',6-
diamidino-2-phenylindole; dpf, days post fertilisation; irf8, interferon regulatory factor 8; gRNA, guide RNA; WT, wildtype.
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Table 37. Efficiency of the Triple irf8 Guide RNA at Inhibiting Microglia Development in Zebrafish Larvae.
Injection Group No. with No. without n %
microglia microglia efficiency
Control 20 0 20 n/a
InL triple gRNA (each at 50uM) Fish were too pigmented ?
2nL triple gRNA (each at 50uM) 3 21 24 87.5%

The efficiency of the triple irf8 guide RNA was assessed by calculating the percentage of fish with a complete loss of microglia as
determined by neutral red staining. Three guide RNAs were injected along with Cas9 and tracrRNA into the yolk of one-cell stage
wildtype zebrafish. Control larvae were injected with tracrRNA and Cas9 only. Neutral red staining was conducted at 4dpf. dpf,
days post fertilisation; irf8, interferon regulatory factor 8; gRNA, guide RNA; uM, micromolar.

6.2.2  Microglial Inactivation in gch1”- Mutant Zebrafish
gchl”- mutant zebrafish have been shown to demonstrate increased microglial activity

(Larbalestier et al.,, 2021). It was, therefore, hypothesised that preventing microglial
development, and hence activation of these immune cells, could positively impact their

phenotype.

Heterozygous gch1*/-zebrafish were incrossed to obtain homozygous mutant larvae and wildtype
siblings. Half of the offspring were injected with the irf8 triple gRNA at the one-cell stage and half
were injected with a control mixture (tracrRNA and Cas9 only). The efficiency of microglial
depletion was determined by neutral red staining on 10% of injected larvae at 4dpf. This was
shown to be 77.3%. The remaining larvae were allowed to develop until 11dpf and assessed for
their survival and swim bladder inflation, a known defect in gchl”" mutants. Larvae were

genotyped once they had reached their end-point or at the end of the experiment.

Despite an estimated 77.3% of gchl” larvae having no microglia, there was no significant
difference in the survival of these zebrafish compared to control injected homozygous mutants
(p=0.7817, figure 108A). Additionally, analysis of swim bladder inflation found no significant
differences between treatment groups (p=0.1790, figure 108B). This experiment was stopped

one day early due to high death rates in the husbandry control group between days 10 and 11.
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Figure 108. Microglial Inactivation in GTP Cyclohydrolase 1 Homozygous Mutant Zebrafish. A. Survival analysis demonstrates
no difference between control injected gch17- mutant larvae and irf8 injected gch17- mutant larvae (p=0.7817). B. No difference
was identified in swim bladder inflation between control injected gch17- mutant larvae and irf8 injected gchl”- mutant larvae
(p=0.1790). Fish were genotyped following the experiment and the numbers for each group are specified in the graph legend. All
statistics were analysed using a Mantel-Cox log rank test. gch1, GTP cyclohydrolase 1; irf8, interferon regulatory factor 8.

6.2.3 Microglial Development at Later Larval Stages
To assess the prolonged effects of irf8 CRISPants, wholemount immunohistochemistry against

4c4 was conducted on larval zebrafish at 5, 8 and 10dpf. Half of those imaged had been injected
with the triple irf8 gRNA, whilst the others were injected with tracrRNA and Cas9 only. This
revealed that although microglia were absent in irf8 injected larvae at 5dpf, by 8dpf microglia
had repopulated the brain and by 10dpf microglia numbers appeared to be at wildtype levels
(figure 109). Exact microglia number in each case was not quantified due to less than perfect

images and low sample size per group, but are broadly summarised in table 38.

Table 38. The Number of Zebrafish Larvae with More Than or Less Than One 4c4+ Cell.

dpf | Control injected with | Control injected with % irf8 injected with | irf8 injected with %
>1 microglia <1 microglia >1 microglia <1 microglia
5 5 0 100 0 5 0
8 5 0 100 6 0 100
10 6 0 100 3 0 100

The number of microglia in the brains of larval zebrafish was determined by 4c4 immunohistochemistry. Larvae were classified
into two groups; those with one or less microglia and those with more than one microglia. irf8 CRISPants were created by co-
injecting three gRNAs against the irf8 gene. Control larvae were injected with Cas9 and tracrRNA only. dpf, days post fertilisation;
irf8, interferon regulatory factor 8.
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Figure 109. Microglia Repopulate in Interferon Regulatory Factor-8 CRISPants by 8-Days Post Fertilisation. 4c4
immunohistochemistry revealed that microglia are absent in irf8 CRISPants at 5dpf (top) but repopulate the brain at 8dpf (middle).
irf8 CRISPants were created using three guide RNAs targeting the gene. Control larvae were injected with Cas9 and tracr RNA
only. 4c4, microglial marker; DAPI, 4’,6-diamidino-2-phenylindole; dpf, days post fertilisation; irf8, interferon regulatory factor 8;

WT, wildtype.
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6.2.4 Pharmacological Ablation of Microglia
Due to the microglial repopulation evident in irf8 CRISPants, this technique was combined with

a pharmacological approach. Ki20227 was used as an inhibitor of microglial proliferation in

zebrafish.

Toxicity trials were initially conducted in wildtype larvae finding no effect of survival in
concentrations of up to 50uM (figure 110A). However, 50uM resulted in oedema that was
evident around the eyes at 5dpf (figure 111) so this concentration was not used in further
experiments. Toxicity trials were then conducted up to 12dpf, which suggested that Ki20227 was
well tolerated (figure 110B).
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Figure 110. Toxicity Trials of Ki20227 in Wildtype Zebrafish. All tested concentrations had no effect on the survival of zebrafish
up to 5dpf (A) or up to 12dpf (B). For toxicity trials, 20 wildtype larvae were exposed to Ki20227 via constant immersion in E3
media with 1% DMSO. DMSO, dimethyl sulfoxide; dpf; days post fertilisation; uM, micromolar.

To assess the effect of Ki20227 treatment on microglia, neutral red staining was conducted on
larvae following exposure from 3-5dpf. This was assessed using nacre larvae as well as combining
AB larvae with phenylthiourea, in case the phenylthiourea interacted with the Ki20227. Neutral
red staining suggested a slight reduction of microglia following exposure, although staining was
still clearly evident in some larvae (figure 111). To explore this in more detail, 5dpf wildtype
larvae were fixed following treatment with Ki20227 and used for 4c4 immunohistochemistry.
This demonstrated that whilst this compound was able to induce a marked reduction in microglial
cells, the cells that remained demonstrated an amoeboid morphology (figure 112).
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Treatment with Ki20227 was combined with irf8 CRISPants in the gch1”- mutants. For this, gchl
heterozygous adults were incrossed and larvae injected with irf8 CRISPants at the one-cell stage.
Ki20227 treatment was then started at 3dpf and fish were exposed via constant immersion.
Larvae were genotyped at the end of the experiment. No difference in survival was seen between
gchl homozygous mutant zebrafish in any experimental arm (figure 113). The median survival of
gchl”7 mutant larvae was 10dpf in the untreated group, which remained true for the Ki20227
treated group (p=0.6516) and reduced, not significantly, to 9dpf for both the irf8 CRISPant alone
(p=0.2552) and the combined treatment group (p=0.1549).

DMSO 50uM Ki20227 100uM Ki20227

Nacre

PTU treatment

Figure 111. Neutral Red Staining Following Exposure to Ki20227. Representative brightfield images of 5dpf larvae exposed to
Ki20227 from 3dpf. Neutral red staining was achieved by incubating 5dpf zebrafish in 2.5ug of neutral red per mL of E3 media for
6 hours at 28°C. Anesthetised larvae were mounted in low melting point agarose and imaged immediately. Experiment was
conducted using nacre larvae (top) and AB wildtype larvae treated with PTU (bottom). Star highlights oedema. Arrow highlights
microglia. DMSO, dimethyl sulfoxide; dpf, days post fertilisation; PTU, phenylthiourea; uM, micromolar.
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Figure 112. Assessment of Ki20227 Effect on Microglia Using 4c4 Immunohistochemistry. Following exposure to Ki20227 via
constant immersion from 3-5dpf, larvae were fixed and used in immunohistochemistry against 4c4. Whilst normal numbers of
4c4+ cells were evident in larvae exposed to DMSO (A-C), larvae exposed to either 25uM (D-F) or 50uM (G-1) Ki20227 demonstrated
a reduced number of cells. The cells remaining appeared to have a more amoeboid morphology compared to untreated fish.
DMSO, dimethyl sulfoxide; dpf, days post fertilisation; uM, micromolar; WT, wildtype.
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Figure 113. GTP Cyclohydrolase 1 Mutant Zebrafish Larvae Were Unaffected by the Combined Treatment of irf8 CRISPants and
Ki20227. Offspring were obtained from a heterozygous gchl incross and split into groups. Embryos were injected with either
combined irf8 guide RNAs or control mixture (Cas9 and tracrRNA only) at the one-cell stage. Some larvae were then exposed to
25uM Ki20227 from 3dpf via constant immersion. 1% DMSO was used in groups not treated with Ki20227. Mantel-Cox log rank
test found no significant differences in survival between untreated gchl” larvae and gchl”- larvae treated with Ki20227

(p=0.6516), irf8 CRISPant (p=0.2552) or these combined (p=0.1549). DMSO, dimethyl sulfoxide,; dpf, days post fertilisation; gch1l,
GTP cyclohydrolase 1; irf8, interferon regulatory factor 8.

6.2.5 Drug Treatments of Parkinson’s Disease Mutant Zebrafish

A primary focus of this project was inflammation in PD. This section focuses on whether anti-
inflammatory pharmacological treatments could be useful in disease modulation. Whilst no
inflammatory phenotype was identified in the two lines assessed in chapters one and two as
hoped, other PD mutant zebrafish created in the Bandmann laboratory are known to develop

inflammatory phenotypes. These lines were therefore used in this section.

6.2.5.1 Dexamethasone

Dexamethasone has been used extensively in zebrafish with proven anti-inflammatory effects,

making it an obvious choice for use as a positive control in the following experiments.

6.2.5.1.1 Toxicity Trials

Wildtype zebrafish larvae were exposed to dexamethasone from 3dpf via constant immersion.
No effect on survival was seen in larvae treated with up to 100uM dexamethasone from 3-5dpf,
but toxicity was evident in older larvae when treated from either 1dpf or 5dpf (figure 114). These
toxicity trials were terminated early due to this toxicity. Larvae exposed to dexamethasone
demonstrated a wider spacing of their melanophores (figure 114), indicative of glucocorticoid

activity.
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Figure 114. Toxicity Trials of Dexamethasone in Wildtype Zebrafish. A-B. Representative brightfield images of 5dpf larvae
following exposure to either 1% DMSO (A) or 100uM dexamethasone (B) from 3-5dpf. C. Survival analysis of fish treated from 3-
dpf demonstrated that dexamethasone was well tolerated up to 5dpf. D. Survival analysis of fish treated from 1dpf shows toxicity
of all concentrations from 7dpf. E. Survival analysis of fish treated from 5dpf shows toxicity from 9dpf. n=20 wildtype fish per
group. DMSO, dimethyl sulfoxide; dpf, day post fertilisation; uM, micromolar; WT, wildtype.

6.2.5.1.2 Treatment of gch1” Mutant Zebrafish
gch1*- mutant zebrafish were incrossed and their larvae exposed to 10uM dexamethasone via

constant immersion from 5-8dpf. Larvae were washed out of the drug after this time point due
to the toxicity seen in the above trials. Larvae exposed to dexamethasone showed significant
toxicity by 9dpf, although unexplained toxicity was also seen in the control (figure 115A). These
fish were not genotyped as it was clear that this effect was unrelated to genotype based on the
number of deaths. Following additional toxicity trials (data not shown), this experiment was
repeated using a lower concentration of dexamethasone (1uM) and exposure from 5dpf with no
wash out. Larvae were culled and genotyped once they had reached their endpoint or at the end
of the experiment. Dexamethasone had no effect on the survival of gch1”- mutant zebrafish; all
larvae had reached their endpoint by 10dpf regardless of treatment group (p=0.0528, figure
115B). It should be noted that larvae were fed powdered food during this experiment due to the

unavailability of rotifers during the coronavirus pandemic.
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Figure 115. Dexamethasone Treatment of GTP Cyclohydrolase 1 Homozygous Mutant Zebrafish Had No Effect On Survival. A.
gchl heterozygous mutant adults were incrossed and 100 larvae exposed to either DMSO or 10uM dexamethasone from 5-8dpf.
Larvae were then washed into E3 for the remainder of the experiment. The experiment was terminated early and larvae were not
genotyped due to toxicity. B. The experiment was repeated using 1uM dexamethasone with no wash out period. Fish were

genotyped following the experiment and numbers per group are given in the figure legend. No difference was seen in the survival
of gch1”-larvae (p=0.0528, Mantel-Cox log rank test). DMSO, dimethyl sulfoxide; gch1, GTP cyclohydrolase 1; uM, micromolar.

6.2.5.2  Quinacrine Dihydrochloride
RNAseq data collected by Dr Hannah Larbalestier (Bandmann Laboratory) was used by Dr Katjusa

Koler (University of Sheffield) to identify compounds in silico that may have a modulatory effect
in gch1”- mutant zebrafish. For this data, four biological replicates of RNA were collected from
brains extracted from gch17- mutant larvae and their wildtype siblings at 8dpf (this data can be
found in Larbalestier et al. (2021)). Following analysis, a number of compounds were suggested
to have an effect in this line. Quinacrine hydrochloride (mepacrine) was chosen for in vivo study

in this project because of its links to inflammation.
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6.2.5.2.1 Toxicity Trials

Quinacrine use in zebrafish has only been reported in one published paper (Cosme et al., 2015),
where adult zebrafish exposed to 100ug/L (equivalent to 211.47nM) exhibited signs of infertility.
Using this concentration as a starting point, toxicity trials were conducted in wildtype zebrafish
from 1-5dpf with no effect on survival or phenotype (figure 116). A further trial was conducted
with increased concentrations to find the maximum tolerated dose; toxicity trials up to 12dpf
identified 2uM as the maximum tolerated concentration of quinacrine at this age (figure 116).

2uM was therefore used to treat gch1”-mutant larvae.
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Figure 116. Toxicity Trials of Quinacrine Exposure in Wildtype Zebrafish. Wildtype zebrafish larvae were exposed to quinacrine
via constant immersion from 1dpf. Initial trials found that concentrations up to 2uM had no effect on survival (A), but
concentrations over 2mM were toxic to larvae by 5dpf (B). A toxicity trial in older fish identified 2uM as the only concentration to
be tolerated in larvae up to 12dpf (C). n=20 wildtype fish per group. 1% DMSO was used as a carrier and control group for these
experiments. Media and drug were replenished daily. DMSO, dimethyl sulfoxide; dpf, days post fertilisation; uM, micromolar.

6.2.5.2.2 Treatment of GTP Cyclohydrolase 1 Mutant Zebrafish
As before, gch1*- zebrafish were incrossed and their offspring divided into two groups; 100 larvae

were exposed to 2uM quinacrine from 1dpf via constant immersion and 100 larvae were exposed
to 1% DMSO. Fish were genotyped at the end of the experiment. Exposure of gchl”- mutant

zebrafish to quinacrine did not result in a rescue effect on survival (p=0.5091, figure 117).
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Figure 117. Quinacrine Treatment of GTP Cyclohydrolase 1 Homozygous Mutant Zebrafish Did Not Result in a Rescue Effect.
Zebrafish larvae obtained from a gch1*/- incross were exposed to either 2uM quinacrine or a DMSO control from 1dpf via constant
immersion. Larvae were genotyped following exposure and numbers per group are given in the figure legend. The endpoint for

this experiment was the loss of response to touch. No difference in survival was seen between gch1”- larvae exposed to quinacrine
or DMSO (p=0.5091, Mantel-Cox log rank test). DMSO, dimethyl sulfoxide; gch1, GTP cyclohydrolase 1; uM, micromolar.

6.2.5.3  Ursodeoxycholic Acid (UDCA)
Ursodeoxycholic acid (UDCA) and its common conjugates are an active research area within PD

treatment and are a particular focus within The University of Sheffield. Since they can also be
associated with anti-inflammatory activity, these compounds were candidates for phenotype
modulation of PD mutant zebrafish during this project.

6.2.5.3.1 Toxicity Trials

UDCA toxicity was assessed by treating wildtype larvae from 1dpf via constant immersion.
Exposure to concentrations over 10uM caused significant toxicity (p<0.0001), reducing the
median survival to 4dpf or 2dpf when treated with 10uM or 100uM, respectively (figure 118).
Phenotypically, zebrafish exposed to UDCA demonstrated heart and yolk-sac oedema 24-hours
prior to their death (figure 118). No further experiments were conducted using UDCA due to the

tolerability of TUDCA, a more relevant compound, discussed below.
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Figure 118. Survival Analysis of Wildtype Zebrafish Treated with Ursodeoxycholic Acid from 1-Day Post Fertilisation. A. The
effect of UDCA on the survival of wildtype zebrafish up to 5dpf when treated from 1dpf. Fish were treated via constant immersion
in UDCA and 1% DMSO with daily media changes. n=20 wildtype fish per group. p<0.0001 for 10uM or 100uM compared to control
(Mantel-Cox log rank test). B. Representative brightfield image of 3dpf larvae following a 24-hour exposure to 10uM UDCA. dpf,
days post fertilisation; DMSO, dimethyl sulfoxide; UDCA, ursodeoxycholic acid; uM, micromolar.

6.2.5.4  Tauroursodeoxycholic Acid (TUDCA)
6.2.5.4.1 Toxicity Trials
Toxicity trials of TUDCA in wildtype zebrafish up to 5dpf found no significant effects of the

compound on survival or phenotype, even at the maximum concentration tested (p=0.1295,
figure 119A). However, when the same concentrations were tested in zebrafish up to 10dpf,
100uM became toxic, significantly reducing the survival of larvae from 8dpf (p=0.0182, figure
119B). To establish the highest maximum tolerable dose, toxicity trials were repeated using
concentrations between 10uM and 100uM. When treated from 5dpf, concentrations up to 75uM
were not toxic (figure 119C), however, when treated from 1dpf, 75uM appeared to cause the
death of fish at 10dpf (figure 119D). Although the difference in survival was not statistically
significant (p=0.3202), the remaining larvae also appeared unhealthy (heart and yolk sac oedema

and reduced movement), prompting the use of 50uM TUDCA for future experiments.
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Figure 119. Survival Analysis of Wildtype Zebrafish Treated with Tauroursodeoxycholic Acid. A. The effect of TUDCA on the
survival of wildtype zebrafish up to 5dpf when treated from 1dpf. p=0.1295, Mantel-Cox log rank test. B. 100uM TUDCA reduced
the survival of wildtype zebrafish when treated from 5dpf (p=0.0182, Mantel-Cox log rank test, comparing 100uM TUDCA to DMSO
control). C. 25-75uM TUDCA had no effect on the survival of wildtype zebrafish when treated from 5dpf (p=0.4060, Mantel-Cox
log rank test). D. 25-75uM TUDCA had minimal effect on the survival of wildtype zebrafish when treated from 1dpf (p=0.4336,
Mantel-Cox log rank test). For all experiments, fish were treated via constant submersion with daily media changes. n=20 wildtype
fish per group. DMSO, dimethyl sulfoxide; dpf, days post fertilisation; TUDCA, tauroursodeoxycholic acid; uM, micromolar.

6.2.5.4.2 Treatment of Cyclin G-Associated Kinase Mutant Zebrafish
gak”- zebrafish were treated from 1dpf with 10uM TUDCA to establish whether this could rescue

the survival of this mutant line. This experiment was conducted prior to the establishment of a
new higher tolerable dose (50uM). TUDCA was unable to rescue the survival of gak”- zebrafish
(figure 120), with no significant difference in survival between treated and untreated
homozygous mutants (p=0.3232). After the new tolerable dose of 50uM was established, the
experiment was repeated. This new dose made no difference to the impact of TUDCA on survival
of gak”, with the median survival remaining at 5dpf for both treated and untreated groups

(figure 120).
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Figure 120. Survival Analysis of Cyclin G-associated Kinase Homozygous Mutant Zebrafish and Their Wildtype Siblings When
Treated with Tauroursodeoxycholic Acid from 1-Day Post Fertilisation. The effect of 10uM (A) or 50 uM (B) TUDCA on the survival
of gak homozygous mutant zebrafish and their wildtype siblings when treated from 1dpf. Fish were treated daily via constant
submersion with daily media changes. p=0.3232 for 10uM and p=0.7470 for 50uM (Mantel-Cox log rank test, comparison between

treated and untreated homozygous mutants). DMSO, dimethyl sulfoxide; gak, cyclin g-associated kinase; TUDCA,
tauroursodeoxycholic acid; uM, micromolar.

6.2.5.4.3 Treatment of GTP Cyclohydrolase 1 Mutant Zebrafish
gch1*- zebrafish were incrossed and their offspring divided into two groups; 100 larvae were

exposed to 50uM TUDCA from 1dpf via constant immersion and 100 larvae were exposed to 1%
DMSO. Fish were genotyped at the end of the experiment. Exposure of gch17- mutant zebrafish
to TUDCA increased the median survival from 10 to 11dpf, although differences in survival curves
were not significant (p=0.1150, figure 121). The effect of TUDCA on swim bladder inflation was
also assessed; TUDCA appeared to increase the percentage of fish inflating their swim bladder by
6dpf, however, statistical analysis of these curves found no significant differences between

treated and untreated gch1”- mutants (p=0.2198).
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This experiment was repeated with treatment starting at 5dpf to avoid any effects that TUDCA
may have on early development. As before, no difference in the survival of homozygous mutants
was identified (p=0.3751, figure 121). Swim bladder inflation was not assessed in this trial
because separating fish by swim bladder inflation at 5dpf prior to treatment would result in the
almost certain separation of gchl1”-and wildtype fish between plates, creating an extraneous

variable in the experiment.
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Figure 121. Analysis of GTP Cyclohydrolase 1 Homozygous Mutant Zebrafish and Their Wildtype Siblings When Treated with
Tauroursodeoxycholic Acid. When exposed from 1dpf, 50uM TUDCA had no effect on the survival of gch1/- mutant zebrafish (A,
p=0.1150) or their ability to inflate their swim bladder (B, p=0.2198). Exposure from 5dpf also had no effect on the survival of
gchl”/- mutant zebrafish (C, p=0.3751). Fish were treated via constant submersion with daily media changes. All statistics were
calculated using a Mantel-Cox log rank test between TUDCA treated and DMSO control treated gchl”- fish. DMSO, dimethyl
sulfoxide; dpf, days post fertilisation; gch1, GTP cyclohydrolase 1; TUDCA, tauroursodeoxycholic acid; uM, micromolar.
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6.2.5.5 Glycoursodeoxycholic Acid (GUDCA)

Glycine conjugated UDCA (GUDCA) is another commercially available version of this compound.
Toxicity trials in zebrafish up to 5dpf (data not shown) were inconclusive due to the crystallisation
of the drug in E3 media. To establish at which concentration GUDCA is unable to remain in
solution, various concentrations were left at 28°C overnight and observed for crystal formation.
There was no clear link between the concentration of GUDCA and the formation of crystals (table

39). This compound was not taken any further in this study for this reason.

Table 39. Solubility of Glycoursodeoxycholic Acid in E3 Media

Final concentration of GUDCA / uM Overnight crystal formation?
100 Yes
75 No
50 Yes
25 No

Various concentrations of glycoursodeoxycholic acid were added to 3mL E3 media with 1% dimethyl sulfoxide and left at 28°C
overnight. Crystallisation visible under a microscope was used as a readout of solubility. GUDCA, glycoursodeoxycholic acid;
DMSO, dimethyl sulfoxide; uM, micromolar.

6.2.5.6  Compound X1
The names of the following compounds have been redacted for reasons of confidentiality. They
were tested as part of this project due to their relationship to the bile acid compounds discussed

above and synthesis by the sponsor. The effect of these compounds on inflammation is unknown.

6.2.5.6.1 Solubility Testing

The first novel compound testing during this project was compound X1. An initial solubility assay
found that X1 was insoluble in E3 media with 1% DMSO (table 40). Since long-term treatment
with DMSO at concentrations higher than 1% can cause toxicity issues in zebrafish, X1 was not

taken forward for toxicity trials or application to PD mutants.

Table 40. Solubility of X1 in E3 Media.

Final concentration of X1 / pM Final percentage of DMSO | Overnight crystal formation?
100 1% Yes
50 1% Yes
50 0.5% Yes

Compound X1 was added to 3mL E3 media with dimethyl sulfoxide and left at 28°C overnight. Crystallisation visible under a
microscope was used as a readout of solubility.

6.2.5.7 Compound X2

6.2.5.7.1 Solubility Testing

Another novel compound used in this project was compound X2. Solubility testing found that X2

was soluble in E3 media (table 41).
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Table 41. Solubility of X2 in E3 Media.

Final concentration of X2 / uM Final percentage of DMSO | Overnight crystal formation?
100 1% No
50 1% No
50 0.5% No

Compound X2 was added to 3mL E3 media with dimethyl sulfoxide and left at 28°C overnight. Crystallisation visible under a
microscope was used as a readout of solubility. DMSO, dimethyl sulfoxide; uM, micromolar.

6.2.5.7.2 Toxicity Trials

Initial toxicity trials using compound X2 found that 100uM was well tolerated by zebrafish larvae
up to 5dpf (data not shown) and later up to 10dpf when treating from either 1dpf or 5dpf (figure
122). When treating from 1dpf, larvae exposed to 1uM died at 10dpf. Since these fish displayed
no signs of toxicity before this time point and larvae exposed to higher concentrations did not

develop toxicity, this was assumed to be unrelated to compound exposure.
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Figure 122. Survival Analysis of Wildtype Zebrafish Treated with Compound X2. Toxicity trials of compound X2 demonstrated
that it was well tolerated in wildtype zebrafish up to 10dpf when treated from either 1dpf (A, p=0.2591) or 5dpf (B, p=0.7070).
For all experiments, fish were treated via constant submersion in compound X2 and 1% DMSO with daily media changes. n=20
wildtype fish per group. Data were statistically analysed using Mantel-Cox log rank test (for A, 1uM was omitted from analysis).
DMSO, dimethyl sulfoxide; dpf, days post fertilisation; uM, micromolar.
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6.2.5.7.3 Treatment of GTP Cyclohydrolase 1 Mutant Zebrafish

gch1*/ zebrafish were incrossed and their offspring exposed to either 100nM compound X2 or
DMSO from 1dpf. Compound X2 had no effect on the survival of gch1”- mutant zebrafish (figure
123, p=0.4571), with the median survival in either group remaining at 10dpf. Fish were not
treated from 5dpf with compound X2 due to the limited availability of this compound and its

unlikely effect in older larvae.
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Figure 123. Treatment of GTP Cyclohydrolase 1 Homozygous Mutant Zebrafish with Compound X2. Larvae were obtained from
a heterozygous incross and split into two groups. Fish were treated via constant submersion in compound X2 with 1% DMSO and
media changed daily. Larvae were genotyped at the end of the experiment and numbers per each genotype are given in the
legend. p=0.4571, Mantel-Cox log rank test (comparison between compound X2 treated and DMSO control treated gch1”- fish).
DMSO, dimethyl sulfoxide; gchl, GTP cyclohydrolase 1; uM, micromolar.

6.2.6 Pharmacological Induction of Inflammation in Zebrafish Larvae

In wildtype zebrafish a number of techniques were tested to establish a method of inducing
inflammation in otherwise healthy fish. The techniques developed were aimed for use in the
mutants discussed in previous chapters and also as a system for the assessment of the novel

compounds discussed above. This latter aim was not achieved due to restrictions generated by

the coronavirus pandemic.

6.2.6.1 Lipopolysaccharide

Lipopolysaccharide (LPS) was injected directly into the yolk of 3dpf zebrafish. Zebrafish were then
incubated in neutral red solution to stain microglia and macrophages, and larvae imaged using
brightfield microscopy. Successful neutral red staining was confirmed by the presence of
microglia in the brain, as staining is obvious here. Neutral red staining was evident in the head,
caudal hematopoietic tissue (CHT) and yolk of larvae (figure 124). Puncta staining in the yolk
appeared to only be seen in LPS injected fish, although this staining was difficult to see or
guantify. No differences in survival were seen between LPS injected larvae and controls (data not

shown).
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Figure 124. Neutral Red Staining in Wildtype Zebrafish Injected with Lipopolysaccharide. Neutral red staining of 3dpf zebrafish
larvae following injection into the yolk with DMSO (A-D), 1nL LPS (E-H), 1.5nL LPS (I-L) or 2nL LPS (M-P). Successful neutral red
staining was confirmed by imaging the head (A, E, I, M) and was then assessed in the whole larvae, focussing on the yolk (C, G, K,
0) and caudal hematopoietic tissue (D, H, L, P). Arrows show puncta staining in the yolk. DMSO, dimethyl sulfoxide; dpf, days post
fertilisation; LPS, lipopolysaccharide; nL, nanolitre.
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6.2.6.2 Saponin

6.2.6.2.1 Toxicity Trials
Toxicity trials were conducted on wildtype larvae. Initially, larvae were exposed to 0.5mg/mL, the

concentration suggested for use by Dr Sylvia Brugman. However, this concentration resulted in
the death of all exposed larvae within 24 hours (data not shown). Therefore, a toxicity trial of
lower concentrations was conducted, finding that larval zebrafish could tolerate up to 40ug/mL
saponin, but 400ug/mL resulted in significant death within 24-72 hours (figure 125). Intermediate
concentrations were therefore assessed, identifying 100ug/mL as the maximum tolerable

concentration (figure 125).

A Saponin Applied B Saponin Applied
100 '
100 — Husbandry control 100 — Husbandry control
= — 4ug/mL saponin = — 4pg/mL saponin
3 801 . 3 80+ .
s — 40pg/mL saponin s — 40upg/mL saponin
7 604 — 400pg/mL saponin 2 60 — 400pg/mL saponin
T T
@ 404 @ 40
5 5
o 204 o 204
0 T T T T T 0 T T T T
0 1 2 3 4 5 0 1 2 3 4 5
Days Post Fertilisation Days Post Fertilisation
C Saponin Applied D Saponin Applied
v
100 — Husbandry control 100 — Husbandry control
T 804 — 100ug/mL saponin T 804 — 100ug/mL saponin
> . > .
s — 200ug/mL saponin S — 200ug/mL saponin
7 60+ — 300ug/mL saponin 7 60+ — 300pg/mL saponin
E 40 - — 400ug/mL saponin E 40 — 400ug/mL saponin
2 2
] ]
o 204 _|_| o 204
0 T T T T 0 T T T T
0 1 2 3 4 5 0 1 2 3 4 5
Days Post Fertilisation Days Post Fertilisation

Figure 125. Toxicity Trials of Saponin Exposure in Wildtype Larval Zebrafish. Larvae were exposed to saponin via constant
immersion from either 2-(A, C) or 3-(B, D) dpf. Survival was assessed every 24 hours. n=20 wildtype fish per group. dpf, days post
fertilisation; ug, micrograms.

6.2.6.2.2 Induction of Inflammation using Saponin
For the assessment of the induction of inflammation, wildtype larvae were exposed to

concentrations up to 100pg/mL saponin from 3-5dpf. RNA was then extracted from groups of 15
larvae, cDNA created and qPCRs conducted to assess the levels of three inflammatory mediators.
100ug/mL saponin significantly increased the expression of il-18 (figure 126A, p<0.0001), mmp9
(figure 126B, p=0.0053) and cxcl8 (figure 126C, p=0.0008). Concentrations below 100ug/mL had

no effect on expression.
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Figure 126. Expression of Inflammatory Mediators in Wildtype Larvae Exposed to Saponin for 72 Hours. Wildtype zebrafish were
exposed to saponin from 3-5dpf via constant immersion. Significant increases in the expression of il-18 (p<0.0001, A), mmp9
(p=0.0053, B) and cxcl8 (p=0.0008, C) were identified using gPCR on RNA extracted at 5dpf. Expression is shown relative to control
samples. Statistical analysis conducted on ddCt data, using a one-way ANOVA (all datasets passed Shapiro-Wilk test for
normality). n=6 biological replicates (15 larvae combined per replicate). rps29 was used as a loading control for all gPCRs. cxcl8,
c-x-c motif chemokine ligand 8; dpf, days post fertilisation; il-16, interleukin-1 beta, mmp9, matrix metalloproteinase 9; ug,
micrograms.

6.2.6.3 Dextran Sodium Sulfate (DSS)
6.2.6.3.1 Toxicity Trials
Three concentrations of DSS were selected for use based on previous publications and

discussions with Dr Sylvia Brugman. No toxicity was seen with any concentration when wildtype

larvae were treated from either 2dpf or 3dpf (figure 127).
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Figure 127. Toxicity Trials of Dextran Sodium Sulfate using Wildtype Zebrafish Larvae. No toxicity of DSS was seen when wildtype
larvae were exposed from either 2-5dpf (A) or 3-5dpf (B) with any of the concentrations tested. n=20 wildtype larvae per group.
dpf, days post fertilisation; ug, microgram. DSS, dextran sodium sulfate.

6.2.6.3.2 Induction of Inflammation using DSS
All three concentrations were then used in triplicate to obtain RNA post-treatment, which was

used for gqPCR against three inflammatory mediators, as for saponin above. The results from
these gPCRs were inconsistent between replicates (table 42) and opposite to the expected
results; the data suggested a dose-dependent decrease in il-16 and mmp9 expression and an
increase in cxcl8 expression following exposure to DSS (figure 128). No mmp9 amplification was
seen in larvae exposed to 100ug/mL and in some replicates no amplification was seen for il-18 or
mmp9 in larvae exposed to 50ug/mL or 100ug/mL. Based on the trend of these datasets, it is

likely that expression was too low to detect above background using gPCR.

These results were unexpected. However, the same trend was identified following exposure from
2-5dpf, although this was only conducted using one biological replicate (figure 128). The lack of

amplification following exposure to 100ug/mL was also replicated in this dataset.

Table 42. Summary of Quantitative PCR Data Following Exposure to Dextran Sodium Sulfate

il-18 cxcl8 mmp9
Rep Linear dose-dependent decrease Linear dose-dependent increase, | Dramatic dose-dependent decrease, no
1 plateaus at high dose expression detected in high dose

Rep | Biological effect? Starting expression lower so | Linear dose-dependent increase, | Dramatic decrease with initial dose, no
3 after initial decrease, no expression detected less dramatic than repl expression detected in higher doses

Table outlining the trend in expression of interleukin-1 beta (il-18), C-X-C motif chemokine ligand 8 (cxcl8) and matrix
metalloproteinase 9 (mmp9) following treatment of wildtype zebrafish larvae with dextran sodium sulfate from 3-5dpf. Colours
relate to biological replicates (rep) and match those shown in figure 128 below.
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Figure 128. Dextran Sodium Sulfate Resulted in Inconsistent Changes in the Expression of Inflammatory Mediators. Expression
of il-18 (A, B), mmp9 (C, D) and cxcl8 (E, F) in wildtype larvae following exposure to DSS. A, C, E data from 3 biological replicates
(15 larvae per replicate), treated from 3-5dpf, colour-coded to replicate. B, D, F from a single replicate, treated from 2-5dpf. All
data was normalised to rps29 and shown relative to control expression levels. cxcl8, C-X-C motif chemokine ligand 8; dpf, days
post fertilisation; dss, dextran sodium sulfate; il-18, interleukin 1-beta; mmp9, matrix metalloproteinase 9; ug, micrograms.
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6.2.6.4  Trinitrobenzene Sulfonic Acid (TNBS)
6.2.6.4.1 Toxicity Trials
The final compound assessed for the induction of inflammation was TNBS. Toxicity trials on

wildtype larvae identified 75ug/mL to result in oedema of the heart and yolk sac as well as body
curvature at 4dpf, preceding larval death (figure 129). 50ug/mL TNBS also caused milder heart
and yolk sac oedema by 4dpf but resulted in less death than 75ug/mL. Due to the high toxicity,

75ug/mL was not included in further experiments.
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Figure 129. Toxicity Trials of Trinitrobenzene Sulfonic Acid using Wildtype Zebrafish Larvae. Survival curves of wildtype larvae
exposed to TNBS from either 2-5dpf (A) or 3-5dpf (B). n=20 wildtype larvae per group. dpf, days post fertilisation; TNBS,
trinitrobenzene sulfonic acid; ug, microgram.

6.2.6.4.2 Induction of Inflammation using TNBS
Treatment with 25ug/mL and 50ug/mL TNBS was repeated in triplicate and RNA extracted at

5dpf. Slight variations in survival were seen between replicates but most larvae survived, even
when exposed to 50ug/mL, which was less well tolerated in toxicity trials. The expression of
inflammatory mediators was assessed as before (table 43). Whilst it appeared that TNBS was
increasing the expression of these inflammatory mediators, closer examination identified this
was likely due to an outlier in the 50pg/mL treated group (orange, figure 130). Changes in
expression were not significant for either il-16 (p=0.0753) or cxcl8 (p=0.0666), but a significant
increase was seen in mmp9 expression when larvae were exposed to 50ug/mL (p=0.0268). As
this concentration resulted in oedema, TNBS was not used for inducing inflammation as effects

would be difficult to distinguish from nonspecific toxicity.
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Table 43. Summary of Quantitative PCR Data Following Exposure to Trinitrobenzene Sulfonic Acid

il-18 cxcl8 mmp9

Rep | Dose-dependent increase, more evident with Effect only seen with 50pg/mL, Dose-dependent increase, more evident
2 | 50pg/mL (outlier?) increased expression (outlier) with 50pg/mL (outlier?)

Rep | Both doses saw moderate increase, but no Small dose-dependent increased Moderate dose-dependent increased
3 | further effect of increasing concentration expression expression

Table outlining the trend in expression of interleukin-1 beta (il-18), C-X-C motif chemokine ligand 8 (cxcl8) and matrix
metalloproteinase 9 (mmp9) following treatment of wildtype zebrafish larvae with TNBS from 3-5dpf. Colours relate to biological
replicates (rep) and match those shown in figure 130 below.
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Figure 130. Trinitrobenzene Sulfonic Acid Resulted in Inconsistent Changes in the Expression of Inflammatory Mediators.
Expression of il-18 (A), mmp9 (B) and cxcl8 (C) in wildtype larvae following exposure to TNBS. Data from 3 biological replicates
(15 larvae per replicate), treated from 3-5dpf, colour-coded to replicate. No statistical difference was found between treatment
groups for il-18 (p=0.0753) or cxcl8 (p=0.0666). A significant increase in mmp9 expression was found following exposure to
50ug/mlL (p=0.0268). All data was normalised to rps29 and shown relative to control expression levels. Statistics were analysed
using a one-way ANOVA on ddCt values following Shapiro-Wilk test for normality. For mmp9 data, Tukey’s post-hoc multiple
comparisons test was used following ANOVA. cxcl8, C-X-C motif chemokine ligand 8; dpf, days post fertilisation; TNBS,
trinitrobenzene sulfonic acid; il-16, interleukin 1-beta; mmp9, matrix metalloproteinase 9; ug, micrograms.
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6.3 Discussion
There were two aims of chapter 6 of this thesis; to explore the option of inflammatory
modulation in PD mutant zebrafish and to develop methodology to induce inflammation in

otherwise healthy larvae.

To reduce neuroinflammation, a genetic approach was developed to inhibit the development of
microglia in the brains of larval zebrafish. Zebrafish microglia are derived from primitive
macrophages that infiltrate the brain and differentiate within the tissue to become CNS-resident
microglia. During this process, cells develop new sets of gene expression and alter their
morphology. A subpopulation of primitive macrophages / erythromyeloid progenitors, which
develop not from hematopoietic stem cells but from the rostral blood island (RBI) of the yolk sac,
initially colonise the brain to become embryonic microglia (Bertrand et al., 2007). The number of
microglia from this initial wave decreases over time, becoming completely absent by one year
(Xu et al., 2015). A second wave, cells originating from hematopoietic stem cells on the ventral
wall of the dorsal aorta (VDA), infiltrate the brain from 15dpf becoming the most dominant
population by 3 months of age (Xu et al., 2015). The gene expression profile of larval microglia
demonstrates their similarity to adult zebrafish populations and those found in other animals

(Mazzolini et al., 2020), suggesting that zebrafish larvae are a good model of microglial function.

irf8 has been used to genetically target microglia in zebrafish. As discussed in the chapter
introduction, irf8 is expressed in myeloid cells during development, becoming restricted to
microglia in 3-7dpf larvae (Li et al., 2011; Mazzolini et al., 2020). Unlike in mouse models, a loss
of irf8 in zebrafish results in a lack of macrophages and microglia (Earley et al., 2018; Li et al.,
2011; Prajsnar et al., 2021; Shiau et al., 2015; Tsarouchas et al., 2018; Yu et al., 2017; Zhao et al.,
2018), enabling their use a genetic model of reduced inflammation. Larvae without microglia

would have a reduced ability to mount an immune response within the brain.

Commonly, a single gRNA targeting exon 1 of irf8 is used to create CRISPants with reduced
microglia in zebrafish larvae, and this was used as standard in the department. Whilst this thesis
showed that this method was able to achieve microglial depletion, the addition of two additional
novel gRNAs, also targeting exon 1, was able to further increase the success of microglia knockout
in zebrafish larvae. This is likely due to the increased double-stranded DNA breaks and the
insertion of further deleterious indels in the gene. This triple gRNA was used for further

experiments and has also now been used by other research groups at The University of Sheffield.
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gchl”- mutant zebrafish develop an inflammatory phenotype by 8dpf, characterised by
hyperactive microglia and increases in proinflammatory cytokine production (Larbalestier et al.,
2021). These larvae also fail to inflate their swim bladders and have a reduced survival, with most
larvae dying by 10dpf. Microglia in gch1”- mutants have been shown to have increased rates of
phagocytosis compared to their wildtype siblings, indicative of increased activity. Not only does
a reduced expression of irf8 significantly reduce the number of microglia in zebrafish, it has also
been demonstrated to inhibit the ability of these cells to phagocytose (Li et al., 2011) and prevent
proinflammatory gene induction (Das et al., 2017). Therefore, it was hypothesised that a lack of
microglia in gch1”- mutant larvae using irf8 CRISPants would reduce their neuroinflammatory

phenotype and, at least partially, rescue their reduced survival.

Whilst irf8 CRISPR was successful in reducing the number of microglia in gch1”- mutant zebrafish,
this was unable to rescue the survival or lack of swim bladder inflation in these mutants. The
effect on specific readouts of inflammation was not conducted. Performing microglial counting
and activation studies, the methodology initially used to show an inflammatory phenotype,
would be impractical in larvae with depleted microglia and RNAseq analysis would be costly and
time consuming. Furthermore, additional study found that irf8 CRISPR was unable to prevent
microglia development at later time points. This is particularly relevant since gch1”" larvae only
develop inflammatory phenotypes from 8dpf, a stage at which microglial repopulation was found

in irf8 CRISPants.

The irf8 CRISPants created during this project lacked microglia up to 5dpf, but 4c4+ cells appeared
to repopulate the brain by 8dpf, becoming fully repopulated by 10dpf. The lack of microglia at
this early stage is in agreement with other zebrafish models of irf8 deficiency (Earley et al., 2018;
Shiau et al., 2015; Tsarouchas et al.,, 2018; Yu et al.,, 2017). These models also identified
reductions in peripheral macrophages and an increase in peripheral neutrophils (Prajsnar et al.,
2021; Shiau et al., 2015; Tsarouchas et al., 2018; Yu et al., 2017; Zhao et al., 2018), an effect that

has been confirmed in overexpression studies (Li et al., 2011).

From the data presented in this chapter, it appears that irf8 CRISPants have a depletion of only
microglia derived from the first wave of development. This has also been shown in other
zebrafish irf8 mutants, where a partial recovery of macrophages during adulthood suggests that
some VDA-derived macrophages develop independent of irf8 (Yu et al., 2017). In TALEN-
generated mutants and morphants, microglia and macrophages have been shown to be absent

in larval zebrafish but macrophages reappeared slowly from 7dpf (Shiau et al., 2015).
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Pu.1 mutants can also be used to illustrate this. As mentioned in the introduction, Pu.1l acts
upstream of irf8 in zebrafish myeloid development (Li et al., 2011; Yu et al., 2017). The loss of
macrophages and microglia in young amorphic Pu.1l mutant zebrafish larvae has been shown to
recover by 5dpf (Yu et al., 2017). The repopulated microglia were functional, able to phagocytose
and had normal branched morphology. These data suggest that Pu.1 is required for RBI-derived,

but not VDA-derived cells, which may also be the case for downstream irf8.

Whilst the above data support the hypothesis that the repopulation of microglia in the irf8
CRISPants in this thesis are VDA-derived peripheral macrophages that infiltrate the brain and
differentiate into microglia, other data suggests this is not the case. In the mutants and
morphants published by Shiau et al. (2015), whilst peripheral macrophages repopulated in older
larvae, no microglia were evident even by 31dpf. Likewise, in irf8 null adult zebrafish, whilst
peripheral macrophages appear normal, microglia remain absent throughout life (Earley et al.,
2018). If peripheral macrophages in irf8 mutant larvae were able to differentiate into microglia
and repopulate the brain, these would be expected to be present in the adult irf8 nulls. The cells
found to peripherally repopulate irf8 mutants have been suggested to be a population of B cells
rather than true macrophages (Ferrero et al., 2020), which may explain why their differentiation

into microglia is not seen in these mutants.

As discussed previously in this thesis, CRISPR mutagenesis results in mosaic animals, with some
cell populations having no mutations. The addition of two gRNAs in this project is likely to reduce
the number of cells without mutations, as multiple guides targeting a single gene has been shown
to reduce mosaicism (Wu et al., 2018). However, even a small subset of cells able to express irf8
could repopulate over time and explain the short lasting depletion of microglia in these

CRISPants.

Due to this repopulation, an additional method to prevent microglia development was sought.
Pharmacological depletion of microglia has been shown to occur in zebrafish exposed to Ki20227
(Chia et al., 2018). In this project, 4c4 immunohistochemistry revealed that although the number
of microglia was reduced in larvae exposed to Ki20227, the remaining cells possessed an
amoeboid morphology, indicative of activated cells. As gch1”- mutant zebrafish are known to
already have increased activation of their microglial cells, treatment with Ki20227 may not be

appropriate, although exposure did not increase the mortality of these mutants.
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A combination of irf8 CRISPants and Ki20227 was used as a double knockout method to prevent
microglial development in gch1”- mutant zebrafish. Immunohistochemistry was not conducted
on irf8 CRISPants that had been exposed to Ki20227 due to a lack of available 4c4, so the effect
of this combined treatment is largely unknown. It was hypothesised that the initial absence of
microglia evident in irf8 CRISPants is maintained by exposure to Ki20227, as this is a microglial
proliferation inhibitor and the increased activation state would in this case be negligible.
Combined treatment of the gchl”- mutant zebrafish larvae had no effect on their survival,
although conclusions about the reason for this cannot be fully drawn without assessment of the

microglia.

The absence of a rescue effect in these microglial experiments suggests that the gch1 phenotype
may not be driven by the perceived microglial abnormalities. In other models of
neurodegeneration, for example LPS exposure in rats, the inhibition of microglia has been shown
to result in a phenotypic rescue (Tomas-Camardiel et al., 2004), suggesting that microglia are a
key driving force in the pathological process. It is likely that more widespread effects are
occurring that result in the premature death of the gch1”- mutant zebrafish, and reducing the

activity of microglial cells is not enough the rescue this.

More global inflammation was also targeted in the gch1”- mutant zebrafish using a number of
commonly used and novel anti-inflammatory compounds. Dexamethasone was used as a positive
control during this project since its anti-inflammatory properties are well characterised and it has
been widely used in zebrafish. Dexamethasone was unable to rescue the survival of gchl”
mutant zebrafish although additional readouts were not assessed during this project. The lack of
effect suggests that the pharmacological inhibition of inflammation is unlikely to rescue this

mutant and helps explain the absence of effect of the following compounds.

Analysis of RNAseq data obtained directly from gch1”- mutant zebrafish brains suggested that
quinacrine, along with a number of other compounds, could have a rescue effect in this line.
Quinacrine, an outdated antimalarial drug, acts via a number of mechanisms, one being anti-
inflammatory activity primarily via phospholipase A2 and NF-kB inhibition (Vigo et al., 1980). A
reduction in TNF-a-induced iNOS expression in macrophages, as well as their apoptosis, has been
demonstrated in cells exposed to quinacrine in vitro (Chumanevich et al., 2016). Additionally, two
models of colitis have demonstrated that quinacrine protects against inflammation and
ulceration, with reductions in COX2, iNOS and p53 identified in the colon of mice exposed to DSS

(Chumanevich et al., 2016). Relevant to PD, quinacrine can partially rescue the depletion of
251



dopamine and prevent the degeneration of dopaminergic neurons in MPTP and 6-OHDA mouse,
rat and cell-based models (Goulding et al., 2021; Tariq et al., 2001). Its use in zebrafish has not
been widely published, although a link has been found between exposure and reduced ovulation

in adult females (Cosme et al., 2015).

Exposure of gchl”" mutant zebrafish larvae to the maximum tolerated concentration of
quinacrine was unable to rescue the survival of these mutants, further suggesting that
inflammatory modulation is not sufficient for gch1”- phenotype rescue. Quinacrine is not a purely
anti-inflammatory compound and has additional actions, including as an antioxidant (Struhar et
al., 1992; Turnbull et al., 2003). It could be proposed that modulation of these other pathways is
also not relevant in the gch1”- mutant zebrafish. However, readouts directly relating to these
pathways were not assessed, so the effect of quinacrine in these experiments, or indeed in the

zebrafish at all, cannot be confirmed.

The final set of compounds assessed in this line were bile acids. Whilst UDCA toxicity trials
suggested that the compound was having an effect in zebrafish exposed via immersion,
conjugated bile acids were of more relevance and therefore established as a treatment. GUDCA
was unable to remain in solution in E3 media, so was not used for experiments. TUDCA was
therefore used for the treatment of gch1”- mutant zebrafish, although this was unable to rescue
the survival of these mutants. Once again, this supports the conclusion that anti-inflammatory

compounds may not be useful in the gch1” line.

However, since no toxicity was seen following TUDCA exposure in zebrafish, it cannot be
confirmed that the compound was having a biological effect. In humans, bile acids bind to three
receptors; the farnesoid X receptor (FXR) (Makishima et al., 1999), the pregnane X receptor (PXR)
(Staudinger et al., 2001) and the vitamin D receptor (VDR) (Makishima et al., 2002). Non-
mammalian receptors demonstrate large differences in protein sequence and ligand binding. For
example, zebrafish FXRs and PXRs bind nearly exclusively 5a-bile alcohols, resulting from
differences in the shape of the ligand-binding pockets (Reschly et al., 2008), suggesting that the
results of zebrafish drug treatments could hinge largely on whether the zebrafish ligand binding
domains are structurally able to accommodate the bile acid derivatives used. However, the
positive benefits of bile acids in neurodegenerative disease have been suggested to result from
binding to sites other than the canonical binding pocket and to other receptors entirely, such as
the GPBAR1/TGR5 receptor (Yanguas-Casas et al., 2017). An Ensembl search of GPBAR1 found

that zebrafish do not possess an orthologue of this receptor, which may further indicate that
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zebrafish are not a good model for the assessment of bile acid compounds for anti-inflammatory
actions in neurodegenerative disease. Further research into the actions of these compounds in
zebrafish is needed to explore this and draw reliable conclusions from data presented in this

thesis.

All of the above data suggest that inflammation is not driving the phenotype of the gch1” mutant
zebrafish. Inflammation is likely only one aspect of the phenotype and its treatment alone is
therefore not enough to rescue these mutants. A primary motive for the pharmacological
treatment of this line with known anti-inflammatory compounds was to assess whether the novel
compound, X2, used during this project possessed anti-inflammatory properties. Exposure of
gchl”/- mutant zebrafish to compound X2 was unable to rescue their survival or swim bladder
inflation defect. Since the positive control, dexamethasone, was also unable to achieve this, no
conclusions can be drawn about the anti-inflammatory properties compound X2 as hoped.
Therefore, a new methodology was established to reassess this compound - the pharmacological
induction of inflammation in wildtype zebrafish larvae. Inducing inflammation pharmacologically
in zebrafish has two uses. Wildtype zebrafish exposed to such compounds provide a useful model
for drug efficacy experiments. Phenotypes resulting from exposure may be rescued by the
addition of secondary compounds, suggesting an anti-inflammatory activity of the rescue drug.
Secondly, these models can be combined with existing zebrafish mutants to assess their

susceptibility to external inflammatory factors.

LPS is a well-known inducer of inflammation and is widely used in animal models. Numerous
attempts in zebrafish to induce inflammation by immersing larvae in LPS have been unsuccessful.
Yang et al (2014) published a novel technique for using LPS to stimulate an inflammatory
phenotype in zebrafish larvae. Injecting 2nL of 0.5mg/mL LPS directly into the yolk of 3dpf larvae
was able to induce morphological changes, yolk necrosis and 100% mortality within 32 hours. An
inflammatory phenotype was identified by the recruitment of macrophages and neutrophils to
the yolk sac within 4 hours and a significant upregulation of tnf-a, il-16 and il-6. Furthermore,

dexamethasone was able to significantly reduce the mortality associated with LPS injection.

Attempts to recreate this data during this project were unsuccessful. Despite following the
published methodology, including the purchasing of LPS from the same supplier, no effect on the
survival of LPS injected larvae was seen and neutral red staining was unremarkable. Whilst there
were small areas of staining in the yolk of LPS-injected larvae, indicative of a few macrophages,

this was much lower than that seen by Yang et al (2014), where huge numbers of macrophages
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were recruited to the yolk. More recent zebrafish papers have altered this technique to inject
much larger quantities, 10nL of 10mg/mL LPS (Zhang, Yuan, et al., 2018; J. Zhou et al., 2019). The
50X increase in total LPS injected and a volume of 10nL seemed like a large volume for the yolk
to tolerate, however, this new methodology was trialled. Even at this high dose, LPS had no effect

on the survival or neutral red staining of injected larvae.

As this method could not be established, a number of other compounds previously used in
zebrafish to induce inflammation were then tested in parallel. All three compounds were
assessed in the same way; their ability to affect larval expression of three inflammatory

mediators, mmp9, il-16 and cxcl8.

DSS exposure resulted in changes in expression that directly opposed the published data, in
which an increased expression of all three inflammatory mediators was reported (Oehlers et al.,
2012). These qPCRs were repeated to ensure this was not human error. The data collected
suggested that DSS reduced inflammation in exposed larvae, demonstrated by dose-dependent
decreases in il-16 and cxcl8 expression. A possible explanation for this unexpected result is DSS
toxicity. If cell death had occurred in DSS-exposed larvae, then lower expression levels could be
expected. However, rps29 expression was as expected and fish appeared healthy following DSS
exposure. Additionally, mmp9 demonstrated a dose-dependent increase in expression in the
same larvae, as expected given the previous literature. This was not explored as part of this
project as the primary aim was to establish a proinflammatory model for use in other

experiments.

The second compound used to induce inflammation in this project was TNBS. In previous
publications, TNBS has been demonstrated to increase all three of the inflammatory mediators
assessed, as well as others (Oehlers et al., 2011; Oehlers et al., 2010). In the current project, TNBS
was able to induce a proinflammatory effect in larvae, although this differed substantially
between replicates. Furthermore, the only concentration able to induce these increases also
resulted in toxicity, primarily evidenced by heart and yolk sac oedema. The inconsistency and
toxicity associated with TNBS therefore prevented the use of this compound in further

experiments.

The final compound, saponin, was used successfully to induce a reliable, significant inflammatory
effect with a measurable readout. The expression of mmp9, il-16 and cxcl8 were significantly

upregulated in larvae exposed to the maximum tolerable concentration of saponin for 48-hours.
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This data aligns with previous publications, where increases in il-16 and mmp9 have also been
reported (Lopez Nadal et al., 2018). The doses used in this paper were much higher than those
used in this thesis; these doses resulted in the death of zebrafish during this project.
Furthermore, no change in cxcl8 expression in response to saponin was reported by Lépez Nadal
et al (2018), an effect that was seen in the current project. This model was hoped to be used as
a readout for the anti-inflammatory activity of the novel compounds tested as a part of this
project. However, compound availability and the coronavirus pandemic meant that this did not
go ahead as planned. The second reason for developing such methodology was to assess the
susceptibility of PD mutant zebrafish to external inflammatory stress. This was successfully done

in acmsd” mutant larvae, which can be found in chapter 4.

6.4 Conclusion

Targeting inflammation in gch1”~ mutant zebrafish both genetically and pharmacologically was
unable to rescue the phenotype of these fish, suggesting that their ultimate premature death is
the result of more than just inflammation alone. Whilst these mutants display an inflammatory
phenotype, including microglial-specific effects, reducing the number of these inflammatory cells

had no effect in these larvae.

Since these mutants were unaffected by known anti-inflammatory compounds, they were not a
good model for assessing the anti-inflammatory effect of novel compounds as planned. New
method development lead to the identification of saponin as a reliable inducer of inflammation
in larvae. Zebrafish exposed to saponin developed an inflammatory phenotype with a simple
gPCR readout, enabling this model to be used in further study. Whilst this was never combined
with novel compound testing, this model was successfully used in other PD mutant zebrafish to

gain more information about their overall phenotype.
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7 Concluding Remarks, Limitations and Future Work

This thesis has explored the role of two Parkinson’s disease risk genes that also have a role in
inflammation using the zebrafish as a model system. Whilst zebrafish Irrk2 mutants have been
published previously, the characterisation of the acmsd mutant in this thesis represents the first
loss-of-function acmsd vertebrate model in the field. Interestingly, a loss of either Irrk2 or acmsd
did not result in phenotypic changes in the zebrafish, contrasting what was expected given their
key biological roles. Despite stressing both mutants with external triggers, including neurotoxic,
inflammatory and hepatotoxic compounds, the induction of a phenotype in either knockout was
not observed. Whilst a possible explanation for this in acmsd mutants was identified, the
upregulation of a compensatory pathway, the absence of effect in Irrk2 mutants was not
explored. This thesis also outlined how targeting inflammation in PD-relevant zebrafish mutants

that are known to possess an inflammatory phenotype was unable to rescue their phenotype.

An exciting outcome of this thesis was the development of novel Irrk2 lines that recapitulate
mutations seen in human cases of LRRK2-linked PD. Whilst these were unable to be characterised
during the time restraints of this PhD, these new lines afford an opportunity to potentially build

a new PhD project and study PD in zebrafish in a more relevant way.

The work presented here alongside that published in the literature leaves a number of key
unanswered questions. Is the upregulation of the neuroprotective pathway observed in acmsd
mutant zebrafish also upregulated in other animal models of acmsd deficiency, or indeed in
humans with SNPs in ACMSD? What additional stressors may be required in this line to induce a
phenotype or are zebrafish able to indefinitely compensate via this mechanism? Why do small
changes in acmsd in humans alter the risk of PD but relatively huge changes (i.e. a complete loss
of activity) seem to have no effect in zebrafish? What is happening in the Irrk27/- mutant line to
overcome the effect of the DNA mutation? Do the newly generated Irrk2 lines recapitulate

human PD? What is driving the phenotype of the gch1 line, if not inflammation?

Whilst the data presented in this thesis may suggest that inflammation is not relevant in acmsd,
Irrk2 or gch1 —linked PD, it more likely reflects the downfalls of zebrafish as a model or the limited
methodologies used. Further stressors may be able to induce a phenotype in acmsd and Irrk2
mutant zebrafish, identifying their “second hit” required for disease. Compounds used for
external stimulation of these lines were chosen using knowledge of gene function, expression

information and their relevance to PD, however, the number of possible stressors is endless.
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Similarly, whilst the anti-inflammatory compounds assessed in the gchl line suggest that
inflammation is unlikely to be the key driving force of their phenotype, only a handful of
compounds were tested and only gross phenotypes used as a readout. It would be interesting to
establish specific inflammatory readouts in this line to use to assess the effect of these
compounds. This was attempted using immunohistochemistry during the first year of this
project, although no successful targets were identified (data not presented). Research using an
in vivo model enables the best representation of the human condition. Zebrafish, despite their
limitations, are useful in that they are an easily manipulatable whole animal system. However,
zebrafish have a number of key differences to humans in both their genetics and interplay
between biological systems. For example, the compensatory upregulation of kynurenic acid seen
in the acmsd mutant zebrafish may not occur in humans with reduced ACMSD activity.
Furthermore, whilst loss-of-function mutants are useful in understanding the basic biology of
gene function, they do not represent the human condition, where a complete loss of gene
function is rare. It will, therefore, be interesting to see the results of the new zebrafish lines that

are more relevant to disease.

It is also imperative to remember that each variant typically exerts only a small effect on the
overall risk of developing PD. Additional triggers or combinations of genetic variants are often
required for PD to manifest and identification of these would be useful in identifying those most
at risk of disease. Studying each gene independently has limitations in this. However, further
research into ACMSD and LRRK2 will hopefully identify specific pathology resulting from
alterations to these enzymes, leading to targeted treatment that is more likely to work on an
individual basis. For this personalised approach, genetic testing would need to be conducted,

possibly before the development of PD symptoms, an unrealistic task at present.
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The overarching hypotheses tested during this project are outlined below, along with justification

of their acceptance / rejection based on the data presented in this thesis.

1. Zebrafish carrying functionally inactivating mutations in PD risk genes that can also be linked

to inflammation will display a PD-relevant phenotype.

Rejected: Neither acmsd”” or Irrk27- mutant zebrafish demonstrated a PD-relevant phenotype in
terms of abnormalities of movement, changes to dopaminergic neurons or susceptibility to

neurotoxic compounds.

2. Zebrafish carrying functionally inactivating mutations in PD risk genes that can also be linked

to inflammation will display an inflammatory phenotype.

Rejected: Neither acmsd”” or Irrk27- mutant zebrafish displayed an inflammatory phenotype. This

was studied more in-depth in acmsd”- mutants.

3. Zebrafish carrying functionally inactivating mutations in PD risk genes will be more susceptible

to additional, external triggers.

Rejected: acmsd’- mutant zebrafish were no more susceptible to neurotoxicity (MPP+),
inflammation (saponin) or hepatotoxicity (paracetamol) than wildtype zebrafish. Irrk27- mutant

zebrafish were no more susceptible to MPP+.

4. Inhibiting neuroinflammation, either pharmacologically or otherwise, will be able to, at least

partially, rescue the phenotype of PD mutant zebrafish.

Rejected: gch17-mutant zebrafish were primarily used to test this hypothesis due to their known
inflammatory phenotype. However, treatment with anti-inflammatory compounds (known and
novel) or inhibition of the primary inflammatory cells of the brain was unable to rescue the

mutant phenotype.
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Despite rejecting all of the proposed hypotheses outlined at the start of this thesis based only on
the data presented, further experiments are necessary to fully and confidently reject these. Only
some avenues for each question were explored, as discussed elsewhere. However, all aims of

this thesis were achieved:

Objective 1: To characterise novel zebrafish models of PD. Aim one of this thesis was achieved
by the full characterisation of two zebrafish lines with knockout mutations in PD relevant genes;
Irrk27- and acmsd”-. The acmsd line underwent a more in-depth characterisation than /rrk2 due
to issues identified with the Irrk2 line during this project. New, PD-relevant Irrk2 lines were also
created as a part of this project, although these have not yet been characterised due to their

young age.

Objective 2: To determine whether inflammation, particularly that mediated by microglia,
drives the phenotype of these models. Aim two of this thesis was partially achieved during this
project. Microglial characterisation in both mutants was assessed, and baseline inflammation and
susceptibility to external inflammation was also evaluated in the acmsd line. Microglial
contribution to phenotype was explored using the gchl mutant, although some issues were

identified with the methodology used to inhibit microglia in this model.

Objective 3: To target inflammation pharmacologically using known anti-inflammatory drugs,
bile-acids and novel compounds. Aim three was achieved by exposing zebrafish mutants to a
number of anti-inflammatory compounds, primarily in the gchl line. None of the tested

compounds were seen to have an effect on the overall survival of this line.

Objective 4: Develop new, more relevant PD zebrafish lines. Aim four of this project was
achieved by the creation of four new Irrk2 zebrafish lines that harbour mutations in the Irrk2

gene that recapitulate pathogenic mutations identified in human PD.
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