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Abstract 

Zebrafish are a versatile experimental model which have progressed the fields of many 

research areas through both genetic and pharmacological studies. In this thesis I 

studied a novel zygotic gene, nanor, in zebrafish and investigated expression, 

localisation and function of the gene during early development. I also investigated 

neuroprotective and neurorestorative properties of three novel Parkinson’s disease 

drugs, calcium channel inhibitor - isradipine, tetracycline antibiotic - minocycline and 

monoamine oxidase inhibitor - rasagiline using a zebrafish model of Parkinson’s 

disease.  

The transition from maternal to zygotic control of embryo development occurs with 

activation of the zygotic genome and degradation of maternal transcripts. This stage is 

known as the mid-blastula transition in zebrafish. Following this, axis patterning begins 

with the anteroposterior axis, the dorsoventral axis and the left/right axes. Left/right axis 

formation is essential for asymmetric development and correct orientation of developing 

organs such as the heart, brain and gut. In zebrafish, asymmetric development begins 

with dorsal forerunner cell migration to form a transient organ, Kupffer’s vesicle; the 

organ of asymmetry. Kupffer’s vesicle sends signals to the lateral plate mesoderm 

during somitogenesis which will result in nodal-related gene expression and correct 

asymmetry development in the larvae. 

A novel, first-wave zygotic gene in zebrafish, nanor, was discovered by our research 

group and has been linked to left/right asymmetry development. Nanor has 3 

paralogues and 3 orthologues. The best hit following genomic sequence alignment is to 

a P2X7-like purinoreceptor in Austrofundulus limnaeus, a closely related genus of fish, 

with no known human ortholog. I investigated nanor expression by quantitative PCR and 

whole-mount in situ hybridisation and found highest expression at sphere and shield 

stage with ubiquitous expression which becomes restricted to anterior structure by 24 

hours post fertilisation. A second paralogue, nanor b, then goes through a second wave 

of gene expression up to 120 hours post fertilisation.  

Transcription activator-like effector nucleases (TALEN) technology was used to 

knockout nanor in order to identify downstream genes. High embryonic lethality was 

recorded in mutant embryos with severe defects such as underdeveloped or absent 

eyes, brain and heads with bent bodies and severe heart oedema and blood pooling. 

Knockout was found to be embryonic lethal in mutants. 

Following this, Nanor protein-protein interactions were investigated using co-

immunoprecipitation followed by mass spectrometry. Results identified over 1500 



Abstract 

2 
 

interacting proteins. However, on closer investigation the custom made anti-nanor 

antibody used for Nanor protein complex binding was found to be binding to an off-

target protein, 14-3-3 β/α-B, with no detection of Nanor. Investigations could not be 

continued due to no alternative antibody available. 

Calcium influx into cells and Fibroblast growth factor (FGF) signalling are known to be 

two of the earliest signalling events in establishing left/right asymmetry. This study has 

found nanor to be downstream of calcium and FGF signalling following inhibition of 

these events using calcium channel inhibitor (isradipine) and FGF signalling inhibitor 

(SU5402) which resulted in increased nanor expression at 24 hours post fertilisation. 

Nodal-related gene southpaw, co-receptor one-eyed pinhead and downstream lefty1 

showed no significant changes in relative gene expression. TRAF3IP1 (elipsa) and 

plakoglobin mutant lines with defective left/right asymmetry development were also 

investigated in this study. Nanor mRNA expression was increased in both mutant lines 

with no changes in southpaw or one-eyed pinhead and a slight decreased in lefty1 in 

elipsa mutants. Nanor was concluded to be downstream of calcium signalling, FGF 

signalling, elipsa and plakoglobin.  

Parkinson’s disease is a common, debilitating, neurodegenerative disorder for which the 

current most popular treatment, levodopa (L-DOPA), is symptomatic but does not slow 

or halt disease progression. There is an urgent, unmet need for neuroprotective or, 

ideally, neurorestorative drugs. Neurotoxin 6-hydroxydopamine (6-OHDA) was used to 

induce neuronal loss and locomotor deficit in zebrafish larvae. Three drugs (isradipine, 

minocycline and rasagiline) were screened for neuroprotective effects by co-treatment 

with the drugs and 6-OHDA from 2 to 5 days post fertilisation. Isradipine showed no 

neuroprotective effect during behavioural testing or immunohistochemical staining of 

dopaminergic cell survival. In contrast, both minocycline and rasagiline improved 

locomotor deficit and were neuroprotective against dopaminergic cell loss. 

Neurorestorative potential of each drug was also assessed by exposure to 6-OHDA 

from 48 hours post fertilisation (hpf) – 80 hpf followed by drug treatment up to 120 hpf. 

Exposure to 6-OHDA during neuroprotective (3 days) or neurorestorative (32 hours) 

experiments induced similar, significant locomotor deficits and neuronal loss in 5-day-

old larvae. Isradipine had no effect on 6-OHDA-induced locomotor deficit or neuronal 

loss. However, both minocycline and rasagiline improved locomotor deficit and 

dopaminergic cell loss following 6-OHDA exposure. This study has shown the versatility 

of zebrafish in the study of genes essential for early development through genetic 

manipulation as well as their use in pharmacological screening in neurodegenerative 

diseases.         
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Chapter 1: Introduction 

The zebrafish is a versatile vertebrate model species for the study of human 

genetics, development and disease. Gene knockdown and knockout 

techniques such as morpholino, TALEN and CRISPR have been 

successfully applied in zebrafish, and larvae are also widely used in pre-

clinical drug screens for the treatment of human diseases. Embryos develop 

rapidly and externally with hundreds of embryos produced from a single 

mating pair. Zebrafish also have a fully sequenced genome with 

approximately 70% gene orthologues to humans making them a popular 

model of human genetic diseases (Howe et al., 2013).  

1.1 Maternal to zygotic transition 

Vertebrate embryo development begins following fertilisation and egg 

activation. Subsequent cell divisions (cleavage) eventually leads to the onset 

of gastrulation where a single blastula layer develops into a tri-laminar 

embryo (Fig. 1.1).  

 

Fig. 1.1: Development of a one-cell embryo into a tri-laminar gastrula. Embryo 
development begins at the one-cell stage. Cleavage cycles eventually form a 
blastula. Following this gastrulation begins which forms the endoderm, mesoderm 
and ectoderm layers. (Lae, H. Gastrulation in Animals. Available 
https://hannahleaanimalkingdom.weebly.com/gastrulation.html. Last accessed 10th 
December 2017). 

 

https://hannahleaanimalkingdom.weebly.com/gastrulation.html
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Across animal species, development begins with early cell cycles under 

maternal control; the transition from maternal to zygotic control of 

development (maternal to zygotic transition) spans the period from 

fertilisation to gastrulation (Fig. 1.2; Tadros and Lipshitz, 2009). During 

maternal control cell cycles are synchronous and lack gap phases; cycle 

length varies between species from 8 minutes in Drosophila, 15 minutes in 

zebrafish to 12 hours in mice. After a defined number of cleavage cycles, 

which is species dependent, maternal transcripts are depleted and there is a 

switch to zygotic transcription to control subsequent development. This point 

is known as the mid-blastula transition and in zebrafish occurs after 10 

cleavage cycles. It is marked by changes in cell cycle and motility and 

precedes the onset of gastrulation in which ectoderm, mesoderm and 

endoderm are formed (Kane and Kimmel, 1993). 

 

Fig. 1.2: The maternal to zygotic transition (MZT) in zebrafish. MZT spans from 
fertilisation to gastrulation where there is a switch from maternal to zygotic control of 
development. Cleavage is the first stage with rapid cell cycles and no gap phases. 
The mid-blastula transition (MBT) marks a specific point in the embryo which 
initiates transcription and sees cell cycles lengthen. Soon after this during the early 
gastrula transition (EGT) embryos acquire the ability to perform apoptosis (Image: 
Langley et al. (2014)). 
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Availability of next generation sequencing has greatly improved our 

understanding of genomic and epigenetic events prior to and subsequent to 

this transition. Up to the mid-blastula transition zygotic transcription has been 

silenced by four known mechanisms; cytoplasmic repressor, maternal clock, 

transcript arrest and chromatin mediated repression (Tadros and Lipshitz, 

2009; Langley et al., 2014). 

1.1.1 Mechanism of the zygotic genome activation 

Embryonic cell cycle control by nucleo-cytoplasmic ratio has been 

extensively studied and was first described by Newport and Kirschner 

(1982). The mechanism of zygotic suppression is attributed to a repressor in 

the cytoplasm which is overcome by increased nuclei number as cells divide, 

relative to the cytoplasm, which has the effect of diluting out the repression of 

the zygotic genome (Dunican et al., 2008). Newport and Kirschner first stated 

this hypothesis by showing early genome activation in polyspermic Xenopus 

embryos. Stancheva and Meehan (2000) later linked DNA methyltransferase 

to this silencing event, independent of its methylation function.  

Maternal clock is a second hypothesis on genome silencing and activation. 

Gene profiling in Drosophila found that activation was dependent on 

developmental stage rather than nucleo-cytoplasmic ratio (Lu et al., 2009). 

Also, in Xenopus the timing of Cyclin A and Cyclin E1 protein destruction 

was found to be independent of the nucleo-cytoplasmic ratio (Howe and 

Newport, 1996). Smaug, an RNA binding protein, is thought to be a key 

player in forming this clock. It functions in maternal RNA destabilisation and 

is thought to time zygotic genome activation (Benoit et al., 2009). 

In Xenopus and Drosophila incomplete transcripts are abandoned by the 

DNA replication machinery during rapid early cleavage cycles and contribute 

to genome silencing (Shermoen and O'Farrell, 1991). Pharmacological 

inhibition of the cell cycle has been shown to result in extended interphase 

and early zygotic activation (Kimelman et al., 1987). The majority of early 

expressed maternal genes were found to encode for small proteins during 

these rapid cell cycles which further indicate short cycles may prevent 
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transcription of the zygotic genome and larger gene products (De Renzis et 

al., 2007). 

The final proposed mechanism of zygotic genome silencing has been linked 

to histone modification in zygotic chromatin. During maternal control, 

chromatin structure renders zygotic genome incompetent for transcriptional 

activation. Aoki et al. (1997), showed pharmacological alteration of chromatin 

structure induced premature gene expression in mice.  

Across vertebrates all four hypotheses of zygotic genome silencing have 

been validated and it is likely that a combination of these mechanisms aid in 

the silencing of the zygotic genome during initial cell divisions and later 

contributes to the activation of zygotic control of development (Tadros and 

Lipshitz, 2009).  

1.1.2 mRNA degradation during the maternal to zygotic transition 

Messenger RNA (mRNA) has a 5’ cap and a poly-A tail which controls 

translation and stability of RNA. In the early oocyte, these mRNAs are 

unusually stable, however, as development proceeds maturation triggers 

mRNA instability leading to their destruction. Degradation by exonucleases is 

subsequent to deadenylation of the 3’ poly-A tail by CCR4-NOT, a complex 

conserved across species, which regulates gene expression (Coller and 

Parker, 2004), and decapping of the 5’ monomethyl guanosine by DCP2 and 

DCP1A resulting in totipotent identity of blastomeres through the loss of 

oocyte identity (Su et al., 2007). Inhibition of these complexes in mice has 

been shown to arrest mRNA degradation (Ma et al., 2013). Non-coding 

RNAs have also been linked to this degradation during early development.  

The importance of microRNA (miRNA), small interfering RNA (siRNA) and 

piwi-interaction RNA (piRNA) during the maternal to zygotic transition has 

become clear in the last decade (Tam et al., 2008; Watanabe et al., 2008). 

They contribute to two events necessary for successful development of an 

embryo; stability and translation of maternal mRNA and transcriptional 

activation of zygotic genes (Svoboda and Flemr, 2010). Destabilisation of 

maternal RNA occurs through both zygotic and maternal degradation 

(Tadros and Lipshitz, 2009). In Drosophila, genome scale analysis has found 
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just over half of maternal transcripts are destabilised by maternal activity and 

zygotic activity destroys the remaining maternal transcripts (De Renzis et al., 

2007). 

1.1.3 The role of miRNA during the maternal to zygotic transition 

miRNAs are approximately 22 nucleotides in length and bind the 3’ 

untranslated region of target mRNAs to prevent translation and promote 

degradation (Giraldez et al., 2006). miRNAs are abundant on Argonaute 

proteins which control silencing of the zygotic genome as part of the RNA 

induced silencing complex and act as sequence specific guides for these 

complexes leading to repression of gene activation or mRNA degradation 

(Fig. 1.3; Chapman and Carrington, 2007; Svoboda and Flemr, 2010). Both 

maternal and zygotic miRNAs have important functions during early 

development and both contribute to clearance of transcripts with removal of 

either source resulting in developmental arrest due to transcript accumulation 

and interference prior to zygotic transition (Schier and Giraldez, 2006; Tang 

et al., 2007a).  

A number of miRNAs are also zygotically transcribed and once zygotic 

transcription is activated, increased miRNAs provide enhanced efficiency of 

maternal mRNA degradation. miR-430 in zebrafish controls approximately 

70% of vertebrate mRNAs and controls the rate of maternal mRNA decay 

and maintaining mRNA homeostasis (Giraldez et al., 2006). In Drosophila, 

miR-309 is analogous to miR-430 in zebrafish and is synthesised zygotically 

by smaug resulting in destabilisation of hundreds of maternal mRNAs (Benoit 

et al., 2009). 

Nodal genes are common targets of miR-290 and miR-430 which contribute 

by clearance and gene silencing (Giraldez et al., 2006). The miR-290 family 

in Xenopus target mainly zygotic transcripts, however, miR-430 also controls 

a large amount of maternal mRNA in zebrafish (Svoboda and Flemr, 2010). 

The most abundant zygotic miRNAs are the highly conserved let-7 family 

which are increased during the maternal-zygotic transition (Zeng and 

Schultz, 2005). In embryonic stem cells let-7 promotes differentiation and 
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clears and silences previously expressed transcripts, aiding embryonic 

progression to the next developmental stage (Bussing et al., 2008).  

Although there is a wide variety of miRNA, a common theme emerges; levels 

of actively transcribed genes are modulated, and the clearance of transcripts 

is accelerated. Some miRNAs are ubiquitously expressed, however, the 

majority show restricted expression in tissues and organs (Giraldez, 2010). 

1.1.4 The role of siRNA and piRNA during the maternal to zygotic transition 

Endogenous siRNA in mice oocytes are derived from double stranded RNAs. 

The siRNA pathway is thought to act as a dominant RNA silencing 

mechanism controlling the maternal-zygotic transition through RNA induced 

silencing complex (Fig. 1.3). It guides the complex to the target mRNA, which 

is degraded by Argonaute protein cleavage (Giraldez, 2010). 

piRNAs are a class of 24-30 nucleotide long RNAs produced by Argonaute 

proteins which play essential roles in RNA silencing processes and this class 

of non-coding RNAs also functions as part of the RNA induced silencing 

complex (Rouget et al., 2010). piRNAs control repression of transposable 

elements and act in cell maintenance and DNA integrity (Saito, 2013). Along 

with Smaug they activate maternal mRNA deadenylation and degradation in 

zebrafish and Drosophila embryos. In complex with Argonaute proteins Aub 

and Ago3, piRNAs recruit and stabilise the CCR4-NOT deadenylation 

complex together with Smaug to target nanos maternal mRNA. Nanos is 

responsible for posterior identity in Drosophila and has been found to be 

repressed in the first hours of embryogenesis by this complex (Fig. 1.3; 

Rouget et al., 2010).  
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Fig. 1.3: Simplified image of miRNA, siRNA and piRNA induced silencing 
complexes along with argonaute proteins silence targeted mRNAs. Small 
miRNAs, siRNAs, or piRNAs serve as guide sequences within the RNA induced 
silencing complex (RISC) to capture target mRNA. The expression of the targeted 
mRNA is silenced either by RNA degradation or by inhibition of translation (Image 
Jeang (2012)). 

 

1.1.5 The role of Smaug during the maternal to zygotic transition 

Smaug is an RNA binding protein that coordinates aspects of the maternal to 

zygotic transition by repressing translation and triggering degradation of 

mRNA in the embryo. It acts through recruitment of the CCR4-NOT 

deadenylase complex to its target transcripts resulting in poly-A tail removal 

and transcript destruction (Semotok et al., 2005). Smaug expression is 

highest during upregulation of zygotic genome activation and replication 

checkpoint activation. The activity of Smaug prevents transcript build up 

during the mid-blastula transition (Benoit et al., 2009) and drives the 

molecular clock that controls the timing of this transition. Mutations in Smaug 

disrupt nuclear organisation during the syncytial blastoderm stage in 

Drosophila which shows that it also has an organisation role and results in a 

lack of cell cycle delays during the blastoderm stage with no DNA replication 

checkpoint activation during the maternal to zygotic transition (Dahanukar et 

al., 1999). 

There are three types of zygotically transcribed genes; strictly zygotic genes, 

genes which are stable throughout the maternal to zygotic transition and 

increase in abundance following initiation of transcription, and genes which 

are degraded during the maternal to zygotic transition and later re-
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expressed. Smaug is needed for the upregulation of 85-90% of strictly 

zygotic genes and genes stable throughout the maternal-zygotic transition; 

as well as having a role in down-regulation of 75% of the maternally provided 

zygotically transcribed genes (Tadros and Lipshitz, 2009). 

1.1.6 Polyadenylation prior to gene activation 

Harvey et al. (2013) successfully identified maternal and paternal mRNAs 

through RNA sequencing and nucleotide polymorphism and reported post-

transcriptional regulation of maternal mRNA before onset of zygotic 

transcription. This led to the conclusion that maternal mRNAs which 

contribute to zygotic gene activation, are supressed in an inactive state 

through proteins bound to cytoplasmic polyadenylation elements in their 3’ 

untranslated region (Mendez and Richter, 2001; Harvey et al., 2013). Upon 

requirement, these repressors are removed to activate mRNAs such as 

cyclin B1 to control cell cycle (Groisman et al., 2002). Lee et al., 2013 also 

found that some maternal mRNAs such as nanog, pou5f1 and sox19b in 

zebrafish slowly become polyadenylated prior to their role in zygotic 

transcription. 

1.1.7 The role of transcription factors during the maternal to zygotic transition 

Zygotic genes that are maternally activated have been classed as first wave 

zygotic genes and are reliant on maternal factors for their transcription. In 

zebrafish 269 genes have been identified as first wave (Mathavan et al., 

2005; Harvey et al., 2013; Lee et al., 2013). These first wave genes were 

shown by Lee et al. (2013) to be activated in the absence of zygotic gene 

function and primarily consist of genes that drive early embryo development. 

Transcriptional activators are among the earliest mRNAs synthesised in an 

embryo and enhance the efficiency of zygotic transcription upon genome 

activation (Tadros and Lipshitz, 2009). Oct4, Sox2 and Nanog are 

transcription factors in mice which control embryonic stem cell renewal and 

pluripotency (Boyer et al., 2005; Loh et al., 2006; Takahashi and Yamanaka, 

2006). Reprogramming by these transcription factors can enable 

differentiated cells to adopt pluripotency and studies have shown that co-

introduction of miRNA with Oct4, Sox2 and Nanog will dramatically increase 
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reprogramming ten-fold when compared to introduction of these transcription 

factors alone. This is thought to be due to the ability of the miRNA to clear 

any unnecessary transcripts (Giraldez, 2010). In contrast to stem cell specific 

miRNA, some miRNAs such as let-7, prevent pluripotency once the cell has 

committed to a lineage, stabilising a cell’s fate (Melton et al., 2010).  

The three most highly translated transcription factors in zebrafish; nanog, 

soxB1 and pou5f1 (oct4), are involved in maintaining pluripotency in stem 

cells and contribute to widespread activation of zygotic genes during the 

maternal to zygotic transition as well as regulation miR-430 (Lee et al., 

2013). Pou5f1, along with soxB1 in zebrafish, regulates dorsal-ventral 

patterning and neuronal development (Okuda et al., 2010). However, nanog 

is crucial for regulation of mxtx2 which results in endoderm formation (Xu et 

al., 2012). 

A study by Lee et al. (2013) used a combination of morpholinos to study 

these transcription factors. By loss of function of nanog, soxB1 and pou5f1 

they were able to prove that these genes regulate progression through 

gastrulation and early development. This study also demonstrated that 

combined loss of nanog, soxB1 and pou5f1 resulted in an 86% reduction in 

first-wave gene expression for strictly zygotic genes and failure in expression 

of 79% of maternal and zygotic genes when compared to wild-type embryos 

at 6 hours post fertilisation (hpf). At gastrulation stage, the affected genes 

included housekeeping genes, transcription factors and signalling factors in 

gastrulation, anterior-posterior and dorsal-ventral axis specification. These 

results proved that nanog, soxb1 and pou5f1 have a fundamental role in 

activating the first wave expression and this has a knock-on effect for 

subsequent waves of zygotic genome activation resulting in a complete block 

of gastrulation and developmental arrest. Nanog in zebrafish has been 

compared to zelda in Drosophila in activating a large number of downstream 

genes (Liang et al., 2008).  

In zebrafish and Xenopus, Lee et al. (2013) have shown that miR-430 is 

regulated by nanog, soxb1 and pou5f1 with nanog appearing to be the main 

player in the control of miR-430 expression. Knockdown of soxb1 and pou5f1 



Chapter 1: Introduction 

12 
 

had no effect on miR-430 expression when compared to wild-types, however 

when combined with nanog knockdown, miR-430 expression was 

significantly reduced.  

Nanor is a novel, zygotic gene discovered in our research group by Dr. 

Ronan Bree. He reported expression following the mid-blastula transition 

with no sequence similarity to any known gene or protein and found nanor to 

have a protein kinase C and 3 casein kinase II phosphorylation sites along 

with an N-myristoylation site and NFX-type zinc finger domain (Bree et al., 

2005). It has been identified as one of the 269 first wave zygotic genes 

reported by Lee et al. (2013). These genes are responsible for the activation 

of second wave zygotic gene activation which in turn activates third wave 

gene expression (Hamatani et al., 2004). In general, first wave zygotic genes 

encode transcription factors and signalling pathway components in 

preparation for gastrulation but are also known to include housekeeping 

genes which carry out integral cell functions. In zebrafish, half of first wave 

genes have been classified as housekeeping genes and an equal proportion 

of genes encode transcription factors and signalling pathway components 

(Aanes et al., 2011). 

Previous findings in the laboratory by Dr. Bree found negligible nanor 

expression at the 128-cell stage and high expression at sphere stage. During 

epiboly, he reported high expression in dorsal forerunner cells followed by 

solely anterior localisation at 24 hpf (Bree et al., 2005). Dr Shaun O’ Boyle 

then went on to identify downstream genes from nanor through morphilino 

injection. He reported disruption to left/right asymmetry development and 

incorrect eye development and cardiac looping. In situ hybridisation also 

revealed disrupted Nodal signalling in the lateral plate mesoderm (O’ Boyle, 

2008). Melissa Walsh studied Nanor protein expression and found high 

expression following the mid-blastula transition with increasing protein 

expression up to 72 hours post fertilisation (hpf) (unpublished). No studies to 

date had further investigated mRNA and protein expression profiles as well 

as upstream and downstream genes and protein-interactions with Nanor. 
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Although zygotic activation is a complex process it can be summarised with 

three key events: genomic DNA must be activated through release of 

repressive forces (previously discussed repressive mechanisms of genome 

silencing), maternal mRNAs must be polyadenylated and translated leading 

to accumulation of transcription factors ready for zygotic transcription and the 

zygotic genome needs to be activated and transcribed (Smaug controlled 

timing of the mid-blastula transition) along with transcript clearance 

throughout the maternal to zygotic transition. 

Our understanding of events during the maternal to zygotic transition has 

made significant advances in recent years. Despite this, we still have not fully 

elucidated the mechanisms of this transition. The maternal to zygotic 

transition is a complex event with many fundamental processes enabling 

development of the one-cell embryo into a multicellular organism. These 

events appear to be highly conserved across species and there is a clear co-

dependence between maternal and zygotic transcripts in order for successful 

transition.  

1.2 Gastrula period 

Formation of the blastoderm layer in a zebrafish embryo occurs at 30% 

epiboly stage (4.5 hpf). Gastrulation period soon follows from 5.25-10 hpf 

where involuting cells and a thickening of cells at the blastoderm ring (germ 

ring) at 50% epiboly mark the beginning of gastrulation. This germ ring 

consists of two layers; the upper epiblast cells which migrate towards the 

margin and hypoblast cells which migrate in the opposite direction away from 

the margin (Warga and Kimmel, 1990) as shown in Fig. 1.4. Cells in the 

epiblast layer at the end of gastrulation will form the ectoderm and the 

hypoblast layer will become the mesoendoderm.  
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Fig. 1.4: Early development of a zebrafish embryo. (A) 30% epiboly. Developing 
cells are present on top of a yolk sac (B) 50% epiboly. Embryonic shield stage, cells 
migrate towards the germ layer and form the epiblast and hypoblast (C) moving in 
opposing directions. UMD. (2005). Gastrulation. Available: 
http://www.d.umn.edu/~pschoff/documents/Gastrulation-chickfishmammal.pdf.   
Last accessed 15thNov2017. 

 

For an embryo to develop into a healthy adult, correct development of three 

axes are essential; the dorsoventral axis, anterioposterior axis and left-right 

axis. During gastrulation at shield stage (6 hpf) axis development and 

patterning is established in the embryo (Kimmel et al., 1995). The embryonic 

shield is the zebrafish equivalent of the Spemann-Mangold organiser in 

amphibians. Cells in the shield begin to involute and form the notochord 

which will pattern the body axis and establish dorsoventral polarity (Yamada 

et al., 1991). Cell migrations result in a thickening of the shield at the dorsal 

side of the embryo which is the first trace of the central nervous system 

known as the neural plate (Schmitz et al., 1993). At the end of shield stage, 

cells begin to elongate along the anterior-posterior axis where the embryo 

will develop a head and tail bud at the end of gastrulation (10 hpf) (Kimmel et 

al., 1995).  

1.2.1 Primitive streak 

During organisation and axis formation in avian, reptile and mammal 

embryos, undifferentiated cells migrate through the primitive streak (similar to 

shield in zebrafish) to generate the mesoderm and endoderm. Cells in the 

anterior primitive streak form the endoderm and anterior mesoderm. Cells in 

the middle region form the lateral plate mesoderm and cells in the posterior 

region form the hematopoietic cells. Embryonic patterning requires canonical 

Wnt/β-catenin, Activin/Nodal and bone morphogenic protein (BMP) signalling 

(C) Epiblast and hypoblast layers 

http://www.d.umn.edu/~pschoff/documents/Gastrulation-chickfishmammal.pdf.%20%20%20Last%20accessed%2015thNov2017
http://www.d.umn.edu/~pschoff/documents/Gastrulation-chickfishmammal.pdf.%20%20%20Last%20accessed%2015thNov2017
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pathways. During early embryo development, the Wnt/β-catenin pathway has 

important roles in forming the primitive streak, mesoderm and endoderm 

(Tam and Loebel, 2007). Activation of this pathway and the BMP signalling 

pathway are important for posterior primitive streak and mesoderm cells. 

Activin and Wnt/β-catenin synergistically function to induce cells to 

differentiate into endoderm progenitors. In zebrafish, formation of the head 

requires inhibition of Nodal, BMP and Wnt. Axis formation is due to Nodal 

signalling and inhibition of BMP and Wnt, with tail formation controlled by 

Nodal, BMP and Wnt signalling as shown in Fig. 1.5 (Sumi et al., 2008). 

 

 

Fig. 1.5: Nodal, BMP and Wnt signalling in a zebrafish embryo. Nodal, BMP and 
Wnt signals contribute to patterning of the larva at early stages; - indicates inhibition 
of signalling and + indicates stimulation of signalling (Image: Agathon et al. (2003)).  

 

1.3 Asymmetry development 

A complex network of interactions occur to establish mesoderm and 

endoderm and control asymmetric patterning of developing organs in an 

embryo (Raya and Izpisua Belmonte, 2004). Nodals are the key players in 

inducing this patterning in mammals and first act prior to gastrulation to 

specify progenitors appropriate for their position (Feldman et al., 1998). 

Nodal is a secreted extracellular ligand of the TGFβ superfamily which binds 
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to Activin and extracellular growth factor (EGF)-CFC co-receptors and is 

highly conserved across species including mouse (Nodal), zebrafish 

(cyclops, squint and southpaw (spaw)) and Xenopus (xnr1, xnr2, xnr4, xnr5 

xnr6) (Herpin et al., 2004).  

To achieve this asymmetry, cilia must initiate calcium elevation on the left 

side of the left/right organiser, which is thought to be the earliest event 

leading to asymmetry development. Downstream of this calcium gradient, 

Notch is activated, which is responsible for Nodal activation. Nodal and 

downstream Lefty then display asymmetric patterns in the lateral plate 

mesoderm of chick, mice, frog and zebrafish (Yost, 1999; Amack et al., 

2007).  

1.3.1 Kupffer’s vesicle; the organ of asymmetry 

Left-right axis development in an embryo requires both symmetrical and 

asymmetric organ development. Kupffer’s vesicle is a transient, fluid-filled 

cavity in a zebrafish embryo that is formed at approximately 12 hpf in the tail 

bud, responsible for establishing this asymmetric development and is formed 

from 5 steps that precede gene asymmetry (Fig. 1.6) (Essner et al., 2005).  

1) Approximately twenty dorsal forerunner cells are induced during the 

blastula period by Casanova (Cas). Knockdown of this gene results in 

no endoderm development and forerunner cells with absent left-right 

dynein (lrdr1), no tail (ntl) and spadetail (spt) expression (Cooper and 

D'Amico, 1996; Alexander et al., 1999).  

2) Following Cas, ciliary motor protein left-right dynein-1 (Lrdr1), is 

activated in dorsal forerunner cells. Oep is a Nodal signalling co-

receptor and sur is a transcription factor linked to Nodal signalling that 

are essential for lrdr1 expression along with ntl. In the absence of 

these three genes Lrdr1 is not expressed (Essner et al., 2005).  

3) Dorsal forerunner cells ingress to form Kupffer’s vesicle in the tailbud, 

with formation dependent on Nodal signalling and enhanced by oep 

as well as ntl and transcription factor spt.  
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4) Cilia then develop on cells in Kupffer’s vesicle independent of Lrdr1 

expression. As discussed later, these cilia are crucial for correct 

function of the vesicle.  

5) For the final step, cilia motility and fluid flow are established with both 

processes requiring Lrdr1. These 5 steps are summarised in Fig. 1.6 

(Essner et al., 2005).  

Downstream of these events, the Nodal signalling cascade is activated 

which controls asymmetric development of organs. 

 

 

Fig. 1.6: Schematic diagram of the five milestones leading to correct Kupffer’s 
vesicle formation (Essner et al. (2005)). 

 

1.3.2 Cilia organisation in Kupffer’s vesicle 

The Kupffer’s vesicle equivalent in mammals, the node, differs in structure 

with a flat, ciliated node floor with an overlying membrane known as 

Reichert’s membrane. Cilia in the node also direct an asymmetric flow 

resulting in asymmetric gene expression (Nonaka et al., 1998). Kupffer’s 
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vesicle in zebrafish consists of a ciliated dorsal roof and ventral floor with 

80% of cilia on the dorsal surface and 20% on the ventral surface, with a 

higher concentration at the anterior end correlating with strong leftward flow 

in the anterior pole and weak rightward flow at the posterior end (Kreiling et 

al., 2008). This higher cilia concentration is known to establish asymmetry 

development and leftward fluid flow (Supatto et al., 2008). Remodelling of 

Kupffer’s vesicle as development of the vesicle is near completion has been 

discovered, which creates a cell-cell tension gradient from anterior to 

posterior direction resulting in more cells concentrated at the anterior end 

with a higher cilia concentration mediated by Myosin II, as well as rho-

associated protein kinase (rock2b) (Wang et al., 2011; Wang et al., 2012). 

Dynein heavy chain 9 (dnah9), intraflagellar transport 88 (ift88- polaris) and 

vang-like protein 2 (vangl2) have also been shown to have roles in the 

development, movement and positioning of cilia with silencing of these genes 

disrupting left/right asymmetry development (Olbrich et al., 2002; Haycraft et 

al., 2005; Borovina et al., 2010). 

1.3.3 Nodal flow detection 

Within the left/right organiser, three main hypotheses have been attributed to 

detection and functioning of Nodal flow;  

1) Morphogen hypothesis claims a temporary enrichment of a molecule on 

the left side of the left/right organiser is detected and results in left/right 

asymmetric signal (Cartwright et al., 2004).  

2) Nodal vesicular parcel hypothesis argues that morphogens are delivered 

in membrane bound vesicles to the left side of the left/right organiser 

establishing asymmetry development (Hirokawa et al., 2009). 

3) The two-cilia hypothesis states motile cilia produce an asymmetric flow of 

extracellular fluids. Immotile sensory cilia then detect flow on the left but not 

right side of the left/right organiser and leads to a calcium signal in response 

and initiation of the Nodal cascade (Norris, 2012).  

Although there is debate on the mechanism of Nodal flow, there is one 

consensus between all three hypotheses; they all result in a calcium 
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elevation on the left side of the vesicle. Calcium has also been attributed to 

communication to the lateral plate mesoderm and left/right asymmetry 

modulation at later developmental stages (McGrath and Brueckner, 2003; 

Praetorius et al., 2003; Sullivan-Brown et al., 2008). 

1.3.3 The role of calcium channels in asymmetry development 

Raya et al. (2004) found calcium to be a possible mediator between the 

asymmetric signal established in the node of mice and asymmetric activity of 

Notch to activate Nodal signals. Yuan et al. (2015) were first to show that 

cytoplasmic calcium is preceded by intra-ciliary calcium oscillations which 

are reliant on ciliary motility. They report beating motile cilia to be at the 

centre of the left/right organiser to establish the leftward flow. At the 

periphery of this field of motile cilia, immotile sensory cilia initiate the Nodal 

cascade in response and this leads to asymmetric organ development. They 

also found that this calcium initiation was dependent on polycystin 2; an 

intracellular calcium release channel found on cilia with a mechanosensory 

role. Loss of calcium asymmetry also resulted in loss of downstream Nodal 

activators in the embryo. Yuan et al. (2015) reported that calcium signals 

from the node travel as far as the lateral plate mesoderm which may provide 

a mechanism for asymmetric gene signalling from the node to the lateral 

plate. Connexin has been found by Beyer et al. (2012) to be responsible for 

sending signals from the left/right organiser to the left lateral plate mesoderm 

and Viotti et al. (2012) were able to show that gap-junction dependent 

calcium signals travelled from the node to the lateral plate mesoderm. In 

opposition to this a number of studies have found Nodal expression was self-

regulating and sufficient for self-activation in the lateral plate mesoderm as 

reviewed by Hamada et al. (2002).  

1.3.4 Polaris and Polycystin 2 during asymmetry development 

Polaris has an important function in protein transport along cilia. Morphants 

have shortened cilia and as a result disrupt the retrograde flow in Kupffer’s 

vesicle and inhibit intraflagellar transport (IFT) protein receptors needed for 

signalling (Barr et al., 2001). Defects in either polaris or polycystin 2 are 

known to result in polycystic kidney disease in mammals and left/right 

asymmetry defects (Moyer et al., 1994). Morpholino injection and knockdown 
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of these genes were shown to result in absent Nodal expression in the lateral 

plate mesoderm indicating that polaris and polycystin 2 are upstream of the 

Nodal signalling cascade. Expression has been found in dorsal forerunner 

cells activated by no tail and spadetail genes (Murcia et al., 2000; Bisgrove 

et al., 2005).  

As well as controlling calcium flux in Kupffer’s vesicle, calcium channels are 

localised to cilia and required for cell signalling and development. Cilia sense 

mechanical force in the surrounding environment through these channels 

(Jin et al., 2014). Defective cilia such as those found in ciliary mutants 

prevent signalling processes occurring and lead to asymmetry defects in the 

larvae (Praetorius et al., 2003; Sullivan-Brown et al., 2008). 

1.3.5 TRAF3IP1 and plakoglobin function in ciliogenesis 

Tumour necrosis factor (TNF) receptor-associated factor 3 interacting protein 

1 (TRAF3IP1) (ENSDARG00000010300), also known as elipsa is an early 

marker of ciliogenesis. The protein binds to intraflagellar transport protein 20 

(IFT20), a component of IFT particles which are an important part of correct 

cilia formation and function. Their role in Kupffer’s vesicle establishes a 

leftward fluid flow and helps in the patterning of early gene expression. 

Elipsa mutant larvae have morphological defects characteristic of mutants 

with defective cilia such as curly body axis formation (Omori et al., 2008). 

mRNA localisation of Nodal and lefty1 has previously been shown to be 

altered in left/right asymmetry mutant lines; organisation of asymmetry genes 

such as lefty1 becomes bilaterally expressed instead of restricted left-sided 

expression in the lateral plate mesoderm (Kobayashi et al., 2010; Smith et 

al., 2011; Lee et al., 2015). 

Junction Plakoglobin is also expressed in Kupffer’s vesicle and has roles in 

cilia development. However, the gene is best known for its role in 

desmosome, adherens junction and gap junction formation in cardiac muscle 

and mutations have been linked to sudden adult death syndrome (Kaplan et 

al., 2004). Depletion of junction Plakoglobin has been reported in ciliated 

cells with disrupted formation and function (Laoukili et al., 2001). Gap 

junctions formed by plakoglobin have been linked as a possible 
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communication mechanism of cell signalling from Kupffer’s vesicle to the 

lateral plate mesoderm, which allows correct development of asymmetric 

gene expression and left/right asymmetry development (Levin and Mercola, 

1998).  

 

1.3.6 Fibroblast growth factor (FGF) signalling during asymmetry 

development 

FGF signalling is responsible for generating an anterior/posterior gradient 

which establishes caudal mesoderm with higher expression at the caudal 

end of an embryo (Dubrulle et al., 2001). Signalling has also been linked to 

transport and release of Nodal vesicular parcels in Kupffer’s vesicle which 

carry sonic hedgehog and retinoic acid and are released on the left side of 

the left/right organiser to establish left-sided gene expression which is 

passed on to the lateral plate mesoderm (Tanaka et al., 2005). FGF 

receptors are now known to be localised to motile cilia and it was suggested 

that cilia have an FGF sensory function in the node. The FGF receptor 

inhibitor, SU5402, abolished calcium elevation on the left side of the node, 

inhibiting Nodal functioning and downstream gene expression leading to the 

conclusion that FGFs act as master genes to calcium elevation and Nodal 

activation. SU5402 also inhibited the transport of Nodal vesicular parcels to 

the left with a phenotypic rescue with retinoic acid and sonic hedgehog 

showing they are immediately downstream of FGF signalling (Tanaka et al., 

2005).  

Effects of FGF on Nodal and Lefty indicate that FGF has a function in 

transcriptional regulation. Early immediate response 2 (ier2) gene is an FGF 

target gene in the zebrafish embryo with FGF intercellular binding protein 1 

(Fibp1) an interacting partner. Both targets are nuclear localised and 

knockdown results in severe left/right asymmetry defects in embryos with 

randomised spaw and lefty1 expression. A defect in ciliogenesis was linked 

to this phenotype with a loss of charon also noted. These phenotypes were 

rescued with Ier2 and Fibp1 microinjection (Hong and Dawid, 2009).  
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During later developmental stages, FGF is necessary for correct 

development of the forebrain and left/right asymmetric patterning 

independent of asymmetry in the lateral plate mesoderm. A recent study has 

shown that lefty1 is bilaterally expressed in the diencephalon following FGF 

inhibition with overexpression causing absent lefty1 diencephalic expression 

(Neugebauer and Yost, 2014). 

 

1.3.7 Activation of the Nodal signalling pathway 

Nodal signalling is dependent on EGF-CFC co-receptors for signalling to 

occur. These EGF-CFCs are extracellular membrane anchored proteins 

which include Oep (zebrafish), CFC (chick) and Crypto (mouse) (Shen and 

Schier, 2000). In the absence of these co-receptors, Nodals are unable to 

form a complex with activin receptors resulting in a failure of the Nodal 

signalling cascade. Expression is found in the lateral plate mesoderm in 

regions where Nodals are present (Fig. 1.7) (Gritsman et al., 1999; Song et 

al., 1999; Bianco et al., 2002). Once bound, an intracellular complex is 

formed with phosphorylated Smad2, Smad4 and FoxH1 (Schier and Shen, 

2000; Schier, 2003) which activates downstream Lefty1, Lefty2 and Pitx2 in 

the left lateral plate mesoderm (Ryan et al., 1998; Whitman and Mercola, 

2001).  

Downstream leftys are antagonists to Nodal signals and restrict Nodal 

expression in the lateral plate mesoderm. In Xenopus, cerberus is a closely 

related gene known to induce head formation in embryos (Bouwmeester et 

al., 1996). Structurally, it is related to antagonists of the TGFβ family  and 

this protein functions as an antagonist of Nodal, BMP and Wnt proteins for 

correct patterning in an embryo (Piccolo et al., 1999). 

Nodal proteins are translated as proproteins and reliant on convertases for 

activation. Spc1 and Spc4 are convertases implicated in Nodal maturation 

from a proprotein. Without convertases Nodal proteins would not be 

activated to enable downstream signalling (Beck et al., 2002). The Nodal 

signalling cascade is summarised in Fig. 1.7. 
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Fig. 1.7: Nodal signalling pathway. Nodal is activated by binding to activin 
receptors and EGF-CFC co-receptors and is inhibited extracellularly by lefty and 
Cerberus. Convertases process Nodal proproteins. Intracellularly Smad2 is 
phosphorylated and forms a complex with Smad4 and FoxH1 to activate 
downstream Nodal, Lefty and Pitx2. In Xenopus, the Mixer complex regulates 
expression of transcription factor Goosecoid (Schier, 2003). 

 

1.3.8 Lefty expression and BMP signalling in the lateral plate mesoderm 

The lateral plate mesoderm has three barriers which ensure gene expression 

is restricted and controlled. Lefty1 expression forms a midline barrier which 

helps in restriction of Nodal signals to the left side. The posterior barrier is 

regulated by BMP signalling which oppresses spaw expression and the 

anterior barrier is controlled by lefty2 expression. These barriers are thought 

to be highly conserved across all species (Lenhart et al., 2011). BMP 

signalling in the lateral plate mesoderm prevents ectopic Nodal expression 

by limiting Smad4 availability and is needed for lefty1 activation in the midline 

(Furtado et al., 2008). Overexpression of BMP2a eliminates spaw in the 

lateral plate mesoderm with inhibition of BMP causing bilateral spaw 

expression (Chocron et al., 2007). 
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1.3.9 Cyclops and Squint Nodal-related genes 

Cyclops and squint are Nodal related genes found in zebrafish also part of 

the TGFβ family which are essential for germ layer formation and capable of 

sending short or long range signals (Feldman et al., 1998) (Fig. 1.8). Squint 

is known to directly induce downstream genes in distant cells with cyclops 

acting only at short range in zebrafish embryos (Shen and Schier, 2000). 

Cyclops and squint are also known to induce most mesoderm and endoderm 

tissues with cyclops and squint double mutants failing to develop a head, 

trunk mesoderm and endoderm (Dougan et al., 2003). Cyclops mutants are 

found to have only minor defects in the prechordal plate with squint mutants 

having a mild defect in mesoderm and endoderm formation. Following these 

results, it was concluded that the mild developmental defects seen were due 

to a compensatory effect between the two genes. Cyclops and Squint 

proteins are expressed in cells close to the margin. Squint then has the 

ability to migrate away from the margin and exert its effects in distant cells. 

Contrary to this, Cyclops remains close to the margin and has effects at a 

close range (Fig. 1.8) (Dougan et al., 2003; Schier, 2003). 

Downstream gene expression from Nodal signalling depends on 

concentration effects of Nodal signals. Squint has been found to induce 

goosecoid at short range signalling, responsible for pharyngeal endoderm 

and head mesoderm formation and ntl at long range signalling, which forms 

posterior structures. This has suggested that Nodal signalling and gene 

expression is dependent on a concentration gradient with strongest signalling 

at close range (Shen and Schier, 2000). 
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Fig. 1.8: Mesoendoderm induction in zebrafish. Cyclops and squint acting at 
short and long range are antagonised by leftys which determine the extent of 
mesoderm progenitors at the onset of gastrulation. Cross interactions control 
expression of all three genes (Schier, 2003).  

 

Left/right asymmetry development is a complex process dependent on Nodal 

signalling which requires initiation by a number of factors; FGF signalling, 

calcium influx and dorsal forerunner migration, leading to successful 

development of the left/right organiser, are highly conserved processes 

across species activating downstream Nodal signals. Downstream of Nodal 

signalling organogenesis with correct laterality will result in an organism.  

Calcium channel blockers, such as isradipine, are useful in the study of 

left/right asymmetry development and have also been proposed as a 

neuroprotective treatment for Parkinson’s disease. 

1.4 Parkinson’s disease 

Parkinson’s disease is the second most common neurodegenerative disorder 

characterised by loss of dopaminergic neurons from the nigrostriatal pathway 

and the formation of α-synuclein protein aggregates known as Lewy bodies. 

Although incompletely understood, the disease is thought to be due to a 
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combination of environmental and genetic factors. Oxidative stress, 

mitochondrial dysfunction and neuro-inflammation have all been linked to 

disease progression (Dauer and Przedborski (2003) for review). Early 

diagnosis of Parkinson’s disease is rare, as symptoms in patients only 

manifest after approximately 60% of nigral dopamine neurons have 

degenerated and 80% of striatal dopamine has been lost (Fearnley and 

Lees, 1991). In addition to the motor symptoms of tremor, rigidity and 

akinesia, many patients suffer from depression and sleep disorders along 

with slowed cognitive processes (Dauer and Przedborski, 2003) and can 

experience up to 84% decline in their cognitive function as the disease 

progresses (Jankovic, 1984). These non-motor symptoms are believed to be 

a result of dopamine deficiency in the non-motor portion of the striatum as 

well as pathological changes in the brainstem, thalamus and the cerebral 

cortex (Braak et al., 2003).  

1.4.1 Basal ganglia function 

The basal ganglia are a group of subcortical nuclei that have traditionally 

been associated with the control of motor function (Kemp and Powell, 1971). 

Major components of the basal ganglia include the dorsal striatum (caudate 

and putamen), ventral striatum (nucleus accumbens and olfactory tubercule), 

globus pallidus, ventral pallidum, substantia nigra and subthalamic nucleus 

(Fig. 1.9). The basal ganglia are now known to also have several functions in 

non-motor processes such as learning of complex behaviour, emotions, 

motivation and cognition. The circuitry forms a complex network that 

integrates associative, oculomotor, limbic and motor cerebral regions, basal 

ganglia nuclei, the thalamus and brainstem. Motor areas project to the 

putamen which sends signals to the globus pallidus interna and substantia 

nigra pars reticula and onto the anterior and ventrolateral thalamus. The 

thalamus is the final basal ganglia link back to the cortex (Haber and 

Calzavara, 2009 for review). 
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Fig. 1.9: Neuroanatomy of the basal ganglia in humans. The basal ganglia motor 

loop is located in the mid-brain and consists of the caudate, putamen, globus 

pallidus, substantia nigra and subthalamic nucleus and projects to the thalamus and 

frontal cortex. (Image: University of Wisconsin. (2006). Basal Ganglia. Available: 

https://www.wisc.edu/. Last accessed 20th Dec 2017). 

 

1.4.2 Circuitry of the basal ganglia 

Information sent from numerous cortical areas is processed in specific areas 

of the basal ganglia and returned to the frontal lobe via the thalamus. 

Regions of the frontal cortex form synaptic connections with defined regions 

of the basal ganglia. The anterior cingulate cortex and orbital frontal cortex 

involved in reward-based behaviour project to the ventral striatum which 

signals to the ventral pallidum and ventral tegmental area to the medial 

substantia nigra (Haber et al., 1995). Areas of the prefrontal cortex involved 

in planning and working memory project to the rostral and dorsal caudate 

nucleus, then signals the central part of the globus pallidum and substantia 

nigra (Selemon and Goldman-Rakic, 1990) and areas involved in planning 

action project to the dorsal and lateral caudate nucleus. This region signals 

the central and dorsal globus pallidus and ventral substantia nigra (Haber et 

al., 2000).  

1.4.3 Direct and indirect pathways in the basal ganglia 

Over 90% of the projection neurons within the striatum are made up of 

inhibitory GABAergic medium spiny neurons (Kemp and Powell, 1971). 
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Output from the basal ganglia is also inhibitory and pathways within the 

motor circuit lead to switching this inhibition on or off. Motor areas of the 

cortex project to the striatum through excitatory, glutamatergic synaptic 

connections. In the striatum, they form connections with medium spiny 

neurons and these connections are linked to globus pallidus interna and 

substantia nigra pars reticula by a monosynaptic, direct pathway which 

inhibits globus pallidus interna/substantia nigra pars reticula output or a 

polysynaptic indirect pathway which inhibits the globus pallidus externa, 

disinhibits the sub-thalamic nucleus and causes excitation of the globus 

pallidus interna/substantia nigra pars reticula (summarised in Fig. 1.10). 

Output from the globus pallidus interna and substantia nigra pars reticula are 

inhibitory GABAergic neurons and tonically inhibit thalamocortical neurons in 

the ventral anterior, ventrolateral and intralaminar nuclei of the thalamus and 

brainstem neurons (DeLong and Wichmann, 2007).  

Increased output from the basal ganglia (via the indirect pathway) will result 

in less movement due to inhibition of thalamocortical projection neurons, 

conversely reduced basal ganglia output (via the direct pathway) translates 

into increased movement due to disinhibition of neurons. Combined action of 

direct and indirect pathways is thought to adjust movement. This balance is 

regulated by dopamine on striatal neurons in the substantia nigra pars 

compacta. D1 in the direct pathway with co-expressed peptides substance P 

and dynorphin and D2 in the indirect pathway and the peptide enkephalins 

both reduce globus pallidus interna and substantia nigra pars reticula output 

facilitating movement (Fig. 1.10) (Gerfen et al., 1990; Cepeda et al., 1993; 

Obeso et al., 2000; DeLong and Wichmann, 2007).  
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Fig. 1.10: Simplified representation of direct and indirect pathways of the 
basal ganglia motor circuit. Red connections represent inhibitory GABA signalling 
with green connections representing glutamatergic excitatory signalling. Signalling 
begins and terminates in the frontal cortex. (Image: DeLong and Wichmann (2007) 
with modification to give a more simplistic summary of direct and indirect pathways 
of the basal ganglia motor loop). 

 

One of the main pathological hallmarks of Parkinson’s disease is loss of 

dopaminergic neurons from this brain region leading to reduced function and 

motor impairment. In a healthy, aging person, gradual dopaminergic cell loss 

is seen in the dorsomedial substantia nigra pars compacta, however, 

Parkinson’s disease patients have extensive cell loss in ventrolateral and 

caudal areas of the substantia nigra pars compacta. Significant nerve 

terminal loss in the striatum is also evident (Fearnley and Lees, 1991). In 

Parkinson’s disease, increased neuronal activity in the globus pallidus 

interna/substantia nigra pars reticula output nuclei of the basal ganglia, leads 

to excessive inhibition of the thalamo-cortical and brainstem motor neurons. 

Reduced activation of dopamine receptors as a result of dopamine deficiency 

decreases inhibition of the indirect pathway with a reduced excitation of the 

direct pathway. Excessive activation of the basal ganglia output results, 

which inhibits glutamatergic signals from the thalamus and inhibits excitation 

of the motor cortex leading to motor effects of Parkinson’s disease (DeLong 

and Wichmann, 2007).  
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1.4.4 Molecular pathology of Parkinson’s disease 

Oxidative stress, mitochondrial dysfunction, Lewy body formation and 

neuroinflammation have all been linked to Parkinson’s disease progression. 

 Oxidative stress 

Oxidative stress has been implicated in dopaminergic cell death in 

Parkinson’s disease. Although all tissues can be damaged by oxidative 

stress, the brain is more susceptible due to its heavy oxygen demand. Within 

the brain, dopaminergic neurons are extremely vulnerable as they naturally 

produce a large quantity of reactive oxygen species (ROS) during dopamine 

metabolism. Dysfunction of mitochondria, excitotoxicity, nitric oxide toxicity 

and inflammation are all known to result in overproduction of ROS which 

leads to oxidative stress (Jenner and Olanow, 2006; Zhu and Chu, 2010). In 

a healthy cell, ROS play a role in respiration and have been implicated in cell 

signalling processes such as Mitogen Activated Protein Kinase (MAPK) 

pathways, which send signals from the cell surface to the nucleus, through 

ROS activation of extracellular signal-regulated kinases (ERKs), c-Jun N-

terminal kinases (JNKs) and p38 MAPKs (Sun and Oberley, 1996). At low 

concentrations, they are a cell’s defence against infectious agents and 

contribute to cell signalling systems. Overproduction of ROS inhibits normal 

function of a cell by damaging protein and DNA (Valko et al., 2007). The 

hydroxyl radical reacts with all elements of DNA damaging the purine and 

pyrimidine bases and the deoxyribose backbone (Halliwell and Gutteridge, 

1986).  

Mitochondrial dysfunction 

Mitochondria consume the majority of molecular oxygen for use in adenosine 

triphosphate (ATP) production. Under normal conditions, the reduction of 

oxygen in the mitochondrial respiratory chain will lead to generation of ROS 

which are controlled by antioxidants such as superoxide dismutase and small 

molecules like vitamin C and E. 

Dysfunction of mitochondria has been linked to progression of many 

neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s 

disease, Amyotrophic Lateral Sclerosis (ALS) and Huntington’s disease. 
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Disruption to homeostasis occurs though mitochondrial DNA mutations 

leading to damaging effects in Parkinson’s disease through overproduction of 

ROS. Many genes linked to Parkinson’s disease progression are also known 

to have interactions with mitochondria and mutations in these Parkinsonism 

genes will also disrupt normal mitochondrial function.  

Damaging effects from mitochondria result from dysfunction of complex I of 

the respiration chain leading to the formation of toxic radicals through 

overproduction of ROS leaving neurons vulnerable to glutamate excitotoxicity 

(Sherer et al., 2002). Families with inherited Parkinson’s disease have also 

been found with dysfunctional complex I activity and increased reactive 

oxygen species production (Swerdlow, 1998). Antioxidants such as 

superoxide dismutase appear to be overwhelmed by increased ROS 

production and are unable to prevent toxic accumulation (Halliwell, 2001).  

Lewy body formation 

A pathological hallmark of Parkinson’s disease is accumulation and 

aggregation of α-synuclein in vulnerable dopaminergic neurons, known as 

Lewy bodies. Alpha-synuclein is a neuronal protein that is found 

predominately at presynaptic terminals and in a healthy brain is known to be 

degraded by both the proteasome and autophagy (Webb et al., 2003).  

Two missense mutations found in the α-synuclein gene were the first 

Parkinson’s disease mutations to be identified. They are now known to cause 

autosomal dominant early-onset Parkinson’s disease (Dawson and Dawson, 

2003). To date over 50 α-synuclein mutations have been identified.  

Lewy bodies accumulate in surviving neurons in Parkinson’s disease brains 

and are common to sporadic and genetic Parkinson’s disease. Aggregated 

α-synuclein binds to the proteasome and inhibits ubiquitin-dependent 

proteasomal function (Snyder et al., 2003). Inhibition of the proteasome then 

leads to an inability to clear proteins targeted for degradation by the 

ubiquitin-proteasome system resulting in toxicity and the demise of 

dopaminergic neurons (Tanaka et al., 2001). These deficits in ubiquitin-

dependent degradation of intracellular proteins have been linked to Lewy 
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body formation and disease progression (Ciechanover, 1998; Bennett et al., 

1999).  

Neuroinflammation 

Inflammation results in oxidative stress and cytokine-dependent toxicity. 

Evidence for neuro-inflammation as a contributing factor to Parkinson’s 

disease comes from findings of activated microglia, cytokine accumulation, 

nuclear factor kappa b (NFĸB) pathway activation and oxidative damage to 

proteins in brains of patients (McGeer et al., 1988).  

Microglia are type of macrophage present in the central nervous system and 

mediate the innate defence system as well as acting as scavenger cells in 

inflammation, infection and neurodegeneration (Beyer et al., 2000; Kim and 

de Vellis, 2005). These cells are highly sensitive to changes in homeostasis 

in the brain and activate in response to inflammation (Fig. 1.11) (Wojtera et 

al., 2005). Post-mortem analysis of Parkinson’s disease patients revealed an 

elevated number of activated microglia in the substantia nigra (Hirsch et al., 

1998).  

 

Fig. 1.11: Inflammation triggers microglial activation leading to neuronal death 
in Parkinson’s disease. Inflammation triggers microglial activation which produce 
neurotrophic factors leading to neuronal death and damage. This neuronal death 
then results in further microglial activators which feeds back to inflammatory 
responses resulting in self-perpetuating neurotoxicity (Image: Block and Hong 
(2007)) .  
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Post-mortem analysis of Parkinson’s disease brains has found inflammation 

in the basal ganglia, pons, striatum and frontal and temporal lobes (Gerhard 

et al., 2006). A combination of over-production of cytokines, microglial 

activation and ROS production contributes to inflammation and disease 

progression (Whitton, 2007). Midbrain dopaminergic neurons are in a region 

with a high density of microglia making them more vulnerable to 

degeneration as a result of inflammatory signalling than any other neuronal 

group (Lawson et al., 1990; Tansey and Goldberg, 2010). Chronic users of 

non-steroidal anti-inflammatory drugs which inhibit cyclo-oxygenase activity 

and scavenge ROS have a 46% lower incidence of Parkinson’s disease than 

controls which further implicates inflammation in disease progression (Chen 

et al., 2003). 

Inflammation in Parkinson’s disease was also discovered through increased 

cytokine levels in the striatum and cerebrospinal fluid of patients. Pro-

inflammatory cytokines such as TNFα, IL-1β and IL-6, T-cell activation (IL-2) 

and growth factors (EGF, TGF-α, bFGF, TGF-b1) are increased in 

Parkinson’s disease striatum and substantia nigra pars compacta with a 

higher density of glial cells expressing these pro-inflammatory markers (Boka 

et al., 1994; Mogi et al., 1994a; Mogi et al., 1994b; Hunot and Hirsch, 2003). 

T-cell expression in these regions is thought to be a result of a modification 

in the blood-brain barrier permeability which under normal circumstances 

would not allow infiltration of T-cells from the circulatory system. Although 

little is known about changes to the blood-brain barrier in Parkinson’s 

disease, changes in cerebral capillary walls and increased vasodilation has 

been reported in Parkinson’s disease patients (Farkas et al., 2000). 

Cytotoxicity by pro-inflammatory cytokines are a result of activation of 

inducible nitric oxide synthase (iNOS) responsible for mediating synthesis of 

high levels of nitric oxide (NO) which is toxic to neurons though ROS 

production and oxidative stress (Dawson et al., 1993). Glial cells with 

increased iNOS expression has been found in the substantia nigra of 

Parkinson’s disease patients (Knott et al., 2000). Nitric oxide has been 
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shown to disrupt iron regulated proteins in mice resulting in higher iron 

concentration similar to findings in the substantia nigra of Parkinson’s 

disease patients which may contribute to the generation of highly toxic 

hydroxyl radicals (Hirsch et al., 1998). 

Both patient and animal studies have shown pro-inflammatory cytokines to 

be the most potent activators of iNOS in glial cells (Janabi et al., 1996; Hunot 

et al., 1999). Cytokine cell death of dopaminergic neurons may act through 

activation of cytokine receptors found on these neurons which initiates cell 

death pathways such as the TNF-α pathway and activates apoptotic 

caspases (Hengartner, 2000). NFĸB has also been shown to be activated to 

induce dopaminergic cell death in patients (Hunot et al., 1997). Mechanism 

of disease pathology in Parkinson’s disease is summarised in Fig. 1.12. 

 

 

Fig. 1.12: Parkinson’s disease pathology. Reduced antioxidant function, 
inflammation, oxidative stress and excitotoxicity have all been linked to disease 
progression leading to Lewy body formation, ROS production and dopaminergic cell 
death (Image: Brundin et al. (2008)). 
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1.4.5 Aetiology of Parkinson’s disease 

 Age 

Aging is the biggest risk factor in the development of Parkinson’s disease. At 

the age of 60, 1% of the population suffer from Parkinson’s disease with this 

figure rising to 5% of the population over the age of 85 (de Lau and Breteler, 

2006). Approximately 5% of the patient population are under the age of 60 

years with the majority of these patients showing genetic and non-sporadic 

causes of disease. Studies have found that dopaminergic cell populations 

are particularly vulnerable to loss with aging compared to many other cell 

populations. Substantia nigra pars compacta in a healthy aging brain has 

been shown to naturally have extensive loss of dopamine cells with 4.7% 

being lost every 10 years (Fearnley and Lees, 1991; Buchman et al., 2012). 

In a healthy brain the dopamine transporter is protective against oxidative 

stress by transporting dopamine back to nerve terminals where it is 

repackaged into synaptic vesicles by vesicular monoamine transporter 2 

(VMAT2). With increasing age, dopamine transporter expression is 

decreased in the dorsal portion of the substantia nigra which may account for 

the vulnerability of this area to neuronal loss in Parkinson’s disease (Ma et 

al., 1999). 

With increasing age, iron content in the substantia nigra is also increased 

resulting in over-production of ROS above the age of 40 in the substantia 

nigra pars compacta (Bilgic et al., 2012). Mitochondria also rely on iron for 

their function. Changes in concentration of iron in mitochondria could lead to 

mitochondrial dysfunction and subsequent ROS generation contributing to 

neuronal loss (Reeve et al., 2014).  

Mitochondrial mutations have been found to occur naturally with positive 

correlation between the incidence of mutations and increasing age, and were 

also found to be higher in mitochondria of the substantia nigra than any other 

brain region (Soong et al., 1992). Mutations are likely to be a result of 

incorrect DNA repair from damage caused by double stranded breaks 

resulting from high oxidative stress in the substantia nigra due to dopamine 

metabolism (Reeve et al., 2014). Disruption of mitochondrial DNA in mice 
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was found to result in premature aging and extensive loss of dopaminergic 

neurons (Ekstrand et al., 2007). Aging is also known to increase microglial 

sensitivity which can cause a more severe inflammatory response and may 

account for an increased risk of disease development with age (Henry et al., 

2009). 

Two main pathways within neurons for removal of damaged proteins are the 

ubiquitin proteasome system and autophagy. Both are linked to mitochondria 

as they require ATP and both have been shown to decrease in function with 

age (Rubinsztein et al., 2011; Jana, 2012). In Parkinson’s patients, further 

reductions in protease activity in the substantia nigra has been found which 

is also attributed to Lewy body formation as previously discussed (McNaught 

et al., 2003).  

In the cellular environment, newly synthesised proteins are at risk of incorrect 

protein folding and loss of function which may also form toxic species. 

Therefore, cells have a family of chaperones which prevent protein 

aggregation and ensure correct protein folding. Efficiency of this family is 

known to decrease with increasing age and is associated with Alzheimer’s 

and Parkinson’s disease development (Hartl et al., 2011).  

Environmental risk factors 

Development of Parkinson’s disease in most cases appears to be multi-

factorial with the environment playing a significant role in disease 

susceptibility. Among the biggest risk factors is exposure to pesticides.  

In 1983 several people developed Parkinsonism symptoms after intravenous 

injection of a drug which had been contaminated with 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine (MPTP). Further investigation followed and it was 

found that this compound was neurotoxic and selectively damaged 

dopaminergic cells in the substantia nigra (Langston and Ballard, 1983). 

Subsequently, this neurotoxin has been used in pre-clinical research for 

Parkinson’s disease modelling. Exposure to this toxin or to herbicides such 

as paraquat and pesticides such as rotenone have been linked to increased 

risk of Parkinson’s disease (Kanavouras et al., 2011). MPTP, paraquat and 

rotenone are mitochondrial complex I inhibitors and result in dopaminergic 
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cell death in the brain of animal models (Betarbet et al., 2000). 

Epidemiological studies in humans have reported an increased risk of 

disease development in populations living in rural areas and with a higher 

exposure to pesticides (Priyadarshi et al., 2001). These pesticides are now 

used in animals to model disease pathology seen in patients.  

Exposure to heavy metals such as iron and zinc have also been found to 

increase risk of disease development by accumulation of metals in the 

substantia nigra and increased oxidative stress (Lai et al., 2002).  

Some environmental agents are known to decrease risk of Parkinson’s 

disease development such as cigarette smoking and caffeine consumption 

(Morens et al., 1995; Ross et al., 2000; Hernan et al., 2002). The most likely 

protective effect of cigarette smoking is due to stimulation of nicotinic 

receptors on dopaminergic neurons which may play an anti-oxidant role 

(Quik, 2004).  
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Genetic predisposition 

Genome-wide association studies (GWAS) have enabled identification of 

genetic mutations which are risk factors for Parkinson’s disease and have 

found 21 genes to date associated with familial or sporadic forms of the 

disease (Kalinderi et al., 2016). Familial Parkinson’s disease has been 

classed into autosomal dominant or autosomal recessive forms and usually 

develops at an early age (before 50 years of age) with rapid progression 

(Fan et al., 2013). Table 1.1 represents the six genes with identified 

mutations within Parkinsonism families definitively associated with familial 

dominant or recessive Parkinson’s disease.  

Table 1.1: Some of the implicated genes in familial Parkinson’s disease 
development. 

Gene Inheritance 
Clinical 

features 

Gene 

product 
Function Reference 

SNCA 

(PARK1) 

Autosomal 

dominant 

Early onset, 

rapid 

degeneration 

Alpha-

synuclein 

Synaptic 

plasticity 

Burre et al., 

2010 

Parkin 

(PARK2) 

Autosomal 

recessive 

Early onset, 

slow 

progression 

Ubiquitin 

ligase 

Ubiquitin 

proteasome 

system 

component 

Sauve et 

al., 2015 

PINK1 

(PARK6) 

Autosomal 

recessive 
Early onset 

PTEN-

induced 

kinase 

Protect 

against 

mitochondrial 

dysfunction 

Bonifati et 

al., 2005 

DJ-1 

(PARK7) 

Autosomal 

recessive 
Early onset DJ-1 

Protect 

against 

oxidative 

stress 

Fitzgerald 

et al., 2008 

LRRK2 

(PARK8) 

Autosomal 

dominant 
Early onset Dardarin 

Bind 14-3-3 

proteins to 

regulate 

protein 

interactions 

Berge et 

al., 2005 

VPS35 

(PARK 17) 

Autosomal 

dominant 
Late onset VPS35 

Endosomal-

lysosomal 

trafficking 

Zimprich et 

al., 2011 
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Monogenic forms of Parkinson’s disease are rare (<10% of all patients) and 

are a result of single inherited mutations in a gene. The majority of identified 

gene mutations are risk factors in sporadic forms of Parkinson’s disease. 

Sporadic cases are attributed to an interaction between environmental and 

genetic risk factors (de Lau and Breteler, 2006; Kalinderi et al., 2016). 

Several of these 21 genes linked to both familial and sporadic Parkinson’s 

disease affect protein metabolism or mitochondrial function (Gasser et al., 

2011).  

SNCA encoding for protein α-synuclein was the first gene identified to cause 

familial Parkinson’s disease with a missense mutation found in families with 

early onset autosomal dominant Parkinson’s disease with rapid progression 

(Polymeropoulos et al., 1997). The protein is known to have roles in synaptic 

plasticity and learning (Burre et al., 2010) and has also been shown to act as 

a molecular chaperone in the formation of the SNARE complex responsible 

for mediating vesicle fusion (Bonini and Giasson, 2005). Mutations in the 

gene are known to result in α-synuclein aggregates and Lewy body formation 

in the brain. 

PARK2 (parkin) is the second largest gene in the human genome at 1.53 Mb 

in size. Mutations were identified to cause autosomal recessive juvenile 

Parkinson’s disease (Kitada et al., 1998). More than 100 variable mutation 

types have been found to date. In most of these cases, Lewy bodies are not 

present in patients. Expression of cytosolic E3 ubiquitin ligase, parkin is 

found in the nervous system and has a role in proteasome degradation 

(Shimura et al., 2000). PINK1 accumulation triggers parkin recruitment and 

activation. Parkin then assembles ubiquitin chains on outer mitochondrial 

membrane proteins leading to their degradation (Narendra et al., 2010). 

Along with this function PINK1 and parkin also regulate mitochondrial 

turnover by promoting synthesis of new mitochondria (Vincow et al., 2013). 

Mutations cause a loss of function of this degradation, toxic build-up of 

proteins along with mitochondrial impairment (Palacino et al., 2004). 



Chapter 1: Introduction 

40 
 

PARK 6 encodes PTEN-induced mitochondrial serine/threonine kinase 

(PINK1) and mutations cause recessive inherited Parkinson’s disease. 

Multiple forms of mutations have been found (frameshift, missense etc.). The 

disease is early onset but progresses slowly (Bonifati et al., 2005). Pink1 is 

thought to interact as an upstream gene of parkin to activate and recruit 

parkin onto damaged mitochondria, resulting in their degradation and 

elimination along with regulation of mitochondrial synthesis (Clark et al., 

2006). 

DJ-1 protein (PARK 7) under normal conditions protects against oxidative 

stress and mitochondrial damage (Fitzgerald and Plun-Favreau, 2008). It 

recently has been found to regulate metabolism and cell proliferation through 

PINK1. Loss of function leads to oxidative stress and dopaminergic 

neurodegeneration in Parkinson’s disease (Giaime et al., 2010). 

Leucine-Rich Repeat Kinase 2 (LRRK2) mutations were found in families 

with autosomal dominant inheritance (Paisan-Ruiz et al., 2004). Over 80 

mutations of the LRRK2 gene have now been found which account for 10% 

of familial disease cases and a significant amount of sporadic cases (Berg et 

al., 2005). Large variation is found in pathology of patients with LRRK2 

mutations. The protein is known to interact with the 14-3-3 superfamily of 

proteins suggesting the gene has roles in many cellular processes and 

pathways which accounts for large variations seen in different mutations 

within the gene. 

Mutations found in the vascular protein sorting 35 (VPS35) gene have been 

linked to familial and sporadic late-onset Parkinson’s disease. The protein is 

responsible for mediating retrograde transport between endosomes and 

trans-golgi network which directs synthesised proteins to the correct cellular 

destination. Mutations in the gene are thought to prevent this transport of 

proteins (Zimprich et al., 2011).  

1.4.6 Current symptomatic treatment of Parkinson’s disease 

Current treatment for the Parkinson’s disease is only symptomatic but does 

not slow disease progression. Attempts to slow or stop disease progression 

have focussed on targeting α-synuclein aggregates, neuroprotection of 
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mitochondria, or reduction of microglial activation and consequent neuro-

inflammation (Singleton et al., 2003; Sadeghian et al., 2016). 

Dopamine agonists 

Dopamine agonists are used to treat patients by replacing neurotransmitter 

dopamine in the brain and binding to dopamine receptors. Dopamine 

agonists symptomatically treat the disease by acting directly on intact 

postsynaptic receptors in the striatum but do not slow disease progression 

(Schwarz, 2003). These drugs are often used as an initial treatment prior to 

treatment with L-DOPA as they are less potent and results in fewer side-

effects and later can also be used in conjunction with L-DOPA treatment as 

the disease progresses. Dopamine agonists are divided into ergoline and 

non-ergoline derived agonists. Ergoline classes such as bromocriptine, 

pergolide and cabergoline target D2 receptors but produce more side effects 

due to increased off-target interactions with D1, 5-HT and adrenergic 

receptors. Newer non-ergoline agonists (pramipexole, ropinirole and 

apomorphine) have less side effects due to high affinity binding, for this 

reason they are a far more popular class of dopamine agonist drugs and 

have several routes of administration (oral, transdermal, subcutaneous 

infusion) (Borovac, 2016). 

Levodopa 

The dopamine precursor, levodopa (L-DOPA) is still the best available 

treatment more than 50 years after it was first used in Parkinson’s disease 

patients (Cotzias et al., 1969). The drug acts by increasing brain dopamine 

levels and decreasing motor symptoms. Due to problems associated with 

fluctuating levels of L-DOPA, several drugs are approved as add-ons to 

prolong its effects by inhibiting the L-DOPA-degrading enzyme, DOPA-

decarboxylase, for example, carbidopa and opicapone, or by inhibiting the 

dopamine degrading enzyme, monoamine oxidase (MAO) B, for example 

selegiline, rasagiline and safinamide. In the absence of these inhibitors the 

majority of L-DOPA is metabolised before it can cross the blood-brain barrier 

to reach its target (reviewed by Oertel (2017)). Although it is the ‘gold 

standard’ treatment for patients, it is only symptomatic and fails to slow or 

halt progression of disease. 
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MAO/COMT inhibitors 

Metabolism of dopamine is mediated by MAO and catechol-O-

methyltransferase (COMT) and expression of COMT is found in the 

prefrontal cortex and limbic system (Schosser et al., 2012). COMT inhibitors 

such as entacapone are used in combination with L-DOPA to prolong drug 

half-life and subsequently increase delivery to the brain. In the absence of 

this inhibitor, it is estimated that only 10% of L-DOPA will reach the brain 

intact (Smith, 2003; Muller, 2015). 

Monoamine oxidases (MAOs) are mitochondrial-bound enzymes which 

metabolise monoamine neurotransmitters (Carradori et al., 2014). In patients 

with Parkinson’s disease, MAO-B activity is highly expressed in the 

substantia nigra, therefore, inhibitors are used for disease treatment to 

prevent degradation of dopamine. MAO inhibitors can provide mild, 

symptomatic relief in early Parkinson’s disease and are approved for use 

along with L-DOPA co-treatment (Schapira, 2011). Rasagiline is an 

irreversible inhibitor of MAO B, and is thus used to prolong the effects of L-

DOPA. However, it also has anti-apoptotic effects unrelated to its MAO-B 

inhibition and these effects are thought to underlie neuroprotective effects 

seen in cell culture and animal experiments (Akao et al., 2002; Blandini et al., 

2004). In clinical trials, rasagiline has been reported to have beneficial effects 

on patient symptoms in early Parkinson’s disease (Olanow et al., 2009; 

Hauser et al., 2016).  

Other pharmacological treatments 

The calcium channel blocker isradipine is currently in clinical trials for 

treatment of Parkinson’s disease (NCT02168842 on-going), based on 

observations that treatment of hypertension with calcium channel antagonists 

resulted in diminished risk of developing the disease (Becker et al., 2008). 

The proposed mechanism is that the pacemaking activity of neurons in the 

substantia nigra, makes them vulnerable to excessive calcium influx, with 

increased risk with age, due to repetitive activation of calcium channels. This 

leads to increased calcium in the mitochondria and production of reactive 

oxygen species, ultimately causing neuronal death (reviewed by Zamponi 

(2016)). In mice, isradipine treatment restored juvenile pacemaking activity of 
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neurons and protected neurons from degeneration in vitro and in vivo (Chan 

et al., 2007).  

The tetracycline antibiotic, minocycline, protected against the loss of 

dopaminergic neurons by inhibition of microglial activation in MPTP treated 

mice (Wu et al., 2002), and it reduced iNOS and caspase-1 expression (Du 

et al., 2001). In contrast, Yang et al. (2003) and Diguet et al. (2004) reported 

a deleterious effect of minocycline in MPTP-treated mice and primates. In 

clinical studies, minocycline has been found to block microglial activation but 

so far has not shown any clinical benefit in motor function (Ravina et al., 

2006; Kieburtz et al., 2008; Olson and Gendelman, 2016). 

1.4.7 Animal models of Parkinson’s disease 

Animal models of Parkinson’s disease have proven to closely model many 

aspects of Parkinson’s disease pathology in patients although none have 

been able to reproduce complete pathology of disease. The most popular 

species used to model the disease are rodents, however, zebrafish and 

Drosophila have also been used for both neurotoxic and genetic models of 

Parkinson’s. A number of neurotoxins are commonly used in animals to 

model disease pathology. 

6-OHDA induced neurodegeneration 

6-OHDA is one of the most widely used neurotoxic models of Parkinson’s 

disease in vitro and in vivo. Structurally it is analogous to catecholamines, 

dopamine and noradrenaline, and specifically targets catecholaminergic 

neurons making it a popular pre-clinical model of the disease (Simola et al., 

2007 for review). Due to this structural similarity dopamine and noradrenaline 

transporters recognise and accumulate 6-OHDA (Sachs and Jonsson, 1975). 

The toxin is then oxidised by monoamine oxidase A (MAO A) which 

generates reactive oxygen species resulting in oxidative damage and also 

causes mitochondrial dysfunction (Drechsel and Patel, 2008).  

MPTP induced neurodegeneration 

MPTP is selective for dopaminergic neurons and causes oxidative stress, 

ROS inflammation but no Lewy body formation in neurons. MPTP can cross 

the blood brain barrier and once in the central nervous system enters 
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astrocytes, MAO-B then catalyses MPTP to toxic MPP+ (Schmidt et al., 

1997; Gainetdinov et al., 1998). This active metabolite is transported by the 

dopamine transporter to dopaminergic neurons and can be taken up by 

VMAT2. Once in the neuron, complex I is inhibited which produces ROS and 

inhibition of mitochondrial function (Gainetdinov et al., 1998).  

Rotenone induced neurodegeneration 

Rotenone is an insecticide that can easily cross the blood-brain barrier (Alam 

and Schmidt, 2002). Exposure to the toxin inhibits the mitochondrial electron 

transport chain (Inden et al., 2007). Lewy body formation and oxidative 

stress with detrimental dopaminergic neuronal loss have been found in the 

brain of rodents following intravenous injection of the toxin (Cannon et al., 

2009). However, the toxin has damaging effects on many neurological 

circuits and is not specific to the dopaminergic system also affecting 

serotonin, noradrenergic and cholinergic neurons (Hoglinger et al., 2003). 

Rotenone was also found to inadequately model disease pathology in 

various animal species such as mice and monkeys and results in high 

toxicity and mortality (Ferrante et al., 1997; Thiffault et al., 2000). 

Paraquat & Maneb induced neurodegeneration 

Paraquat is a herbicide with structural similarity to MPP+. The toxic effects of 

the drug are through oxidative stress leading to damage of lipids, proteins, 

DNA and RNA (Day et al., 1999). At high doses, the drug has been shown to 

behave much like MPP+ with transport by dopamine transporter and toxicity 

of dopaminergic neurons (Rappold et al., 2011). This model is less 

commonly used as it is reported to have more variable effects in animal 

models than the classic MPTP. The advantage of using this toxin to model 

Parkinson’s disease is its ability to increase α-synuclein and induce Lewy 

body formation in dopamine neurons of the substantia nigra pars compacta 

(Manning-Bog et al., 2002). This herbicide is used in animal models to study 

properties of α-synuclein and Lewy bodies in Parkinson’s disease for this 

reason.  

The fungicide maneb, also closely resembles mechanisms of action of MPTP 

and paraquat and is known to cause locomotor deficit (Thiruchelvam et al., 
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2000). It is often used in combination with paraquat which models 

Parkinson’s disease more closely to the clinical situation (Berry et al., 2010).  

Genetic models of Parkinson’s disease 

Identification of genes contributing to familial and sporadic forms of 

Parkinson’s disease has led to disease modelling through gene editing 

techniques. Genetic forms of Parkinson’s disease account for only 10% of all 

patient cases with the other 90% sporadic. Despite this, genetic models of 

disease have been valuable in implicating cellular cascades in Parkinson’s 

disease progression and potential therapeutic targets, although none of 

these genetic models have proven to fully model Parkinson’s disease 

pathogenesis as seen in patients. Autosomal dominant genes such as α-

synuclein and LRRK2 can be modelled through overexpression and 

autosomal recessive genes such as Parkin, DJ-1 and PINK1 through 

knockdown or knockout gene technology such as morphilino and TALEN. 

Genetic models of disease have been successfully applied in rodents, 

Drosophila, C. elegans and zebrafish (Dawson et al., 2010).  

1.4.8 Zebrafish as an animal model of Parkinson’s disease 

Zebrafish have several advantages in regards to screening of new drug 

compounds for the treatment of Parkinson’s disease; it is a vertebrate, 

produces hundreds of embryos per mating, embryos and larvae are 

transparent allowing visualization of the developing larva, chemicals can be 

applied in the swimming medium, and their small size allows for high-

throughput drug screening. Although there is no structure analogous to the 

mammalian substantia nigra in zebrafish, there is evidence that the 

corresponding dopamine neurons are those of the posterior tuberculum of 

the ventral diencephalon which have high D1 receptor expression and 

receive direct ascending spinal projections. These neurons project to the 

subpallium which was found to be the teleostean equivalent of the 

mammalian striatum as shown in Fig. 1.13 (Rink and Wullimann, 2001; Rink 

and Wullimann, 2002a; Du et al., 2016).  
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Fig. 1.13: Dopaminergic pathways in the human, zebrafish and rodent brain. (A) In 
the human brain, Dopamine neurons of the nigrostriatal pathway are found in 
midbrain structures substantia nigra (SNc) and the ventral tegmental area (VTA). 
Axons project to the striatum. (B, C) Schematic drawing illustrating the location of 
neural dopaminergic projections in adult zebrafish (B) (SP – subpallium, PT – 
posterior tuberculum) and rodents (C) (C – cortex, S – striatum) (Arias-Carrion et 
al., 2010) (Parker et al., 2013). 

Development of the dopaminergic system in zebrafish begins at 15-18 hours 

post fertilization (hpf), and most of the cell clusters seen in the adult are 

present by 120 hpf (Rink and Wullimann, 2002b) making zebrafish larvae an 

ideal model for rapid, high-throughput drug screening in the treatment of 

Parkinson’s disease. Several studies have successfully used zebrafish 

larvae in neuroprotective drug screens (Parng et al., 2006; Parng et al., 

2007; Feng et al., 2014). 

A number of neurotoxic and genetic models of Parkinson’s disease have 

been successfully applied in zebrafish. Neurotoxins such as MPTP (McKinley 

et al., 2005), 6-OHDA (Feng et al., 2014), paraquat (Nellore and P, 2015) 

and rotenone have been used to induce dopamine neuronal cell loss and 

locomotor deficit, however high mortality was also recorded in rotenone 

exposed larvae (Melo et al., 2015). 

In zebrafish, genetic knockdown/knockout models are also used in 

Parkinson’s disease modelling with varied success. Overexpression of parkin 

protects against cellular stress with knockout resulting in moderate loss of 

dopaminergic neurons and mitochondrial dysfunction (Fett et al., 2010). DJ-1 

knockout, similar to rodents, does not result in dopaminergic neuronal death 
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but is reported to increase susceptibility of these cells to neurotoxins 

(Bretaud et al., 2007). PINK1 knockdown also does not result in significant 

dopaminergic cell death but alters dopaminergic signalling and induces 

locomotor deficit (Xi et al., 2010). LRRK2 knockout is embryonic lethal with 

deletion of the WD40 domain of the protein resulting in dopaminergic loss 

and locomotor deficit in larvae (Sheng et al., 2010). 
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1.5 Aims of this study 

The aims of this study were: 

1) To validate zebrafish as a versatile research animal model through 

genetic and pharmacological studies. This was demonstrated in two 

studies: 

a. To investigate the function of the novel zygotic gene, nanor 

during early development. 

b. To validate a neurotoxic zebrafish model of Parkinson’s 

disease suitable for drug screening. 

Objectives of the thesis: 

The main aim of the current study was to elucidate the function of nanor 

using wild-type larvae as well as generation of a mutant knockout line.  

1) To investigate nanor mRNA and protein expression in wild-type 

embryos as well as to discover downstream genes of nanor.  

2) To identify interacting proteins with Nanor. 

3) To identify links between early asymmetry events such as FGF 

signalling and calcium flux before Kupffer’s vesicle formation and 

during vesicle function on nanor expression. 

4) To identify upstream and downstream genes of nanor.  

To validate a neurotoxic zebrafish model of Parkinson’s disease suitable for 

drug screening. 

5) To validate a 6-OHDA model of Parkinson’s disease in zebrafish 

larvae and induce locomotor deficit and dopaminergic neuronal loss in 

Parkinson’s disease models during neuroprotective and 

neurorestorative screens. 

6) To test neuroprotective and neurorestorative properties of three drugs: 

a calcium channel inhibitor (isradipine), monoamine oxidase inhibitor 

(rasagiline) and tetracycline antibiotic (minocycline) in a 6-OHDA 

Parkinson’s disease model in zebrafish larvae up to 5 dpf.                         

.   
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Chapter 2: Materials and Methods 

2.1 Materials 

2.1.1 Zebrafish maintenance 

Unless otherwise stated, all solutions and protocols used in the care and 

maintenance of the zebrafish were taken from The Zebrafish Book 

(Westerfield, 2000). Adult zebrafish were housed at a stocking density of 

approximately 20 fish per 10 litre tank and fed twice daily. Morning feeds 

consisted of ZM small granular food (ZM systems), and in the afternoon a 

feed of live Artemia (ZM systems). Artemia cysts (3 g) were incubated with 

54 g of Instant Ocean salt in a 1 litre hatchery for a minimum of 24 hours with 

strong aeration at a constant temperature of 28 °C. Fish were maintained at 

28 °C on a 14:10 light: dark cycle and were spawned once a week in 

spawning trays (20 cm X 9 cm) by placing male fish in the tray with a female 

placed in a mesh insert above on the evening prior to spawning. Male and 

female fish were placed together in the upper insert after lights on the 

following morning. Embryos were collected from the bottom of the spawning 

trays and cultured in 90 mm petri dishes (approximately 50 embryos per 

dish). Embryos were incubated at 28 °C in filter-sterilised egg water (60 

μg/ml stock salts in distilled water). Fish housing tanks were washed weekly 

while the fish were on to spawn. Filters were thoroughly rinsed with water 

and tanks were re-filled using dechlorinated tap water. 

2.1.2 Chemicals and laboratory plastics 

All chemicals were of standard analytical grade purchased from Sigma-

Aldrich. All pipette tips and microcentrifuge tubes (Sarstedt) were autoclaved 

and bench surfaces wiped with 70% ethanol. Nuclease-free water was used 

in all molecular experiments. Glycerol stocks of all plasmids were made 

(50:50) and stored at -80 °C. 

2.1.3 Enzymes and kits 

Restriction enzymes (with buffers) were purchased from New England 

Biolabs. Enzymes were used according to the manufacturer’s instructions 

with all digestions verified by gel electrophoresis. Proteinase K and 
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Superscript II Reverse Transcriptase were purchased from Invitrogen. 

Nucleobond® supplied plasmid preparation kits (midi and mini) and PCR 

purification and gel extraction kits were obtained from Qiagen. SP6/T7 

mMESSAGE mMACHINE kit, MEGAclear kit and the DNase I enzyme and 

buffer were purchased from Ambion. pGEM-T Easy vector system I kit was 

purchased from Promega. High Resolution Melt Analysis kit (High Resolution 

Melting Master) and DIG - RNA probe labelling kits were manufactured by 

Roche and supplied by Sigma-Aldrich. Abcam supplied the antibody 

purification kit (AB138915) as well as the immunoprecipitation kit 

(AB206996). 

2.1.4 Materials list 

All materials that were used during experiments are listed in Table 2.1 

Table 2.1: Materials list. 

Chemical/Reagent Company Catalogue number 

2-Methylbutane Sigma-Aldrich M32631 

2-propanol Sigma-Aldrich I9516 

5-bromo-4-chloro-3-indolyl-β-D-

galactopyranoside (X-gal) 

Thermo Scientific R0941 

6-hydroxydopamine 

hydrobromide 

Sigma-Aldrich 162957 

Acetic acid Sigma-Aldrich A6283 

Acrylamide Sigma-Aldrich A3574 

Adenosine triphosphate (ATP) Sigma-Aldrich A1852 

Agarose Invitrogen 16500-500 

Ammonium acetate Allied signal 32301 

Ammonium persulphate Sigma-Aldrich A3678 

Ammonium sulfate Sigma-Aldrich A4418 
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Anti-digoxigenin-AP Fab 

fragments 

Roche 11093274910 

BM purple AP substrate Roche 11442074001 

Bovine Serum Albumin (BSA) New England 

Biolabs 

B7004S 

Bradford Reagent Sigma-Aldrich B6916 

Bromophenol blue Sigma-Aldrich B5525 

Calcium Chloride Sigma-Aldrich 449709 

Calf intestinal alkaline 

phosphatase 

Fisher Scientific 18009019 

Chloroform Sigma-Aldrich C2432 

Coomassie stain Sigma-Aldrich B8522 

Citric acid Sigma-Aldrich 251275 

Deoxynucleotide triphosphates Promega - 

Diethylpyrocarbonate Sigma-Aldrich D5758 

Dimethyl sulphoxide Sigma-Aldrich D5879 

DMP Sigma-Aldrich  

DTT Roche DTT-RO 

Ethanol absolute Sigma-Aldrich E7023 

Ethanolamine Sigma-Aldrich 411000 

Ethidium Bromide Sigma-Aldrich E2515 

Ethylenediaminetetraacetic acid 

(EDTA) 

Sigma-Aldrich E6511 

First strand buffer Fisher Scientific 18080044 

Formaldehyde Sigma-Aldrich  F8775 
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Formamide Sigma-Aldrich F5786 

Freon Sigma-Aldrich 254991 

Glycerol Sigma-Aldrich G6279 

Glycine Sigma-Aldrich G8898 

Heparin sodium salt Sigma-Aldrich 84020 

Hydrochloric acid Fisher Scientific AC12463-5001 

Isopropyl β-D-1 

thiogalactopyranoside (IPTG) 

Sigma-Aldrich I6758 

LB Agar Sigma-Aldrich L2897 

LB Broth Sigma-Aldrich L3022 

Liquid nitrogen Chemistry Dept., 

NUIG 

- 

Magnesium Chloride Sigma-Aldrich M8266 

Mercaptoethanol Sigma-Aldrich M3148 

Methanol Sigma-Aldrich 322415 

MOPS Sigma-Aldrich M1254 

Mounting medium VWR chemicals 361603E 

Normal Goat Serum Biosciences G9023 

Nuclease free water Promega BIO37080 

Paraformaldehyde Sigma-Aldrich P6148 

PBS tablets Sigma-Aldrich 79382 

Phenol Sigma-Aldrich P4557 

Phenol red Sigma-Aldrich P3532 

Phosphatase NEB M0289 
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Plasmid Safe DNase My-Bio - 

Ponceau stain Sigma-Aldrich P3504 

Potassium chloride Sigma-Aldrich 31248 

Protease inhibitor cocktail Sigma-Aldrich P2714 

Radiance HRP substrate Mason 

technology 

AC2100 

Random primers Sigma-Aldrich 11034731001 

Sheep Serum Sigma-Aldrich S3772 

SOC medium New England 

Biolabs 

B9020S 

Sodium acetate Sigma-Aldrich S7545 

Sodium Borate Sigma-Aldrich S9640 

Sodium chloride Sigma-Aldrich S7653 

Sodium Citrate Sigma-Aldrich 1613859 

Sodium hydroxide Sigma-Aldrich S8045 

Sodium Lauryl Sulfate Sigma-Aldrich 1614363 

Sodium phosphate Sigma-Aldrich S5136 

Sucrose Sigma-Aldrich S7903 

SYBR green Biosciences 4385612 

Tetramethylethylenediamine Sigma-Aldrich T9281 

Tissue Tec VWR - 

Torula RNA Sigma-Aldrich R6625 

Tricaine methane sulphonate 

(MS222) 
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Triethanolamine Sigma-Aldrich T58300 

Triton X-100 Sigma-Aldrich T9284 

Trizma Sigma-Aldrich T1503 

 TRIzol® Invitrogen 15596026 

Tween-20 Sigma-Aldrich P1379 

Virkon Fisher Scientific 12358667 

 

Table 2.2: Molecular weight markers. 

Ladder Fragment size Supplier 

100 bp 1517, 1200, 1000, 900, 800, 

700, 600, 500, 400, 300, 200, 

100 bp 

New England 

Biolabs 

1 kb 10, 8, 6, 5, 4, 3, 2, 1.5, 1, 0.5 

kb 

New England 

Biolabs 

Prestained protein 

marker 

250, 150, 100, 75, 50, 37, 25, 

20, 15, 10 kDa 

Biorad 

 

Table 2.3: Drug/antibiotic list. 

Drug/Antibiotic/Primer Supplier Catalogue number 

Ampicillin Sigma-Aldrich A9393 

Random primers Invitrogen 48190011 

Spectinomycin Sigma-Aldrich S0692 

Tetracycline 

hydrochloride 

Sigma-Aldrich T8032 

Isradipine Sigma-Aldrich I6658 
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Levodopa Sigma-Aldrich L0400000 

Rasagiline Sigma-Aldrich SML0124 

SU5402 Sigma-Aldrich SML0443 

Minocycline Sigma-Aldrich M9511 

 

Table 2.4: Primary and secondary antibodies. 

Antigen Host Species Supplier Catalogue 

number 

Primary antibody    

Anti-Tyrosine 

hydroxylase 

Mouse Merck Millipore MAB318 

Anti-α-tubulin Mouse Sigma-Aldrich T5168 

Anti-Nanor Rabbit Sigma-Genosys -custom made 

Secondary 

antibody 

   

Peroxidase 

conjugated  

anti-rabbit 

Goat Sigma-Aldrich AP132P 

Alexa Fluor 546 

anti-rabbit 

Goat Biosciences A11010 

Alexa Fluor 488 

anti-mouse 

Rabbit Biosciences A10667 

Peroxidase 

conjugated anti-

mouse 

Rabbit Sigma-Aldrich AP124P 
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Table 2.5: Consumables. 

Lab consumables Supplier 

20 μL microloader pipette tips Eppendorf 

96-well plates Sarstedt 

96-well plates square flat bottomed  Uniplate® 

Centrifuge tubes Sarstedt 

Glass capillaries (injection needles) Narishige Scientific Instrument Lab 

Nitrocellulose membrane Sigma-Aldrich 

Grid cover slips Millennium Sciences Inc 

MicroAmp 96-well plate (RT-PCR) Applied Biosystems 

Microcentrifuge tubes Applied Biosystems 

Needles and syringes BD 

Petri dishes Sarstedt 

Pipette tips Sarstedt 

Transfer pipettes Sarstedt 

 

All oligonucleotides were supplied by Eurofins MWG Operon: 

 

Table 2.6: PCR and sequencing oligonucleotides. 

Gene Oligo name Sequence (5’ – 3’) 

Elongation Factor 1 alpha  

(EF1-α) 

EF1α F GTG GTA TCA CCA TTG ACA TTGC 

 EF1α R TCA GCC TGA GAA GTA CCA GTG 
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Nanor  Nnr F1 TGG AAG GGG AGC TTC ATC AC 

 Nnr F2 CGC AGA GAT GGA CAG CGA TT 

 Nnr F10 CCA TGC CTG TGG ATG AAG GT 

 Nnr UTRF1 ACT GTA AAG GGC CTC GAA CA 

 Nnr R10 ACC CCG GGT GGT TTG TTA TG 

 Nnr Ra AAT ATT GGC CTC GTC TGG AGC 

 Nnr Rb GTC TGG AGC ATC TTC ACC TTC A 

Nanor B Nnrb F1 CCG TCC TGC AGC TGA CTA AT 

 Nnrb R1 GAG CTG CGT TTC TCA TCT CC 

Lefty 1 Lefty 1F TGG ATC ATC GAG CCG TCC GGT 

 Lefty 1R CGG CAG CCG CCT TTA CAC CT 

One-eyed pinhead (oep)  oepF  TCG AGT CAG GAT GTG AGG GGT 

CA 

 oepR TTG ACG TTG CGG CGT TTG CG 

Southpaw (spaw) spawF AGA CCG GGT CAC GGC ACC A 

 spawR CGC TTC CAC TTC CAC TGC CCT G 

 

Table 2.7: Oligonucleotides for TALEN experiments. 

Primer Sequence (5’ – 3’) 

pCr8 F1 TTG ATG CCT GGC AGT TCC CT 

pCr8 R1 CGA ACC GAA CAG GCT TAT GT 

TAL F1 TTG GCG TCG GCA AAC AGT GG 

TAL R1 GGC GAC GAG GTG GTC GTT GG 

Nnr F1 ACT GTA AAG GGC CTC GAA CA 
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Nnr R1 ACC CCG GGT GGT TTG TTA TG 

 

Table 2.8: Bacterial transformation cells. 

Bacteria Company Catalogue number 

DH5α competent cells Invitrogen 18258012 

Top10 competent cells Thermofisher 12879416 

 

Table 2.9: TALEN plasmid list. 

Insert 

 

Plasmids Supplier Plasmid site map 

 

 

TALEN RVDs 

RVDs 

pLR-HD 

pLR-NG 

pLR-NI 

pLR-NH 

pLR-NN 

 

 

Addgene 

 

 

Addgene website 

www.addgene.org 

 

TALEN arms pFUS A 

pFUS B1-10 

 

Addgene  

Final forward 

TALEN 

pCS2 TAL3 

DD 

 

Addgene  

Final reverse 

TALEN 

pCS2 TAL3 

RR 

Addgene  

http://www.addgene.org/
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Table 2.10: RNA probes. 

Probe Enzyme Polymerase Reference 

Nanor (sense) NcoI SP6 Bree et al. 2005 

Nanor (anti-sense) SalI T7 Bree et al. 2005 

2.1.5 Vector maps 

The plasmids used for subcloning were pGEM-T Easy from Promega and 

pCS2+. 

 

 

Fig. 2.1: pCS2+ vector (image from www.addgene.org) 

http://www.addgene.org/
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Fig. 2.2: pGEM-T Easy vector (image from www.addgene.org) 

2.2 Methods 

2.2.1 Pharmacological treatments in early stage embryos 

To investigate a link between nanor expression and left-right asymmetry 

development L-type calcium channel blocker, isradipine (10 μM) and FGF 

signalling inhibitor, SU 5402 (12.5 μM), were used at various treatment time 

points in the early embryo. Initially, treatments were from 6 - 24 hpf or 24 - 48 

hpf (Fig. 2.3 A). Following results from this experiment, treatment times were 

decreased and given before 24 hpf. Isradipine or SU5402 were given from 6 

- 12 hpf or 12 – 24 hpf (Fig. 2.3 B). All drug treatments were made up in 

filter-sterilised egg water (FSEW) and drug stocks were stored in 1mM 

aliquots. All embryos were manually dechorionated prior to drug 

administration. 

 

 

 

 

 

 

http://www.addgene.org/
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A 

 

B 

 

Fig. 2.3: Isradipine and SU 5402 treatment timelines during (A) 

locomotor activity (B) and qPCR assessment. 

 

2.2.2 Pharmacological treatments in a 6-OHDA Parkinson’s disease model  

All embryos were manually dechorionated at 24 hpf and at 48 hpf exposed to 

250 µM 6-hydroxydopamine (6-OHDA). When investigating neuroprotection, 

6-OHDA exposure began at 48 hpf up to 120 hpf. Rescue effect groups were 

exposed to 6-OHDA from 48 hpf up to 80 hpf. All solutions were rinsed out 

and replaced with a fresh solution daily.  

To test their neuroprotective potential, drugs were administered along with 6-

OHDA beginning at 48hpf. Control embryos were in a 0.01% DMSO solution 

in filter sterilised egg water (FSEW). L-DOPA was used at a final 

concentration of 1 mM, minocycline at 10 μM, and isradipine and rasagiline 

at 1 μM . These concentrations were chosen following a dose response 

0 6 24 48 72 96 120 hpf

Calcium Isradipine

channels Isradipine Locomotor 

FGF SU5402 activity

signalling SU5402

No further drug

 treatments

Before KV After KV

0 6 12 24 hpf

Calcium Isradipine

channels Isradipine

FGF SU5402

signalling SU5402

qPCR
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analysis with morphology scoring and locomotor activity testing. All 

treatments lasted until 120 hpf when locomotor activity was recorded and 

embryos were stored for immunohistochemical analysis.  

To test if drugs could rescue the effects of prior 6-OHDA treatment, 6-OHDA 

was administered at 48 hpf. At 80 hpf the 6-OHDA was removed by rinsing 

the wells three times with FSEW. Drugs were then added at the same 

concentrations chosen for the neuroprotection experiment. Control embryos 

were in a 0.01% DMSO solution in FSEW. 

 

Fig. 2.4: Timeline of drug and toxin exposure and assessments for 

neuroprotection and neurorestoration protocols. 

2.2.3 Imaging of zebrafish larvae 

All embryos and larvae were photographed using a Nikon SMZ800 

microscope and a DMX1200C camera.  

2.2.4 Phenotypic analysis of zebrafish embryos 

Embryo and larval morphology was scored using a modified scale from 

Brannen et al. (2010). Larvae were categorised into normal development, 

mild, moderate or severe defects. 11 structures/systems were scored as 

shown in appendices and included the heart (size, oedema, pooling, 

bloodflow), body (tail, somites), brain (oedema, structure), eyes and yolk 

(sac, extension). Scores assigned for each individual organ/system were 4 

for normal development, 3 for mild defects, 2 for moderate defects, 1 for 

severe defects and 0 if the organ was absent at time of scoring. A normal 

developing embryo with no abnormalities was given a maximum score of 44. 

Any embryo that was given an overall score between 40 and 44 was deemed 

to have normal development. An overall score of 25-40 was said to have mild 

1 2 3 4                  5      dpf

0 24 48 72 80 96                120    hpf

Neuroprotection protocol 6-OHDA & test drug 

Neuro-restoration protocol 6-OHDA Test drug

       Dechorionation             Morphology              Morphology             Morphology

      Fresh drug solution       Fresh drug solution          Locomotor activity

      Dopamine cell survival
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abnormalities, 13-24 had moderate abnormalities, 1-12 had severe 

abnormalities and if an embryo was dead at the time of scoring it was given a 

score of 0.  

2.2.5 Locomotor activity tracking 

Daniovision® was used as a tracking system to record individual locomotor 

activity over a 50 minute time period with alternating 10 minute dark: 10 

minute light phases during pharmacological experiments at 5 dpf. Larvae 

were transferred to 96 square well plates (Uniplate®) with one embryo per 

well on the evening before testing in a total volume of 250 μL. Test larvae 

were allocated to inner wells, as larvae in the outer wells have increased 

locomotor activity. Larvae in the outer wells were excluded from analysis. 

Water at 28 °C was circulated around the 96-well plate in the Daniovision 

chamber. Larvae were acclimatised to the chamber for 30 minutes prior to 

the test. Live tracking was set up and locomotion was measured at 30 

frames a second. Data were exported to Excel, and graphed using 

GraphPad Prism. 

2.2.6 Fixing of larvae 

Larvae at the desired stage were manually dechorionated and fixed in 4% 

paraformaldehyde (PFA) and kept at 4 °C overnight. Following fixation, 

tissue was dehydrated in 70% ethanol (50% for 5 minutes, 70% for 5 

minutes) for storage and later rehydrated by washing for 10 min in 50% 

ethanol, followed by three washes in phosphate buffered saline (PBS) (3 x 5 

minutes) and 20 minutes in 10% sucrose with at least 3 hours in 30% 

sucrose solution in PBS.  

Larval tissue to be sectioned was embedded in Tissue-Tek® (Sakura® 

Finetek, VWR) and rapidly frozen in iso-pentane, which had been cooled by 

liquid nitrogen. Tissues were cryosectioned in a rostral to caudal direction at 

20 µm thickness on positively charged glass slides. 

2.2.7 Whole tissue immunostaining 

Tissue was rinsed in PBS (2 x 1 hour) and incubated at room temperature for 

2 days in nanor anti-serum (1:300) diluted in normal goat serum with 5% 

BSA. On the third day tissue was washed in PBS (5 x 1 hour) and incubated 
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in secondary antibody (Alexa Fluor 546 anti-rabbit 1:500) at room 

temperature overnight. The following day embryos were washed in PBS (5 x 

1 hour) and stored at 4°C in 70% glycerol stocks.  

2.2.8 Immunohistochemistry (sectioned tissue) 

Tissue sections were washed three times for 5, 10 and 15 minutes in PBS 

and blocked in 3% Bovine Serum Albumin (BSA) for 30 minutes followed by 

3% normal goat serum (NGS) for 30 minutes at room temperature. For 

Parkinson’s disease studies sections were incubated with primary antibody 

(mouse anti-tyrosine hydroxylase-MAB318, Merck Millipore) at a 1:300 

dilution with 0.3% Triton X-100 overnight at 4°C. Sections were then washed 

three times (3 x 5 minutes) in PBS and incubated with secondary Alexa Fluor 

488 Goat anti-mouse antibody (Biosciences) at a 1:200 dilution with 0.3% 

Triton X-100 for 1 hour at room temperature before 3 final wash steps in PBS 

for 5, 10 and 15 minutes and slides were cover slipped. Images were 

examined by fluorescence microscopy (Nikon Eclipse E600 Epi-fluorescence 

microscope, 200 x magnification captured using Cellsens™ software). 

Dopaminergic cell numbers were quantified using Image J. 

For Nanor staining, a standard protocol for immunostaining of sectioned 

tissue was followed. Tissue sections were incubated in 1:1000 dilution of 

primary nanor antiserum and 1:1000 secondary antibody (Alexa fluor 546 

anti-rabbit). Images were captured by confocal microscopy (Andor 

Revolution Confocal Microscope-Spinning disk confocal-Yokagawa CSU22). 

All immunohistochemistry was carried out with minus primary (rabbit serum) 

and minus secondary controls. 

2.2.9 RNA extraction and cDNA synthesis 

Isolation of total RNA 

Embryos were harvested at the desired development stage in batches of 20-

80. TRIzol® reagent was used to extract RNA from the whole tissue with 100 

μL of TRIzol® being added per 20 embryos in a 1.5 mL microcentrifuge tube. 

A sterile 1 mL syringe and needle (21 G) were used to shear the tissue which 

was then incubated for five minutes at room temperature. Chloroform (200 

μL per 1 mL TRIzol®) was added and samples were vortexed immediately 
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and incubated at room temperature for three minutes. Samples were 

centrifuged at 4 °C for 15 minutes at 12,000 g. 

The supernatant was transferred to 1.5 mL microcentrifuge tube and 

isopropanol added (500 μL per 1 mL TRIzol®). The samples were incubated 

at room temperature for 10 minutes. Tubes were centrifuged at 4 °C and 

16,000 g for a further 10 minutes. The supernatant was removed and the 

pellet was washed with 100 μL of 70% ethanol (pre-chilled on ice). Tubes 

were centrifuged at 16,000 g for 10 minutes at 4 °C. The ethanol supernatant 

was then removed and the pellet was left to air-dry for 5-10 minutes. The 

RNA pellet was resuspended in 88 μL of nuclease-free water and incubated 

at 55 °C for 10 minutes. 

The RNA solution was DNase treated by adding 10 μL of DNase buffer and 2 

μL of DNase enzyme, samples were incubated at 37 °C for ten minutes. 200 

μL of phenol and 20 μL of 3 M sodium acetate were added to samples which 

were then thoroughly mixed and centrifuged at 16,000 g speed at 4 °C for 

five minutes. The supernatant was then transferred to a new microcentrifuge 

tube to which 200 μL of chloroform:isoamyl alcohol was added and tubes 

were vortexed. This chloroform:isoamyl alcohol step was repeated, and the 

resulting supernatant was once again transferred to a fresh tube. Isopropanol 

(200 μL) was added to the supernatant, and the samples were then 

incubated at -80°C for twenty minutes. Tubes were centrifuged at max speed 

for 30 minutes at 4 °C. The supernatant was discarded and the RNA pellet 

was washed with 200 μL of a pre-chilled 70% ethanol solution. Tubes were 

centrifuged for 5 minutes at max speed at 4 °C. The ethanol supernatant was 

removed and the pellet was left to air dry for 5-10 minutes before re-

suspension in 10 μL of nuclease-free water and stored at -80 °C. The total 

RNA concentration and quality were determined by spectrophotometry. 

cDNA synthesis 

Total RNA was reverse transcribed using random hexamers. The reaction 

mixture contained 1 μg of total RNA, 0.5 μM random hexamers, 4 μL of 

Superscript II first strand buffer (50 mM Tris-HCl, 75 mM KCl, 3 mM MgCl2), 

2 μL of 0.1 M DTT, 10 μL nuclease-free water, 1 μL of 10 mM dNTP mix and 
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1 μL of the reverse transcription polymerase. The reaction was incubated for 

1 hour at 42 °C and then 15 minutes at 70°C to heat inactivate the enzyme. 

cDNA was stored at -20 °C. 

2.2.10 Polymerase chain reaction (PCR) 

PCR was run to amplify fragments of DNA during primer validation and 

TALEN design and screening. A standard PCR reaction (25 μL) contained 

reaction buffer (50mM KCl, 10mM Tris-HCl, pH 9.0 and 0.1% Triton X-100), 

200 μM of dATP, dCTP, dGTP, dTTP, 1.5 – 4 mM MgCl2, 15 pmoles of F 

primer and 15 pmoles of R primer and 1.25 units of Taq DNA polymerase. 

Standard PCR conditions are outlined below. Optimal annealing temperature 

was selected based on the melting temperature of the primers and after 

optimisation using a PCR temperature gradient (table 2.11).  

General PCR  

Table 2.11: Standard PCR conditions in the thermal cycler. 

Stage PCR conditions Temperature °C Time Repeats 

1 Denaturation (initial) 95 5 min 1 

2 Denaturation (cycle) 94 30 sec 30 cycles 

3 Annealing (primers) 55-60 (Tm) 30 sec 30 cycles 

4 Elongation 72 1 min/kb 30 cycles 

5 Final extension 72 10 min 1 

 

Quantitative RT-PCR 

Quantitative reverse transcription PCR was performed using a protocol 

adapted from ‘High Throughput Real-Time Quantitative Reverse 

Transcription PCR’ from current protocols in molecular biology (Bookout et 

al., 2006). SYBR green and the ΔΔCT method were used for all assays. 

Primer Design and Validation 

Primers were designed to meet the specific requirements for quantitative RT-

PCR, with a 40-60% GC content and melting temperatures of approximately 
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60 °C. Oligonucleotides containing runs of the same nucleotide, repetitive 

sequences, or more than two G/C bases at the 3’ end were deemed 

unsuitable. Amplicon length was short and never exceeded 150 bases. 

Validation of primers consisted of standard cDNA dilution series (1:5) from 

which linear regression curves were plotted. Primer pairs with a slope of -3.3 

± 0.1 were deemed valid for use in qPCR experiments and had an efficiency 

of 92-100%. 

Template cDNA was diluted to give a range of concentrations from 50 – 0.08 

ng/μL. A 5 μL aliquot of each cDNA concentration was added to a 

microcentrifuge tube on ice in a total 35 μL of reaction mixture with 20 μL 

SYBR green, 4.8 μL primer mix (150 nM of F and R primer solution) and 10.2 

μL NFW. Each sample was plated in triplicate (10 μL) on a 96-well optical 

plate. No template controls (NTC) were also prepared in which nuclease-free 

water was substituted for the cDNA solution. If amplification occurred in 

NTC’s the plate was void. 

Gene expression assays 

Housekeeping gene Elongation Factor 1-alpha (EF1-α) was chosen as the 

reference gene for all experiments as I found it to be most stable across 

different development stages when quantifying nanor gene expression. It has 

also been well documented as a suitable reference gene for qPCR in several 

studies (Nicot et al., 2005; Ingerslev et al., 2006; Tang et al., 2007b). For 

data analysis embryos treated with control (0.01% DMSO) in drug treatment 

experiments were used as calibrator samples. The calibrated value or ΔΔCt, 

for each sample was then calculated (ΔΔCt=ΔCtsample -ΔCtcalibrator). The 

fold-change for each sample relative to the calibrator was then calculated 

(fold-change=2(-ΔΔCt)). Fold-change was then efficiency corrected using the 

Pfaffel method, i.e. by adjusting the efficiency value (E) of the reaction from 

the standard value of 2 (assuming perfect doubling of the PCR template) to a 

value obtained from the standard curve validation assay. Efficiency of a 

primer pair was calculated using the formula 10^(-1/slope). 
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DNA electrophoresis 

Samples were electrophoresed alongside a standard base pair marker to 

determine DNA fragment size. 1-2% agarose gels were cast with TAE buffer 

pH 8.0 (Tris, acetic acid and EDTA) and with 3 μL of ethidium bromide per 60 

mL of agarose. The running buffer used in the gel rig was 1 x TAE, pH 8.0. 

Gels were electrophoresed according to the protocol of Sambrook and 

Russell (2001). DNA fragments were visualised by UV transilluminator. 

2.2.11 Sequencing of DNA samples 

Nucleic acids were sequenced by Eurofins genomics and sent at the desired 

concentration and volume diluted in NFW. ApE software was used to analyse 

sequences. 

2.2.12 Transcription Activator-Like Effector Nucleases (TALENs) 

TALEN design 

TALENs were targeted towards the beginning of a gene to induce a 

premature translational stop mutation (Dahlem et al., 2012). TALENs were 

designed to meet the required criteria adapted from Cermak et al. (2011); 

have a thymine base upstream of TALEN start site, forward and reverse 

TALEN should be 15-20 RVDs in length, 15-24 bases in spacer region, using 

NH RVD for guanine binding. In addition, the nucleotide composition of target 

sites should be: 31 ± 16% A, 37 ± 13% C, 9 ± 8% G and 22 ± 10% T. To 

avoid off target effects, the TALENs chosen had a maximum of one non-

specific hit in one of the arms only. The workflow for TALEN generation was 

as follows;  

1) Assembly of TALEN using Golden Gate cloning method 

2) Linearisation of vector RNA transcription 

3) RNA microinjections 

4) Genomic DNA extraction 24 or 48 hpf 

5) HRMA and sequencing to verify TALEN induced mutation 
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TALEN library set up 

The Golden Gate TALEN kit consisted of 86 plasmid glycerol stocks 

purchased from Addgene. All TALEN plasmids were plated on appropriate 

antibiotic LB plates (ampicillin, tetracycline, spectinomycin). Colonies were 

picked and grown in LB broth overnight. Plasmids were prepared using mini 

and midiprep kits and all plasmids were sequenced prior to storage and 

throughout TALEN assembly. 

      Manufacture of TALENs 

TALENs were manufactured using the Golden Gate protocol adapted from 

Cermak et al. (2011). 

Precautions were taken to ensure TAL-effector nucleases were not designed 

to target regions that contained single nucleotide polymorphisms (SNPs); six 

healthy wild-type AB fish (3 males and 3 females) were fin-clipped for 

genotyping. Genomic DNA was isolated from the harvested tail material, and 

used to sequence the region of interest to ensure good fidelity between the 

proposed target region and the sequence available in the Ensembl zebrafish 

database (www.ensembl.org/Danio_rerio/index.html). These sequenced tank 

families were then used as parent fish for all subsequent experiments. 

Design Guidelines 

Construct synthesis using the Golden Gate cloning method 

Custom TALEN assembly involves a two-step process, (1) assembly of a 

series of repeat modules (RVDs) into intermediary arrays of 1-10 repeats, 

and (2) the joining of these repeats into a “backbone” destination vector to 

complete the final construct. 

RVD plasmids from the TALEN plasmid library (Addgene) for the selected 

TALEN sequence were chosen and assembled using the Golden Gate 

cloning method as follows: 

For TALENs 12-21 RVDs in length 

- Plasmids for RVDs 1-10 (e.g. pHD1, pNG2, pNN3, etc.) and destination 

vector pFUS_A were selected (set A) 
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- Plasmids for RVDs 11- (N-1) and destination vector pFUS_B (N-1) were 

selected (set B) 

A Golden Gate Reaction (comprising of 150 ng of each module vector, 1 μL 

of restriction enzyme BsaI, 1 μL of T4 DNA ligase, 2 μL of 10X T4 DNA 

ligase buffer and nuclease-free water to a final volume of 20 μL) was mixed 

separately for each set of vectors. These reactions were then run in a PCR 

machine for 10 x (37 °C/5 min +16 °C/10 min) + 50 °C/5 min + 80 °C/5 min. 1 

μL of 10 mM ATP and 1 μL of Plasmid-Safe Nuclease was then added to 

each Golden Gate Reaction #1 and tubes were incubated at 37 °C for 1 

hour. A 5 μL aliquot of each reaction was transformed into 45 μL of 

chemically competent DH5-α cells. Cells were incubated at 37 °C for 1-2 

hours following transformation to allow recovery after heat-shock. The 

recovered cells were spread on spectinomysin plates with IPTG and X-gal, 

and plates were incubated overnight at 37 °C. 

Following overnight incubation 1-3 white colonies were selected from each 

plate and checked by colony PCR using primers pCR8_F1 and pCR8_R1. 

Correct clones were then cultured overnight at 37 °C in spectinomysin LB 

broth. Plasmid DNA was extracted and purified, and sequenced using colony 

PCR primers as above. 

Clones, confirmed by sequence analysis, were then used for Golden Gate 

Reaction #2 (150 ng of vector set A + B / vector set A1 + A2 + B, 150 ng of 

the respective pLR vector containing the last RVD, 75 ng of destination 

vector pCSTAL3DD or pCSTAL3RR, 1 μL of restriction enzyme Esp3I, 1 μL 

T4 DNA ligase, 2 μL 10X T4 DNA ligase buffer and nuclease-free water to a 

final concentration of 20 μL). A PCR cycle of 37°C/10 min + 16°C/15 min 

+37°C/15 min+ 80°C/5 min was used to provide suitable reaction conditions. 

A 5 μL aliquot of this reaction was then transformed; recovered cells were 

spread on ampicillin agar plates treated with X-Gal and IPTG, and cultured 

overnight at 37 °C as before. 

Following overnight incubation, 1-3 white colonies were selected from each 

plate and correct clones were identified by colony PCR using primers 

TAL_F1 and TAL_R2. Correct clones were identified by a “smear-and-
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ladder” effect visible after gel electrophoresis, and these clones were 

cultured overnight in ampicillin LB broth. Overnight cultures were plasmid-

extracted and purified, and these final constructs were sent for sequencing. 

Completed TALEN constructs were sequenced and analysed using the TAL 

plasmids sequence assembly tool, available online courtesy of the Bao lab at 

http://baolab.bme.gatech.edu/Research/BioinformaticTools/assembleTALSe

quences.html. TALEN constructs confirmed by sequence analysis were then 

linearized with restriction enzyme Not I and these linearized plasmids were 

used as template for in vitro mRNA transcription using the SP6 mMessage 

mMachine Kit. Following mRNA transcription sample concentration was 

determined using a spectrophotometer and samples were normalised to a 

standard concentration of 100 ng /μL. Injection aliquots were prepared by 

mixing equal amounts of left and right TALEN mRNA, and all mRNA were 

then stored at -80 °C.  

 

Fig.2.5: Simplified overview of TALEN assembly. 
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Synthesis of RNA for microinjections 

10ug of each plasmid was incubated at 37 °C overnight along with 5 μL of 

the appropriate restriction enzyme and 5 μL of the restriction buffer with 0.5 

μL BSA if required up to a final volume of 50 μL NFW. The following morning 

the enzyme was inactivated at 65 °C for 20 minutes. 1 μL of calf-intestinal 

alkaline phosphatase (CIAP) was added for Phosphatase treatment to 

dephosphorylate the 5’ end and incubated for 15 minutes at 37 °C. Both 

plasmids were run on a gel to ensure the plasmid had been linearised. 

Ambion mMessage Machine kit was used for mRNA synthesis; conditions 

were set up according to the manufacturer’s instructions. The yield was 

measured and the mRNA stored in aliquots in the -80 °C until needed for 

microinjection. 

2.2.13 Microinjection protocol 

Microinjection needles were made from pulled glass capillaries using 

Flaming Brown pipette puller and settings of 500 units of heat, 70 units of 

pulled force and velocity of 75 m/s. 

mRNA was diluted to 100 pg of the forward TALEN arm and 100 pg of the 

reverse TALEN arm for injection in NFW and 0.05% phenol red stock 

solution (1.4 mM phenol red, 0.2 M KCl). Solutions were heated for 10 

minutes at 65°C before being loaded into the needle using a microloader 

pipette tip. The needle was placed in the microinjector apparatus and 

calibrated by holding the pressure at 40psi and adjusting the injection time 

until a volume of 1 nL was being injected estimated by drop diameter on a 

gridded cell UV slide. 

Petri dishes with 2% agarose solution and moulds were used to hold 

embryos for injection where all embryos were injected at the one-cell stage 

with 1 nL of solution using Narishige IM-300 microinjector. Control embryos 

were injected with 0.05% phenol red stock solution. Following injection the 

embryos were incubated at 28°C and after six hours, unfertilised embryos 

were removed from the dish. Embryos were monitored on a daily basis and 

the morphology scored accordingly. 
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2.2.14 Fin-clipping of adult zebrafish 

Adult fish were anaesthetised in 1% MS222 in housing water for 

approximately 1 minute; a small amount of the tail fin was clipped using a 

sterile blade and forceps to transfer the tissue sample into a 0.5 mL 

microcentrifuge tube. Fish were placed into a small tray for 5 minutes for 

recovery and observation before being put into individual small tanks until 

genotyping results had been analysed. 

2.2.15 Genomic DNA extraction 

Genomic DNA samples were extracted from embryos and adult finclips using 

the following protocol established by Meeker et al. (2007); 100 μL of 50 mM 

NaOH was added and the sample was heated to 98°C for 13 minutes. 

Samples were quickly vortexed and put back on the heat block for a further 2 

minutes. Samples were cooled at room temperature for 15 minutes and then 

incubated at 4 °C for a further 10 minutes. 10 μL of 1M Tris-HCl pH 8.0 was 

added and the sample was centrifuged at 8,000 g for 10 minutes. Genomic 

DNA was stored at – 20 °C. 

2.2.16 Screening of F0 founders 

A random selection of control and TALEN injected embryos (10-20 per 

group) were selected for mutant screening. Embryos at 24 - 48 hpf were 

collected in 500 μL tubes and genomic DNA was extracted using the NaOH 

extraction protocol as previously described in Section 2.2.14. Samples were 

PCR amplified using primers flanking the targeted exon (exon 1) and PCR 

products were purified and sent for sequencing to Eurofins genomics. 

Morphology was scored up to 2 dpf as described in Section 2.2.3 on all 

injected embryos. When successful TALEN mutation had been confirmed by 

sequencing all larvae were raised to adulthood. 

2.2.17 Cloning PCR products 

In cases of ambiguous sequencing results during TALEN screening due to 

mosaic patterns in the genotype, products were cloned into pGEM-T Easy 

vectors and each ligation was cloned into an E.coli host (Top10-IBA 

lifesciences) prior to colony selection and mini-prep where each clone 

selected was sent for sequencing. Ligation reactions were set up according 
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to manufacturer’s instructions and cloning procedure was followed according 

to host strain. Promega pGEM-T Easy Vector System I was used for PCR 

product cloning. 

2.2.18 Identification of germline mutations 

Injected embryos were raised to adulthood. These “donor” or F0 fish were 

outcrossed with wild-type AB fish and embryos were screened for germline 

mutations. Embryos were assessed both phenotypically and genotypically. 

For genotypic analysis, ten randomly selected F1 embryos per clutch were 

harvested from individual F0 crosses and genomic DNA was isolated from 

these individual embryos at 24 hpf as previously described in Section 2.2.14. 

High resolution melt analysis (HRMA) was then used for initial screening and 

mutant sequences were PCR amplified, purified and sent for sequencing. 

The A plasmid Editor (ApE) program 

(http://biologylabs.utah.edu/jorgensen/wayned/ape/) was used to align all 

sequencing results to a nanor wild-type reference sequence. Following 

identification of mutant families, siblings were incrossed to give homozygous 

F2 mutant embryos as described in Fig. 2.6. 

http://biologylabs.utah.edu/jorgensen/wayned/ape/
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Fig. 2.6: Summary of TALEN screening process and TALEN F0, F1 and 

F2 generation.  

2.2.19 Genotyping by High Resolution Melt Analysis (HRMA) 

HRMA was used to verify TALEN induced mutations in a subset of F1 

embryos (F0 adult outcross) harvested for genomic DNA extraction. PCR 

reactions with high-resolution melt-curves were performed using the Roche 
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Lightcycler 480. PCR primers were designed to flank the region of interest 

and amplify a product of less than 100 base-pairs. Primers were diluted to a 

concentration of 100 pmol and then forward and reverse primers were mixed 

in a 1:1 ratio. Final concentration of primer mix used in a reaction was 5 

pmol. Roche High Resolution Melt Master was used to detect changes in the 

melting temperature of the amplicon due to induced mutations in the 

sequence. Standard reaction set up was followed according to 

manufacturer’s instructions with 20 ng of genomic DNA in each 20 μL 

reaction. 40 cycles of a PCR reaction preceded the high resolution melt 

curve. A random selection of 10 wild-type and 10 TALEN embryos from each 

F0 outcross showing a diverging melt-curve in comparison to wild-type 

controls demonstrated successful TALEN induced mutations. Any genomic 

DNA samples that were flagged as mutants were sent for sequencing. 

Mutant families were kept and raised to adulthood. At approximately 5 

months fin-clips were taken from adult F1 fish to screen mutant from wild-

type sequences. Wild-type adults were humanely euthanised and mutants 

were kept for F1 incrossing to generate a stable F2 homozygous generation. 

2.2.20 Zebrafish elipsa mutant line 

Elipsa mutant samples from sphere stage to 72 hpf were collected and sent 

to our lab by Dr. Rebecca Ryan (Imagine institute, Paris, France) with the 

permission of Dr. Malicki who produced this left/right asymmetry mutant line. 

2.2.21 SDS page and Western blot 

Zebrafish lysate preparation 

All embryos up to 3 dpf were manually dechorionated and transferred to 

microcentrifuge tubes and 1 mL of deyolking buffer (55 mM NaCl, 1.8 mM 

KCl, 1.25 mM NaHCO3, 10% protease inhibitor cocktail [0.2 mM 4-(2-

aminoethyl) benzenesulfonyl fluoride (AEBSF), 1 mM EDTA, 130 μM 

bestatin, 14 μM E-64, 1 μM leupeptin and 0.3 μM aprotinin]) was added. A 

200 μL pipette tip was used to disrupt the yolk sac and remove yolk proteins 

from the lysate. Microcentrifuge tubes were shaken for 5 minutes followed by 

centrifugation at 268 g for 30 seconds. The supernatant was removed and 1 

mL of wash buffer (110 mM NaCl, 3.5 mM KCl, 2.7 mM CaCl2, 10 mM Tris 
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pH 8.5) was added to the pellet. Tubes were shaken again for one minute 

and centrifuged for 30 seconds at 268 g. Supernatant was removed and the 

wash step was repeated. Pellets were stored at -80°C or were freon treated. 

Larvae older than 3 dpf were collected and stored at -80°C until ready for 

sonication in lysis buffer followed by a 12,000 g spin for 10 minutes at 4°C. 

Supernatant was collected and stored in -20°C ready for protein 

quantification by Bradford assay (Bradford, 1976). 

Freon treatment 

Pellets were thawed on ice and 50 μL of lysis buffer (1% Triton X-100, 10 

mM Tris-HCl, pH 7.5, 140 mMNaCl, 5 mM EDTA, 2 mM EGTA, 1 mM PMSF) 

was added per 100 embryos. Pellets were sonicated for one second. 150 μL 

of freon was added to pellets which were vortexed for 30 seconds and left on 

ice for 2 minutes. Lysates were centrifuged at 4°C for 30 minutes at 

maximum speed. The supernatant was removed and stored at -20°C. Total 

protein concentration was estimated using the Bradford method. 

Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

SDS-PAGE was used to separate proteins using an Atto minigel system. 

Stock solutions for the gel were prepared including 1.5M Tris pH 8.8, 1 M 

Tris pH 6.8, 10% SDS, 10% Ammonium persulphate (APS), 5x sample buffer 

(250 mM Tris pH 6.8, 10% SDS, 0.5% bromophenol blue, 500 mM DTT) and 

10x running buffer (2.5 M Glycine, 0.035 M SDS, 0.25 M Tris, pH 8.3). To 

achieve reducing conditions samples were also heated to 95°C for 5 minutes 

prior to gel loading. 25 μg of protein was resolved on a reducing 10-15% 

separating gel, run at a 0.04 A for 90 minutes. 

Western blotting 

The nitrocellulose membrane was soaked in distilled water for 10 minutes 

prior to transfer of proteins. The membrane along with the filter paper and 

SDS-PAGE gel was then soaked in transfer buffer (24 mM Tris, 192 mM 

glycine, 20% methanol, 1.3 mM SDS, pH 8.3) for a further 10 minutes. The 

gel and membrane were sandwiched between 5 sheets of filter paper and a 

semi-dry transfer system was used to transfer proteins from the gel to the 

nitrocellulose membrane at a 0.15 A constant current for 90 minutes. 
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Following transfer, membranes were blocked in 5% milk/PBS for one hour at 

room temperature with agitation. Primary antibodies were diluted in the 

blocking solution and incubated overnight at 4°C with agitation. Primary 

antibody dilutions were as follows; anti-nanor 1:300 and anti-α-tubulin 

1:2000. The following day membranes were washed six times with PBS for 5 

minutes and incubated with secondary antibody diluted in blocking solution 

for 1 hour at room temperature with agitation. Peroxidase conjugated anti-

rabbit antibody (1:20,000) was used to detect anti-nanor primary antibody. 

Peroxidase conjugated anti-mouse antibody (1:8,000) was used to detect 

anti α-tubulin primary antibody. Membranes were then washed six times in 

PBS for 5 minutes with agitation and were developed using Azure 

biosystems Radiance chemiluminescent substrate (2 ml) for three minutes. 

Azure C300 imaging system was used for signal detection. 

Coomassie staining 

Stock solution of Coomassie stain was made up prior to use; 120 g of citric 

acid, 80 g of ammonium sulphate and 4 g of Coomassie Brilliant Blue G-250 

were dissolved in a total volume of 800 ml of distilled water. The solution was 

mixed for several hours and stored at room temperature. Directly before use 

10 mL of methanol was added to 40 mL of staining solution. The gel was 

placed into staining solution for 3-5 hours with agitation. Following 

incubation, gels were destained in 1% acetic acid with several water changes 

until the background was clear. 

2.2.22 In situ hybridisation 

Purification of plasmids 

LB broth with 0.25 mg of ampicillin was inoculated with a glycerol stock of the 

plasmid of interest and cultured overnight at 37°C. These cultures were then 

centrifuged at 5,000 g for five minutes and plasmid DNA was isolated and 

purified using a Nucleobond® mini-prep kit in accordance with the 

manufacturer’s instructions. The concentration and quality of the isolated 

plasmid DNA was then assessed using a Nanodrop spectrophotometer, with 

an A260/280 ratio of approximately 1.8 indicating good quality pure DNA. 
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Restriction digestions 

Purified plasmid DNA was digested using restriction enzymes in conditions 

recommended by manufacturers NEB. Restriction digestion was monitored 

by gel electrophoresis, with a single band indicating complete digestion. DNA 

was then purified by phenol-chloroform extraction as performed for RNA 

isolation 

Preparation of digoxigenin-labelled RNA probes 

RNA probes for whole mount in situ hybridisation were prepared using the 

Digoxigenin (DIG) RNA-labelling kit from Roche, according to the 

manufacturer’s instructions as follows: 1 μg of linearised plasmid was added 

to the reaction mixture: DIG-labelling RNA mix, transcription buffer, 

nuclease-free water, RNA polymerase (SP6/T7) and RNase inhibitor. The 

reaction was incubated at 37 °C for 2 hours. Samples were treated with 

DNase for 15 minutes at 37 °C and probes were purified by ammonium 

acetate precipitation before being resuspended in 20 μL of nuclease-free 

water.  

In situ hybridisation 

When collecting embryos for ISH they were rinsed with PBST, dehydrated 

through a methanol series (25%, 50%, 75%, 100%) and stored at -20°C.  

When ready to be used embryos were re-hydrated through a methanol series 

(100%, 75%, 50%, 25%), rinsed with PBST and if older than 24 hpf, treated 

with proteinase K (10 μg/ml in PBST) to facilitate penetration of the probes. 

Batches of 30-50 embryos were used for in situ hybridisations according to 

Hauptmann & Gerster (1994). Embryos were pre-hybridised in HYB solution 

(50% formamide, 5X Sodium Chloride Sodium Citrate (SSC) [0.15 M NaCl, 

0.015M sodium citrate, pH 7], 50 μg/ml Heparin, 0.1% Tween 20, 0.5% 

Torula RNA) for 2-4 hours at 70°C. DIG-labelled RNA probe was thawed on 

ice and 2 μL of probe was added to 100 μL of pre-hybridisation buffer. The 

probe and pre-hybridisation buffer were heated at 100°C for five minutes and 

cooled in a water bath to 70 °C before hybridising with embryos overnight at 

70 °C. Following incubation, embryos were washed twice for 30 minutes with 

50% formamide/50% 2 X SSC/0.1% Tween 20, once for 15 minutes with 2 X 
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SSC/0.1% Tween 20 and twice for 30 minutes with 0.2X SSC/0.1% Tween 

20. Embryos were blocked for three hours at room temperature with blocking 

solution (5% heat-inactivated sheep serum in PBS, 0.1% Tween [PBST]). 

Anti-digoxigenin-AP Fab fragments were diluted in blocking solution (1:5000) 

and incubated with embryos overnight at 4°C. Embryos were washed three 

times in PBST for five minutes each and then three times in PBST for 20 

minutes each. Embryos were washed twice in staining buffer (100 mM NaCl, 

50 mM MgCl2, 100 mM Tris HCl, 0.1 % Tween 20 pH 7.2) and transferred to 

four-well plates. BM-Purple AP-Substrate (1 ml) was added to each well and 

embryos were incubated in the dark until colour developed. Staining was 

stopped by washing three times in PBST (3 x 5 minutes). 70% glycerol was 

used when photographing embryo and larvae In situ hybridisation staining.  

2.2.23 Antibody purification 

Nanor antiserum was purified using the Ambion EpiMAX Affinity Purification 

Kit. Protocol was followed according to manufacturer’s instructions. In order 

to purify the antibody from serum a nanor peptide was needed for the resin 

to successful capture the nanor antibody. The 13 amino acid peptide was 

synthesised by Biomatik with the sequence CRMRQKLPEGNEN at a 

molecular weight of 1.58 kDa. This is the peptide sequence that was used as 

the epitope to produce the anti-nanor antibody. A cysteine amino acid was 

added into the sequence to allow coupling to the residue. In total three 

purifications of nanor serum were completed with concentrations ranging 

from approximately 10 μg/ml to 50 μg/ml. 

2.2.24 Co-Immunoprecipitation 

In order to identify protein-protein interactions with nanor a Co-IP kit was 

used (Abcam, 206996). Protein was collected and sheared using sterile 

needles and quantified by the Bradford method. Total protein used during 

Co-IP was approximately 300 μg with non-denaturing conditions to avoid 

breakdown of protein complexes. To achieve these non-reducing conditions, 

where protein complexes would not be broken down, standard western blot 

protocol was altered; the samples were not heated to 95 °C prior to gel 

loading and DTT was not added to the sample. Before use protein A/G 

beads were washed thrice in 1 mL PBS. Purified nanor antibody was bound 
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to protein A/G beads which then bound to nanor protein complexes; 100 μL 

of antibody was added to 30 μL of protein A/G beads for 1 hour at 4 °C with 

agitation. Beads with antibody bound were then washed three times with 1 

mL PBS. 200 μL of protein was added to the beads incubated at 4 °C 

overnight with agitation. Unbound supernatant was collected the following 

morning following centrifugation (2,000 g x 30 seconds). Beads were washed 

three times with 1 mL of PBS. Protein was eluted off the beads using a 

peptide; 80 μL (130 μg) incubated with beads for 1 hour (later changed to 30 

minutes) on ice or using a low pH glycine elution; room temperature for 10 

minutes with agitation. All elution steps were repeated twice. Attempts to 

elute nanor off the beads using a nanor peptide proved unsuccessful due to 

the peptide also taking nanor antibody off in the eluate. Samples sent for 

mass spectrometry were eluted in a low pH glycine buffer neutralised using 

1M Tris-HCl in a total volume of 44 μL. A small amount of each sample was 

checked by western blot and Coomassie staining of the gel before sending 

for analysis to ensure nanor could be detected as well as unknown bands of 

interest. Samples were sent on dry ice to European Molecular Biology 

Laboratory (EMBL), Proteomics Core Facility in Heidelberg, Germany for 

mass spectrometry analysis. When sending a gel to the facility a maximum 

amount of eluate was loaded on the gel under reducing conditions and 

Coomassie stained gel (Section 2.2.20) was sent to EMBL for band excision 

and mass spectrometry analysis. Gels were vacuum packed and sealed with 

a few drops of distilled water added to prevent the gel from drying out during 

transport.  

2.2.25 Mass spectrometry analysis 

Samples were subjected to an in-solution tryptic digest (modified SP3 

protocol) and peptides purified by a reverse phase cleaning step (OASIS) 

followed by analysis on Q-Exactive. Acquired data was processed using 

MaxQuant 1.6. iBAQ values were used for the label free quantification. 

Contaminants and hits from the reverse database were filtered. Unique 

peptides were also filtered to display only hits with a minimum of 2 unique 

peptides. iBAQ values were copied and zeros in the control samples were 

replaced by 100 to calculate the iBAQ ratio.
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Results Chapter 3: Nanor mRNA Expression and Homozygous 

Mutant Generation 

 

In zebrafish, left/right asymmetry development begins following FGF 

signalling and calcium signalling in migrating dorsal forerunner cells. 

Approximately two-dozen of these cells migrate to form a transient organ 

known as Kupffer’s vesicle equivalent to the node in rodents (Nonaka et al., 

1998). Beating cilia in Kupffer’s vesicle then result in leftward fluid flow and 

asymmetric calcium elevation on the left side, which signals to the lateral 

plate mesoderm resulting in left-sided expression of nodal-related genes 

such as spaw, cyclops and squint. Downstream signalling results in left/right 

asymmetry development in the zebrafish embryo and larvae (Amack et al., 

2007). Previous findings had linked nanor to asymmetry developed in 

zebrafish (O’ Boyle, 2008). 

3.1 Findings of previous nanor studies, hypothesis and aims 

Nanor was discovered in our research group by Dr. Ronan Bree through 

suppression subtractive hybridisation studies at the mid-blastula transition 

and was confirmed to be zygotically expressed with undetectable expression 

in the maternal transcript in a pattern similar to vox/vega1. Whole mount in 

situ hybridisation up to 24 hpf confirmed the absence of nanor prior to the 

mid-blastula transition followed by rapid upregulation following the maternal-

zygotic transition. Nanor was found in dorsal forerunner cells and Kupffer’s 

vesicle with highest expression in ventral brain cells by 24 hpf (Bree et al., 

2005). Dr. O’ Boyle went on to successfully knock down nanor expression by 

morpholino injection and observed disruption of gene expression in the 

lateral plate mesoderm and disrupted left/right signalling. Defective eye and 

brain formation as well as incorrect cardiac looping were seen during later 

developmental stages. The earliest recorded developmental defect was 

found at shield stage where expression and signalling were disrupted in 

morphants (O'Boyle, 2008) leading to my hypothesis that nanor is most 

important during early development and upstream of Nodal signalling and 

organisation of left/right patterning. A previous research student in the lab 
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(Melissa Walsh) then investigated the expression pattern of Nanor protein by 

western blot and detected expression following the mid-blastula transition 

with high expression up to 72 hpf (unpublished).  

Disadvantages of morpholinos are due to variable effects of morpholino 

injection between individual embryos along with transient effects and the risk 

of damage from mechanical stress contributing to the phenotypes observed. 

Therefore TALENs were designed in order to generate a nanor knockout 

mutant line. TALENs have been successfully used in a variety of 

experimental models such as cell lines, rodents, drosophila and zebrafish 

and more recently are being investigated for use in the treatment of human 

diseases such as sickle cell disease (Sun et al., 2012). 

This chapter discusses investigations on nanor mRNA expression in wild-

type embryos and larvae. Attempts were then made to generate a mutant 

line using TALEN technology, to investigate loss of function and identify 

downstream genes.  

3.2 Nanor genomic sequence and protein structure 

Nanor is located on chromosome 15 and consists of four exons, 626 base 

pairs in length (Table 3.1) (Bree et al., 2005). Nanor orthologues from online 

database ensembl.org gave three species hits; Ciona intestinalis (sea squirt), 

Latimeria chalumnae (coelacanth-closely related to lungfish) and Xenopus 

tropicalis (western clawed frog). Transcript identification of these orthologues 

has shown all three hits are uncharacterised proteins in their respective 

species, with no definitive information on protein function or localisation.  

A similar gene located on chromosome 22, (nanor b), was identified as a 

paralogue of nanor that is 748 base pairs long predicted to encode a 197 

amino acid protein. This protein has five casein kinase II phosphorylation 

sites, two N-glycosylation sites and an N-myristoylation site. N-glycosylation 

is necessary for protein folding and responsible for the addition of 

saccharides. A summary of nanor paralogues, Ensembl identification 

numbers and basic gene information is provided in Table 3.1. Nanor b was 

‘retired’ and archived in Ensembl 45 (released June 2007) and is currently 

listed under the gene identification zgc:195170, with the new identification 
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ENSDARG00000076264. Alignment of both these sequences gives 100% 

sequence identity with no base mismatches or gaps. NCBI currently list both 

gene identifications, which are shown in Table 3.1; nanor b (NCBI Reference 

Sequence: NP_001124110.1) and zgc:195170 (NCBI GenBank: 

AAI63199.1). For simplicity, I will refer to this nanor paralogue as nanor b 

throughout the thesis. 

 A third nanor paralogue has also been identified in zebrafish on 

chromosome 4. This paralogue shows 41% genomic sequence identity to 

nanor and 78% sequence identity to nanor b. All three nanor paralogues 

have been listed as plasma membrane localised in Uniprot (Table 3.1).
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Table 3.1. Nanor accession numbers and bioinformation 

Gene Nanor  CR387997.2 Nanor b ZGC:195170 

Gene ID 
ENSDARG0000

0058917 

ENSDARG0000

0101488 

ENSDARG0000

0052108 

ENSDARG0000

0076264 

Location 

Chromosome 

15: 1,624,904 

reverse strand 

Chromosome 4: 

29,023,751-

29,024,527  

Chromosome 

22: 4,413,132 

reverse strand 

Chromosome 

22: 4,413,132-

4,414,505 

Sequence 

homology 

100% (nanor) 

53% (nanor b) 

41% (nanor) 

78% (nanor b) 

53% (nanor) 

100% (nanor b) 

53% (nanor) 

100% (nanor b) 

Transcript ID 
ENSDART0000

0081875 

ENSDART0000

0170534.1 

ENSDART0000

0073891 

ENSDART0000

0114465.6 

Protein ID 
ENSDARP0000

0076314 

ENSDARP0000

0135199.1 

ENSDARP0000

0068381 

ENSDARP0000

0103963.4 

Exon number 4 3 2 2 

Base pair 

length 
626 453 748 796 

Paralogues 3  

Orthologues 3 (Ciona intestinalis, Latimeria chalumnae, Xenopus tropicalis) 

Domains P2X purinoreceptor 

Subcellular 

localisation 
Plasma membrane 

Information 
sources (last 
accessed) 

Ensembl (11
th
 December 2017) 

NCBI (11
th
 December 2017) 

Uniprot (11
th
 December 2017) 

 

 

 

Although the gene was first discovered over a decade ago, little is known 

about the expression or function of nanor. Rapid upregulation following the 

mid-blastula transition suggested that it was an important gene during early 

development but there were many unanswered questions regarding gene 

function and protein interactions.  

When investigating sequence homology between species using blast 

alignment, the closest hit was 47% sequence identity to P2X7-like 

purinoreceptor in Astrofundulus limnaeus (genus of fish), with similar 
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matches to P2X7-like proteins in other lower species (Fig. 3.1 A). However, 

there is no significant sequence homology to the human P2X7 

purinoreceptor or any other mammals, and when Nanor and human P2X7 

protein sequences were aligned, only 27% sequence identity was found (Fig. 

3.1 B). A P2X7-like protein in zebrafish has previously been discovered with 

42% sequence identity to the human ortholog. When aligning this known 

P2X7-like protein to Nanor protein sequence only 30% identity is found 

between sequences.  

The human P2X7 purinoceptor is made up of a number of domains: 

cytoplasmic domain (amino acid 1–25), followed by a transmembrane helical 

domain (amino acid 26–46) the majority of the protein is then extracellularly 

localised (amino acid 47–334) followed by another helical transmembrane 

domain (amino acid 335–355) with the remaining amino acids (356–595) 

localised in the cytoplasm. Alignments of P2X7–like protein in zebrafish and 

nanor to the human P2X7 protein shows sequence homology in both 

occurring at the end of the P2X7 protein, in the cytoplasmic domain. 

P2X7 purinoreceptor is a member of an ATP gated cation channel family as 

listed in the British Pharmacological Society (BPS) and the International 

Union of Basic and Clinical Pharmacology (IUPHAR) 

guidetopharmacology.org which is a definitive authority on all receptors. 

These receptors modulate synaptic transmission and have also been shown 

to regulate ATP-evoked calcium signalling in rodent glial tissue (James and 

Butt, 2001), and contribute to activation of interleukin-1 processing and 

release (Ferrari et al., 2006). C-terminal domain in human P2X7 has been 

shown by several studies to be critical for signalling (Hu et al., 1998; Gu et 

al., 2001; Costa-Junior et al., 2011). P2X7 C-terminal region is also essential 

for formation of cytolytic pores in the plasma membrane (Surprenant et al., 

1996). A number of accessory proteins have been linked to function of P2X7 

such as heat shock proteins (HSP-70, HSP-90), Pannexin, Laminin α-3 and 

Supervillin (Adinolfi et al., 2003), however, none of these display any 

significant sequence similarity to nanor.  
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Fig. 3.1: Blast alignment results summary of nanor. (A) Results show highest 
sequence similarity to P2X7-like purinoreceptor across many species. In humans 
there are currently seven P2X receptors. The closest sequence match was to the 
P2X7-like purinoreceptor in Austrofundulus limnaeus (a genus of fish native to 
South America). Sequence similarity corresponds to the C-terminal domain of 
human P2X7 purinoreceptor. (B) When nanor was aligned to the human P2X7 
receptor only 27% sequence identity was found, again matches were to the C-
terminal domain of the purinoreceptor. 

B 

A 
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Predictprotein.org was then used to investigate the properties of Nanor 

protein. However, the databases did not contain any protein with significant 

sequence similarity to Nanor, making 3D structure difficult to predict. 

Predicted secondary structure was classified as 36.14 % helix, 4.46 % strand 

and 59.41 % Loop. Predictions made based on protein structure conclude it 

is not likely to be nuclear or transmembrane localised. Protein motif searches 

on expasy.org found a protein kinase C phosphorylation site, three casein 

kinase II phosphorylation sites, an NFX-type zinc finger domain, indicating a 

possible role in transcriptional regulation and a N-myristoylation site from 

amino acid 12-17. Myristoylation functions at the N-terminal of a protein and 

adds a myristoyl group known to promote protein-membrane, protein-protein 

interactions and signal transduction pathways. 

 

3.3 Nanor mRNA expression in wild-type zebrafish 

Semi-quantitative PCR was previously used to quantify mRNA expression 

before and after the mid-blastula transition. Dr. Bree found undetectable 

expression at the 128-cell stage and high expression at sphere stage (Bree 

et al., 2005). To further progress mRNA studies, quantitative PCR (qPCR) 

was used to quantify expression with a higher degree of accuracy than 

previously used semi-quantitative methods for both nanor and nanor b 

paralogues.  

mRNA was quantified at nine stages; 128 cell, sphere (4 hpf), shield (6 hpf), 

6-somite stage (12 hpf), 24 hpf, 48 hpf, 72 hpf, 96 hpf and 120 hpf using 

primers that achieved 92-100% efficiency during primer validation as 

described in Section 2.2.9.  

While nanor mRNA expression is negligible at the 128-cell stage (cycle 

threshold 35 of 40 cycles), there is a large increase in nanor expression 

levels (10,000 fold) at sphere and shield stage which is rapidly down-

regulated at 24 hpf and further decreased at 72 hpf back to pre-mid-blastula 

transition levels (Fig. 3.2 A; One-way ANOVA F(6, 20) = 82.25, P < 0.0001; 

Dunnett’s post hoc test P < 0.001 sphere, shield, 12 hpf vs. control (128 cell 
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stage)). Nanor b goes through a similar peak in gene expression at sphere 

and shield stage (1,000 fold) followed by rapid down-regulation (Fig. 3.2 B; 

One-way ANOVA F(8, 20) = 27.51, P < 0.0001; Dunnett’s post hoc test P < 

0.001 sphere, shield, 24 hpf, 48 hpf, 72 hpf vs. control (128 cell stage)). 

However, this paralog goes through a second wave of expression and is 

upregulated at 24 hpf up to 120 hpf (Fig. 3.2 B). Expression levels of both 

nanor and nanor b were found to be highest during sphere and shield stages 

which are soon after the mid-blastula transition and the onset of zygotic 

control of cell divisions and subsequent development.  
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Fig. 3.2: mRNA expression of nanor in wild-type embryos. Nanor (A) and nanor 
b (B) mRNA expression at 128 cell stage up to 120 hpf; n≥3 with 50-80 embryos or 
larvae per biological replicate. Both paralogues show huge upregulation following 
the mid-blastula transition quickly followed by down-regulation at approximately 24 
hpf. Nanor b goes through a second wave of gene expression up to 120 hpf (P < 
0.001 vs. control (128-cell stage)). Data shown are mean ± SEM. 
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The expression pattern of nanor mRNA by whole mount in situ hybridisation 

was then studied. Previous work in the lab had only investigated up to 24 

hpf, later developmental stages of the larvae up to 72 hpf were investigated 

in this study. Expression was ubiquitous during early embryogenesis at 

sphere and shield stage (Fig. 3.3 A – F). By 24 hpf nanor mRNA was 

restricted to anterior structures in all embryos and staining can clearly be 

seen in the brain with commissures separating the left/right and 

midbrain/hindbrain boundaries clearly visible with no staining in the tail (Fig. 

3.3 G). At 48 hpf and 72 hpf nanor expression is restricted to neural and 

anterior structures with expression gradually decreasing as larvae develop. 

Following 72 hpf nanor expression was no longer detected in larvae. This is 

in agreement with qPCR studies in which negligible traces of nanor mRNA 

were recorded after this time-point.  
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Fig. 3.3: Expression pattern of nanor in zebrafish embryos from the sphere 
stage to 72 hpf. WT mRNA expression of nanor by whole mount in situ 
hybridisation. High ubiquitous expression of nanor is seen at sphere stage (A 
lateral, B dorsal) and shield stage (D lateral, E dorsal). At 24 hpf expression has 
moved to anterior structures such as the head, eyes and brain (G ventral, H lateral). 
By 72 hpf expression has decreased but can still be seen in anterior structures (J 
dorsal, K lateral). Sense controls of sphere (C), shield (F), 24 hpf (I) and 72 hpf (L) 
shown alongside anti-sense nanor probes. 



Chapter 3: Results 

92 
 

Results from in situ hybridisation show detectable nanor expression up to 72 

hpf, localisation was ubiquitous during sphere and shield stage with 

restriction to anterior structures as development progresses and negligible 

expression beyond 48 hpf indicating a function in anterior structure formation 

during larval stages. Nanor b expression also showed rapid upregulation 

following the mid-blastula transition. Expression was down-regulated by 12 

hpf and this gene appeared to go through a second wave of expression with 

high expression by 120 hpf indicating a later function of nanor b. Following 

mRNA quantification and localisation studies, attempts were made to identify 

downstream genes using gene editing technology to generate a mutant line. 

3.4 Heritable targeting of nanor using TAL Effector Nucleases  

Dr. O’ Boyle, a previous member of our research group, generated 

successful knockdown of nanor by morpholino injection. This morpholino 

caused detrimental effects on embryo development with alterations in 

expression of the Nodal pathway genes including pitx2a, lefty1 and cyclops. 

Nanor knockdown disrupted left/right signalling in the lateral plate mesoderm 

and increased spaw and pitx2a expression with reduced lefty1. Later in 

development, decreased mRNA expression of cyclops, lefty1 and pitx2a was 

noted. Cardiac and neural defects as well as failure in separation of a single 

eye field into bilateral optic primordia during eye development were 

discovered. Expression of these genes were examined by in situ 

hybridisation and randomised expression was found in morphants. Dr. O’ 

Boyle concluded that nanor is necessary for activation of Nodal-related 

genes in the lateral plate mesoderm and required to pattern the left/right axis 

(O’ Boyle, 2008). However, many problems exist with the use of morpholino 

knockdown due to their transient nature as well as a high risk of off-target 

effects.  

In order to explore the molecular interactions of nanor, established loss-of-

function approach using transcription activator-like effector nucleases 

(TALENs) was used. This gene editing technology can be assembled to bind 

to almost any DNA sequence and result in generation of a stable, 

homozygous mutant line that can be passed on through generations (Boch et 

al., 2009; Christian et al., 2010). TALENs have been successfully applied in 
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a variety of organisms including yeast, Drosophila, zebrafish and human cell 

lines (Huang et al., 2011; Li et al., 2011; Miller et al., 2011; Sander et al., 

2011; Reyon et al., 2013; Kobayashi et al., 2017). 

TAL effectors bind DNA and when fused to a FokI nuclease, enable cleavage 

at specific target regions. FokI is fused to a C-terminus and cleaves as a 

dimer, therefore a pair of TAL subunits are required; one for the sense strand 

and one for the anti-sense strand of DNA sequence, with the FokI domains 

dimerising at a spacer region and inducing a double-strand break in the 

DNA, with the hope of non-homologous end joining inducing an insertion or 

deletion during the repair process. TALENs are generated by fusing an array 

of repeat-variable diresidues (RVDs) to generate a sequence specific DNA 

binding protein fused to FokI. 

3.4.1 Sequence and Design of TALENs  

TALEN pairs were designed to target exon 1 in the nanor gene and induce a 

premature stop codon using the guidelines outlined in Section 2.2.11 and the 

online TALEN targeter tool (https://tale-nt.cac.cornell.edu/node/add/talen). 

Candidates were aligned against the zebrafish genome using the Ensembl 

genome browser with TALENs that were chosen for manufacture meeting 

the recommended conditions outlined by Cermak et al. (2011). Two TALENs 

were manufactured and micro-injected (Table 3.2). A shorter spacer length 

was chosen for the second TALEN as this was reported to increase the 

efficiency of the TALEN (Christian et al., 2010).  

Table 3.2: Target sequences of micro-injected TALENs. 

 Left target sequence Spacer 
Right target 
sequence 

TALEN 
1 

GGATGAAGGTGAA
GATGCTC 

CAGACGAGGCCAATA
T 

TAAAGTCTCACAAA
GG 

TALEN 
2 

GAAGGATCTCTCTC
CT 

CCATTTTATCAGTTT 
TAAAGCTTTCATGC

C 

 

As nanor is only 626 base pairs in length with just four exons (Fig. 3.4), 

TALEN selection was limited. Exon 1 was chosen as the target site in the 

https://tale-nt.cac.cornell.edu/node/add/talen
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exon as it met the criteria for TALEN design and the aim was to induce a 

premature stop codon as early as possible in the sequence to ensure 

knockout of the protein. TALEN target regions are shown in Fig. 3.4: 

 

 

 

Fig. 3.4: Nanor sequence and TALEN binding sites. Genomic sequence of 
nanor, exons are in capital letters and introns in lower case, start codon marked in 
green, TALEN 1 forward and reverse arms marked in blue and TALEN 2 forward 
and reverse arms marked in red.  
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3.4.2 TALEN assembly 

TALENs were designed and assembled using Golden Gate cloning. Each 

subunit (forward and reverse) was constructed in two halves in which RVD’s 

were ligated together during two Golden Gate reactions using two different 

plasmids. Golden Gate reaction 1 built RVD repeats 1-10 using pFUS A or 

pFUS B. Plasmids pFUS A and pFUS B were then ligated together with the 

last RVD in a second Golden Gate reaction into the vector containing the 

FokI domain using pTAL3-DD for the forward arm or pTAL3-RR for the 

reverse arm. All TALENs were sequenced to confirm correct insertion of 

RVDs and digestion with BamHI and Xbal were used to check TALEN size 

and ensure all RVDs had been correctly inserted (Fig. 3.5). Final TALEN 

constructs were also sent for sequencing to ensure that all RVDs were in 

place and in the correct order. Plasmid DNA was linearised and transcribed 

to generate 5’ capped mRNA for micro-injection. Forward and reverse 

TALEN pairs were mixed in a 1:1 ratio followed by micro-injection of 1-cell 

stage zebrafish embryos at 100 pg or 200 pg doses, these embryos were the 

founder embryos (F0). 

 

 

Fig. 3.5: Final TALEN constructs of forward and reverse arms targeting nanor 
exon 1. Clones of assembled forward and reverse arms of TALEN 2 shown in gel 
image. Successful products display a single faint band between 2-3 kb for TALENs 
of 12-22 RVDs accompanied by a characteristic smear and ladder effect due to the 
repetitive nature of RVD array.  
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3.5 TALEN 1 micro-injection and F0 analysis 

The first TALEN targeting exon 1 of nanor was micro-injected in 

approximately 300 embryos at the one-cell stage for each dose (100 pg and 

200 pg) and approximately 100 embryos were micro-injected with phenol red 

as controls. Following micro-injection, embryos were scored at 48 hpf and 

developmental defects noted. Morphology was normal in over 75 % of 100 

pg larvae and 70 % of the 200 pg larvae (Fig. 3.6). This absence of 

increased abnormalities with increasing dose indicated that TALEN 1 may 

have failed to produce any mutations in the embryos. However, this was not 

a clear indication of successful TALEN induced mutations.  

 

 

Fig. 3.6: Morphology scores of TALEN injected embryos at 48 hpf. At 100 pg 
most larvae presented with a normal phenotype (over 75%). Remaining larvae 
showed mild defects such as mild heart oedema or blood pooling. At 200 pg 70 % of 
larvae had a normal phenotype with remaining larvae showing mild, moderate or 
severe defects such as blood pooling, abnormal yolk sac and bent bodies, n = 40 
embyros per group. 

 

Therefore, following morphology scoring, genomic DNA samples from 

approximately 10 larvae from 100 pg and 200 pg micro-injected groups and 

3-5 control larvae were extracted as described in Section 2.2.14. All 

sequences aligned with identical base matches to the wild-type reference 
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sequence in exon 1 showing that TALEN 1 micro-injection failed to induce 

any insertions or deletions in the spacer region (Fig. 3.7).  

 

 

Fig. 3.7: Sequencing result following TALEN 1 micro-injection. An example of a 
TALEN 1 injected embryo sequencing result. Top sequence from base 101-700 is 
wild-type reference. Bottom sequence is aligned sequencing result from genomic 
DNA sample of an injected embryo. Red marks mis-matched bases. The beginning 
and end of a sequence always present with high background and several 
mismatched bases. This shows a perfect match to our reference sequence with no 
mutation as a result of TALEN 1. Exons are depicted by uppercase in the reference 
sequence. The end of exon 1 is highlighted in yellow. 

 

Following these results it was clear that TALEN 1 had failed to induce any 

insertions or deletions in the spacer region. A new TALEN was designed to 

target exon 1. 

3.6 TALEN 2 micro-injection and F0 analysis 

TALEN 2 was assembled as previously described in Section 3.1. 

Approximately 300 embryos were micro-injected with 100 pg of TALEN 2 

mRNA and the same number of embryos injected with 200 pg of mRNA at 

the one-cell stage. Control embryos were micro-injected with phenol red. 
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Detailed morphology was scored at 48 hpf to record developmental defects. 

At 48 hpf approximately 10 morphologically normal TALEN-injected embryos 

per injected concentration and 3-5 sibling phenol-red micro-injected embryos 

were collected and genomic DNA extracted, PCR-amplified, purified and sent 

to Eurofins Genomics for sequencing the region of interest. Results are 

presented below. 

3.6.1 F0 founder morphology and genomic DNA collection 

On micro-injection of the second TALEN by 48 hpf the majority of TALEN 

mutant embryos had mild, moderate or severe defects at the 200 pg dose 

and by 5 dpf approximately one-third of them had died. Defects observed 

primarily involved head formation and in more severe cases, bent bodies 

which were always accompanied with poor circulation and heart defects. 

Many larvae failed to develop a normal brain and had absent, 

underdeveloped or fused eyes. Moderate and severe phenotypes consistent 

with observations made in the nanor morpholino were noted; bent body axis 

or kinked tails with circulatory system defects as well as missing heads and 

brain oedema were recorded during scoring (Fig. 3.8).  

 

 
 

Fig. 3.8: Morphology of control and F0 founder 48 hpf. When compared to 
healthy controls at 48 hpf (A) F0 founders showed cyclopia (B) or underdeveloped 
eyes (C), kinked tails (D), underdeveloped brain, bent body axis and heart oedema 
(E), in most severe cases larvae did not develop any anterior structures (F). 
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In TALEN micro-injected embryos the severity of defects was clearly dose-

dependent with more severe defects noted at the higher dose of 200 pg (Fig. 

3.9). Phenol red injected embryos did not show any defects at 48 hpf but 

10% of embryos did not survive to 48 hpf. At 100 pg, defects observed were 

mild in approximately 20% of larvae with 75% showing a normal phenotype. 

At 200 pg, less than 40% of larvae developed normally up to 48 hpf with 10% 

deaths and half of larvae presenting with mild, moderate or severe 

deformities. 

 
 
 
 

 
 

Fig. 3.9: Morphology scores of phenol red (control) or TALEN injected larvae 
at 48 hpf. Morphology scores at 48 hpf of control larvae (phenol red), 100 pg and 
200 pg injected TALENS. A clear dose response was seen following TALEN 
injection. At 100 pg 5% of larvae were dead by 48 hpf and 20 % showed mild 
phenotypes such as underdeveloped eyes and bent body axis. At 200 pg 
approximately 25 % had mild, 15 % moderate, just over 10 % had a severe 
deformities with 10 % of larvae not surviving to 48 hpf, n = 100 per group. 
 

3.6.2 F0 genomic DNA sequencing 

Extracted genomic DNA samples were PCR amplified using primers flanking 

the TALEN binding region. PCR products were then checked on an agarose 

gel. A single band of the expected size was seen in each lane on the 

electrophoresis gel, indicating specific primer amplification of the region of 

interest. The gel image shows amplified region of approximately 600 base 

pairs with no extra bands indicating high specificity of the primer pair. 
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Samples were purified and sent to Eurofins Genomics for sequencing (Fig. 

3.10). 

 

 

Fig. 3.10: Agarose gel electrophoresis image of PCR amplified genomic DNA 
samples. Agarose gel image of PCR amplified product of approximately 600 base 
pairs. All amplified genomic samples were checked on a gel before sending for 
sequencing to ensure correct and specific amplification of the genomic region of 
interest (TALEN targeting region). Single clear bands indicate successful 
amplification. 

 

Genomic DNA was extracted from ten morphologically normal embryos from 

the 200 pg micro-injected group. Sequencing results showed five of the ten 

embryos had heterozygous sequence in exon 1 with the remaining larvae 

(5/10) having a wild-type genomic sequence. When base reads were aligned 

with the reference sequence large insertions and deletions in the spacer 

region were indicated (Fig. 3.11), however, this is not an accurate method to 

find exact positions of bases that have been inserted or deleted due to high 

noise from double peaks from the point of the first insertion or deletion as 

well as a high possibility of mosaicism in the embryonic genome following 

TALEN injection. 
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Fig. 3.11: F0 alignments against wild-type reference sequence. Alignment to a 
wild-type reference sequence shows insertions/deletions in spacer region and 
extending from TALEN binding sites. Forward and reverse TALENs are highlighted 
in pink shading. Red marks mismatched bases. Some sequencing was a 100% 
match to reference sequence (A), others showed insertions or deletions and 
mismatched bases, B-D show all mismatches found. 3 mutated alignments were 
found across the 5 larvae. 

 

If the first sequencing result was accurate only 50% of larvae carried TALEN 

induced mutations. All micro-injected fish would need to be screened to 

identify mutants from wild-types. Therefore, these F0 fish were raised to 

adulthood and outcrossed with wild-type fish. The resulting F1 embryos were 

screened by genotyping and high resolution melt analysis (HRMA) to 

distinguish wild-type from mutant founders as described in Section 2.2.18. 

Screening of F0 genomic DNA samples was also completed by cloning to try 
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and identify insertions/deletions. However, this method would not identify if 

mutations had been passed on in the germline. Of 300 micro-injected 

embryos, 52 survived to adulthood. 

Due to the difficulty in sequencing founder fish because of mosiacism (Fig. 

3.12 B), it was necessary to clone samples of genomic DNA. Adult fish were 

anaesthetised and fin-clipped as described in Section 2.2.13. Using nanor 

exon 1 primers, a PCR product flanking the TALEN target region was PCR 

amplified and purified. These PCR products were then cloned into pGEM®-T 

easy vector using the Promega pGEM®-T Easy vector system I kit and 

transformed into E.coli for replication before purification and sequencing 

analysis. 

 

 

Fig. 3.12: Sequencing results of two F0 founders. (A) Sequence begins with 
single peaks representing a homozygous read. When insertions/deletions are 
reached the sequence from that point on has double peaks representing a 
heterozygous mutant. (B) Difficulty in sequencing was due to mosiacism in some 
embryos resulting in multiple peaks in every base read which show a number of 
different genomic sequences in the sample. Cloning was used to overcome this 
problem. 
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Ten clones from each F0 fish were picked and sequenced. Results from 

sequencing were disappointing and did not detect any insertions or deletions 

in the spacer region as expected. Instead a number of SNP’s were found in 

the spacer region and TALEN binding sites as well as upstream or 

downstream in exon 1 of the gene (Fig. 3.13).  

 

 

 

 

 

Fig. 3.13: Sequenced F0 clones show SNPs in spacer and TALEN binding 
regions. Sequencing of clones showed SNPs present in spacer region and outside 
of this region when aligned with the wild-type reference sequence causing amino 
acid changes. TALEN binding sites are marked in pink. SNPs are highlighted in red. 
Spacer region is between the forward and reverse TALEN binding sites.  

 

As well as identification of SNPs in the spacer region 4 base pair insertion 

was detected in F0 clones (Fig. 3.14). This was detected in many founders 

and always on the exon/intron boundary, thus, this is the likely cause of the 

high background. Before TALEN design and micro-injection, three males and 
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three females from the tank to be injected were sequenced, none had this 

insertion. Following identification of this 4 base pair insertion, 15 more wild-

type fish were picked from the adult wild-type families and this insertion was 

found in some of the wild-type genomes, therefore, I identified this insertion 

as naturally occurring and not induced by the TALEN.  

In addition to the insertion, SNPs were detected in both F0 clones and F1 

embryos that were not found in wild-type families. It is possible that these 

point mutations occurred as a result of TALEN micro-injection.  

The disadvantage of using this cloning method of sequencing is it was not 

possible to identify germline mutations. Also, there was a possibility that 

sequenced clones failed to show all mutations that were present in fish. 

Therefore, further sequencing was completed on the F1 generation where all 

fish would be wild-type or heterozygous mutants. In this generation the 

challenges faced by mosiacism in the F0 founders would not pose a problem. 
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3.14: Sequenced F0 clones show SNPs outside of the target region and a 4 
base pair insertion. Sequencing of clones showed many SNPs present outside of 
the spacer region when aligned with wild-type reference sequence as well as a four 
base pair insertion at the beginning of the intron. TALEN binding sites are marked in 
pink. SNPs are highlighted in red. Insertion is marked by a black box. Exons are in 
capital letters and introns in lower case. 

 

3.6.3 High Resolution Melt Analysis  

HRMA was used to screen adult fish and make sure mutations were being 

passed on in the germline. Ten genomic DNA samples from outcrossed F0 

fish (10 F1 embryos) were screened by melt curve analysis. Any larva that 

had an altered sequence from wild-type reference was flagged and the 

remaining F1 embryos from this family kept as heterozygous mutants and 

raised to adulthood when individual wild-type and mutant fish within the 

family would be screened.  

A primer pair with a very short amplicon (70 base pairs) flanking the region of 

interest, where the forward and reverse arm of the TALEN bound, was 

designed. The reverse primer was upstream of the 4 base pair insertion that 
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had been found in F0 clones. This ensured no false positives would occur as 

a result of this naturally occurring insertion. Any induced mutations within this 

region would alter the G/C content of the amplicon, altering the melting 

temperature. Fig. 3.15 shows a representative image of one of the HRMA 

plates; five wild-type reference larvae were used on each plate with ten F1 

larvae per F0 founder parent. Each line on the melt curve graphs represents 

one genomic DNA sequence or one F1 larva. From this plate, it is clear that 

three larvae have been flagged as mutants with two different mutant 

genotypes (red and green lines), blue lines represent wild-type genomic DNA 

sequences. Parents of these three larvae were kept as mutant founders and 

their offspring raised as heterozygous mutant families. In total, 18 of 52 F0 

founders were flagged as mutants, therefore, these were outcrossed and 18 

F1 heterozygous families were raised to adulthood. 

 

 

Fig. 3.15: High Resolution Melt Analysis curve from F1 embryo genomic DNA 
at 1 dpf. The top graph shows the melting curve and the bottom graph is the 
temperature difference plot. Each line of the melt curve represents one larvae with 
genomic DNA extracted at 1 dpf. 10 larvae from each clutch were analysed; any 
parents that produced larvae flagged as mutants were kept as a TALEN F0 founder 
and the remaining larvae raised to adulthood to generate the F1 lineage. Blue lines 
represent wild-type sequences with reference wild-type run on the plate. Red lines 
represent two sibling larvae with altered sequence and green line represents one 
larva with a different mutated sequence. All families with only wild-type larvae were 
not raised to adulthood. Siblings of identified mutants were raised to adults. 

High Resolution Melt Analysis curve from F1 embryos 
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Following confirmation of a mutated sequence in the targeted region by 

HRMA, embryos were raised to adults for generation of a mutant line. During 

all TALEN screening F0, F1 and F2 generations were morphologically scored 

and compared to wild-type controls.  

 

3.7 F1 TALEN generation 

 

3.7.1 F1 TALEN morphology 

Similar defects were recorded in F1 larvae as observed in F0 micro-injected 

embryos. Most defects were seen in anterior structures with more severe 

phenotypes involving bent body axis (Fig. 3.16). F1 embryos whose parents 

had been identified as mutants with germline mutations were raised to 

adulthood, however, a high mortality was recorded and attempts to raise 

some families were unsuccessful with all remaining fish in some families 

having only wild-type genomic sequences.  
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Fig. 3.16: F1 mutant larval phenotype at 48 hpf and 14 dpf. When compared to 
48 hpf control (A), mutant heterozygous larvae showed deformities such as (B) 
missing jaw and underdeveloped brain as well as poor circulation with bent body 
axis, (C) kinked tails with incorrect or no organ formation and (D) missing eyes and 
head with poor circulation. At 14 dpf when compared to control (E), some larvae had 
failed to develop a swim bladder and had kinked tails (F), gross morphological 
deformities (G), more than two eyes (H), incorrect heart and brain formation with 
oedema (I), and missing forebrains (J). 

 

 

 

 

48 hpf                         14 dpf 
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Mortality of F1 larvae was recorded up to 48 hpf (Table 3.3). At 24 hpf 50% of 

F1 embryos had died. This increased to 62% by 48 hpf with only 22% of 

larvae with a normal phenotype and the remaining 16% being deformed (Fig. 

3.17). Defects observed were severe, involving eye and brain formation and 

included blood pooling and bent body axes. 

 

 

Fig. 3.17: Morphology scores of F1 outcrossed larvae. F1 larvae at 24 hpf had 
50% death at time of scores, this increased to 60% by 48 hpf with only 20% of 
normal developing larvae and the final 20% with a severe phenotype, n = 100 per 
group. 

 

 

3.7.2 F1 TALEN sequencing 

Embryos from 10 of these founders survived to adulthood (Table 3.4, n = 217 

adults). F1 fish that survived to adulthood were fin-clipped and genomic 

sequence was obtained.  
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Table 3.3: Survival to adulthood in the F1 generation. 

Tank 
number 

Total 
embryo 
number 

Total 
number at 
6 hpf 

Total 
number at 
24 hpf 

Total 
number at 
48 hpf 

Number 
surviving 
to 
adulthood 

2 54 42 32 32 0 

3 150 132 131 128 0 

6 150 150 145 145 0 

15 100 69 69 69 0 

17 160 160 150 150 0 

18 57 46 44 44 26 

21 200 193 155 106 28 

26 36 34 26 20 16 

28 180 177 162 160 18 

29 180 155 148 145 20 

34 155 137 84 64 31 

40 70 70 69 69 20 

41 19 17 17 15 12 

42 150 132 127 122 19 

44 100 98 93 93 27 

47 57 51 40 40 0 

49 69 57 53 51 0 

50 101 96 94 93 0 

 

All fish that survived to adulthood from five of these families were wild-type 

and one family had a point mutation in the spacer region that resulted in no 

amino acid change. The remaining four families had mutations and amino 

acid changes in the spacer region. These mutations were all SNPs with no 

insertions or deletions (Fig. 3.18, Table 3.4).  
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Table 3.4: Mutant adult F1 fish  

Tank number genotype Number of adult 

fish  

Number of 

mutants 

18 Wild-type 26 0 

21 Mutant 28 13 

26 Mutant 16 8 

28 Wild-type 18 0 

29 Wild-type 20 0 

34 Mutant 31 14 

40 Wild-type 20 0 

41 Mutant 12 5 

42 Wild-type 19 0 

44 Wild-type 27 0 
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Fig. 3.18: SNPs found in F1 adult genotyping. Single peaks show homozygous 
sequence regions with an occasional double peak marked in yellow representing 
point mutations. (A) family 21; (B) family 26; (C) family 34; (D) family 41. TALEN 
binding sites are marked in pink. SNPs are highlighted in red. Any fish without these 
SNPs were euthanised. 

 

Predict Protein was used to predict the effect of these SNPs. These SNPs 

were predicted to cause severe effects on protein function indicating that 

protein function may be severely affected (Table 3.5). 
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Table 3.5: Prediction of effects of SNPS in four F1 families using Predict 
Protein software. 

Family 
number 

Amino acid 
 Change 

Position Predicted 
Severity 

Number of 
fish 

21 Phenylalanine - 
Serine 
Tyrosine – Histidine 

aa 26 
 
aa 32 

Severe 
 
Severe 

10 male 
 
4 female 

26 Phenylalanine - 
Serine 
Phenylalanine – 
Isoleucine 

aa 26 
 
aa 29 

Severe 
 
Moderate 

2 male 
 
2 female 

34 Phenylalanine – 
Tyrosine 

aa 32 Severe 3 male 
2 female 

41 Alanine – Proline aa 31 Severe 3 female 
1 male 

 

 

3.7.3 Nanor mRNA expression in F1 heterozygous embryos 

RNA was extracted from wild-type and F1 embryos of a mixed population of 

wild-type (+/+), heterozygous mutants (+/-) and homozygous mutants (-/-) at 

sphere, shield, 24 hpf, 48 hpf and 72 hpf followed by nanor mRNA 

quantification by qPCR (Fig. 3.19). When compared to the same 

developmental stage in wild-type controls results show significant decreases 

in nanor mRNA expression at sphere, shield and 48 hpf stages. No 

significant differences were found at 24 hpf or 72 hpf. Data was analysed by 

One way ANOVA (F(10, 33) = 5.887, P < 0.0001; Dunnett’s post hoc test P < 

0.05 sphere F1 sphere, shield F1 and 48 hpf F1 vs. comparable wild-type 

control). This result gave further confidence that the mutants were altering 

nanor expression in the F1 generation.  
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Fig. 3.19: Nanor mRNA expression during early development in wild-type and 
F1 mutant embryos and larvae. Nanor was quantified at 128-cell, sphere, shield, 
24 hpf, 48 hpf and 72 hpf in wild-type and TALEN F1 embryos and larvae. When 
compared to wild-type larvae nanor mRNA expression was significantly decreased 
in F1 mutant embryos at sphere and shield stage. Data are represented as mean ± 
SEM, * P < 0.05, ** P < 0.01, n = 4. 

 

3.8 F2 TALEN generation and mortality 

To raise mutants for investigation of downstream genes of nanor, the four 

remaining F1 heterozygote adult families with male and female siblings were 

incrossed. Mortality of F2 embryos was scored; by 24 hpf 30% of embryos 

died and 60% were developing normally. By 48 hpf a severe phenotype was 

noted; 45% of larvae had died and 25% had severe deformities with only 

20% classed as normal by 48 hpf (Fig. 3.20). 
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Fig. 3.20: F2 morphology scores at 24 hpf and 48 hpf. Death rate of F2 embryos 

was 30% by 24 hpf and over 40 % by 48 hpf. A severe phenotype was seen in most 
of the remaining F2 embryos at 48 hpf, n = 100 embryos per group. 

 

3.8.1 F2 TALEN mortality 

Incrosses were scored daily and deaths were recorded during the first two 

weeks of development. All TALEN families, with the exception of tank 34 

which matched wild-type control survival, showed high mortality ranging from 

30% - 60% by 48 hpf. Highest mortality was recorded in family 21; by 48 hpf 

55 % of these embryos had died. Tank 26 and tank 41 showed 30% mortality 

by 48 hpf (Fig. 3.21).  
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Fig. 3.21: Survival curve of F2 homozygous larvae. The four heterozygous 
mutant TALEN families (T21, T26, T34, T41) were incrossed and embryos collected 
in an attempt to raise to adulthood. Each day larval deaths were recorded and 
graphed. T34 were the only family to have death numbers to match wild-type 
controls. The remaining families showed high mortality during the first 48 hours of 
development. T26 and T41 showed similar mortality with a quarter of all larvae dead 
within the first 48 hours of development. T21 showed the most severe mortality with 
just over half of all embryos dead within the first 48 hours.  

 

 

3.8.2 F2 TALEN sequencing 

Twenty-six F2 larvae from F1 sibling incrosses were collected and genomic 

sequence was obtained (6-7 embryos from each F1 family incross). Five out 

of 26 were homozygous carriers of SNPs, 3 were wild-type embryos and 18 

were heterozygous carriers of SNPs. Many SNPs were found throughout 

exon 1 outside the spacer region as shown in Fig. 3.22.  
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Fig. 3.22: An example of SNPs found in an F2 embryo. Alignment to reference 
sequence shows several SNPs in exon 1 of the nanor sequence. TALEN binding 
sites are marked in pink. SNPs are highlighted in red. 

 

Remaining fish that did not die at larval stages were found to be homozygous 

wild-type fish and could not be used for further experimentation.  

Due to mortality of many F0, F1 and F2 larvae it is likely that the TALEN 

mutants with any indels present did not survive past embryo stages and 

mutations could not be passed to further generations.  

3.9 Homozygous mutant generation summary 

Following micro-injection of 300 embryos with 200 pg of TALEN 2, 52 F0 

founders were raised to adulthood. These were outcrossed with wild-type 

fish and genotyping of offspring identified 18 founders with mutations in the 

germline. 

Of the 18 mutant adult founder fish, 8 produced non-viable offspring. The 

other 10 F0 fish were outcrossed and their offspring raised to adults to 

generate F1 heterozygous adults. Of these 10 F1 families, five did not have 

any mutations in the spacer region and were considered to have off target 

mutations and one family had a point mutation in the spacer region but no 

amino acid changes. The remaining four families were incrossed but no 

mutants survived to adulthood. None of the SNPs in the spacer region were 

found to cause a premature stop codon in TALEN embryos. Attempts to raise 

mutants were not possible due to early mortality in these embryos. TALEN 

generation is summarised in Fig. 3.23. 
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Fig. 3.23: Workflow of TALEN family generation. 
 

 

3.10 Discussion 

3.10.1 Nanor Bioinformatics 

Investigation of nanor sequence in online genomic databases found P2X7-

like purinoreceptor as the closest match by sequence homology. Kim et al., 

2001 discovered 11 interacting proteins with human P2X7 receptor which 

enhance receptor function such as heat shock proteins, pannexins, laminin 

α3, integrin β2 and supervillin. Nanor and its paralogues were aligned to all 

known accessory proteins with no clear sequence homology to any of these. 

Therefore, it is unlikely that Nanor is an ortholog to any of the known human 

accessory proteins. From all bioinformatics and sequence homology 

investigations the only match to a characterised protein was partial sequence 

identity to a P2X7-like protein. Nanor may be an undiscovered paralog of the 
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P2X7–like protein in zebrafish. However sequence identity was low when 

compared to the human P2X7 protein sequence (27%). 

3.10.2 Nanor mRNA expression 

Previous investigations in the laboratory by Dr. Bree used semi-quantitative 

methods to show low expression of nanor at the 128 cell stage and 

upregulation at sphere stage. Dr. O’ Boyle also reported high expression in 

dorsal forerunner cells which indicated an early function of nanor during 

embryogenesis. I quantified mRNA expression of nanor and nanor b by 

qPCR from 128-cell stage to 5 dpf which showed highest expression during 

sphere and shield stage and a second wave of nanor b expression up to 5 

dpf. My in situ hybridisation results are also in agreement with Bree et al., 

2005 and extend to 72 hpf which found high, ubiquitous expression during 

embryo stages which becomes restricted to anterior structures at larval 

stages with low expression by 72 hpf. 

These reports and further studies by Lee et al. (2013); Perez-Camps et al. 

(2016) have established nanor as an early zygotic gene activated soon after 

the mid-blastula transition. My qPCR results may represent a later function of 

nanor b in larval development. Together these findings suggest an important 

function of nanor and nanor b during early development. 

3.10.3 Nanor TALEN generation 

Previous studies by Dr. O’ Boyle knocked down nanor expression by 

morpholino injection. However, effects of a morpholino are transient, 

therefore, an effort was made to generate a stable, nanor knockout mutant 

line using TALEN technology. The morpholino studies had shown that nanor 

knockdown disrupted left/right signalling in the lateral plate mesoderm and 

neural patterning. Eye development and reduced neural structures were 

prominent morphological defects that were recorded in micro-injected larvae. 

Similar morphological defects were seen in TALEN-injected F0 and 

subsequent F1 and F2 embryos and larvae, mainly involving anterior 

structures of the larvae.  

The rationale for making a loss-of-function mutant line using TALENs derived 

from the ability of TALEN technology to generate a stable line that could be 
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passed on to subsequent generations. Although morpholinos had provided 

links to nanor function in left/right asymmetry development, there is also a 

risk of variation in responses between embryos as well as transient effects of 

morphilino injection and the risk of damage due to injection. The use of 

TALENs eliminated all of the disadvantages of morpholino use. All 

generations would inherit the same mutations with no risk of variation 

between siblings or damage from mechanical stress. Difficulties encountered 

during TALEN generation were due to high mortality throughout all 

generations of TALEN fish, therefore I was unable to generate a nanor 

knockout. As I did not find any insertions or deletions in the target region of 

F1 or F2 adult fish during gene sequencing, it is likely that any larvae that had 

these mutations died at early stages and as a result, mutations could not be 

passed on in the germline. As well as this the presence of a naturally 

occurring four-base pair insertion in the intron was responsible for misleading 

indications of a TALEN induced insertion/deletion in surviving mutant larvae. 

High mortality across generations and death of all mutant larvae further 

establishes nanor as an important gene during early development and loss of 

gene expression results in early embryonic lethality.  

Point mutations in the spacer region in remaining heterozygous F1 fish were 

predicted to have moderate or severe effects on Nanor protein function. 

Although these fish developed normally, attempts to pass on these mutations 

to the next generation resulted in embryonic lethality and it was not possible 

to raise them to adulthood. Therefore, maintenance of a heterozygous line 

was not possible in this study. While these identified SNP’s are likely to 

account for high mortality seen across TALEN generations the possibility of 

off target effects causing mutations at other genomic locations should also 

be considered. This may also account for mortality in the F2 mutants, 

however to confirm this further investigations using whole genome 

sequencing or next generation sequencing would be necessary in founders. 

Difficulty in optimising TALEN generation came from many false positives in 

sequencing from a naturally occurring four base pair insertion in the intron. 

Sequencing results showed a heterozygous read and this was correctly 

attributed to an insertion or deletion. However, further investigation revealed 
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that this was naturally occurring. This occurred despite having sequenced 

the families prior to TALEN injection to avoid naturally occurring mutations in 

the region of interest. Sequencing of more wild-type fish identified this 

insertion in the genome. Therefore, sequencing of six fish proved to be 

insufficient to ensure detection of all naturally occurring mutations in this 

case. The mutated sequences flagged by HRMA are likely to be a result of 

point mutations in the spacer region and TALEN binding sites that were later 

identified in F1 fish. 

I was unsuccessful in producing a homozygous mutant line due to mortality 

in the F2 generation. Although TALENs have a high success rate in 

generation of homozygous mutant lines some publications have reported 

TALEN knockout to be embryonic lethal and as a result, unable to generate 

stable mutant lines (Suzuki et al., 2013; Nakayama et al., 2015). These 

studies have used TALEN micro-injection similar to a morpholino micro-

injection to prevent protein expression in the F0 generation and embryos 

were subsequently used for functional studies on the targeted gene. The 

challenge with this model is due to mosiacism in the embryos. Multiple 

mutations could be present in one embryo as well as a high possibility that 

not all embryos will have induced mutations. One study attempted to 

overcome the challenge of mosiacism in the F0 generation through injection 

at the oocyte stage prior to fertilisation followed by in vitro fertilisation. They 

state that this enabled the TALEN to take effect from an earlier stage to 

achieve a full knockout in Xenopus embryos (Miyamoto et al., 2015).  

Following high mortality in my nanor mutant line, I then studied protein 

localisation and attempted to identify protein interactions at larval stages.  



Chapter 4: Results 

123 
 

Results Chapter 4: Identification of Nanor Protein-Protein 

Interactions 

4.1 Nanor protein expression in wild-type larvae 

Identification of protein interactions is important to identify protein function 

and behaviour and enable characterisation of protein complexes and 

pathways. In the study of nanor identification of protein interactions would 

provide detailed information on nanor function. 

A previous laboratory member, Melissa Walsh, studied protein expression by 

western blot from shield to 72 hpf in zebrafish larvae and using densitometric 

analysis reported similar expression from shield stage to 24 hpf which was 

then upregulated at 72 hpf (unpublished). However, protein localisation had 

never been visualised.  

The aim of this chapter was to study protein expression and localisation and 

to identify interacting proteins, in an attempt to gain information about Nanor 

function.  

4.1.1 Nanor protein localisation in wild-type larvae 

Immunohistochemistry was used to visualise Nanor protein in the early 

embryo and larvae. As there were no available antibodies to study Nanor 

protein, a custom antiserum was raised in rabbit using the peptide, 

RMRQKLPEGNEN by Sigma-Genosys. The antibody was validated by Dr. O’ 

Boyle and Melissa Walsh who reported that the antibody recognised both 

Nanor and Nanor b (unpublished). This antibody detected a protein of a 

single band (27kD) on western blot and I then visualised protein localisation 

by immunohistochemistry.  

At sphere stage the protein was ubiquitously expressed and cytosolically 

localised (Fig. 4.1 A). By shield stage, expression was less uniform; 

immunohistochemical images show expression in all cells but with a higher 

expression in cells at the dorsal side during shield stage (Fig. 4.1 B, C). In 

cells with higher expression, the protein was seen with cytosolic localisation 

(Fig. 4.1 E). Expression in all other cells appeared closer to the cell 
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membrane. By 24 hpf protein expression can be clearly seen in anterior 

structures and in the vasculature around the heart with some expression in 

distal cells of the tail (Fig. 4.1 D).  

 

Fig. 4.1: Immunohistochemical images of whole mount Nanor expression in 
early development. Sphere (A, lateral, dorsal) and shield (B, lateral, C dorsal) 
stages showing cytosolic localisation of Nanor protein. Ubiquitous expression of 
Nanor protein is seen during sphere stage; by shield stage expression is seen in all 
cells with a cytosolic localisation in the cells at the dorsal side of the shield (E, with 
arrow to mark cytosolic localisation). At 24 hpf staining is seen in the vasculature of 
the heart and in anterior structures and distal ends of the developing tail (D, lateral). 
F Minus primary, G Minus secondary control images.  
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Confocal microscopy was then used to give a more detailed image of protein 

localisation. Tissue from older embryos and larvae (24-120 hpf) was 

sectioned at 20 micrometre thickness in a rostral to caudal direction prior to 

staining. Again at sphere stage, protein expression seems to be cytosolically 

localised (Fig. 4.2 A). From 24-120 hpf expression is found in all structures 

and localised in the cytosol; throughout the layers of the eye including the 

eye lens, the brain and extending caudally through the spinal column (Fig. 

4.2 D-F). DAPI nuclear stain confirmed cytosolic expression of Nanor protein.  
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Fig. 4.2: Nanor protein localisation from sphere to 5 dpf by confocal 
microscopy. (A, animal pole) During sphere stage protein is ubiquitously expressed 
and cytosolically localised. (B, rostral) 1 dpf (C, lateral) eye lens (D, rostral) E, 
Minus primary, F Minus secondary control images. Scale bar 100 μM. 

 

4.1.2 Nanor protein complex immunoprecipitation 

Co-immunoprecipitation (Co-IP) followed by mass spectrometry was used to 

identify proteins that interact with Nanor in an effort to better understand 

protein function. Before Co-IP experiments began, a western blot in non-

reducing conditions was run (Section 2.2.23) to identify possible Nanor 

protein complexes (Fig. 4.3). As a control, one lane of sphere stage protein 

under reducing conditions was run alongside the same protein sample under 

non-reducing conditions. Shield stage protein was also run on the gel as 

these two stages are when nanor mRNA expression is at its highest. The 

control lane showed a single immunoreactive band. Non-reducing lanes of 

sphere and shield stage showed a number of immunoreactive bands with 

different patterns at different stages possibly representing changing protein 

interactions as development progresses. These extra bands of higher 

molecular weight represent protein complexes.  

 

Fig. 4.3: Immunoreactive bands of Nanor western blot in reducing and non-
reducing conditions. Samples at sphere and shield stage were run under non-
reducing conditions (15% SDS-PAGE gel). As a control, a protein sample at sphere 
stage under reducing conditions was run. Reducing conditions gave a strong 
immunoreactive band at approximately 27 kD. The same protein sample under non-
reducing conditions showed three higher molecular weight bands at 50, 75 and 250 
kD. At shield stage under non-reducing conditions immunoreactive bands at 25, 35, 
50, 75 and 200kD were seen.  
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The Sigma-Genosys Nanor antiserum was not purified, therefore, it was 

necessary to purify the serum to reduce the risk of high background in 

samples. This was achieved by affinity chromatography using the peptide 

that was originally used to immunise the rabbit for antiserum generation. The 

peptide was manufactured with the sequence RMRQKLPEGNEN with a 

cysteine added to the N-terminus to allow coupling to the residue: 

CRMRQKLPEGNEN. In total, three lots of antibody were purified from 

antiserum. An SDS-PAGE gel was run with the three purification lots 

alongside a reference antibody (desmoglein-2) of known concentration (250 

μg/ml) to estimate purified anti-nanor antibody concentration (Fig. 4.4). The 

estimated concentrations from purification 1 and 2 were 50 μg/ml and from 

purification 3 was 100 μg/ml (Fig. 4.4). 

 

Fig. 4.4: Approximate quantification of antibody purification using a reference 
antibody (desmoglein-2) at a known concentration. Three purifications of nanor 
serum were quantified on a 15% SDS-PAGE gel with a known concentration of 
standard for reference. Purification 3 gave the highest yield. Estimated 
concentrations are as follows; purification 1: 50 μg/ml purification 2: 50 μg/ml 
purification 3: 100 μg/ml. IgG heavy chain / Fab fragment (50 kD), Fv fragment (25 
kD), rlgG fragment / half IgG (75 kD), Fc fragment (50 kD). Thick band at approx. 65 
kD in reference antibody is preservative sodium azide.  

 

Although nanor mRNA expression is highest at sphere and shield stage, 96 

hpf larvae were used for subsequent Co-IP experiments. The nanor paralog 
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(nanor b) is highly expressed at this stage and was previously reported by 

both Dr. O’ Boyle and Melissa Walsh to be recognised by the antibody. This 

stage was chosen for two reasons; when optimising Co-IP experiments it 

was essential to have a high yield of protein. If sphere or shield stage were 

chosen for Co-IP experiments thousands of embryos would be required to 

achieve the same yield as two-hundred 96 hpf larvae. Secondly, at early 

stages there is a large protein yolk sac that interferes with western blots and 

mass spectrometry. Therefore, a de-yolking step is required up to 

approximately 72 hpf. This clean-up step further reduces the protein yield 

and using these stages carries an increased risk of yolk sac contamination, 

96 hpf were used where a de-yolking step was not necessary.  

Following antibody purification, Co-IP experiments were optimised to ensure 

successful capture of Nanor protein complexes to identify interacting 

proteins. Protein A/G beads were used for Co-IP and the same peptide that 

was used to purify the antibody was used for elution (Section 2.2.23). A 

western blot for Nanor protein was run to assess the properties (solubility, 

binding capacity, molecular weight) of the protein of interest (Fig. 4.5, Fig. 

4.6). On this blot I ran a number of different samples as illustrated graphically 

in Fig. 4.5 and listed below; 

 

1) Lysate before centrifugation at 14,000 g (soluble and insoluble fractions, 
whole tissue)  

2) Re-suspended pellet following centrifugation at 14,000 g (insoluble 
material, cell debris)  

3) S14,000 (soluble material following centrifugation at 14,000 g)  

4) Unbound S14,000 following incubation with protein A/G beads and 
antibody (to check if all of Nanor protein is binding to the beads) 

5) Supernatant from third PBS wash following antibody and protein binding to 
beads (to check if any protein or antibody is being washed from beads) 

6) First eluate from beads following peptide elution (to check if protein is 
being eluted from beads) 

7) Second elution from beads following repeat of peptide elution (to check if 
a second elution step is necessary) 
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8) Boiled bead samples after elution (to check if the antibody is remaining on 
the beads, and if any Nanor protein is being left bound to antibody on the 
beads) 

 

 

Fig. 4.5 Flow diagram of sample preparation and collection. Purified antibody 
was bound to protein A/G beads. 4 dpf zebrafish protein sample was collected 
(lysate) and centrifuged at 14,000g (S14,000). Soluble and insoluble fractions were 
run on a SDS-PAGE gel along with various samples from protein A/G beads with 
pull down of Nanor protein.  
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Results from this blot indicated that all of the Nanor protein was soluble due 

to detection in the S14,000 lane (lane 3) and no immunoreactive band in the 

resuspended cell debris pellet (lane 2) (Fig. 4.6). Lane 1 with the lysate 

showed several bands as well as a band at approximately 27 kD where I 

expect to see the Nanor protein band. S14,000 sample (lane 3) gave an 

identical band pattern. As a band was detected in the unbound material (lane 

4) I can conclude that not all of the Nanor protein was binding to beads. This 

was possibly due to insufficient antibody on the protein A/G beads or not 

enough beads used, or may be because some of the protein complexes are 

unable to bind to the antibody. A sample of the wash supernatant (lane 5) 

showed that no antibody or Nanor protein was being washed off during PBS 

washes. Blots of the leftover beads showed that the antibody as well as non-

specific proteins were still bound to the beads following elution with peptide 

and that none of the Nanor protein was left behind (lane 8-no band at 

approximately 27 kD). Blots of eluate from the beads initially appeared to 

have no Nanor protein (lane 6) but with increased exposure four very faint 

bands were seen (lane 6 - Fig. 4.6 B). This raised the possibility that a small 

amount of Nanor protein complexes were being successfully eluted off the 

beads using a peptide elution.  

Beads were eluted with a Nanor peptide in the hope that the peptide would 

compete with Nanor protein complexes bound to the antibody, displace these 

protein complexes and consequently bind to the antibody. This peptide 

elution, if successful, would give a lower protein yield in the eluate, but would 

ensure high specificity and low background in the samples. 
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Fig. 4.6: Western blot for Nanor protein using Co-IP kit under normal and 
higher exposure (A) Western blot of lysate, cell pellet, S14,000, PBS wash, eluate 
1 & 2 and protein A/G beads following elution. At first it appeared elution was 
unsuccessful. However, with increased exposure (B), four faint bands appeared in 
the first eluate. Four faint immunoreactive bands from eluate sample marked in red. 
Samples were run on a 15% SDS-PAGE gel. 

 

To confirm that the bands I saw in the previous blot in the lysate, S14,000 

and eluate 1 samples were specific to the protein of interest, I ran two 

samples on an SDS-PAGE gel followed by western blotting; 

1) Peptide elution from protein A/G beads with antibody and protein 

sample bound (protein eluate) 

2) Peptide elution from protein A/G beads with only antibody bound and 

no sample protein (antibody eluate) 

This blot made it possible to identify bands that were from the antibody and 

bands that were from the protein sample. Ideally this blot would show no 

bands in the antibody eluate and a single band in the protein eluate. This 

would mean that no antibody was being stripped off the protein A/G beads 

and that the only immunoreactive band in the protein eluate was Nanor 
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protein. Unfortunately this was not the case, with several bands in both 

lanes. However, this western blot clearly distinguished between bands (Fig. 

4.7). The protein lane appeared to have an extra band of the expected Nanor 

size which gave confidence that Nanor was binding to the antibody and was 

coming off with the peptide elution, but it was also evident that a large 

proportion of antibody was also being taken off the beads during peptide 

elution. It was necessary to optimise the protocol to avoid eluting the 

antibody off the protein A/G beads. Peptide elution times were shortened 

from 1 hour to 30 minutes. 

 

 
Fig. 4.7: Protein and antibody eluates off the protein A/G beads. A number of 
immunoreactive bands were seen from the antibody. In the protein eluate two extra 
bands at approximately 27 kD were found which may be due to nanor protein. 
Samples were run on a 10% SDS-PAGE gel followed by a western blot. 

 

The remaining protein A/G bead samples from sample preparation of the 

previous blot were also run; 

 

 1) Beads with the antibody bound, (i.e. a sample of the antibody coupled 

protein A/G beads prior to adding the sample). 

2) Beads with antibody bound following peptide elution, (i.e. without any 

protein sample added; this should identify if antibody is stripped from protein 

A/G beads by the peptide as well as bands which are coming from the 

antibody and not the protein sample) 
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3) Beads with antibody and protein bound following peptide elution, (i.e. 

protein A/G beads remaining after antibody and protein has been bound and 

eluted to identify if any protein has been left behind on beads and make sure 

the antibody has not been stripped from the beads).  

Lanes from these samples gave identical patterns of bands with the 

expected IgG bands at 50 and 75 kD. No bands were seen at 27 kD, the 

expected size for Nanor (Fig. 4.8). The result gave confidence that no Nanor 

protein was being left behind on the beads following peptide elution due to 

no detection of a Nanor band at approximately 27 kD. The lack of extra 

bands in the protein sample lane indicates that nothing specific to Nanor 

antibody is being left behind on the beads. It also shows that all bands 

detected were from the antibody. This blot showed that although I was still 

getting a significant amount of antibody coming off with the peptide eluate, 

the majority of it was staying bound to the beads. Still further optimisation of 

the protocol was needed. 

 

Fig. 4.8: Western blot of bead samples. No difference between lanes. All bands 
were IgG and not specific to Nanor. Strong immunoreactive bands were found to be 
due to the antibody and not protein. This shows that no Nanor protein is left behind 
on beads (15% SDS-PAGE gel). All lanes gave identical patterns of bands with the 
expected IgG bands at 50 and 75 kD. No bands were seen at 27 kD, the expected 
size for Nanor. 
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In order to reduce the background of the sample, I attempted to clear the 

S14,000 protein sample before adding it to antibody bound protein A/G 

beads. This would allow non-specific binders to the A/G beads to bind and 

be removed from the S14,000 and would reduce non-specific binding during 

sample preparation and Nanor protein complex capture. This was achieved 

by incubating S14,000 with 100 μL of protein A/G beads (without antibody) 

with agitation at 4°C for 30 minutes followed by a quick centrifugation and 

collection of the supernatant (S14,000), the beads used for clearing were 

discarded. A western blot was then run to compare samples; S14,000 alone 

(lane 1) and S14,000 after clearing through protein A/G beads (lane 4). Bead 

sample eluate 1 and eluate 2 of antibody alone (lane 2, 3) and antibody with 

protein bound eluate 1 and eluate 2 (lane 5, 6) were also run. These bead 

eluate samples would clearly identify bands coming from the antibody and 

bands from the protein sample. I was still attempting to optimise the peptide 

elution step and evidence of optimised protocol would show no bands in the 

bead and antibody (no protein) eluate 1 and 2 samples (lane 2 and 3). By 

running these samples it also enabled us to differentiate between antibody 

bands and protein bands around 25 kD. This blot (Fig. 4.9) showed a cleaner 

band following pre-clearing the S14,000, but also showed an extra band of 

higher molecular weight. This may be a Nanor protein complex. A difficulty in 

optimising the protocol came from the band sizes. Bands from Nanor at 27 

kD were approximately the same size as light chain bands from the antibody. 

Therefore, antibody samples were almost always run on a blot to help to 

differentiate between these two bands by comparison between lanes. This 

blot also showed that the second repeat of peptide elution was an 

unnecessary step and that one elution step was sufficient to remove Nanor 

from the beads (27 kD band lane 5).  
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Fig. 4.9: Western blot of S14,000 and eluate samples. S14,000 was cleared 
before use by incubation with beads to remove non-specific binders to beads. 
Eluate samples showed Nanor protein had been eluted off the beads but when 
compared to antibody eluates shows that some of these bands were from the 
antibody and not the protein sample.  

 

Blots of remaining samples of beads, PBS washes and unbound S14,000 

from the previous blot were run on a western blot and showed a large 

amount of non-specific proteins had bound to beads (lane 1 - beads used for 

clearing S14,000), the antibody bound beads identified immunoreactive 

bands from the antibody (lane 2). A sample of the PBS wash confirmed that 

no Nanor protein or antibody was being washed off during wash steps (lane 

3) and finally, a sample of S14,000 after incubation with protein A/G beads 

for Co-IP sample preparation showed that I was still not getting all Nanor 

protein bound to beads (lane 4) (Fig. 4.10). 
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Fig. 4.10: Western blot of bead, PBS washes and unbound protein. This blot 
showed a number of non-specific proteins were binding to beads (S14,000 cleared 
beads), antibody was still left on beads following a peptide elution, although it 
appears a proportion of the antibody was coming off the beads (Ab and beads). 
PBS washes did not take any antibody or protein from the beads (Wash 3 after 
S14,000) and a significant amount of Nanor protein was still not binding to the 
beads (Unbound S14,000 lane).  

 

The S14,000 sample had now been optimised to reduce non-specific binding 

to the beads. However, the amount of antibody coming off the beads in the 

elution step was still a concern. To control for this, only antibody and bead 

samples were run on a SDS-PAGE gel and stained with Coomassie Brilliant 

Blue (Fig. 4.11). Antibody bound beads were boiled and a sample of the 

eluate run in lane 2. A sample of the peptide eluate 1 and 2 from these 

beads were run in lanes 4 and 5. This would identify how much if any of the 

antibody was being eluted off the beads. In lane 7, the remaining beads after 

the elution steps were run. In this lane, it was hoped that a similar pattern 

would be seen to lane 2 (antibody would still be left on the beads). In the final 

lane (lane 9), the antibody supernatant after incubation with the beads was 

run. This would tell us if all of the antibody was binding to the beads. This gel 

showed that the peptide was taking almost all of the antibody off the beads 

and was not a suitable method of elution.  
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Fig. 4.11: SDS-PAGE gel stained with Coomassie Brilliant Blue showing bead 
eluates and unbound material. Nanor peptide was taking the majority of antibody 
off the beads. Almost all of the antibody was successfully binding to the beads but 
the majority of the antibody was being stripped off in the first peptide elution. Lane 
1: protein standards, lane 2: beads with antibody bound, lane 3: empty, lane 4: 
peptide eluate of antibody bound beads, lane 5: second peptide eluate of antibody 
bound beads, lane 6: empty, lane 7: beads following peptide elution, lane 8: empty, 
lane 9: antibody supernatant (unbound antibody). 

 

Following this gel, it was decided the best way to proceed was to elute with a 

low pH glycine buffer. All elutions from this point were completed using a 

glycine buffer in place of Nanor peptide.  

Glycine elution is the most effective, non-denaturing elution buffer for 

dissociating most antibody-antigen interactions. Samples for mass 

spectrometry were prepared using cleared S14,000 followed by Co-

immunoprecipitation and elution with glycine. Before sending samples for 

mass spectrometry an SDS-PAGE gel stained with Coomassie Brilliant Blue, 

as well as western blot of these samples was run (Fig. 4.12). Antibody and 

beads alone (no protein) was run alongside two lanes of protein elution 1 and 

elution 2. Results show very faint bands at 25 and 70 kD indicating bands 

from the antibody, however, the lane with the sample of protein elution 1 had 
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far more bands indicating protein complexes specific to the antibody. A 

control sample of eluate from antibody bound beads (no protein) was sent 

with the protein sample for mass spectrometric analysis. This would identify 

any contaminants in the sample or background from the antibody. These 

samples were sent to EMBL (40 μL eluate) for an in-solution digest and mass 

spectrometry to identify interacting proteins.  

 

Fig. 4.12: Sample preparation and quality control prior to mass spec analysis 
by EMBL. (A) SDS-PAGE gel stained with Coomassie Brilliant Blue with bead and 
antibody as well as glycine eluates (B) Western blot of 1) S14,000 2) S14,000 
unbound (protein that did not bind to the beads) 3) protein A/G beads following 
elution 4) glycine eluate 1 5) glycine eluate 2. Identical band sizes between S14,000 
samples (lane 1, 2) and eluate 1 and 2 (lane 4, 5) show that these bands are protein 
complexes.  

 

4.1.3 Mass spectrometry analysis 

The samples were prepared with an in-solution tryptic digest and peptides 

were purified by a reverse phase cleaning step (OASIS) followed by analysis 

on Q-Exactive and processing using MaxQuant. Intensity based absolute 

quantification (iBAQ) values were used for the label-free quantification. The 

iBAQ corresponds to the sum of all the peptide intensities divided by the 

number of observable peptides of a protein. This method of quantification 

has been shown to have a higher precision and accuracy than absolute 

measures of known protein abundance by correcting for variation in peptide 

number or protein size and quantification of protein concentration 

B A 
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(Schwanhausser et al., 2013). This method can be used to estimate absolute 

copy numbers per cell.  

Results from mass spectrometry gave 1,500 interacting proteins. However, 

none of these proteins were Nanor or any of its paralogues. 

 

Table 4.1 Top 40 mass spectrometry hits from in solution digests of Co-IP 

protein complexes.  

Rank Protein name  Function      

1 Betaine-homocysteine S-
methyltransferase 1  

Homocysteine metabolism 

2 Delta-1-pyrroline-5-carboxylate 
synthase 

Glutamate 5-kinase activity   

3 Ferritin   Iron binding/transport    
4 40S ribosomal protein S18  Structural constituent of 

ribosome 
 

5 Ribosomal protein  Structural constituent of 
ribosome 

6  Nucleosome assembly protein 1, like 1 Nucleosome assembly  
7 C-terminal Binding Protein 1  NADP activity, transcription 

repressor 
  

8  Ribosomal protein S9  rRNA binding, 
translation 

   

9 Cleavage and polyadenylation 
specificity factor subunit 5 

mRNA binding, 
processing 

   

10 Ribosomal protein L17 Structural constituent of 
ribosome 

 

11 Ribosomal protein S26 Structural constituent of 
ribosome 

 

12 40S ribosomal protein S8 Structural constituent of 
ribosome 

 

13 ATPase family, AAA domain-containing 
3 

ATPase family   

14 Glutamine synthetase ATP binding  
15 Ribosomal protein S16 (RPS16)  Structural constituent of 

ribosome 
 

16 Ribosomal protein L24  Structural constituent of 
ribosome 

 

17 Ribosomal protein S11 Structural constituent of 
ribosome 

 

18 40S ribosomal protein S4, X isoform Structural constituent of 
ribosome 
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19  Ribosomal protein S3A Structural constituent of 
ribosome 

 

20 Ribosomal protein L4 Structural constituent of 
ribosome 

 

21 Ribosomal protein S15a  Structural constituent of 
ribosome 

 

22 Adducin 3 (Gamma)  Cytoskeleton, transport    
23 Ribosomal protein L10 Structural constituent of 

ribosome 
 

24 Ribosomal protein S2  Structural constituent of 
ribosome 

 

25 UBX domain-containing protein 1  UBX domain containing 
protein 

  

26 Ribosomal protein L7  Structural constituent of 
ribosome 

 

27 Propionyl Coenzyme A carboxylase, 
beta polypeptide  

Ligase activity     

28 Beta B1-crystallin   Structural constituent of eye 
lens 

  

29 Adducin 1 (Alpha)   Cytoskeleton, transport    
30 60S ribosomal protein  Structural constituent of 

ribosome 
 

31 60S ribosomal protein L18a Structural constituent of 
ribosome 

 

32 Ribosomal protein S29 Structural constituent of 
ribosome 

 

33 Ribosomal protein L8 Structural constituent of 
ribosome 

 

34 ATP-binding cassette, sub-family F, 
member 1 

ATP binding     

35 14-3-3 protein beta/alpha-B Protein domain specific 
binding 

  

36 60S ribosomal protein Structural constituent of 
ribosome 

 

37 small nuclear ribonucleoprotein Spliceosomal snRNP 
assembly 

   

38 60S ribosomal protein Structural constituent of 
ribosome 

 

39 Crystallin beta B1  mRNA, translation     
40 Peptidyl-prolyl cis-trans isomerase Protein folding     

 

The majority of proteins were cytosolically expressed, which was in 

agreement with previously discussed immunohistochemical findings on 

protein expression. However, following mass spectrometry analysis Nanor or 

Nanor b paralogues failed to be identified from in-solution digests. When 
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Nanor was not detected, output was reanalysed. Depending on how data is 

processed slight variations in protein identification can result. Therefore, data 

were processed using an alternative software (isobarquant), but Nanor was 

not detected in this analysis either. As isobarquant already applies 

thresholds, the initial Mascot files that isobarquant uses were reviewed and 

even in those files Nanor was not found.  

Following results from mass spectrometry, the protein sequence originally 

used to synthesise the Nanor antibody, and subsequently used to purify the 

antibody from serum was BLAST aligned against the zebrafish protein and 

genome database. The top 10 hits against the zebrafish database are listed 

below (Table 4.2). There were many possible off-target hits with high 

sequence similarity, including 3 proteins in the top 10 hits with the same 

molecular weight as Nanor. The possibility that the antibody was binding to 

an off-target protein now had to be considered and investigated. 

 

Table 4.2 Top 10 hits with high sequence identity to the custom made anti-nanor 

antibody.  

 

14-3-3 protein α/β B was also a hit but only in the top 500 output results. 

 

 

Protein name Query cover Identity % Molecular weight (kD)

1 Nanor 100 100 25

2 Diacylglycerol Kinase alpha 66 88 82

3 Zinc finger CCCH domain

containing protein 14 66 88 74

4 Transcription factor p65 X1 50 100 66

5 Transmembrane protein 74B 83 70 25

6 Protein MIS12 homolog 83 70 25

7 Nanor B 100 58 25

8 RNA pseudouridylate synthase 50 100 17

9 GTPase IMAP family member 8 100 86 89

10 Glutamine and serine protein 1 83 70 187



Chapter 4: Results 

142 
 

As Nanor is a small protein and the sample was so complex, it was possible 

that the few peptides that derived from the tryptic digest escaped analysis. 

Therefore, it was necessary to send a gel where the immunoreactive band 

would be excised and analysed by mass spectrometry (Fig. 4.13). The same 

procedure as in Section 2.2.23 was run for Co-IP and the maximum volume 

of eluate was loaded onto the gel under reducing conditions. An SDS-PAGE 

gel stained with Coomassie Brilliant Blue was then sent to EMBL for 

analysis.  

 

Fig. 4.13: Reducing gel showing immunoreactive bands for nanor antibody. 
SDS-PAGE gel stained with Coomassie Brilliant Blue of samples sent for mass spec 
analysis. Immunoreactive band was cut out and sent for mass spectrometry 
analysis to identify the protein that the antibody was binding. 

 

Three proteins were detected from the excised immunoreactive band; 14-3-3 

protein β/α-B, Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase 

activation protein β polypeptide like and Zinc finger CCCH domain-containing 

protein 14. 14-3-3 protein β/α B was identified as the most abundantly 

expressed protein from mass spec results from the excised band with 54% 

sequence coverage from peptide identification (Fig. 4.14).  
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Fig. 4.14: Mascot search results reveal 14-3-3 protein β/α-B as the most 
abundant protein in the excised band. 

 

When these three hits were further investigated, 83% sequence identity with 

97% query cover was found between the two most abundant proteins (Fig. 

4.15). These two genes are members of the 14-3-3 superfamily, therefore it 

is possible that these top 2 hits resulted from the same peptide sequence 

identification.  
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Fig. 4.15: Alignment of 14-3-3 protein beta/alpha-B with Tyrosine 3-
monooxygenase/tryptophan 5-monooxygenase activation protein, beta 
polypeptide like. 83% identity with 93% query cover was found between the two 
protein identifications. 

 

14-3-3 protein α/β-B is a 27kDa protein which is approximately the same 

molecular weight as Nanor. When aligned with Nanor sequence, only 25% 

identity and 11% query cover was found and 45% identity with Nanor b with 

only 7% query cover. However, when 14-3-3 α/β-B was aligned with the 

peptide used for antibody synthesis, results show 66% sequence identity 

with 75% query cover (Fig. 4.16). 

 

 

Fig. 4.16: Alignment of 14-3-3 protein α/β B with peptide sequence used to 
synthesis anti-nanor antiserum. Sequence matches shown in green. 

 

 

When compared to initial results from in-solution digests of the eluate this 

protein was in the top 40 expressed proteins out of just over 1,500 proteins 
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detected (Table 4.1). As well as this protein, many known interaction 

partners were also detected, such as A-kinase anchoring protein, Abl-

interactor, myosin 1C, mitogen activated protein kinase 1, histone 

deacetylase 1, 3 and 4, cell division cycle protein 5-like (CDC5-like) and Ras 

homolog guanine nucleotide exchange factor (GEF) to name a few. 

Therefore, I can conclude that although the Co-IP protocol was optimised for 

this antibody and mass spectrometry analysis was completed with protein 

interaction partners being identified, the antibody was binding to an off-target 

protein and therefore, protein interactions with Nanor were not successfully 

identified. As there was no alternative antibody available and this antibody 

had been custom made, it was not possible to continue with identification of 

protein interactions.  

 

4.2 Discussion 

4.2.1 Protein studies on Nanor 

Melissa Walsh studied protein expression by western blot from shield to 72 

hpf and used densitometric analysis to quantify expression. She reported 

similar expression from shield to 24 hpf which was then upregulated at 72 

hpf (unpublished). Immunohistochemical studies in this thesis agree with 

this; expression at sphere and shield stage could clearly be seen, but this 

was then upregulated from 3-5 dpf with stronger staining found cytosolically 

in all developing structures. This is in contrast to qPCR findings; results show 

highest expression at sphere and shield stage followed by rapid down-

regulation by 24 hpf. Nanor b then goes through a second wave of 

expression up to 120 hpf with no expression of nanor.  

I attempted to identify interacting proteins with Nanor using a custom made 

anti-Nanor antibody. Non-denaturing conditions were used to avoid 

breakdown of these protein complexes followed by elution using a Nanor 

peptide; the same peptide that was used to manufacture the antibody. This 

peptide elution, if successfully optimised, would have ensured high specificity 

in the eluate. However, optimisation of this Co-IP protocol resulted in 

switching to a glycine elution. This disadvantage of this elution meant that 
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there was a higher risk of background (non-specific binders) in the sample. 

However, I controlled for this event by using cleared S14,000 protein sample 

to reduce background binding to beads, as well as sending a control sample 

to account for contaminants and background noise.  

Mass spectrometry results have cast doubt on the validity of protein studies 

completed by Melissa Walsh who reported the antibody to bind to Nanor and 

Nanor b paralogues. Does the antibody recognise Nanor or Nanor b at any 

stage of development? My results have proven that the antibody is not 

detecting either paralogue at 4 dpf. The only way to validate this research 

question would be to send a number of development stages from sphere to 5 

dpf for mass spectrometry analysis to identify the immunoreactive band at 

approximately 27 kD. 

A splice blocking morpholino was injected at one-cell stage by Dr. O’ Boyle. 

He did not find complete knockdown of the protein and reported a 36% 

decrease in expression measured by western blot and explains this 

discrepancy due to knockdown of only nanor with nanor b expression being 

unaffected and therefore, protein expression was still detectable in western 

blots. Following my mass spectrometry findings, it is likely that the reduced 

protein expression reported is not due to knockdown of Nanor with detection 

of Nanor b on western blots, but due to the antibody detecting an off-target 

protein, 14-3-3 α/β-B protein, which was unaffected by morpholino injection.  

The results from mass spectrometry invalidate all previous work involving 

this custom made anti-nanor antibody. Therefore, western blots and 

immunohistochemistry for Nanor staining were invalid. Initial validation of the 

antibody by previous students involved the standard method of detection of a 

single immunoreactive band by western blot. When a single band was seen, 

it was concluded that no off-target binding was occurring. However, following 

BLAST alignment of this epitope against the zebrafish genome, it is clear that 

there is a high risk of off-target effects due to high sequence similarity within 

the genome. Therefore in this case, this method of validating antibody 

specificity was not sufficient. Although the antibody may still detect Nanor 

during sphere and shield stage, when nanor mRNA is most highly 
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expressed, mass spectrometry results have conclusively shown that at the 

chosen stage (4 dpf) the antibody was binding to off target proteins with no 

detection of Nanor protein. 

There have been several publications in the last decade which question the 

specificity of many commercially available antibodies and even variations 

between batches and lot numbers have been found. These publications 

argue that there are insufficient validation practices widely accepted in 

research today (Rhodes and Trimmer, 2006; Pradidarcheep et al., 2008; 

Couchman, 2009; Perkel, 2014; Schonbrunn, 2014; Baker, 2015). Many 

argue that the inability to reproduce results come from false positives or 

negatives from antibodies which are not properly validated, and that all 

antibodies will cross-react to varying extents. Therefore, it is essential to 

approach results with scepticism. One publication used six widely used 

muscarinic receptor antibodies which gave selective staining on sections. 

However, they found none produced bands of the expected size on western 

blots and none showed any changes in western blots or 

immunohistochemistry between wild-type and knock-out mice. This casts 

doubts into the validity of current knowledge on the family of muscarinic 

receptors. This study recommends a necessity for staining or western blot 

showing altered expression patterns of the protein of interest in different 

tissues and the use of knockout lines where possible (Pradidarcheep et al., 

2008).  

In the case of the Nanor antibody, validation was run by western blot with 

results of a single band of the correct size followed by overexpression mRNA 

studies showing an increase in protein following nanor mRNA micro-

injection. I also confirmed this single band detection myself by running a 

western blot and reproducing previous results of a single band of the 

expected size. As this has now been proven to be insufficient in antibody 

validation, this casts further doubt on widely accepted antibody validation 

techniques.  

Problems in using animals to produce anti-sera come from the possibility of 

antibodies against contaminants from the immunogen or antigens that the 
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animal has been previously exposed (Schonbrunn, 2014). My results from 

Co-IP experiments would support arguments made against antibody 

validation practices and would also argue a more robust validation method is 

essential, such as negative controls in western blots or 

immunohistochemistry staining in samples which are deficient for the protein 

of interest. Evidence of identical staining patterns using two antibodies with 

the same target protein binding to different epitopes in the protein of interest 

are necessary, as well as more detailed specification sheets of commercially 

available antibodies which provide all the validation criteria that have been 

met (Rhodes and Trimmer, 2006; Pradidarcheep et al., 2008; Couchman, 

2009; Perkel, 2014; Schonbrunn, 2014; Baker, 2015).  

4.2.2 Function and expression of 14-3-3 proteins 

The 14-3-3 proteins are a family of dimeric multi-functional adaptor proteins 

which are highly conserved and responsible for regulating several systems in 

organisms such as intracellular signalling, cell cycle, apoptosis and 

transcription. They control transport of proteins between the nucleus and 

cytoplasm and to mitochondria (Muslin, 2004). They are abundantly 

expressed in eukaryotic organisms (7 isoforms) and found in all cell types 

(Aitken, 2002). Many intracellular proteins are known to contain 14-3-3 

binding motifs and this family has been found to bind to several protein 

kinases and scaffolding proteins with roles in signal transduction (Fantl et al., 

1994; Liu et al., 1996; Fanger et al., 1998). 14-3-3 proteins in Xenopus are 

required during early development and regulate FGF signalling. 14-3-3 β/α B 

has been shown to be among the most abundant 14-3-3 protein expressed in 

the early embryo and is cytosolically localised (Lau et al., 2006). At shield 

stage the beta isoform is known to be strongly expressed and by 18 hours 

high expression is found in developing neural structures and floor plate 

extending to the tail (Besser et al., 2007). These findings would agree with 

immunohistochemistry staining previously shown. When aligned with Nanor 

sequence 14-3-3 protein α/β-B showed little sequence similarity to Nanor or 

Nanor B paralogues. However, high similarity to the peptide used for 

antibody synthesis was found.  
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Identification of protein-protein interactions was not possible with the custom 

made anti-Nanor antibody, therefore, I then attempted to identify upstream 

genes of Nanor. This would provide clues to the function of Nanor in addition 

to which signalling cascades Nanor plays a role.  
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Results Chapter 5: Identification of Upstream Genes and 

Signalling Events of Nanor  

As interacting proteins and downstream genes could not be identified by 

immunoprecipitation and TALEN knockout, I then attempted to identify 

upstream genes and upstream left/right asymmetry events such as calcium 

influx and FGF signalling on nanor expression. To do this I used both 

pharmacological methods and zebrafish mutant lines and investigated gene 

expression. Pharmacological block of calcium channels using isradipine and 

FGF signalling inhibition using SU5402 identified links between nanor 

expression, calcium signalling and FGF signalling. To determine if nanor was 

downstream of cilia formation and asymmetry development, I used elipsa 

ciliary mutants with defective cilia formation and Kupffer’s vesicle functioning. 

I then used plakoglobin mutants with defective junction formation to 

investigate if nanor was affected in other left/right asymmetry mutant lines. 

5.1 Effect of Pharmacological Blockade of Calcium Channels and FGF 

Signalling on Nanor Expression. 

The expression of nanor in dorsal forerunner cells (Bree et al., 2005) and the 

findings that nanor knockdown led to altered expression patterns of genes in 

the Nodal pathway (O’ Boyle, 2008), suggest that nanor is upstream of Nodal 

signalling. O’Boyle (2008) found that the Nodal homolog, spaw, was 

increased in the lateral plate mesoderm and lefty1 and lefty2 decreased, 

which resulted in increased downstream pitx2a in the left lateral plate 

mesoderm in nanor morphants. He concluded that nanor is a regulator of 

Nodal signalling and necessary for activation of left/right asymmetry genes in 

the lateral plate mesoderm, similar to genes which are highly expressed in 

Kupffer’s vesicle such as polaris, polycystin 2, ncx4a, ttrap and atp1a2a. 

Therefore, it was of interest to find if nanor was downstream of even earlier 

signalling events such as calcium signalling and FGF signalling in the 

establishment and function of Kupffer’s vesicle, the organ of asymmetry. 

Calcium influx into dorsal forerunner cells and Kupffer’s vesicle cells is an 

important event before and during Nodal pathway activation necessary for 

left/right patterning of all vertebrate model organisms (mouse, chick, 
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Xenopus, zebrafish; Section 1.3.4). Inhibition of these calcium fluxes at early 

stages prior to Kupffer’s vesicle formation has been shown to result in loss of 

asymmetry development and incorrect dorsal forerunner cell migration with 

loss of Kupffer’s vesicle formation (Schneider et al., 2008). Inhibition of these 

calcium currents once the vesicle has been formed were shown to have 

similar effects on asymmetry development with incorrect Nodal signalling and 

expression in the lateral plate mesoderm in zebrafish and mice (Francescatto 

et al., 2010).  

At the cellular level FGFs regulate proliferation, migration, differentiation, and 

metabolism. They play key roles in epiblast and endoderm lineages and 

organogenesis at later stages (Ornitz and Itoh, 2015). Numerous studies 

have also shown that FGF signalling is required for successful 

morphogenesis and ciliogenesis of Kupffer’s vesicle from 10-12 hpf (Melby et 

al., 1996; Amack et al., 2007; Neugebauer et al., 2009). During Kupffer’s 

vesicle function it has been shown that inhibition of FGF signalling will result 

in loss of left-sided calcium elevation in the vesicle leading to incorrect Nodal 

signalling (Tanaka et al., 2005). 

My hypothesis for this study was that nanor is upstream of spaw and lefty1 

but downstream of very early events in Kupffer’s vesicle formation such as 

calcium influx and FGF signalling. I tested this hypothesis by inhibition of 

calcium flux and FGF signalling through pharmacological block during dorsal 

forerunner cell migration (6-12 hpf) or during Kupffer’s vesicle functioning 

(12-24 hpf). As well as quantifying nanor expression, three important 

asymmetry genes (southpaw, lefty1 and one-eyed pinhead) were chosen for 

quantification. 

Spaw is the earliest known marker of left/right asymmetry in the zebrafish 

and is expressed in the left lateral plate mesoderm at 10 somites, which 

developmentally is later than the onset of nanor expression. This gene has 

been established as a downstream target of nanor. Morpholino knockdown 

by Dr. O’ Boyle resulted in increased spaw expression in the lateral plate 

mesoderm of morphant embryos (O’Boyle, 2008). 
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The expression of downstream Nodal inhibitor lefty1 was then examined. At 

22 somites, expression is found along the notochord, left heart field and left 

diencephalon (Meno et al., 1998). Previous morpholino work in the lab has 

reported that nanor knockdown resulted in bilateral patterning and 

distribution, as well as a decrease in lefty1 expression. 

One-eyed pinhead (oep) is upstream of Nodal signalling and essential for 

formation of anterior axial mesoderm, endoderm and ventral neuroectoderm. 

Nanor mRNA expression at 24 hpf has been found to be most highly 

expressed in ventral neuroectoderm. Oep was not investigated in nanor 

morphants but is known to be upstream of Nodal signalling and in many 

ciliary mutant models is reported to show no alteration in expression, 

suggesting it is an early expressed gene and upstream of ciliary mutants and 

Nodal signalling. 

Before mRNA expression studies began, toxicity of both drugs were 

investigated through larval morphology screening and behavioural tracking 

(locomotor activity). Each drug was administered at doubling concentrations 

from 6-24 hpf to establish a dose that was non-lethal up to 5 dpf and did not 

prevent formation of major structures such as the head and tail.  

5.1.1 Isradipine and SU5402 dose selection 

Isradipine was administered at 10 μM, 20 μM or 40 μM . At 10 μM the drug 

resulted in mainly cardiac defects in larval stages ranging from mild to severe 

(Fig. 5.1 B). At 20 μM exposure to the drug resulted in moderate to severe 

defects, oedema and pooling around the heart (Fig. 5.1 C). At the highest 

dose the drug resulted in severe cardiac oedema and blood pooling in almost 

all larvae and defects in circulation. Delayed development and moderate 

defects in head and eye formation were also seen (Fig. 5.1 D). No deaths 

were recorded at the lowest dose with 6% deaths at 20 μM and 50% 

mortality in 40 μM by 48 hpf (Fig. 5.1 E). Therefore, the 10 μM dose was 

used for subsequent experiments. 
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Fig. 5.1: Morphology defects observed and scores following isradipine 
exposure. Mild, moderate and severe defects were seen following isradipine 
treatment from 6 – 24 hpf. Isradipine at 10 μM (B) caused mainly heart defects 
ranging from mild to severe effects. At 20 μM (C) moderate and severe phenotypes 
were seen including heart oedema and poor circulation as well as deformed yolk 
sac. At 40 μM (D) the drug caused a severe phenotype in larvae including heart and 
brain oedema with underdeveloped eyes and poor circulation. Defects in images 
marked by an asterisks (*) and represent larvae at 72 hpf. (E) Morphology scoring at 
48 hpf: At the lowest dose, 10 μM 60% of larvae presented with a normal phenotype 
with all other larvae showing mild to severe heart defects. At 20 μM, most larvae 
had mild – severe defects with only 15% presenting with a normal phenotype. At 40 
μM, by 2 dpf 50% of larvae had died while most of the remaining larvae had severe 
deformities, n = 100 embryos per group.  
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SU5402 was administered at 12.5 μM , 25 μM , or 50 μM, and had a severe 

effect on larval morphology (Fig. 5.2). At the lowest dose (12.5 μM ) the 

majority of embryos and larvae survived to 5 dpf but failed to develop normal 

body axis (Fig. 5.2 B) with mild, moderate and severe defects noted. At 25 

μM, the majority of surviving larvae had mild, moderate and severe defects 

including bent body axis and oedema in the heart and brain (Fig. 5.2 C). At 

the highest dose (50 μM ) the few larvae that survived failed to develop a tail, 

head or heart (Fig. 5.2 D). At 12.5 μM, SU5402 resulted in 10% deaths, 25 

μM resulted in 50% deaths by 48 hpf and at 50 μM, 90% of larvae had died 

by 48 hpf with remaining larvae dead by 120 hpf. SU5402 was used at 12.5 

μM for subsequent behavioural and qPCR experiments.  
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Fig. 5.2: Morphology defects observed and scores following SU5402 
exposure. Mild, moderate and severe defects were seen following isradipine 
treatment from 6 – 24 hpf. (B) Embryos treated with 12.5 μM SU5402 were 
moderately deformed with bent tails, blood pooling and oedema around the heart. At 
25 μM (C) the larvae were severely deformed showing bent bodies, yolk sac 
deformities and incorrect heart development (heart string) with poor circulation and 
at the highest dose (50 μM ) surviving larvae failing to develop a head or tail with 
absent anterior organs and posterior structures (D). Defects in images marked by 
an asterisks (*) and represent larvae at 72 hpf. (E) Morphology scores at 48 hpf: 
12.5 μM, SU5402 caused mainly mild defects in body axis formation (40%) with 30 
% of larvae with a normal phenotype. At 25 μM, half of larvae had died with a further 
40% with developmental defects. At 50 μM, 90% of larvae were dead by 48 hpf. The 
remaining larvae had severe defects and all were dead by 5 dpf, n = 100 embryos 
per group. 
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Behavioural effects of these drugs were recorded at 120 hpf using locomotor 

activity testing following morphology scoring and dose selection; the lowest 

dose of each drug was chosen for locomotor activity testing (10 μM 

isradipine and 12.5 μM SU5402 - Fig. 5.3). When larvae at this stage go from 

light to dark it triggers a startle response and any effects on locomotor 

activity are clearly visible. The test was run with 10 minute alternating light-

dark cycles over a 50 minute period (Fig. 5.3 A). Two timepoints were 

chosen to investigate the critical developmental stages for calcium channels 

and FGF signalling. Initial treatment timepoints studied embryo stages; 

during the initial 48 hours of development (from 6-24 hpf and 24-48 hpf for 

both drug treatments). This showed the critical timepoint for calcium 

channels and FGF signalling to be during the initial 24 hours of development. 

Locomotor activity of 6 - 24 hpf isradipine-treated larvae was greatly reduced 

when compared to healthy controls (Fig. 5.3; One way ANOVA F (4, 10) = 

14.21, P = 0.0004; Tukey’s post hoc test, P < 0.01 isradipine 6-24 hpf vs. 5 

dpf control). There was also a partial reduction in locomotor activity when 

isradipine was administered from 24 – 48 hpf although this was not 

significantly different to controls. Following FGF inhibition using SU5402, 

very little movement was recorded after 6 - 24 hpf treatment (Fig. 5.3; One 

way ANOVA F (4, 10) = 14.21, P = 0.0004; Tukey’s post hoc test, P < 0.01 vs. 

control). SU5402 had no effect in 24 – 48 hpf treated larvae on locomotor 

activity at 5 dpf when compared to controls.  

The results for both drugs show a more severe effect during the first 24 

hours of development (Fig. 5.3 B). After the first 24 hours of development, 

effects of blocking calcium channels is less severe although still causes a 

partial reduction in locomotion at 5 dpf. FGF inhibition after 24 hpf appears to 

be completely reversible by 5 dpf and had no effect on locomotor activity 

three days after drug withdrawal. The results of locomotor testing clearly 

showed calcium channel and FGF signalling inhibition had detrimental effect 

during the first 24 hours of development, with significant decreases in 

locomotor activity when tested at 5 dpf. Following these results, qPCR 

studies were broken down into two shorter timepoints before 24 hpf; 
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preceding Kupffer’s vesicle formation (6-12 hpf) and subsequent to Kupffer’s 

vesicle formation (12-24 hpf). 
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Fig. 5.3: Locomotor activity at 5 dpf following isradipine and SU5402 
treatment. Locomotor testing consisted of a 50 minute tracking with 10 minute 
alternating light to dark cycles (A). Total distance moved over the course of the test 
is also shown (B). Isradipine treatment during the first 24 hours of development 
caused severe locomotor deficits at 5 dpf. SU5402 during the same treatment 
timepoint was also significantly lower than controls. Data are represented as (A) 
mean ± SEM and (B) mean ± SEM, n = 3. **P < 0.01 vs. control larvae. ## P<0.01 
vs. SU5402 6-24 hpf. 
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5.1.2 Nanor, spaw, lefty1 and oep mRNA expression following calcium 

channel inhibition 

Expression of nanor was examined after disruption of calcium channels 

using pharmacological block by isradipine, during dorsal forerunner cell 

migration or during Kupffer’s vesicle functioning. Isradipine treatment from 6-

12 hpf caused a significant increase in nanor expression at 24 hpf (Fig. 5.4 

A; One-way ANOVA F(2, 6) = 7.941, P = 0.0206, Dunnett’s post-hoc test P < 

0.05 isradipine 6-12 hpf vs. control), whereas there was no significant 

change in expression of spaw, lefty1 or oep. When treated at 12-24 hpf there 

was a small increase in mean nanor expression but this increase was not 

statistically significant. Again, no changes were seen in spaw, lefty1 or oep at 

this later time-point (Fig. 5.4).  

This shows a clear relationship between calcium influx and regulation of 

nanor expression and suggests a very early function of nanor during 

embryogenesis. Spaw showed little effect following drug administration at 

both time-points (Fig. 5.4 B; One-way ANOVA F(2, 6) = 3.083, P = 0.120). 

Similarly, no changes in lefty1 (Fig. 5.4 C; One-way ANOVA F(2, 6) = 0.9551, 

P = 0.4364) or oep (Fig. 5.4 D; One-way ANOVA F(2, 6) = 1.183, P = 0.3689) 

were noted.  
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Fig. 5.4: Effect of calcium channel block on nanor, spaw, lefty1 and oep 
expression before and after Kupffer’s vesicle formation, Nanor showed an 
increase in expression at 24 hpf in response to calcium channel block from 6 – 12 
hpf (P < 0.05 vs. 24 hpf control) also seen at the later timepoint (12-24 hpf) but was 
not significantly increased. Spaw, lefty1, oep showed no changes in relative 
expression when compared to controls at 24 hpf although they failed to reach 
statistical significance. Controls were untreated sibling embryos at 24 hpf, n = 3 with 

at least 50 embryos in each biological replicate. Data are represented as mean ± 
SEM. 

 

5.1.3 Nanor, spaw, lefty1 and oep mRNA expression following FGF 

signalling inhibition 

Following SU5402 administration, to inhibit FGF signalling, nanor expression 

was significantly upregulated when compared to controls at both treatment 

timepoints, indicating FGF signalling has an inhibitory effect on nanor both 

during Kupffer’s vesicle formation and during vesicle function (Fig. 5.5 A; 

One-way ANOVA; F(2, 12) = 10.38, P = 0.0024, Dunnett’s post hoc test P < 

0.01 SU5402 6-12 hpf, 12-24 hpf vs. control). Mean values of spaw gene 

expression in all three replicates were lower than controls, however, this 

decrease was not found to be statistically significant prior to and following 
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vesicle formation due to variation in fold changes between biological 

replicates (Fig. 5.5 B; F(2, 6) = 2.470, P = 0.1649). Similarly, no significant 

changes were found in oep in response to FGF inhibition, although a slight 

decrease was seen (Fig. 5.5 D; F(2, 6) = 2.376, P = 0.1738) with lefty1 

showing no changes at either timepoint (Fig. 5.5 C; F(2, 6) = 0.5172, P = 

0.6206).  
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Fig. 5.5: Effect of FGF signalling inhibition on nanor, spaw, lefty1 and oep 
expression before and after Kupffer’s vesicle formation. (A) nanor expression 
was increased at 24 hpf following FGF inhibition before and after Kupffer’s vesicle 
formation (P < 0.01 vs. 24 hpf control) (B) Spaw expression was slightly decreased 
but did not reach statistical significance (C) Lefty1 and (D) oep also failed to reach 
statistical significance at both treatment timepoints, n ≥ 3. mRNA was quantified at 
24 hpf. Controls were untreated sibling embryos at 24 hpf. Data are represented as 
mean ± SEM. 

 

Having measured changes in nanor and Nodal gene expression following 

pharmacological block of calcium channels and FGF signalling, I then went 

on to investigate gene expression in elipsa and plakoglobin mutant embryos 

and larvae.  
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5.2 Effects of the Elipsa mutation on nanor and left-right asymmetry gene 

expression  

I examined nanor mRNA expression in the elipsa mutant line which has well 

established functions in left/right asymmetry development as described in 

Section 1.3.5, as well as the expression of other important asymmetry genes; 

spaw, lefty1 and oep. To examine if nanor is downstream of cilia formation 

and function, expression was examined in elipsa mutants.  

In this study and all elipsa experiments, wild-type control embryos were used 

during sphere and shield stage. At 48 hpf and 72 hpf controls were a mixed 

population of +/+ (wild-type) and +/- sibling embryos. Mutant embryos at 

sphere and shield stage were a mixed population of +/+, +/- and -/- as it is 

impossible to differentiate between these genotypes at early stages. At 48 

hpf and 72 hpf mutants were all homozygous mutants (-/-) which can be 

clearly identified by their phenotype of curled tails.  

5.2.1 Nanor mRNA expression in elipsa mutants 

When nanor mRNA was quantified by qPCR, increased expression was 

found at sphere stage in elipsa mutants compared to wild-type controls; this 

is also the stage at which wild-type nanor expression is highest (Fig. 5.6 A; 

One way ANOVA; F(7, 16) = 4.541, P = 0.0058; Dunnett’s post hoc test P < 

0.05 elipsa sphere vs. wild-type sphere). Nanor b expression was also 

quantified in these mutants and a significant increase in expression was 

found in elipsa mutants at sphere stage with no significant changes at later 

stages (Fig. 5.6 B; One way ANOVA; F(7, 16) = 7.533, P = 0.0038; Dunnett’s 

post hoc test P < 0.01 elipsa sphere vs. wild-type sphere).  
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Fig. 5.6: Nanor expression in elipsa mutants. Nanor expression (A) was 
significantly increased in elipsa mutants at sphere stage (P < 0.05 vs. sphere wild-
type) with no difference at later developmental stages. Nanor b expression (B) was 
also significantly increased at sphere stage when compared to wild-type controls (P 
< 0.01 vs. sphere wild-type). Data are represented as mean ± SEM, n = 3 with 25-
50 embryos and larvae per biological replicate. Control embryos were wild-type 
embryos and +/+ or +/- larvae at the same stage. 

 

5.2.2 Spaw, lefty1 and oep mRNA expression in elipsa mutants 

Spaw, Lefty 1 and oep were quantified at sphere stage and 72 hpf to 

examine if these three left/right asymmetry genes were affected in elipsa 

ciliary mutants. Little effect was found on spaw with no significant differences 

when compared to controls, although a slight decrease was noted at sphere 

stage (Fig. 5.7 A; One way ANOVA; F(2, 6) = 2.138, P = 0.1990). Lefty 1 which 
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is downstream of spaw, was quantified and found to be significantly down 

regulated at 72 hpf with no change at sphere stage when compared to wild-

type controls (Fig. 5.7 B; One way ANOVA F(2, 6) = 5.15, P = 0.0499; 

Dunnett’s post hoc test P < 0.05 elipsa 72 hpf vs. wild-type 72 hpf). Oep 

showed no changes at either stage when compared to controls (Fig. 5.7 C; 

One way ANOVA; F(2, 6) = 1.681, P = 0.2633). 
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Fig. 5.7: Spaw, lefty1 and oep mRNA expression in elipsa mutants. When 
compared to control larvae (A) spaw expression was slightly decreased (B) with 
significant down-regulation of lefty1 at 72 hpf ( P < 0.05 vs. 72 hpf control) (C) and 
no change in expression of oep when compared to controls, n=3 with 25-50 
embryos and larvae per biological replicate. Control embryos were wild-type 
embryos and +/+ or +/- larvae at the same stage. Data are represented as mean ± 
SEM. 
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5.2.3 Nanor mRNA localisation in elipsa mutants 

Following mRNA quantification I examined the pattern of nanor expression in 

elipsa mutants by in situ hybridisation. Wild-type and heterozygous siblings 

were used as controls at larval stages as heterozygous siblings cannot be 

deciphered phenotypically from their wild-type sibling. Sense controls for 

each developmental stage are shown in Fig. 5.8 and results for nanor 

expression in elipsa mutants are summarised in Table 5.1.  

 

Fig. 5.8: Sense controls of all elipsa ISH nanor images. Sphere, shield, 48 hpf 
and 72 hpf show no staining with sense control nanor probes. 

 

At sphere stage, when compared to controls, approximately a quarter of 

embryos show extremely high expression of nanor. This is in agreement with 

increased mRNA expression measured earlier by qPCR. Some individual 

cells could be seen with extra dark staining; this pattern was sporadic in the 

embryo at this stage (Fig. 5.9 C, D). Other elipsa embryos showed an 

unusual distribution of nanor mRNA (Fig. 5.9 E, F); in the control group 

mRNA is ubiquitously expressed, however, in elipsa embryos expression 
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appeared to be higher at the distal point of the cell population in what will 

become the germ ring of the embryo at 6 hpf (Fig. 5.9 F *).  

 

 

Fig. 5.9: ISH images showing altered nanor expression in elipsa mutants at 
sphere stage. When compared to controls (A, lateral, B, dorsal) nanor expression 
was increased in 26% of elipsa mutants(C lateral, D dorsal) with some cells showing 
very high expression in a sporadic pattern. The rest of the elipsa embryos show 
normal levels of expression but with irregular patterning strongest at the germ ring 
(E, lateral, F, dorsal indicated by asterisks) 

 

Little disruption to nanor patterning is seen at shield stage but there 

appeared to be alterations in expression levels at this stage. In wild-type 

embryos, nanor expression is ubiquitously expressed at shield stage. Some 

elipsa mutants at this stage showed very high expression when compared to 

controls (Fig. 5.10 C, D) and other mutants showed normal levels of 

expression but with slight disruption in distribution (Fig. 5.10 E, F). 

 

* 

* 
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Fig. 5.10: ISH images showing altered nanor expression in elipsa mutants at 
shield stage. When compared to controls (A lateral, B dorsal) nanor expression 
was increased in 39% of elipsa mutants (C lateral, D dorsal). The rest of the elipsa 
embryos show normal levels of expression but with slight changes in patterning (E 
lateral, F dorsal), unlike wild-type controls nanor expression was not evenly 
expressed in the embryo. 

 

 

By 24 hpf, nanor is restricted to anterior structures with very little detection by 

72 hpf in controls. Again, mutants at 48 hpf show very strong staining with 

higher expression in the vasculature of the heart when compared to controls 

(Fig. 5.11 C-F).  

* 
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Fig. 5.11: ISH images showing altered nanor expression in elipsa mutants at 
48 hpf. When compared to controls (A, lateral, B, ventral) the majority of elipsa 
larvae (77%) had slightly increased nanor expression compared to controls in the 
anterior region including the brain, eyes, and heart with the same mRNA distribution 
as controls (C lateral, D ventral). nanor expression was increased in 14% of elipsa 
mutants with very dark staining of the head, eyes, heart and yolk sac (E lateral, F 
ventral). 

By 72 hpf expression is negligible in wild-type larvae, mutants presented with 

higher expression in anterior structures with staining seen at the developing 

heart and surrounding vasculature. Although expression at these stages 

does not appear to be disorganised in mutants, a clear increase in 

expression was noted (Fig. 5.12 C-F).  

 

Fig. 5.12: ISH images showing altered nanor expression in elipsa mutants at 
72 hpf. When compared to controls (A, lateral, B, ventral), nanor expression was 
increased in 26% of elipsa mutants with dark staining of the head, eyes, heart and 
yolk sac (C lateral, D rostral). All elipsa larvae had increased nanor expression 
compared to controls in the anterior region with the same mRNA distribution as 
controls. (E ventral, F dorsal). 
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Table 5.1: Percentage (and numbers) of wild-type and elipsa mutant embryos 
and larvae with light, medium or dark staining at sphere, shield, 48 hpf and 72 
hpf. 

Group Light stain Medium stain Dark stain 
WT sphere 0 100% (50/50) 

 
0 

Elipsa sphere 
+/+ +/- -/- 

0 74% (23/31) 26% (8/31) 

WT shield 0 100% (38/38) 0 

Elipsa shield 
+/+ +/- -/- 

0 61% (27/44) 39% (16/44) 

WT 48 hpf 
+/+ +/- 

5% (2/42) 81% (34/42) 14% (6/42) 

Elipsa 48 hpf 
-/- 

7% (3/39) 77% (30/39) 16% (6/39) 

WT 72 hpf 
+/+ +/- 

100% (49/49) 0 0 

Elipsa 72 hpf 
-/- 

0 73% (40/55) 27% (15/55) 

 

In situ hybridisation and qPCR studies have shown altered nanor and nanor 

b expression in mutants, indicating that elipsa is upstream of nanor. 

 

5.3 Effects of the plakoglobin SA12692 mutation on nanor mRNA expression 

Plakoglobin is a gene that is important for the formation of desmosomes, 

adherens junctions and gap junctions in cardiac muscle. Mutations in 

plakoglobin have been linked to sudden adult death syndrome in adults 

(Kaplan et al., 2004). A review by Mercola (2003) linked gap junction 

communication, along with monocilia and calcium channels as essential 

signalling components that are necessary for asymmetry development in an 

embryo. In agreement with this publication RNA sequencing analysis by 

Tracy Lynskey in our research group has found that 11 genes involved in 

cilium assembly are upregulated in the SA12692 plakoglobin mutant (Tracy 

Lynskey, personal communication, June 2017). As plakoglobin has been 

linked to cilium assembly and asymmetry development (Martin et al., 2009; 

Verstraeten et al., 2016) and nanor mRNA expression is seen in cardiac 

muscle, as well as observing cardiovascular defects following TALEN and 

morpholino injection, I quantified nanor expression in the SA12692 

plakoglobin mutant line. As this mutation is not embryonic lethal, 
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homozygous mutants were available for these experiments and wild-type 

siblings at the same stage of development were used as controls.  

When compared to wild-type controls, this homozygous mutant line showed 

increased nanor expression at sphere stage and 24 hpf which was only 

statistically significant at 24 hpf (Fig. 5.13 A; One way ANOVA F (3, 8) = 9.762, 

P = 0.0047; Tukey’s post hoc test P < 0.05 plakoglobin 24 hpf vs. wild-type 

24 hpf). Nanor b expression was quantified at later developmental timepoints 

as high mRNA expression was found up to 120 hpf in wild-type larvae. 

Significant increased expression was found in mutants with upregulation of 

nanor b (Fig. 5.13 B; One way ANOVA F (5, 12) = 23.97, P < 0.0001; Tukey’s 

post hoc test P < 0.001 plakoglobin 72 hpf vs. wild-type 72 hpf). Nanor b 

expression was significantly increased at 72 hpf with non-statistically 

significant increases also seen at sphere stage, 24 hpf and 48 hpf. 

 

 

 

 

 

 

 



Chapter 5: Results 

171 
 

co
ntr

ol

sp
her

e

sh
ie

ld

24
 h

pf

0.1

1

10

100

A Nanor

*

R
e
la

ti
v
e
 m

R
N

A
 e

x
p

re
s
s
io

n

(M
e
a
n


 S
E

M
)

 

co
ntr

ol

sp
her

e

sh
ie

ld

24
 h

pf

48
 h

pf

72
 h

pf

0.1

1

10

100 ***
B Nanor B

R
e
la

ti
v
e
 m

R
N

A
 e

x
p

re
s
s
io

n

(M
e
a
n


 S
E

M
)

 

Fig. 5.13: Nanor and nanor b mRNA expression in plakoglobin mutant 
embryos and larvae. (A) Nanor mRNA expression at sphere, shield and 24 hpf. 
Increased mRNA was found at sphere stage and 24 hpf (P < 0.05 vs. wild-type 
control). However, sphere stage failed to reach statistical significance. (B) Nanor b 
mRNA expression at sphere, shield, 24, 48 and 72 hpf. Significantly increased 
mRNA was found at 72 hpf (P<0.001 vs. wild-type 72 hpf) with increased 
expression also at sphere stage, 24 hpf and 48 hpf, n = 3 with 50 – 80 embryos or 
larvae per biological replicate. Data are represented as mean ± SEM. 

 

5.4 Discussion  

Results from this study identified upstream genes and signalling events from 

nanor. In pharmacological studies calcium channel block at early stages from 

6-24 hpf resulted in an increase in nanor expression showing nanor is 

downstream of calcium signalling and is influenced by calcium influx at very 

early developmental stages. FGF signalling inhibition at 6-12 hpf and 12-24 

hpf also resulted in an increase in nanor expression at 24 hpf showing nanor 
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is downstream of FGF signalling. Nanor and nanor b were also increased in 

ciliary elipsa mutants and plakoglobin mutants which show both nanor 

paralogues to be downstream of TRAF3IP1 and plakoglobin genes.  

Significant advances in understanding the function of nanor were provided by 

Dr. O’ Boyle who successfully knocked down Nanor protein by morpholinos. 

His studies on morphants provided the first link to asymmetry development. 

Embryos showed altered Nodal signalling and disruption in the lateral plate 

mesoderm with increases in spaw and pitx2a and decreased lefty1 and lefty2 

expression. Morphant phenotype at larval stages showed asymmetry defects 

with incorrect heart development, as well as defects in neural structure 

development. 

5.4.1 Pharmacological block of calcium channels and FGF signalling through 

isradipine and SU5402 drug treatment 

Dorsal forerunner cells are known to give rise to Kupffer’s vesicle, the organ 

of asymmetry (Melby et al., 1996). These cells are dependent on FGF 

signalling calcium channels for correct vesicle formation and function. Loss 

of either signalling event will result in disrupted Nodal signalling and left/right 

asymmetry defects at larval stages (Kreiling et al., 2008; Schneider et al., 

2008). 

Calcium channel inhibition using isradipine 

Blocking calcium channels using isradipine between 6 and 12 hpf during 

dorsal forerunner cell migration resulted in increased nanor expression and 

no change in expression of spaw, lefty1 and oep. No significant changes 

were found at the later treatment timepoint of 12 - 24 hpf when compared to 

controls. These results show nanor to be sensitive to calcium influx during 

dorsal forerunner cell migration, where nanor is known to be expressed, and 

show Nodal gene expression levels to have no change in response to 

calcium inhibition during the initial 24 hours of development. 

Two independent studies have found disruption of asymmetry development 

following pharmacological block of calcium fluxes using thapsigargin; in both 

studies Kupffer’s vesicle formation was disrupted resulting in bilateral 

expression of asymmetrical genes (spaw, lefty1, lefty2, pitx2) which resulted 
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in randomised organ laterality (Kreiling et al., 2008; Schneider et al., 2008). 

My results from qPCR studies found nanor was the only gene which had an 

increase in expression before and after Kupffer’s vesicle formation with a 

significant increase at the earlier timepoint during calcium channel inhibition. 

Increased nanor expression suggests that calcium influx has an inhibitory 

effect on nanor expression. The larger response at the earlier timepoint show 

that calcium channels have a greater effect on nanor expression during the 

first 12 hours of development and gives us clues as to where in the 

asymmetry development pathway nanor acts. It has been discovered that 

dorsal forerunner cells in Xenopus and zebrafish go through a calcium 

sensitive stage and inhibition will result in failure of Kupffer’s vesicle 

formation (Schneider et al., 2008). This may also account for the larger 

responses in expression seen at the earlier treatment timepoint prior to 

vesicle formation. Even after drug withdrawal it is possible that the vesicle 

was unable to correctly function due to failure of dorsal forerunner cells to 

correctly migrate. Mutations that have been found in kidney disease which 

result in inhibition of calcium flux have also been shown to result in left/right 

asymmetry defects. These findings were also reported in rodent models 

(Polycystin 2 knockouts) (Nauli et al., 2003). 

FGF signalling inhibition using SU5402 

Inhibition of FGF receptors using SU5402 resulted in increased expression of 

nanor whether administered during dorsal forerunner cell migration or 

following Kupffer’s vesicle formation, a larger effect was seen during earlier 

administration (from 6-12 hpf) similar to the effects of calcium channel 

inhibition. This shows that nanor is downstream of FGF signalling and is 

influenced by FGF signalling during Kupffer’s vesicle formation and 

functioning. Spaw and oep showed a slight decrease but were not 

significantly down-regulated and lefty1 expression showed no change in 

either group. To my knowledge, this study was the first study to quantify 

relative changes in Nodal gene expression following disruption to left/right 

asymmetry development. 

A study by Tanaka et al. (2005) has shown FGF to be crucial for secretion of 

Nodal vesicular parcels which carry sonic hedgehog and retinoic acid, as 
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well as having an important role in asymmetric calcium signalling on the left 

side of the node in mice. Therefore, it is not surprising that similar results 

were seen in response to both drug treatments. In zebrafish, FGF has been 

linked to correct cilia formation in Kupffer’s vesicle. FGF receptors 1, 2 and 3 

were also shown to be localised on cilia with knockdown of these receptors 

resulting in the bilateral expression of spaw. Tanaka et al. (2005) used 

SU5402 to show FGF proteins are not capable of generating a left/right axis 

alone, and instead trigger the calcium influx and release of Nodal vesicular 

parcels containing retinoic acid and sonic hedgehog in the node. In mice, 

homozygous FGF8 knockouts failed to develop beyond gastrula stage. 

Heterozygous mutants in that study were found to have abnormal left/right 

patterning similar to defects noted when I blocked FGF signalling in embryos 

and lack Nodal expression in the left lateral plate mesoderm (Meyers and 

Martin, 1999). Studies have shown the importance of FGF in calcium 

signalling as well as the importance of both of these events on cilia formation 

and functioning. My results agree with these findings; gene changes followed 

similar response patterns in both drug studies which would agree with 

studies that have found FGF signalling to be essential for activation of 

calcium influx to a cell.  

At later stages, FGF functions at the lateral plate mesoderm in left/right 

organisation from 11 - 24 hpf. A previous publication used SU5402 in rabbits 

and reported bilateral and decreased Nodal expression in the lateral plate 

mesoderm with similar findings in chick (Fischer et al., 2002). In that study 

analysis was done using in situ hybridisation. This method is a useful tool to 

visualise mRNA distribution but a less accurate method of quantifying gene 

expression. My qPCR studies show a slight decrease in spaw and oep with 

no effect on lefty1. qPCR is a more robust and precise method of measuring 

changes in gene expression which may explain discrepancy between my 

qPCR results and Fischer et al., (2002). The use of different animal models 

may also account for the variation in expression between both studies. 
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5.4.2 Nanor and Nodal gene expression in elipsa mutants. 

Nanor mRNA expression in elipsa mutants 

Increased expression of nanor at sphere stage in elipsa mutants show nanor 

to be downstream of the TRAF3IP1 gene and agree with previously 

discussed pharmacological experiments which inhibit correct asymmetry 

development through calcium channel block and FGF signalling inhibition, 

which all show an increase in nanor expression. This is in agreement with 

the elipsa in situ hybridisation staining; a quarter of sphere stage embryos 

show increased nanor mRNA expression, which accounts for roughly a 

quarter of embryos which are homozygous mutants. Disrupted expression of 

nanor in mutants at sphere stage was found which indicated that the 

TRAF3IP1 gene may be necessary for correct localisation of nanor during 

early embryo stages.  

No significant upregulation was found at shield stage during qPCR studies, 

although in situ showed increased expression through staining intensity in 

roughly a third of embryos which indicate that expression may be increased 

at this stage also. As embryos were a mixed population with two 

heterozygous mutant parents, it may account for less significant changes at 

shield stage; mixed population of elipsa mutants would give a smaller effect 

in qPCR studies and varying numbers in in situ hybridisation. This 

dampening effect on gene expression changes during qPCR studies may 

account for only significant changes found at sphere stage and not later in 

development.  

Larval stages in elipsa mutants showed no significant changes in qPCR 

studies. However, a clear increase in gene expression can be seen in in situ 

hybridisation experiments in 72 hpf larvae with all larvae showing more 

intense staining than their respective controls in all anterior structures 

including the brain, eyes and heart. Discrepancy between these findings may 

be attributed to a mixed population of heterozygous and wild-type control 

siblings which may have had an effect of decreased significant changes 

between homozygous mutants, although qPCR is a more robust measure of 
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changes in gene expression as opposed to variations noted through staining 

intensity. 

Pharmacology and elipsa mutant experiments studied nanor and Nodal gene 

expression using embryos and larvae with disrupted left/right asymmetry and 

similar findings were reported across both experiments. Results show that 

nanor is influenced by cilia formation and Kupffer’s vesicle function and gives 

further confidence that nanor has a role in left/right asymmetry. I was able to 

establish nanor as a downstream gene to elipsa and downstream of calcium 

currents and FGF signalling prior to Kupffer’s vesicle formation and during 

Kupffer’s vesicle functioning. As these experiments used embryos with 

defects in left/right asymmetry development, it is possible that nanor may 

play an inhibitory role in Kupffer’s vesicle formation and Nodal signalling, and 

appeared to have the opposite response to Nodal genes during these 

experiments.  

Spaw mRNA expression in elipsa mutants 

Spaw is one of the earliest known markers of left/right asymmetry and 

requires Kupffer’s vesicle for correct patterning and distribution. The gene 

controls both visceral organ and diencephalic formation (Long et al., 2003). 

No significant changes in spaw expression were found during qPCR studies, 

although at early stages a slight decrease is seen in elipsa mutants and 

pharmacology experiments. Although no significant changes in levels of 

expression were found, it is likely that spaw pattern of expression would be 

disrupted as shown in other ciliary mutants. Altered spaw expression was 

reported in joi mutants in zebrafish which are a left/right asymmetry mutant 

line and result in randomised expression on both sides of the lateral plate 

mesoderm as opposed to just the left side as found in wild-type embryos 

(Kobayashi et al., 2010). Similarly in flanders mutants and ccdc151 

morphants, which both disrupt cilia formation, spaw was found with 

randomised distribution on both sides of the lateral plate mesoderm (Hjeij et 

al., 2014). Smith et al. (2011) noted bilateral expression of spaw in 

lin/bmpr1aa mutants coupled with reduced lefty1 expression in the midline. 

Although there are numerous publications on ciliary mutants and morphants 

that report disruption of spaw distribution and decreased expression through 
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in situ hybridisation screens, to my knowledge this is the first study to 

quantify expression in elipsa mutants. Although a slight decrease was also 

found by qPCR in mutants, this was not statistically significant. Similarly, 

pharmacological block of calcium channels and FGF signalling did not report 

a significant change in expression. 

Lefty1 mRNA expression in elipsa mutants 

Lefty1 as previously discussed is downstream of spaw and in elipsa mutants 

was found to be significantly down-regulated at 72 hpf. In mice, Lefty1 is 

initially expressed at the 3-4 somite stage on the left side of the lateral plate 

mesoderm, however, in ccdc40 mutants delayed expression of Lefty1 was 

found with no expression at 3-4 somite stage when the gene should first be 

detected, and bi-lateral expression at later stages with reduced expression of 

lefty1 noted in in situ hybridisation experiments. This study concluded that 

their ciliary mutant showed a delayed and reduced initiation of the gene 

(Sugrue and Zohn, 2017). In mice, the IFT46 mutant, which is very similar to 

the elipsa mutant used in my study, reported lefty1 to be bilaterally 

expressed but did not quantify mRNA expression (Lee et al., 2015). My 

qPCR studies on Nodal gene expression quantified lefty1 expression in a 

ciliary mutant for the first time and found significantly decreased expression 

consistent with many observations made in in situ hybridisation studies from 

previous publications. 

Oep mRNA expression in elipsa mutants 

Kupffer’s vesicle formation is dependent on Nodal signalling components 

exemplified by oep; an epidermal growth factor-CFC co-receptor. Oep is 

necessary for dorsal forerunner cells to organise and form Kupffer’s vesicle 

(Essner et al., 2005). Mutants of oep have resulted in a failure of Nodal 

signalling in the embryo; they do not asymmetrically express lefty1 in the 

diencephalon, heart and gut, as well as overall organisation of the anterior-

posterior axis (Gritsman et al., 1999). The mutant is reported to display an 

identical phenotype to squint and cyclops mutants which are Nodal related 

genes (Rebagliati et al., 1998; Sampath et al., 1998). Oep mutants were 

shown to have defective Kupffer’s vesicle morphogenesis and affect 

downstream left/right gene expression. No change in expression was 
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expected in these studies as they are upstream of Kupffer’s vesicle formation 

and Nodal signalling. If nanor was also upstream of these events, it was 

expected that responses would be similar between nanor and oep 

expression in larvae. Oep is highly expressed at early stage pre-mid blastula 

transition due to maternal transcripts. In elipsa mutants, I report no change in 

expression of oep consistent with pharmacology experiment results. I 

conclude that the gene is upstream of elipsa and not affected in ciliary 

mutants or following pharmacological inhibition of asymmetry development, 

although an alteration in expression pattern cannot be ruled out in mutants. 

5.4.3 Plakoglobin SA12692 mutant line  

Plakoglobin is a cytoplasmic component of desmosomes that also has roles 

in adherens junctions and gap junction formation located within intercalated 

discs of cardiac muscle and skin that tightly join adjacent cells. Mutations of 

this gene are linked to arrhythmogenic right ventricular cardiomyopathy. The 

gene also has a signalling role and has been linked to Wnt signalling 

(Karnovsky and Klymkowsky, 1995). Knockdown of plakoglobin was found to 

cause morphological heart defects such as heart size, oedema and reflux of 

blood between heart chambers as well as a twisted tail in zebrafish larvae 

(Martin et al., 2009). I found mild, moderate and severe cardiac defects 

following morphology scoring of TALEN injected larvae (Chapter 3) 

consistent with previous studies in the lab by Dr. O’Boyle who found nanor 

morphant larvae to have incorrect formation of the outflow tract of the heart, 

as well as incorrect looping of the heart during development. A significant 

increase in nanor at sphere stage was observed in plakoglobin mutants with 

significant upregulation of nanor b at sphere stage and 72 hpf. This shows 

that nanor is downstream of plakoglobin. It has been proposed that minor 

situs defects as a result of incorrect cilia formation or function present only as 

cardiac conditions and that the heart is the most sensitive organ at situs 

defects (Norris, 2012). Plakoglobin has also been linked to gap junction 

formation which has been shown to be an essential factor in left/right 

asymmetry development and may contribute to signalling from the node to 

the lateral plate mesoderm (Levin and Mercola, 1998; Mercola, 2003).  
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This result implicated nanor in heart formation and may act with or 

downstream of plakoglobin. In situ hybridisation studies in elipsa mutants 

which show an increase in nanor expression have also shown strong staining 

in the vasculature of the heart. This is in agreement with both morpholino 

and TALEN morphology scoring which noted defects in heart and circulation 

at 2 dpf. Dr. O’ Boyle previously noted incorrect looping of the heart and 

outflow tract in Nanor morphants (O’Boyle, 2008). 

5.4.4 Conclusion 

Nanor was found to be downstream of both elipsa; a protein required for 

ciliogenesis and crucial for formation of Kupffer’s vesicle and plakoglobin; a 

protein involved in heart formation with signalling roles in the Wnt pathway 

and left/right asymmetry development. Spaw and lefty1 show slight 

decreases in elipsa mutants, with a significant decrease in lefty1 expression 

after Kupffer’s vesicle formation consistent with spaw being an earlier 

activated gene than downstream lefty1. No change in oep was found at 

either treatment timepoint. I conclude that spaw and lefty1 are downstream 

of elipsa and oep is upstream of the TRAF3IP1 gene.  

Pharmacology experiments and mutant experiments agree for the most part; 

nanor expression was increased in drug exposed embryos following 

blockade of calcium channels and FGF signalling. Little effect is seen in 

Nodal gene expression although altered expression patterns cannot be ruled 

out. Spaw was slightly decreased in elipsa and SU5402-exposed embryos 

and larvae, however, failed to reach significant down-regulation. This shows 

a similar response in both pharmacological and mutant models. Lefty1 was 

down-regulated in mutants with no significant effect following 

pharmacological disruption of calcium channels or FGF inhibition before and 

after Kupffer’s vesicle formation. Oep showed no changes following calcium 

channel block and FGF inhibition and was not altered in elipsa mutants. This 

suggests that oep is upstream and not affected by these early calcium fluxes 

or FGF signalling and is upstream of elipsa and not affected in ciliary mutant 

lines, this is consistent with early gene expression prior to the mid-blastula 

transition. Ciliary mutant and pharmacological disrupted asymmetry 

development are well known to disrupt Nodal signalling at embryonic and 
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larval stages. However, no studies have investigated changes in levels of 

gene expression. My findings show that although gene distribution has been 

shown to be altered in embryos and larvae, very small changes in relative 

expression of Nodal genes are seen. 

These results have given further indications that nanor is involved in left/right 

asymmetry development and have shown nanor to be early activated and 

downstream of calcium fluxes and FGF signalling, as well as the TRAF3IP1 

gene and plakoglobin gene. Nanor did not follow the expected response in 

these studies. Disruption to left/right asymmetry development was expected 

to result in decreased Nodal gene expression and a similar response in 

nanor expression. However, this was not the case and nanor showed 

significant increases during testing with Nodal signalling remaining 

unchanged and in some cases showing decreased expression. This may 

indicate an inhibitory role of nanor in Nodal signalling as we now know that 

FGF signalling and calcium influx has a dampening effect on nanor 

expression. I can also conclude that nanor is a very early acting gene in 

left/right asymmetry development due to a significant response to calcium 

inhibition from 6 – 12 hpf as opposed to 12 – 24 hpf.  

 



Chapter 6: Results 

181 
 

Results Chapter 6: Development of a Neuroprotective and 

Neurorestorative Drug Screening Model of Parkinson’s Disease 

 

Calcium channels were previously linked to early asymmetry development 

and found to be upstream of nanor expression but have also been implicated 

as a potential neuroprotective drug treatment through calcium channel 

inhibition in Parkinson’s disease. This study tested the neuroprotective and 

neurorestorative potential of previously used calcium channel inhibitor, 

isradipine, as well as monoamine oxidase inhibitor, rasagiline and 

tetracycline antibiotic, minocycline, on a Parkinson’s disease model due to 

recent findings of neuroprotective effects in patients. 

Parkinson’s disease is the second most common neurodegenerative disorder 

characterised by loss of dopaminergic neurons from the nigrostriatial 

pathway and formation of α-synuclein aggregates known as Lewy bodies. 

The disease is thought to be due to a combination of genetic and 

environmental factors resulting in oxidative stress, mitochondrial dysfunction, 

Lewy body formation and neuroinflammation (Jenner and Olanow, 2006). 

There is an urgent, unmet need for neuroprotective or, ideally, 

neurorestorative treatments. The gold-standard treatment of the disease, L-

DOPA, is merely symptomatic and does not slow or halt disease progression 

(Cotzias et al., 1969) Part of the failure to develop novel treatment for the 

disease is attributed to the lack of suitable animal models with high-

throughput drug screening potential which can screen neuroprotective and 

neurorestorative drug treatments.  

6.1 Aims of this study 

The aim of this study was to induce locomotor deficit and neuronal loss in 

zebrafish larvae using 6-OHDA, in order to use this model for drug screening 

in zebrafish larvae up to 5 dpf. In particular, the aim was to investigate the 

ability of drugs not only to protect dopaminergic neurons but to restore them 

following 6-OHDA-induced loss. To this end, four drugs; L-DOPA, isradipine, 

minocycline or rasagiline were administered to Parkinson’s disease models 
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and tested for neuroprotective and neurorestorative effects on morphology, 

locomotor activity and dopamine neuronal cell survival (Fig. 2.4 for 

experimental design). 

6.2 Developing a 6-OHDA model of Parkinson’s disease 

Before I began testing neuroprotective or neurorestorative effects of novel 

drugs in the treatment of Parkinson’s disease, the effects of 6-OHDA alone 

or L-DOPA alone were first assessed to confirm that I could replicate 

reported findings by Feng et al., (2014). 

6.2.1 Effects of 6-OHDA and L-DOPA on morphology 

I first tested for acute toxicity of 6-OHDA (250 μM) and L-DOPA (1mM) by 

assessing morphology in zebrafish larvae each day for three days post-

treatment (3 to 5 dpf). Whereas L-DOPA did not cause any morphological 

defects, exposure to 6-OHDA caused mild morphological defects such as 

delayed development and cardiac oedema and blood pooling at 3-, 4- and 5 

dpf, with defects at 4 dpf being similar to those at 3 dpf (Fig. 6.1 A-D). No 

moderate or severe developmental effects were noted, and morphology 

scores were significantly different to controls only at 3 dpf (Fig. 6.1 E; 

Kruskal-Wallis ANOVA (χ2 (2) = 11.2; P = 0.0037; Dunn’s post hoc test P < 

0.01, 6-OHDA vs. control at 3 dpf). However, 13% of larvae in the 6-OHDA 

group died by 5 dpf (Fig. 6.1 E). 
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Fig. 6.1: Effects of 6-OHDA and L-DOPA on development. When compared with 

controls (Ctl) at 3 dpf (A) heart oedema and blood pooling (*) were seen in 6-OHDA 

(250 μM)-treated larvae (B). At 5 dpf larvae in the 6-OHDA-treated group (D) had 

delayed development such as slow development of the swim bladder along with 

cardiac oedema and blood pooling (*) compared to 5 dpf control (C). (E) 

Morphology scores at 3 dpf, 4 dpf, and 5 dpf in control, 6-OHDA and L-DOPA 

treated groups. L-DOPA had no effect on development however 6-OHDA groups 

had significantly lower body score at 3 dpf. Data are represented as median and 

interquartile range with n = 30 larvae per group; **P < 0.01 vs. control. 

6.2.2 Effects of 6-OHDA on Locomotor activity and Dopaminergic Neurons  

Next, I assessed dopaminergic cell survival and locomotor activity following 

6-OHDA exposure for three days, as a basis for testing neuroprotective 

drugs, or for 32 h as a basis for testing neurorestorative drugs (Fig. 2.4 for 

timeline). In addition, I examined the ability of L-DOPA to reverse the effects 

of 6-OHDA in both of these paradigms. Either the 3-day or 32-hour exposure 

to 6-OHDA caused a reduction in locomotor activity and a loss of 

dopaminergic neurons throughout the dopaminergic clusters of the brain. 
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The retinal pigmented epithelium of the eye has intense tyrosine hydroxylase 

positive staining, because melanin is downstream of tyrosine hydroxylase in 

the catecholamine synthesis pathway; this was unaffected by 6-OHDA 

exposure (Fig. 6.2). In the control group, dopaminergic neurons were clearly 

seen throughout the zebrafish brain with the expected clustered pattern of 

cell populations in the pretectum, ventral thalamus, posterior tuberculum and 

hypothalamus. In contrast, exposure to 6-OHDA caused a substantial loss of 

dopaminergic neurons, with few to no surviving cells (Fig. 6.2 A-O). When 

assessed using 10 minute light: dark cycles at 5 dpf, larvae moved more in 

the dark, with transition to the dark phase triggering movement. Exposure to 

6-OHDA, for either 3 days or 32 hours resulted in a loss of locomotor activity 

(Fig. 6.3). The reduction in locomotor activity caused by the three-day 

exposure to 6-OHDA (48-120 hpf) was statistically significant (Fig. 6.3; one-

way ANOVA F(5,12) = 6.251, P = 0.0045; Tukey’s post hoc test P < 0.05 6-

OHDA 3 days vs. control). Interestingly, the locomotor activity deficit caused 

by exposure to 6-OHDA for 32 h (48-80 hpf) was similar to that caused by 

the longer three-day exposure (Tukey’s post hoc test P < 0.05 6-OHDA 32 h 

vs. control), thus providing a paradigm for testing functional restoration 

potential of test drugs.  
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Fig. 6.2: Dopaminergic cell loss throughout the brain following 6-OHDA 
exposure for 32 h or 3 days. Control larvae at 5 dpf have expected dopamine cell 
populations in the pretectum (A), posterior tuberculum (A, B, C) and hypothalamus 
(D, E). Corresponding brain regions in 6-OHDA 32 h exposed larvae (F, G, H, I, J) 
or 3 day exposed larvae (K, L, M, N, O) showed huge dopaminergic neuronal loss 
throughout the brain (DT, dorsal thalamus; H, hypothalamus; PT, pretectum; PTu, 
posterior tuberculum; T, tegmentum; Scale bar = 100 μM ).  
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Fig. 6.3: Effect of 6-OHDA on locomotor activity. Distance moved over time in 
dark (shaded) and light conditions shows that larvae move more in the dark, with 
severe loss of movement in the dark phase in both 32-hour and 3-day 6-OHDA-
treated larvae; n = 3 separate experiments with 10 larvae per experiment. Data are 
represented as mean ± SEM. 

 

 

6.2.3 Effects of L-DOPA on Locomotor Activity and Dopaminergic Neurons in 

6-OHDA-treated larvae  

In contrast to the partial reversal by L-DOPA of the 6-OHDA-induced 

locomotor deficit (Fig. 6.4 A), L-DOPA was unable to prevent or restore the 

loss of dopaminergic neurons caused by exposure to 6-OHDA (Fig. 6.5 A-F) 

when tested at 5 dpf. The neuronal losses due to 6-OHDA were statistically 

significant (Fig. 6.5 G; Kruskal-Wallis ANOVA (χ2 (4) = 13.5; P = 0.0091; 

Dunn’s post hoc test P < 0.05 6-OHDA vs. control; L-DOPA groups ns vs. 

relevant 6-OHDA groups). This indicates that a 32 h exposure to 6-OHDA is 

sufficient to induce substantial neuronal loss with no recovery of neuronal 

cell numbers by 5 dpf, 40 h after withdrawal of the toxin. L-DOPA co-

treatment did not prevent neuronal loss due to the three-day 6-OHDA 

exposure (Fig. 6.5 E). Nor did post-treatment with L-DOPA following washout 

of 6-OHDA reverse the neuronal loss due to 32 h exposure to 6-OHDA (Fig. 

6.5 F). Thus, the effect of L-DOPA in this zebrafish model is similar to those 

observed clinically showing an improvement of locomotor function with no 

improvement in dopaminergic neuronal loss. 
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L-DOPA partially restored locomotor activity in both neuroprotective and 

neurorestorative treatment groups (Fig. 6.4 A, B; 6-OHDA+L-DOPA ns vs. 

any group), with movement intermediate between that of the control and the 

relevant 6-OHDA groups. The drug alone had no toxic effects with no 

significant difference in total distance moved when compared to controls 

(Fig. 6.4 B). 
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Fig. 6.4: Effect of 6-OHDA and L-DOPA on dopaminergic cell count and 

locomotor activity. (A) Locomotor testing at 5 dpf over a 50 min alternating light: 

dark cycle. (B) Total distance moved over the 50 min test found decreased 

locomotor activity in both 6-OHDA groups when compared to controls. L-DOPA 

treatment in both neuroprotective and neurorestorative groups had a partial rescue 

of locomotor activity; n = 3 separate experiments with 10 larvae per experiment. 

Data are represented as mean ± SEM; *P < 0.05 vs. control. 
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Fig. 6.5: Effect of L-DOPA on dopaminergic cell survival in 6-OHDA treated 
larvae. Compared with their respective controls (A, B) 3-day (C) or 32-hour (D) 6-
OHDA treatment caused dopaminergic neuronal loss, L-DOPA co-treatment (E) or 
post-treatment (F) did not protect from or restore cell loss. (H, hypothalamus; T, 
tegmentum; Scale bar 100 μM ). (G) Dopaminergic cell count data are represented 
as median with range, n = 4 per group. 



Chapter 6: Results 

189 
 

6.3 Testing neuroprotective and neurorestorative potential of drug treatments 

Three drugs were chosen to test neuroprotective or neurorestorative 

potential in a 6-OHDA neurotoxic model of Parkinson’s disease. All three 

drugs were chosen due to recent publications which reported neuroprotective 

properties in animal models or Parkinson’s disease patients. 

6.3.1 Toxicity screening and drug dose selection of isradipine, minocycline 

and rasagiline 

Before testing the neuroprotective or neurorestorative ability of the test 

drugs, the toxicity of each test drug was assessed, when administered from 

48 hpf to 120 hpf, by scoring morphology each day and assessing locomotor 

activity at 5 dpf. No defects were recorded in minocycline (10 μM) or 

rasagiline (1 μM ) treated groups; morphology scores were similar to controls 

(Fig. 6.6 G), and these drugs had no effect on locomotor activity (Fig. 6.7 A). 

Whereas isradipine at 10 μM caused severe heart oedema (Fig. 6.6 C, F), 

the 1 μM concentration was much less toxic; it caused mild heart oedema 

and mild blood pooling in approximately 20% of treated larvae (Fig. 6.6 B, E). 

Morphology scores were only significantly different to controls at 5 dpf (Fig. 

6.6 G; Kruskal Wallis ANOVA χ2 (3) =9.558; P = 0.0227; Tukey’s post hoc 

test P < 0.05 isradipine vs. control at 5 dpf). Therefore, the 1 μM 

concentration of isradipine was chosen for further investigations. None of the 

drugs affected locomotor activity compared to controls (Fig. 6.7 A, B; one-

way ANOVA F(3, 31) = 2.851, P = 0.0533; Dunn’s post hoc test all groups ns 

vs. control). Thus, I tested these drugs for neuroprotection and 

neurorestoration. 
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Fig. 6.6: Effects of test drugs alone on morphology up to 5 dpf. Compared with 

control larvae at 3 dpf (A) and 5 dpf (D) larvae treated with isradipine (10 μM ) had 

severe cardiac oedema at 3 dpf (C*) and 5 dpf (F*), whereas only some larvae in 

the 1 μM isradipine group had mild oedema (*B and E). (G) Morphology was scored 

in isradipine, minocycline and rasagiline treated embryos at 3 dpf, 4 dpf, and 5 dpf. 

At 5 dpf isradipine-treated larvae had significantly lower morphology scores than 

controls. Data are represented as median and interquartile range with n = 30 larvae 

per group; *P < 0.05 vs. control. 

 

Locomotor activity testing of each drug at the chosen dose showed no significant 

changes when compared to other drug treatment groups or the control group as 

shown in Fig. 6.7. Following toxicity testing, neuroprotective and neurorestorative 

screen of each drug was assessed. 
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Fig. 6.7: Effect of each test drug alone on locomotor activity. (A) Locomotor 

activity was assessed at 5 dpf over a 50 min alternating light: dark cycle. (B) Total 

distance moved was similar in all groups with no significant changes in movement 

between any of the groups. Data are represented as mean ± SEM, n ≥ 5 separate 

experiments with 10 larvae per experiment.  

 

 

6.3.2 Neuroprotective effects of isradipine, minocycline and rasagiline 

To test if isradipine, minocycline or rasagiline were neuroprotective, I co-

administered these drugs with 6-OHDA for three days (2 to 5 dpf). Locomotor 

activity and dopaminergic cell counts were assessed at 5 dpf. Co-treatment 

with isradipine did not prevent the 6-OHDA-induced loss of dopaminergic 
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neurons (Fig. 6.8 B, C, F; Kruskal-Wallis ANOVA (χ2 (4) = 21.18; P = 0.0003; 

Dunn’s post hoc test P < 0.05 isradipine vs. control; ns vs. 6-OHDA), 

whereas pre-treatment with minocycline or rasagiline protected the 

dopaminergic neurons (Fig. 6.8 D-F, Dunn’s post hoc test P < 0.05 vs. 6-

OHDA; ns vs. control), demonstrating that minocycline and rasagiline protect 

dopaminergic neurons, whereas isradipine does not. Overall there were 

significant differences in distance moved between treatment groups (one-

way ANOVA, F(4, 18) = 6.435, P = 0.0021). Isradipine co-treatment did not 

improve locomotor activity in 6-OHDA treated larvae; distance moved was 

similar to the 6-OHDA only group and significantly lower than controls 

(Tukey’s post-hoc test, P < 0.05 vs. controls). In contrast, larvae co-treated 

with minocycline moved as much as controls, and significantly more than the 

6-OHDA-only group (Fig. 6.8 G, H; Tukey’s post-hoc test P < 0.05 vs. 6-

OHDA). Similarly, movement of larvae co-treated with 6-OHDA and 

rasagiline was similar to controls and was significantly higher than in the 6-

OHDA-only group (Fig. 6.8 G, H; Tukey’s post-hoc test P < 0.05 vs. 6-

OHDA), demonstrating functional protection by minocycline and rasagiline in 

this 6-OHDA zebrafish model of Parkinson’s disease and consistent with the 

dopaminergic cell imaging findings. 
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Fig. 6.8: Neuroprotective effects of test drugs. Compared to control (A) 6-OHDA 

treatment (B) caused dopaminergic loss. Treatment with isradipine (C) did not 

prevent 6-OHDA-induced dopaminergic cell loss, whereas minocycline (D) or 

rasagiline (E) treatment was neuroprotective. Scale bar 100 μM ; H, hypothalamus; 

T, tegmentum. (F) Dopaminergic cell counts following immunohistochemical 

analysis. Data are represented as median with range, n = 6 larvae per group; *P < 

0.05 vs. control; #P < 0.05 vs. 6-OHDA. (G) Distance moved over time in dark 

(shaded) and light shows that larvae move more in the dark, with severe loss of 

movement in the dark phase in 6-OHDA treated larvae, which was prevented by co-

treatment with rasagiline or minocycline but not with isradipine. Total distance 

moved over the 50-minute trial (H), shows overall effects of treatments. Data are 

represented as mean ± SEM, n = 5 separate experiments with 10 larvae per 

experiment, except minocycline group for which there were 3 separate experiments; 

*P < 0.05 vs. control; #P < 0.05 vs. 6-OHDA. 
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6.3.3 Neurorestorative effect of isradipine, minocycline and rasagiline 

Having found that co-treatment with rasagiline or minocycline protected 

dopaminergic neurons from 6-OHDA effects, I wished to determine whether 

they could restore locomotor activity and dopaminergic cells in larvae pre-

treated with 6-OHDA. Having established that exposure to 6-OHDA from 48 

hpf to 80 hpf induced similar deficits in locomotor activity and dopaminergic 

neurons, at 5 dpf, to the longer, 3 day, exposure (Fig. 6.9), I then initiated 

treatment with isradipine, rasagiline, or minocycline at 80 hpf, just after 

withdrawal of the 6-OHDA. Treatment with these drugs continued until 120 

hpf. There was a significant effect of treatment on dopaminergic cell number 

(Fig. 6.9 A-F; Kruskal-Wallis ANOVA (χ2 (4) = 23.72; P < 0.0001). Rasagiline 

treatment from 80 hpf to 120 hpf rescued dopaminergic neurons by 5 dpf 

(Dunn’s post hoc test P = 0.0005 vs. 6-OHDA, ns vs. control), whereas 

treatment with isradipine did not (Dunn’s post hoc test P < 0.05 vs. control, 

ns vs. 6-OHDA). Although cell numbers in the minocycline group were similar 

to controls (Dunn’s post-hoc test P > 0.999) numbers were not significantly 

higher than in the 6-OHDA group (Dunn’s post-hoc test P = 0.1097), 

indicating a partial recovery of neuronal cell numbers. Overall, there were 

significant differences in locomotor activity between treatment groups (Fig. 

6.9 G, H; one-way ANOVA F (4, 10) = 8.267, P = 0.0033). Treatment with 

isradipine from 80 to 120 hpf failed to improve the 6-OHDA-induced 

locomotor deficit (Fig. 6.9 H; Tukey’s post hoc test, P < 0.05 vs. control), 

whereas minocycline or rasagiline treatment restored movement to control 

levels (Fig. 6.9 H; Tukey’s post hoc test, P < 0.05 vs. 6-OHDA). Together 

with the neuronal cell immunohistochemical findings, these results 

demonstrate that rasagiline restores both locomotor function and 

dopaminergic neurons in zebrafish larvae, whereas isradipine does not. 

Minocycline fully restores locomotor function but did not fully restore 

dopaminergic neurons to control levels. 
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Fig. 6.9: Neurorestorative effects of test drugs. Compared to control (A) 32-hour 

6-OHDA treatment (B) caused dopaminergic neuron loss. Subsequent treatment 

with isradipine (C) did not rescue 6-OHDA-induced dopaminergic cell loss, whereas 

minocycline partially restored dopaminergic neurons (D) and rasagiline (E) 

treatment was fully neurorestorative. Scale bar 100 μM ; H, hypothalamus; T, 

tegmentum. (F) Dopaminergic cell count data are represented as median with 

range, n = 6 larvae per group; *P < 0.05 vs. control; ###P < 0.0005 vs. 6-OHDA. (G) 

Distance moved over time in dark (shaded) and light conditions shows that larvae 

move more in the dark, with severe loss of movement in the dark phase in 6-OHDA 

treated larvae, which was rescued by post-treatment with rasagiline or minocycline 

but not with isradipine. Total distance moved per 50-minute trial (H), shows overall 

effects of treatments. Data are represented as mean ± SEM, n = 3 separate 

experiments with 10 larvae per experiment; *P < 0.05 vs. control; **P < 0.01 vs. 

control; #P < 0.05 vs. 6-OHDA. 
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6.4 Discussion 

In this study I demonstrate the value of zebrafish larvae for screening 

putative treatments for Parkinson’s disease. For the first time I have shown 

that exposure of zebrafish larvae to 6-OHDA for 32 hours can induce similar 

deficits to a 3-day exposure regimen. This allowed me to assess the 

neurorestorative as well as neuroprotective effects of drug treatments in 5 

dpf zebrafish larvae, with the potential for high-throughput screening. Both 

minocycline and rasagiline demonstrated neuroprotective and 

neurorestorative properties in this model with no effect of isradipine 

treatment and only symptomatic effects of L-DOPA. 

6.4.1 6-OHDA model and neurodegeneration 

In agreement with published reports (Parng et al., 2007; Feng et al., 2014) I 

found 6-OHDA, when administered for three days, beginning at 48 hpf, 

produced both robust deficits in locomotor activity and extensive 

dopaminergic neuronal loss in zebrafish larvae. Significantly, I was also able 

to demonstrate locomotor deficits and dopaminergic neuronal loss following 

a shorter, 32 h, exposure to 6-OHDA, thus allowing me to subsequently treat 

with putative neurorestorative drugs and assess locomotor activity and 

dopaminergic neurons at 5 dpf. To my knowledge this is the first report of 

such studies in zebrafish larvae up to 5 dpf; previous studies have tested for 

neuroprotection at this early larval stage but not for neurorestoration (Zhang 

et al., 2011; Feng et al., 2014; 2015; 2017). Chong et al. (2013) induced 

locomotor deficit following two days of 6-OHDA treatment; however they 

began exposure at 24 hpf. Feng et al. (2014) were unable to induce 

locomotor deficit in their system following two days of 6-OHDA exposure 

beginning at 48 hpf and found only significant decreases following 6-OHDA 

exposure for a minimum of 3 days. Locomotor activity was tracked over 10 

minutes with no alternating light and dark cycles. The increased sensitivity of 

this system may be due to the use of 10-minute dark phases to stimulate 

movement, coupled with the increased length of locomotor testing. 

6.4.2 L-DOPA 

The finding that L-DOPA co-treatment could partially restore the 6-OHDA 

induced locomotor activity deficit is similar to that of Feng et al. (2014). 
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Despite this, L-DOPA could not prevent dopaminergic neuronal loss in 6-

OHDA-treated larvae. This lack of protection of neurons is similar to findings 

in a zebrafish LRRK2 morpholino knockdown model (Sheng et al., 2010). 

However, in this morphant authors were unable to monitor locomotor activity 

as the morphant phenotype was severe; in addition, morpholino effects are 

typically transient, lasting no more than a few days because the antisense 

morpholino is diluted by new RNA in surviving larvae. As an alternative 

knockdown these authors deleted the WD40 domain of zebrafish LRRK2 by 

splice morpholino and found loss of dopaminergic neurons in the 

diencephalon and locomotor deficit. In this morphant, L-DOPA rescued 

locomotor activity but not neuronal loss when treated from 5 – 6 dpf, with 

locomotor activity measured over 30 seconds (Liu et al., 2008). 

Although the majority of studies report a beneficial effect of L-DOPA with 

significant symptomatic relief, there are a number of conflicting reports which 

have found a deleterious effect of L-DOPA by selectively damaging 

dopaminergic neurons through oxidative damage. It has been hypothesised 

that dopamine aldehyde, the metabolite of dopamine following breakdown by 

MAO, is toxic to dopaminergic neurons by causing mitochondrial damage to 

the cell and that monoamine oxidase inhibitors may be an effective treatment 

to save remaining neurons (Burke et al., 2004). In agreement with this, 

Stednitz et al. (2015) found that 1 mM L-DOPA exposure in zebrafish larvae 

caused neuronal loss. This group studied green fluorescent protein (GFP) 

tagged dopamine transporter neurons in live larvae and found a significant 

reduction in dopamine transporter expressing neurons as well as an increase 

in oxidative stress markers following L-DOPA exposure. However, treatment 

with selegiline, a monoamine oxidase inhibitor, did not cause any 

improvement of neuronal survival or oxidative stress markers and they 

suggest that L-DOPA toxicity is caused by overproduction of dopamine itself 

and not by dopamine aldehyde (Stednitz et al., 2015). In my study, I report 

no toxic effect of L-DOPA between control and treated embryos. Stednitz et 

al. (2015) report a depression of locomotor activity following L-DOPA 

treatment given a 24 hour recovery period. The difference in locomotor 

activity findings may be due to different time of treatment; Stednitz and 



Chapter 6: Results 

198 
 

colleagues treated for one day starting at 5 dpf, whereas my treatments were 

from 2 to 5 dpf. 

Despite conflicting findings, the majority are in favour of a beneficial effect of 

L-DOPA for symptomatic relief of Parkinson’s disease. As well as zebrafish 

and Drosophila animal models of Parkinson’s disease, the majority of 

published literature use rodent models which also report symptomatic relief 

with no neuroprotective effect (Grigoriadis et al., 1996; Henry et al., 1998; 

Ponten et al., 2013). My findings correspond to clinical use of L-DOPA to 

improve movement without neuroprotection and are a further validation of a 

zebrafish 6-OHDA model for screening of novel treatments for Parkinson’s 

disease.  

6.4.3 Isradipine 

Calcium channels in recent years have been linked to disease progression 

through calcium overload and oxidative stress. L-type calcium channels are 

essential for regulation of dopaminergic neuronal firing and are responsible 

for the majority of calcium currents entering dopaminergic neurons. In 

particular, dopamine neurons in the substantia nigra are heavily reliant on 

the pacemaking activity of these channels for calcium influx into the cell. This 

is in contrast to dopamine cells in the ventral tegmental area which may 

explain why these cells are less affected in Parkinson’s disease (Puopolo et 

al., 2007; Guzman et al., 2010; Khaliq and Bean, 2010). One hypothesis on 

disease pathology states that calcium entry during channel pacemaking 

requires ATP supplied by mitochondria. Reactive oxygen species are 

produced as a result of oxidative phosphorylation leading to oxidant stress in 

the cell. Supporting this theory; genetic models of PARK7 knockout mice 

have been shown to have increased metabolic stress generated by L-type 

calcium channels, an effect that was completely abolished by the calcium 

channel blocker isradipine (Guzman et al., 2010).  

Isradipine was put forward for clinical trials for Parkinson’s disease, based on 

the observation that patients treated for hypertension with calcium channel 

blockers had a lower risk of developing Parkinson’s disease (Becker et al., 

2008; Ritz et al., 2010; Pasternak et al., 2012). In addition, in vitro and in vivo 
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animal studies on rodents and primates were promising (Kupsch et al., 1996; 

Chan et al., 2007; Ilijic et al., 2011). As isradipine is specific to L-type calcium 

channels it was hypothesised that treatment would protect and rescue 

dopaminergic cells through inhibition of calcium influx into the cell which 

would otherwise lead to neuronal vulnerability and subsequent cell death 

(Kruman and Mattson, 1999; Durante et al., 2004). Despite this, I failed to 

find any protective or restorative effect in the 6-OHDA zebrafish model, and 

isradipine itself caused mild heart oedema. Although Ilijic et al. (2011) found 

that isradipine was neuroprotective in a 6-OHDA mouse model, a recent 

study by Ortner et al. (2017) found that at therapeutic or even supra-

therapeutic doses isradipine was not neuroprotective in their 6-OHDA mouse 

model of Parkinson’s disease. They reason that this is because vascular 

calcium channels are more sensitive to isradipine than those in the 

substantia nigra. My findings of mild oedema in zebrafish, without any 

neuroprotection would agree with this interpretation. These results also 

correspond to preliminary results from a phase II study in patients which 

failed to show an effect of this drug as a treatment for Parkinson’s disease at 

the maximum tolerated dose of 10 mg after 52 weeks (Parkinson Study, 

2013). In addition, there are several studies which did not find an association 

between calcium channel blocker use and protection from Parkinson’s 

disease (Ton et al., 2007; Louis et al., 2009; Simon et al., 2010). Therefore, 

this negative finding with isradipine may be a better reflection of the clinical 

effects than previous animal studies. 

In this Parkinson’s disease study, as well as left/right asymmetry studies, 

during toxicity testing, isradipine was administered at 10 μM. In Parkinson’s 

disease experiments, the drug at this dose was toxic over three days of drug 

treatment (from 48 hpf – 120 hpf) and resulted in moderate and severe 

cardiac oedema in zebrafish larvae at 120 hpf therefore, a lower dose was 

chosen (1 μM) for neuroprotective and neurorestorative testing in 

Parkinson’s disease models. In left/right asymmetry studies, isradipine was 

administered from 6 – 24 hpf and showed far less toxicity. When 

morphologically scored at 48 hpf, 55 % of larvae had developed normally, 

with 20 % showing mild, 20% moderate and 5 % severe defects. Along with 
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cardiac oedema, the drug when administered before 24 hpf resulted in mild 

and moderate defects in head and eye formation. These results have shown 

higher toxicity of isradipine following 72 hours of exposure in the Parkinson’s 

study versus 18 hours of exposure in left/right asymmetry studies 

irrespective of developmental stage.  

6.4.4 Minocycline 

There has been increasing evidence for the role of neuroinflammation in 

neurodegenerative diseases in recent years (De Virgilio et al., 2016). 

Therefore, there has been an increased interest in the possible 

neuroprotective effects of anti-inflammatory drugs, with many reports of 

neuroprotection in genetic and neurotoxic animal models of 

neurodegenerative diseases through inhibition of microglial activation, anti-

apoptotic properties and inhibition of reactive oxygen species production 

(Ramsey and Tansey, 2014).  

Minocycline has been found to be anti-inflammatory, anti-apoptotic, and anti-

oxidant in cell culture and animal models (Garrido-Mesa et al., 2013). It is 

known to inhibit the release of cytochrome C into the cytosol (Zhu et al., 

2002) leading to inhibition of caspase-1 and caspase-3, as well as iNOS 

(Chen et al., 2000). The drug also inhibits microglial activation following 6-

OHDA exposure in mice and protects dopaminergic neurons as well as 

projections to the striatum (He et al., 2001) and this effect may be due to 

inhibition of the generation of reactive oxygen species by NADPH oxidases 

(NOX), particularly NOX2 (Hernandes et al., 2013). As well as 

neuroprotection in 6-OHDA exposed mice, the drug has demonstrated 

neuroprotective properties in many different animal models. For example, 

zinc-sulphate exposed rats with targeted loss of dopamine from the 

nigrostriatal pathway and increased microglial activation in the substantia 

nigra were treated with minocycline. That study reported reductions in 

behavioural impairment, dopamine neuronal loss, microglial activation and 

oxidative stress, demonstrating neuroprotective effects against Zinc-induced 

degeneration (Kumar et al., 2016). Zhu et al. (2002) report similar protective 

effects through inhibition of cytochrome C in amylotrophic lateral sclerosis 

mice. The drug was also found to be neuroprotective against 
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maneb/paraquat mice models of the disease; in this study minocycline at 30 

mg/kg protected against loss of dopaminergic neurons and reduced microglia 

activation (Dixit et al., 2013). The same neuroprotective properties have 

been reported in a rodent MPTP model (Wu et al., 2002). Similar findings 

were found in Drosophila knockdown models of Parkinson’s disease where 

minocycline (0.5 mM) increased locomotor activity and protect LRRK 

knockdown and wild-type controls from paraquat toxicity indicated by 

decreased oxidative stress markers (Quintero-Espinosa et al., 2017). 

Neuroprotective effects of the drug have also been shown in a 6-OHDA 

zebrafish model (Feng et al., 2014) as well as in an oxidation-induced 

apoptosis model in zebrafish through L-hydroxyglutaric acid exposure. This 

study was attempting to develop a high-throughput in vivo model for anti-

oxidant drugs such as lipoic acid, minocycline, isatin, cortisone and D-

methionine (Parng et al., 2006). Despite numerous studies reporting 

neuroprotective effects of minocycline none of these studies tested for a 

neurorestorative effect of the drug. My findings are in agreement with 

Quintero et al. (2006) who reported that treatment of rodents with 

minocycline before 6-OHDA-induced loss of dopaminergic neurons was 

neuroprotective, and treatment with minocycline after 6-OHDA lesion 

reduced the loss of neurons, but the neurorestorative effect was not 

statistically significant.  

There are many animal studies in support of minocycline drug treatment for 

Parkinson’s disease; while the majority of Parkinson’s disease models have 

reported minocycline to successfully treat disease pathology, one study 

found unsuccessful treatment including worsening of Parkinson’s disease 

symptoms and enhanced cell death in monkeys following exposure to 

minocycline (Diguet et al., 2004).  

During zebrafish development, NOX2 is stably expressed in the brain by 24 

hpf (Weaver et al., 2016), and microglia colonise zebrafish brain between 2.5 

and 4.5 dpf, with increased apoptosis causing increased colonization 

(Casano et al., 2016; Xu et al., 2016). Therefore, it is plausible that the 

neuroprotection and partial neurorestoration in this study was due to 

inhibition of NOX2 and microglia. I found that minocycline far exceeded the 
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efficacy of L-DOPA in neuroprotective and neurorestorative treatment groups 

during locomotor testing and dopaminergic neuron survival; movement was 

restored to control levels and large dopamine cell populations were found 

throughout the zebrafish midbrain as a result of drug treatment. This finding 

agrees with studies in animal models of the disease which reported an 

improvement in symptoms of Parkinson’s disease. Although very promising 

results have been found in animal models, to date no clinical benefit has 

been found in patients (Kieburtz et al., 2008). 

In clinical studies, minocycline did not improve motor symptoms after 12 or 

18 months (Ravina et al., 2006; Kieburtz et al., 2008) in a small trial (66 to 67 

patients in each treatment arm) although a longer trial period may be needed 

to assess the benefits of this drug in protection or symptomatic treatment of 

this disease. In patients with Parkinsonian related multiple systems atrophy, 

it reduced microglial activation in the small sub-group tested but it did not 

improve motor function (n = 8; (Dodel et al., 2010)). Although the preclinical 

evidence is promising, further clinical evidence is needed to determine 

whether minocycline is beneficial in Parkinson’s disease patients. 

6.4.5 Rasagiline 

The MAO B inhibitor, rasagiline, has proven to be a well-tolerated, effective 

drug improving motor symptoms as monotherapy in early Parkinson’s 

disease or in combination therapy as an adjunct to levodopa at more 

advanced stages where the drug inhibits the catabolism of dopamine which 

prolongs the effects of L-DOPA (Olanow et al., 2009; Weintraub et al., 2016).  

In contrast to humans, which have two MAO isoforms MAO A and MAO B, 

zebrafish have only one form of MAO which displays approximately 70% 

sequence identity to both MAO A and B in the human genome (Setini et al., 

2005). Functionally, the zebrafish MAO is also intermediate between MAO A 

and MAO B (Arslan and Edmondson, 2010). In the current study, mean 

distance moved in the rasagiline (1 μM) treated larvae was slightly lower than 

in the control group, although this decrease was not significant. 

Hyperserotonergic effects have been reported in zebrafish using deprenyl 

with hypolocomotion and increased 5HT levels when deprenyl was given at 



Chapter 6: Results 

203 
 

high doses (> 10 μM) and for a longer duration of seven days treatment 

rather than three days treatment in my study (Sallinen et al., 2009). Although 

the IC50 for rasagiline in zebrafish has not been reported, in humans it is 

similar to deprenyl (Geha et al., 2001), therefore I would expect that the 

effects of the two drugs in zebrafish would be broadly equivalent. Given that I 

did not find a difference in locomotion, nor was there any cardiac oedema or 

other morphological signs of toxicity, it is unlikely that it caused 

hyperserotonergic effects in this study. In addition, in humans, rasagiline 

alone at therapeutic doses has not been reported to cause serotonin 

syndrome (Chen, 2011; Fernandes et al., 2011), and no correlation was 

found between rasagiline treatment, in combination with anti-depressants, 

and serotonin syndrome in 93 Parkinson’s patients over a 36 week period in 

a clinical trial (Smith et al., 2015).  

Rasagiline has been shown to be neuroprotective in vitro (Goggi et al., 2000) 

and was shown to protect SH-SY5Y neuroblastoma cells from apoptosis 

(Maruyama et al., 2001). Neuroprotection has also been reported in primates 

and rodents (Kupsch et al., 2001; Blandini et al., 2004), and Sagi et al. 

(2007) have shown that rasagiline restored dopaminergic neurons when 

given subsequent to the neurotoxin MPTP. Blandini et al. (2004) found the 

same neuroprotection in a 6-OHDA rodent model treated with 0.8 mg/kg of 

rasagiline. The S-isomer of rasagiline is 1000-fold less potent as a MAO-B 

inhibitor (Youdim and Weinstock, 2001), yet has been reported to protect 

dopaminergic cells in vitro and in vivo (Maruyama et al., 2001; Youdim et al., 

2001). These findings led to the hypothesis that the neuroprotective effect is 

due to intrinsic anti-apoptotic properties and not due to its action on 

monoamine oxidase (Youdim et al., 2001; Akao et al., 2002). 

My findings that rasagiline both protects and restores neurons from the 

effects of 6-OHDA, and normalises locomotor activity, agree with the findings 

in the cell culture and animal studies above. To my knowledge this is the first 

report of the neuroprotective and neurorestorative effects of rasagiline in 

zebrafish.  
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In clinical studies, rasagiline monotherapy has been found to improve motor 

scores when compared to placebo groups at a dose of 1 mg / day and 

reported improved Unified Parkinson's Disease Rating Scale (UPDRS) score 

(Siderowf et al., 2002; Olanow et al., 2009); however, it did not have any 

effect on cognitive impairment in Parkinson’s patients in a small recent trial 

(Weintraub et al., 2016). Therefore, it is not yet known whether the 

neuroprotective evidence from animal studies will be confirmed in the clinic. 

In another study, beneficial effects on disease symptoms were found at 1 mg 

a day but no difference to placebo was found at 2mg a day (Olanow et al., 

2009). It is now approved as a monotherapy or in combination with other 

drugs for the symptomatic treatment of the disease and seems to be an 

efficacious and well-tolerated drug treatment (Stocchi et al., 2015).  

6.4.6 Conclusion 

Despite a clearer understanding of Parkinson’s disease pathology, treatment 

to date is merely symptomatic; the ultimate goal is to protect against further 

degeneration and worsening of symptoms. The ability to screen drugs in a 

relatively high-throughput fashion is key to progress. This study aimed to 

further develop zebrafish as a model suitable for high-throughput drug 

screening for Parkinson’s disease. Findings for minocycline and rasagiline 

mirror those of studies in rodents and primates, and although, unlike studies 

in rodents, isradipine was not neuroprotective in zebrafish, this may better 

reflect the clinical situation. Thus, I have developed a zebrafish model 

suitable for high-throughput screening of both putative neuroprotective and 

neurorestorative therapies for the treatment of Parkinson’s disease. This 

model enabled fast, efficient drug screening that modelled all the principal 

characteristics of the disease including dopaminergic neuronal loss and 

locomotor deficit. 
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Chapter 7: Discussion 

The work presented in this thesis aimed to demonstrate the tractability of the 

zebrafish as a valuable tool for both genetic and pharmacological studies in 

vertebrate development and disease. The findings in this thesis determined 

the expression, localisation and function of nanor and further strengthened 

previously reported links to left/right asymmetry development. Early 

signalling events in left/right patterning such as calcium signalling and FGF 

signalling were found to be upstream events to nanor expression. Calcium 

channels have also been of recent interest due to neuroprotective and 

neurorestorative properties of calcium channel inhibitors in Parkinson’s 

disease. This study investigated these findings in a zebrafish 6-OHDA 

Parkinson’s disease model as well as two novel drug treatments in 

Parkinson’s disease, monoamine oxidase inhibitor (rasagiline) and 

tetracycline antibiotic (minocycline).  

Although nanor has three orthologues, these are in lower vertebrates and in 

invertebrates, with little homology to mammalian proteins. Sequence 

similarity to a P2X7-like receptor in a genus of fish was the closest sequence 

match across species. However, low homology to the human P2X7 receptor 

(27%), and the presence of identified P2X receptors in the zebrafish 

genome, together with the absence of transmembrane motifs in nanor make 

it unlikely that nanor is a zebrafish P2X7 receptor. Similarly, a lack of 

sequence homology to any P2X7 accessory proteins known to date, mean it 

is unlikely that nanor is an accessory protein for this receptor. Investigation of 

Nanor protein sequence revealed that Nanor has the potential to be 

membrane-bound and can be regulated by several kinases. However, 

because Nanor is a small protein and it has no major domains, other than 

phosphorylation sites, it is difficult to predict its function through bioinformatic 

investigations.   

Huge upregulation of nanor mRNA expression following the mid-blastula 

transition has been found in this study as well as other studies (Bree et al., 

2005; Lee et al., 2013; Perez-Camps et al., 2016). Other genes with a similar 

expression pattern have functions in cell migration, mesoderm development, 
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tissue morphogenesis and determination of left/right asymmetry, suggesting 

that nanor may have an important, early function. Localisation in anterior 

structures implicates potential roles in anterior structure development such 

as the head, eyes, brain and heart. This is in agreement with previous 

reports by Dr. O’ Boyle who reported defects in brain and eye formation 

following nanor knockdown by morpholino injection along with incorrect 

cardiac looping caused by a disruption of nodal signalling in the lateral plate 

mesoderm as well as defects seen in TALEN-injected larvae that were 

recorded during morphology scoring. Failure of TALEN micro-injection to 

generate a homozygous mutant line due to embryonic lethality also indicates 

that nanor is an important gene necessary for embryo development. 

I set out to investigate protein-protein interactions using co-

immunoprecipation with mass spectrometry to identify interacting proteins. 

Unfortunately problems with the Nanor antibody resulted in unsuccessful 

identification of Nanor protein interactions. Although there are considerable 

problems with the antibody, it is possible that Nanor is detected at stages of 

highest expression, during shield and shield stage, confirming cytosolic 

location as shown though immunohistochemical staining. However, to 

confirm this it would be necessary to excise the immunoreactive band from 

an SDS-PAGE gel and identify the protein at sphere and shield stages 

through mass spectrometry analysis. 

As nanor was shown to be sensitive to calcium influx during a period of 

dorsal forerunner cell migration and these cells are also known to go through 

a calcium sensitive stage which is necessary for correct migration, this 

further establishes a function for nanor in dorsal forerunner cell movement 

and Kupffer’s vesicle functioning. Due to reports from Dr. O’ Boyle of a 

function of nanor in asymmetry development as well as a disruption of Nodal 

signalling in the lateral plate mesoderm, I was expecting that disruption of 

Kupffer’s vesicle and dorsal forerunner cell migration would reduce nanor 

expression. Surprisingly, nanor showed an increase in expression when 

calcium influx to a cell is inhibited. Similarly nanor shows increased 

expression in response to FGF signalling inhibition during Kupffer’s vesicle 

formation and functioning. As FGF signalling has been established as 
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upstream to calcium signalling, it is not surprising a similar response is seen 

in both studies. These results may indicate an inhibitory role of nanor in 

left/right asymmetry development. If this hypothesis of an inhibitory effect on 

Nodal signalling was correct, increased nanor expression may result in 

opposite findings to knockdown effects of a nanor morphilino. However, in 

some cases similar responses may be seen following knockdown/knockout 

and overexpression studies by mRNA injection. Previous overexpression 

studies have been carried out by Dr. O’ Boyle and Melissa Walsh during 

antibody validation as discussed in Section 4.2.1. During this time, 

morphology defects were also recorded and included cyclopia, disrupted 

brain structures, and bent bodies. Therefore, disruption to nanor gene 

expression through no expression or over-expression studies has previously 

been shown to result in the same morphological defects and therefore, may 

also result in a similar response in gene expression following disruption to 

homeostasis.  

Although little response of nodal-related genes was seen in elipsa mutants, 

plakoglobin or isradipine/SU5402 treated embryos, it is likely that a disruption 

to gene localisation resulted in embryos. Further investigation through in situ 

hybridisation is needed to confirm. 

Elipsa ciliary mutants (TRAF3IP1 gene) have disrupted left/right asymmetry 

formation due to incorrect cilia formation in Kupffer’s vesicle. My study found 

increased nanor in this mutant line. Similarly plakoglobin mutants showed 

increased nanor expression, due to links to cilia formation and Kupffer’s 

vesicle function, it is also not surprising that similar responses were seen in 

both mutant lines. Taken together, pharmacology and mutant experiments 

indicate a potential early position for nanor in the nodal signalling cascade. 

FGF signalling triggers calcium signalling and Kuppfer’s vesicle formation 

which may be where nanor has a function along with genes activated early 

on in the left/right asymmetry development pathway such as TRAF3IP1 

gene, plakoglobin, polaris and left/right dynein. Downstream Nodal signalling 

is then activated which establishes asymmetric gene expression in the lateral 

plate mesoderm. Downstream targets control correct left/right asymmetry of 

developing organs in the zebrafish larvae (Fig. 7.1). 
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Fig. 7.1: Image showing potential position of nanor as well as a simplified 
signalling cascade leading to asymmetry development. Image constructed 

using Mercola (2003_ENREF_215) as reference with modifications to indicate 

when nanor may function. Although not all essential genes are included, this image 
shows a potential position for nanor expression in the Nodal signalling pathway. 

 

Calcium channel inhibitors, such as isradipine, have also been used to study 

neurodegenerative diseases as well as in asymmetry studies. It was reported 
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in rodent models that these inhibitors were neuroprotective against the loss 

of dopaminergic neurons. However, to date, clinical findings do not report 

any beneficial effect of these drugs in patients. Also in my zebrafish model, I 

found no neuroprotective or neurorestorative effect and my findings appear 

to more closely model the clinical situation. In contrast, minocycline and 

rasagiline showed neuroprotective and neurorestorative properties in a 6-

OHDA zebrafish model. These results have shown potential for high-

throughput screening of neuroprotective and neurorestorative drugs in 

zebrafish larvae. Larvae show huge potential and are suitable for robotic 

screening of drug discovery in Parkinson’s disease.  

Future directions 

As it appears knockout of the nanor gene is embryonic lethal, further work in 

this study should aim to identify protein-protein interactions with Nanor 

through co-immunoprecipitation and mass spectrometry analysis. This would 

successfully identify interacting proteins and indicate possible signalling roles 

for nanor. To do this, it is necessary to attempt to generate a custom-made 

anti-nanor antibody. This would require animal immunisation with a 

redesigned Nanor peptide followed by careful and thorough antibody 

validation. Careful design of a new peptide would need to avoid sequences 

with a high risk of cross-reactivity in the protein sample, also peptide length 

would need to be optimised. A longer peptide sequence will increase 

immunogenicity but also increase the risk of cross-reactivity and a shorter 

peptide will improve specificity but may not be immunogenic to the Nanor 

protein. Peptide selection would have to be correctly validated and aligned to 

the zebrafish genome to ensure there is a low risk of off-target binding as 

discussed in Chapter 4.2.1.  

Further work on calcium channels and FGF signalling inhibition experiments 

would give a clear understanding of the extent of inhibition of these signalling 

events. Nodal signalling investigations in these models should investigate 

gene localisation by in situ hybridisation to confirm disrupted gene 

organisation as reported by others. Also further investigations should be 



Chapter 7: Discussion 

210 
 

completed to confirm disrupted Kupffer’s vesicle formation in embryos 

following isradipine and SU5402 drug administration.  

This validated 6-OHDA zebrafish model of Parkinson’s disease could be 

further utilised to investigate the mechanism of action of the drugs which 

prevent and restore dopamine neuron loss. For example quantification of 

inflammatory gene expression changes, such as IL-1β and TNF-α following 

drug administration. This would give a clear indication of the anti-

inflammatory effects of novel drug treatments in Parkinson’s disease.  This 6-

OHDA model has proven to be a valuable model that could be used for high-

throughput drug screening of neuroprotective and neurorestorative 

Parkinson’s disease drug treatments in future pre-clinical screening. 

The findings in this thesis successfully applied gene editing techniques and 

pharmacological treatment to study early develop in zebrafish as well as 

neurotoxic modelling of neurodegenerative disease, Parkinson’s disease and 

subsequent drug screening for disease treatment through toxicity, 

behavioural and molecular investigations. This has clearly shown the 

potential and versatility of zebrafish in advancing the field of a range of 

research fields including early development and neurodegenerative 

diseases. 
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Morphology scoring template used for all embryo and larval phenotypic 

scoring. 11 structures/systems were scored and total sores assigned each 

embryo and larva into normal development, mild, moderate or severely 

deformed as discussed in Section 2.2.4. 
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Abstract—Parkinson’s disease is a common, debilitating, neurodegenerative disorder for which the current gold
standard treatment, levodopa (L-DOPA) is symptomatic. There is an urgent, unmet need for neuroprotective or,
ideally, neuro-restorative drugs. We describe a 6-hydroxydopamine (6-OHDA) zebrafish model to screen drugs
for neuroprotective and neuro-restorative capacity. Zebrafish larvae at two days post fertilization were exposed
to 6-OHDA for three days, with co-administration of test drugs for neuroprotection experiments, or for 32 h, with
subsequent treatment with test drugs for neuro-restoration experiments. Locomotor activity was assessed by
automated tracking and dopaminergic neurons were visualized by tyrosine hydroxylase immuno-
histochemistry. Exposure to 6-OHDA for either 32 h or 3 days induced similar, significant locomotor deficits
and neuronal loss in 5-day-old larvae. L-DOPA (1 mM) partially restored locomotor activity, but was neither neu-
roprotective nor neuro-restorative, mirroring the clinical situation. The calcium channel blocker, isradipine (1 mM)
did not prevent or reverse 6-OHDA-induced locomotor deficit or neuronal loss. However, both the tetracycline
analog, minocycline (10 mM), and the monoamine oxidase B inhibitor, rasagiline (1 mM), prevented the locomotor
deficits and neuronal loss due to three-day 6-OHDA exposure. Importantly, they also reversed the locomotor def-
icit caused by prior exposure to 6-OHDA; rasagiline also reversed neuronal loss and minocycline partially
restored neuronal loss due to prior 6-OHDA, making them candidates for investigation as neuro-restorative treat-
ments for Parkinson’s disease. Our findings in zebrafish reflect preliminary clinical findings for rasagiline and
minocycline. Thus, we have developed a zebrafish model suitable for high-throughput screening of putative neu-
roprotective and neuro-restorative therapies for the treatment of Parkinson’s disease. � 2017 IBRO. Published by

Elsevier Ltd. All rights reserved.

Key words: zebrafish, Parkinsons’s disease, 6-OHDA, locomotor activity, immunohistochemistry, neuro-restoration.

INTRODUCTION

Parkinson’s disease is the second most common

neurodegenerative disorder after Alzheimer’s disease. It

is characterized by loss of dopaminergic neurons from

the nigrostriatal pathway and the formation of alpha-

synuclein protein aggregates known as Lewy bodies.

Although incompletely understood, the disease is

thought to be due to a combination of environmental

and genetic factors. Oxidative stress, mitochondrial

dysfunction, and neuro-inflammation have all been

linked to disease progression (Dauer and Przedborski

(2003) for review). Early diagnosis of Parkinson’s disease

is rare as symptoms in patients only manifest after

approximately 60% of nigral dopaminergic neurons have

degenerated and 80% of striatal dopamine has been lost

(Fearnley and Lees, 1991). In addition to the motor symp-

toms of tremor, rigidity and akinesia, many patients suffer

from depression and slowed cognitive processes (Dauer

and Przedborski, 2003) and can experience up to 84%

decline in their cognitive function as the disease pro-

gresses (Jankovic, 1984).

Current treatment for the disease is symptomatic and

does not slow or halt disease progression. The dopamine

precursor, levodopa (L-DOPA) is still the best available

treatment more than 50 years after it was first used in

Parkinson’s disease patients (Cotzias et al., 1969). It

increases brain dopamine levels and decreases motor

symptoms. Due to problems associated with fluctuating

levels of L-DOPA, several drugs are approved as add-

ons to prolong its effects by inhibiting the L-DOPA-

degrading enzyme, DOPA-decarboxylase, for example

carbidopa and opicapone, or by inhibiting the dopamine

degrading enzyme, monoamine-oxidase B, for example

selegiline, rasagiline and safinamide (reviewed by Oertel

(2017)). Attempts to slow or stop disease progression

https://doi.org/10.1016/j.neuroscience.2017.10.018
0306-4522/� 2017 IBRO. Published by Elsevier Ltd. All rights reserved.

*Corresponding author.

E-mail address: maura.grealy@nuigalway.ie (M. Grealy).
Abbreviations: 6-OHDA, 6-hydroxydopamine; MAO, monoamine
oxidase; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine.

NEUROSCIENCE
RESEARCH ARTICLE

A. Cronin, M. Grealy /Neuroscience 367 (2017) 34–46

34

https://doi.org/10.1016/j.neuroscience.2017.10.018
mailto:maura.grealy@nuigalway.ie
https://doi.org/10.1016/j.neuroscience.2017.10.018
https://doi.org/10.1016/j.neuroscience.2017.10.018
https://doi.org/10.1016/j.neuroscience.2017.10.018


have focussed on targeting alpha-synuclein aggregates,

neuroprotection of mitochondria, or reduction of microglial

activation and consequent neuro-inflammation (Singleton

et al., 2003; Sadeghian et al., 2016; Kolahdouzan and

Hamadeh, 2017).

There is an urgent, unmet need for neuroprotective

and neuro-restorative treatments for Parkinson’s

disease, and to fill this need an animal model suitable

for drug screening is required. The zebrafish has

several advantages in this regard; it is vertebrate,

produces hundreds of embryos per mating, embryos

and larvae are transparent, allowing visualization of the

developing larvae, chemicals can be applied in the

swimming medium, and their small size allows for high-

throughput assessment. In addition, zebrafish embryos

and larvae may be used from 0 to 5 days post

fertilization (dpf) without need for project authorization

under Directive 2010/63/EU on the protection of animals

used for scientific purposes, making them an ideal

model for rapid high-throughput drug screens.

Although there is no structure analogous to the

mammalian substantia nigra in zebrafish, there is

evidence that the corresponding dopaminergic neurons

are those of the posterior tuberculum of the ventral

diencephalon which project to the subpallium (Rink and

Wullimann, 2001, 2002a; Du et al., 2016). Development

of the dopaminergic system in zebrafish begins at 15–

18 h post fertilization (hpf), and most of the adult cell clus-

ters are already present by 120 hpf (Rink and Wullimann,

2002b).

The catecholamine neurotoxin 6-hydroxydopamine (6-

OHDA) is a hydroxylated analog of dopamine, which is

widely used to produce animal models of idiopathic

Parkinson’s disease. It causes degeneration of both

dopaminergic and noradrenergic nerve terminals and

cell bodies by inhibiting mitochondrial respiratory

enzymes, causing an increase in oxidative stress and

inducing microglial activation. Most commonly used in

rat Parkinson’s disease models (Glinka et al., 1998;

Zuch et al., 2000; Blandini et al., 2004), it has also been

used to induce dopaminergic neuronal loss in zebrafish

(Parng et al., 2007; Feng et al., 2014; Zhang et al.,

2017). We tested three drugs; isradipine, minocycline

and rasagiline, for neuroprotective and neuro-restorative

effects in 6-OHDA-treated zebrafish larvae.

The calcium channel blocker, isradipine, is currently in

clinical trials for treatment of Parkinson’s disease

(NCT02168842 on-going), based on observations that

treatment of hypertension with calcium channel

antagonists resulted in diminished risk of developing the

disease (Becker et al., 2008). The proposed mechanism

is that the pacemaking activity of neurons in the substan-

tia nigra makes them vulnerable to excessive calcium

influx, with increased risk with age, due to repetitive acti-

vation of calcium channels. This leads to increased cal-

cium in the mitochondria and production of reactive

oxygen species, ultimately causing neuronal death

(reviewed by Zamponi (2016)). In mice, isradipine treat-

ment restored juvenile pacemaking activity of neurons

and protected neurons from degeneration in vitro and

in vivo (Chan et al., 2007).

The tetracycline antibiotic, minocycline, protected

against the loss of dopaminergic neurons by inhibition of

microglial activation in 1-methyl-4-phenyl-1,2,3,6-tetrahy

dropyridine (MPTP)-treated mice, and it reduced iNOS

and caspase-1 expression (Du et al., 2001). In contrast,

Yang et al. (2003) and Diguet et al. (2004) reported that

minocycline exacerbated the damage to dopaminergic

neurons in MPTP-treated mice and primates. In clinical

studies minocycline has been found to block microglial

activation but so far has not shown any clinical improve-

ment in motor function (Ravina et al., 2006; Kieburtz

et al., 2008; Olson and Gendelman, 2016).

Rasagiline is an irreversible inhibitor of monoamine

oxidase (MAO) B, and is thus used to prolong the

effects of L-DOPA. However it also has anti-apoptotic

properties unrelated to its MAO-B inhibition and these

are thought to underlie neuroprotective effects seen in

cell culture and animal experiments (Akao et al., 2002;

Blandini et al., 2004). In clinical trials, rasagiline has been

reported to have beneficial effects on patient symptoms in

early Parkinson’s disease (Olanow et al., 2009; Hauser

et al., 2016).

In this study we demonstrate the merits of our

zebrafish 6-OHDA model in drug screening for

Parkinson’s disease. We investigated whether three

putative neuroprotective drugs, isradipine, rasagiline,

and minocycline, could protect from or restore locomotor

activity deficit and dopaminergic neuron loss due to 6-

OHDA.

EXPERIMENTAL PROCEDURES

Adult zebrafish (wild-type AB strain) were housed in 20-L

glass tanks maintained at 28 �C and kept on a 14-h light:

10-h dark cycle. When mating, spawning pairs were

housed overnight in 1-L capacity spawning trays

separated by a mesh grid. The following morning the

pair were placed together to allow for controlled

spawning. Embryos were collected, staged and cleared

of debris to maintain water quality. They were

maintained in an incubator at 28 �C for up to 5 dpf.

Reagents

All drugs and reagents were purchased from Sigma

Aldrich, with the exception of the following; mouse anti-

tyrosine hydroxylase primary antibody (MAB318) was

supplied by Merck Millipore, Alexa Fluor 488 goat anti-

mouse secondary antibody was purchased from

Biosciences. Tissue-Tek� used for embedding was

supplied by Sakura� Finetek, VWR.

Drug treatments

Embryos were manually dechorionated at 24 hpf, 10

embryos per well were placed in a 12-well plate and

drugs were administered in the swimming medium

beginning at 48 hpf (2 dpf). All solutions were rinsed out

and replaced with a fresh solution daily during

incubation periods (Fig. 1). Each experiment was

repeated at least three times. All drug stock solutions

(except L-DOPA) were stored in single-use aliquots

A. Cronin, M. Grealy / Neuroscience 367 (2017) 34–46 35



(10� concentration) at �20 �C, thawed and applied to the

swim water daily. L-DOPA is only slightly soluble in water,

therefore, a 2� working stock was prepared fresh daily,

and applied to the swim water. Control larvae were in a

0.01% DMSO solution in filter sterilized egg water

(FSEW; Westerfield (2000)). Final concentrations of

drugs in the swimming medium were: 6-OHDA, 250 mM,

based on Parng et al. (2007); L-DOPA, 1 mM (Sheng

et al., 2010); minocycline, 10 lM; and isradipine and

rasagiline, 1 lM. Concentrations for isradipine, minocy-

cline and rasagiline were selected following a dose-

ranging toxicity study in which drugs were administered

at 2, 3, and 4 dpf, with morphology scored each day from

3 dpf, and locomotor activity tested at 5 dpf.

When investigating neuroprotection, larvae were

exposed to 6-OHDA alone or with co-administered test

drugs from 2 to 5 dpf. In the neuro-restoration study,

larvae were exposed to 6-OHDA from 48 hpf (2 dpf) up

to 80 hpf, with test drugs introduced after washout of 6-

OHDA, from 80 hpf to 120 hpf (5 dpf).

Morphological assessment

Body morphology was scored at 72, 96 and 120 hpf using

a modified scale from Brannen et al. (2010). Thirty larvae

were used per group and were categorized as normal, or

having mild, moderate or severe defects. Subcategories

further analyzed the drug effect on developing organs.

Structures that were scored included the heart, brain, tail,

eyes and yolk sac with yolk extension. Scores assigned

were 4 for normal development of a structure, 3 for mild

defects, 2 for moderate defects, 1 for severe defects

and 0 if the organ was absent at time of scoring. A nor-

mally developing larva with no abnormalities was given

a maximum score of 44. Any larva that was given an over-

all score between 40 and 44 was deemed to have normal

development. An overall score of 25–40 was categorized

as mild abnormalities, 13–24 had moderate abnormali-

ties, 1–12 had severe abnormalities, and if a larva was

dead at the time of scoring, it was given a score of 0.

Locomotor activity

Daniovision� (Noldus) was used as a tracking system to

record individual locomotor activity over a 50 min time

period between 9 and 11 am at 5 dpf. As switching from

light to dark stimulates locomotor activity in zebrafish

larvae, we used 10-min alternating light/dark cycles for

all locomotor testing (Burgess and Granato, 2007). Lar-

vae were transferred to 96-well plates (Uniplate�-

Whatman square-well plates) with one larva per well on

the evening before testing in a total volume of 250 lL.
Test larvae were allocated to inner wells; larvae in the

outer wells were excluded from analysis, as they have

increased locomotor activity (data not shown). Water at

28 �C was circulated around the 96-well plate in the Dan-

iovision� chamber. Larvae were acclimatized to the

chamber for 30 min prior to the test. Data were exported

to Excel and graphed using GraphPad Prism. Locomotor

activity was recorded as mean distance moved per min-

ute over 50 min, and the total distance moved (mm) over

the duration of the test was used for statistical analysis.

Data from the 10 larvae in each experiment were col-

lapsed by reporting the mean group value for each

experiment.

Immunohistochemistry

Larvae at 5 dpf were fixed in 4% paraformaldehyde and

kept at 4 �C overnight. Following fixation, tissue was

dehydrated in ethanol (50% for 5 min, 70% for 5 min),

stored in 70% ethanol and later rehydrated by washing

three times in phosphate-buffered saline (PBS) (3 � 5 m

in) followed by 20 min in 10% sucrose and at least 3 h

in 30% sucrose solution in PBS. Larval tissue was then

embedded in Tissue-Tek� (Sakura� Finetek, VWR)

and rapidly frozen in iso-pentane, which had been

cooled in liquid nitrogen. Tissue was cryosectioned in a

rostral to caudal direction at 20-mm thickness mounted

on positively charged glass slides.

Tissue sections were washed three times for 5, 10 and

15 min in PBS and blocked in 3% bovine serum albumin

for 30 min followed by 3% normal goat serum for 30 min

at room temperature. Sections were incubated with

mouse anti-tyrosine hydroxylase primary antibody at a

1:300 dilution with 0.3% Triton X100 overnight at 4 �C.
Sections were then washed three times (3 � 5 min) in

PBS and incubated with secondary Alexa Fluor 488

Goat anti-mouse antibody at a 1:200 dilution with 0.3%

Triton X100 for 1 h at room temperature before three

final wash steps in PBS for 5, 10 and 15 min and slides

were coverslipped. Images were examined by

fluorescence microscopy (Nikon Eclipse E400 Epi-

fluorescence microscope, 200� magnification –

Olympus Cell Sens software). Dopaminergic cell

numbers were quantified using Image J.

Fig. 1. Timeline of drug and toxin exposure and assessments for neuroprotection and neuro-restoration protocols.
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Statistical analyses

Morphological data was based on a scoring system and

cell count data are discrete rather than continuous,

therefore these were analyzed using Kruskal–Wallis non

parametric ANOVA followed by Dunn’s post hoc test

with correction for multiple comparisons. Locomotor

activity data were first tested for normality using the

Shapiro–Wilks test and for homogeneity of variance

using Levene’s test and analyzed by one-way ANOVA

followed by Tukey’s post hoc test with correction for

multiple comparisons to identify significant changes

between groups. A P value less than 0.05 was deemed

significant. In addition effect sizes were estimated using

an online calculator (Lenhard and Lenhard, 2016;

https://www.psychometrica.de/effect-size.html and power

was estimated using G*power.

RESULTS

6-OHDA and L-DOPA effects

We first tested for acute toxicity of 6-OHDA (250 mM) and

L-DOPA (1 mM) by assessing morphology in zebrafish

larvae each day for three days post-treatment (3–5 dpf).

Whereas L-DOPA did not cause any morphological

defects, exposure to 6-OHDA caused mild

morphological defects such as delayed development

and cardiac edema and blood pooling at 3-, 4- and

5 dpf, with defects at 4 dpf (not shown) being similar to

those at 3 dpf (Fig. 2A–D). No moderate or severe

developmental effects were noted, and morphology

scores were significantly different to controls only at

3 dpf (Fig. 2E; Kruskal–Wallis ANOVA (v2(2) = 11.2;

P = 0.0037; effect size f = 0.33; power = 0.8; Dunn’s

post hoc test P < 0.01, 6-OHDA vs. control at 3 dpf).

However, 13% of larvae in the 6-OHDA group died by 5

dpf (Fig. 2E).

Next we assessed dopaminergic cell survival and

locomotor activity following 6-OHDA exposure for three

days, as a basis for testing neuroprotective drugs, or for

32 h as a basis for testing neuro-restorative drugs

(Fig. 1 for timeline). In addition, we examined the ability

of L-DOPA to reverse the effects of 6-OHDA in both of

these paradigms.

Either the 3-day or 32-h exposure to 6-OHDA caused

a reduction in locomotor activity and a loss of

dopaminergic neurons throughout the dopaminergic

clusters of the brain. The retinal pigmented epithelium of

the eye has intense tyrosine hydroxylase positive

staining, because melanin is downstream of tyrosine

hydroxylase in the catecholamine synthesis pathway;

this was unaffected by 6-OHDA

exposure (Fig. 3). In the control group

dopaminergic neurons were clearly

seen throughout the zebrafish brain

with the expected clustered pattern of

cell populations in the pretectum,

ventral thalamus, posterior tuberculum

and hypothalamus. In contrast,

exposure to 6-OHDA caused a

substantial loss of dopaminergic

neurons, with few to no surviving cells

(Fig. 3A–O). When assessed using

10-min light: dark cycles at 5 dpf,

larvae moved more in the dark, with

transition to the dark phase triggering

movement. Exposure to 6-OHDA, for

either 3 days or 32 h, resulted in a

loss of locomotor activity (Fig. 3P).

The reduction in locomotor activity

caused by the three-day exposure to

6-OHDA (48–120 hpf) was statistically

significant (Fig. 4H; one-way ANOVA

F(5,12) = 6.251, P = 0.0045; effect

size f = 1.614; power = 0.999;

Tukey’s post hoc test P < 0.05 6-

OHDA 3 days vs. control).

Interestingly, the locomotor activity

deficit caused by exposure to 6-OHDA

for 32 h (48–80 hpf) was similar to

that caused by the longer three-day

exposure (Tukey’s post hoc test P <

0.05 6-OHDA 32 h vs. control), thus

providing us with a paradigm for

testing functional restoration potential

of test drugs. L-DOPA partially

restored locomotor activity (Fig. 4H;

Fig. 2. Effects of 6-OHDA and L-DOPA on development, locomotor activity and dopaminergic cell

number. When compared with controls (Ctl) at 3 dpf (A) heart edema and blood pooling (*) were

seen in 6-OHDA (250 lM)-treated larvae (B). At 5 dpf larvae in the 6-OHDA-treated group (D) had

delayed development such as slow development of the swim bladder along with cardiac edema

and blood pooling (*) compared to 5 dpf control (C). (E) Morphology scores at 3 dpf, 4 dpf, and 5

dpf in control, 6-OHDA- and L-DOPA-treated groups. L-DOPA had no effect on development,

however 6-OHDA groups had significantly lower body score at 3 dpf. Data are represented as

median and interquartile range with n = 30 larvae per group; **P < 0.01 vs. control.
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6-OHDA+L-DOPA ns vs. any group), with movement

intermediate between that of the control and the

relevant 6-OHDA groups.

In contrast to the partial reversal by L-DOPA of the 6-

OHDA-induced locomotor deficit, L-DOPA was unable to

prevent or restore the loss of dopaminergic neurons

caused by exposure to 6-OHDA (Fig. 4A–F) when

tested at 5 dpf. The neuronal losses due to 6-OHDA

were statistically significant (Fig. 4G; Kruskal–Wallis

ANOVA (v2(4) = 13.5; P = 0.0091; effect size f = 0.78;

power= 0.66; Dunn’s post hoc test P<0.05 6-OHDA vs.

control; L-DOPA groups ns vs. relevant 6-OHDA

groups). This indicates that a 32-h exposure to 6-OHDA

is sufficient to induce substantial neuronal loss with no

recovery of neuronal cell numbers by 5 dpf, 40 h after

withdrawal of the toxin. L-DOPA co-treatment did not

prevent neuronal loss due to the three-day 6-OHDA

exposure (Fig. 4E). Nor did post-treatment with L-DOPA

following washout of 6-OHDA reverse the neuronal loss

due to 32-h exposure to 6-OHDA (Fig. 4F). Thus, the

effect of L-DOPA in our zebrafish model is similar to

those observed clinically showing an improvement of

locomotor function with no improvement in dopaminergic

neuronal loss.

Drug toxicity study

Before testing the neuroprotective or neuro-restorative

ability of our test drugs, we first assessed the toxicity of

each test drug alone, when administered from 48 hpf to

120 hpf, by scoring morphology each day and assessing

locomotor activity at 5 dpf.

No defects were recorded in minocycline (10 lM) or

rasagiline (1 lM)-treated groups; morphology scores

were similar to controls (Fig. 5G), and these drugs had

no effect on locomotor activity (Fig. 5H). Whereas

isradipine at 10 lM caused severe heart edema

(Fig. 5C, F), the 1 lM concentration was much less

toxic; it caused mild heart edema and mild blood pooling

in approximately 20% of treated larvae (Fig. 5B, E).

Morphology scores were only significantly different to

controls at 5 dpf (Fig. 5G; Kruskal Wallis ANOVA v2(3)
= 9.558; P = 0.0227; effect size f = 0.24; power =

0.55; Tykey’s post hoc test P < 0.05 isradipine vs.

control at 5 dpf). Therefore the 1 lM concentration of

isradipine was chosen for further investigations. None of

the drugs affected locomotor activity compared to

controls (Fig. 5H; one-way ANOVA F(3,31) = 2.851, P =

0.0533; effect size f = 0.52; power = 0.68; Dunn’s post

hoc test all groups ns vs. control). Thus we tested these

drugs for neuroprotection and neurorestoration.

Neuroprotective effect experiments

To test if isradipine, minocycline or rasagiline were

neuroprotective, we co-administered these drugs with 6-

OHDA for three days (2–5 dpf). Locomotor activity and

dopaminergic cell counts were assessed at 5 dpf.

Co-treatment with isradipine did not prevent the 6-

OHDA-induced loss of dopaminergic neurons

(Fig. 6B, C, F; Kruskal–Wallis ANOVA (v2(4) = 21.18;

P = 0.0003; Effect size f = 0.98; power = 0.99; Dunn’s

post hoc test P < 0.05 isradipine vs. control; ns vs. 6-

OHDA), whereas pre-treatment with minocycline or

rasagiline protected the dopaminergic neurons (Fig. 6D-

F, Dunn’s post hoc test P < 0.05 vs. 6-OHDA; ns vs.

control), demonstrating that minocycline and rasagiline

protect dopaminergic neurons, whereas isradipine does

not.

Fig. 3. Dopaminergic cell loss throughout the brain following 6-

OHDA exposure for 32 h or 3 days. Control larvae at 5 dpf have

expected dopamine cell populations in the pretectum (A), posterior

tuberculum (A–C) and hypothalamus (D, E). Corresponding brain

regions in 6-OHDA 32 h exposed larvae (F–J) or 3 day exposed

larvae (K–O) have huge dopaminergic neuronal loss throughout the

brain (DT, dorsal thalamus; H, hypothalamus; PT, pretectum; PTu,

posterior tuberculum; T, tegmentum; Scale bar = 100 lm). (P)

Distance moved over time in dark (shaded) and light conditions

shows that larvae move more in the dark, with severe loss of

movement in the dark phase in both 32-h and 3-day 6-OHDA-treated

larvae; n = 3 separate experiments with 10 larvae per experiment.

Data are represented as mean ± SEM.
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Overall there were significant differences in distance

moved between treatment groups (one-way ANOVA,

F(4,18) = 6.435, P = 0.0021; effect size f= 1.2; power

= 0.99). Isradipine co-treatment did not improve

locomotor activity in 6-OHDA-treated larvae; distance

moved was similar to the 6-OHDA-only group and

significantly lower than controls

(Tukey’s post hoc test, P < 0.05 vs.

controls). In contrast, larvae co-

treated with minocycline moved as

much as controls, and significantly

more than the 6-OHDA-only group

(Fig. 6G, H; Tukey’s post hoc test P
< 0.05 vs. 6-OHDA). Similarly,

movement of larvae co-treated with 6-

OHDA and rasagiline was similar to

controls and was significantly higher

than in the 6-OHDA-only group

(Fig. 6G, H; Tukey’s post hoc test P
< 0.05 vs. 6-OHDA), demonstrating

functional protection by minocycline

and rasagiline in our 6-OHDA

zebrafish model of Parkinson’s

disease and consistent with the

dopaminergic cell imaging findings.

Neuro-restorative effect
experiments

Having found that co-treatment with

rasagiline or minocycline protected

dopaminergic neurons from 6-OHDA

effects, we wished to determine

whether they could restore locomotor

activity and dopaminergic cells in

larvae pre-treated with 6-OHDA.

Having established that exposure to

6-OHDA from 48 hpf to 80 hpf induced

similar deficits in locomotor activity

and dopaminergic neurons, at 5 dpf,

to the longer, 3 day, exposure (Fig. 4),

we then initiated treatment with

isradipine, rasagiline, or minocycline

at 80 hpf, just after withdrawal of the

3

Fig. 4. Effect of L-DOPA on dopaminergic cell

survival and locomotor activity in 6-OHDA

treated larvae. Compared with their respective

controls (A, B) 3-day (C) or 32-h (D) 6-OHDA

treatment caused dopaminergic neuronal loss,

L-DOPA co-treatment (E) or post-treatment

(F) did not protect from or restore cell loss. (H,

hypothalamus; T, tegmentum; Scale

bar = 100 lm). (G) Dopaminergic cell count

data are represented as median with range,

n = 4 per group. (H) Locomotor testing at 5

dpf found decreased locomotor activity in both

6-OHDA groups when compared to controls.

L-DOPA treatment in both co-treated (neuro-

protective) and post-treated (neuro-restora-

tive) groups had a partial rescue of locomotor

activity; n= 3 separate experiments with 10

larvae per experiment. Data are represented

as mean ± SEM; *P < 0.05 vs. control.
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6-OHDA. Treatment with these drugs

continued until 120 hpf.

There was a significant effect of

treatment on dopaminergic cell

number (Fig. 7A–F; Kruskal–Wallis

ANOVA (v2(4) = 23.72; P < 0.0001;

effect size f = 1.14; power = 0.99).

Rasagiline treatment from 80 hpf to

120 hpf rescued dopaminergic

neurons by 5 dpf (Dunn’s post hoc

test P = 0.0005 vs. 6-OHDA, ns vs.

control), whereas treatment with

isradipine did not (Dunn’s post hoc

test P < 0.05 vs. control, ns vs. 6-

OHDA). Although cell numbers in the

minocycline group were similar to

controls (Dunn’s post hoc test P >

0.999) numbers were not

significantly higher than in the 6-

OHDA group (Dunn’s post hoc test

P = 0.1097), indicating a partial

recovery of neuronal cell numbers.

Overall, there were significant

differences in locomotor activity

between treatment groups (Fig. 7G,

H; one-way ANOVA F(4,10) = 8.267,

P = 0.0033; effect size f = 1.82; po

wer = 0.99). Treatment with

isradipine from 80- to 120 hpf failed

to improve the 6-OHDA-induced

locomotor deficit (Fig. 7H; Tukey’s

post hoc test, P < 0.05 vs. control),

whereas minocycline or rasagiline

treatment restored movement to

control levels (Fig. 7H; Tukey’s post

hoc test, P < 0.05 vs. 6-OHDA).

Together with the neuronal cell

immunohistochemical findings, these

results demonstrate that rasagiline

restores both locomotor function and

dopaminergic neurons in zebrafish

larvae, whereas isradipine does not.

Minocycline fully restores locomotor

function but did not fully restore

dopaminergic neurons to control

levels.

DISCUSSION

In this study we demonstrate the

value of zebrafish larvae for

screening putative treatments for

Parkinson’s disease. For the first

time we have shown that exposure

of zebrafish larvae to 6-OHDA for

32 h can induce similar deficits to a

3-day exposure regimen. This

allowed us to assess the

Fig. 5. Effects of test drugs alone. Compared with control larvae at 3 dpf (A) and 5 dpf (D) larvae

treated with isradipine (10 mM) had severe cardiac edema at 3 dpf (C*) and 5 dpf (F*), whereas only

some larvae in the 1 mM isradipine group had mild edema (*B and E). (G) Morphology was scored

in isradipine, minocycline and rasagiline treated embryos at 3 dpf, 4 dpf, and 5 dpf. At 5 dpf

isradipine-treated larvae had significantly lower morphology scores than controls. Data are

represented as median and interquartile range with n = 30 larvae per group; *P < 0.05 vs. control.

(H) Locomotor activity was assessed at 5 dpf. Total distance moved was similar in all groups. Data

are represented as mean ± SEM, n � 5 separate experiments with 10 larvae per experiment.
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neurorestorative as well as neuroprotective effects of drug

treatments in 5-dpf zebrafish larvae, with the potential for

high-throughput screening.

6-OHDA model and
neurodegeneration

In agreement with published reports

(Parng et al., 2007; Feng et al.,

2014) we found that 6-OHDA, when

administered for three days, begin-

ning at 48 hpf, produced both robust

deficits in locomotor activity and

extensive dopaminergic neuronal loss

in zebrafish larvae. Significantly, we

were also able to demonstrate loco-

motor deficits and dopaminergic neu-

ronal loss following a shorter, 32 h,

exposure to 6-OHDA, thus allowing

us to subsequently treat with putative

neuro-restorative drugs and assess

locomotor activity and dopaminergic

neurons at 5 dpf. To our knowledge

this is the first report of such studies

in zebrafish larvae up to 5 dpf; previ-

ous studies have tested for neuropro-

tection at this early larval stage but not

for neurorestoration (Zhang et al.,

2011, 2015, 2017; Feng et al., 2014).

(Chong et al., 2013) induced locomo-

tor deficit following two days of 6-

OHDA treatment; however they began

exposure at 24 hpf. Feng et al. (2014)

were unable to induce locomotor defi-

cit in their system following two days

of 6-OHDA exposure beginning at

48 hpf. The increased sensitivity of

our system may be due to the use of

10-min dark phases to stimulate

movement, coupled with the

increased length of our locomotor

testing.

L-DOPA

The finding that L-DOPA co-treatment

could partially restore the 6-OHDA-

induced locomotor activity deficit is

similar to that of Feng et al. (2014).

Despite this, L-DOPA could not pre-

vent dopaminergic neuronal loss in

6-OHDA-treated larvae. This lack of

protection of neurons is similar to find-

ings in a Zebrafish LRRK2 morpholino

knockdown model (Sheng et al.,

2010). However, these authors were

unable to monitor locomotor activity

as the morphant phenotype was sev-

ere; in addition, morpholino effects

are typically transient, lasting no more

than three days because the anti-

sense morpholino is diluted by new

RNA in surviving larvae. Neither did

we find that 1 mM L-DOPA itself caused neuronal loss,

which was reported by Stednitz et al. (2015); in our

study dopaminergic neuron numbers were similar in the

Fig. 6. Neuroprotective effects of test drugs. Compared to control (A) 6-OHDA treatment (B)

caused dopaminergic neuron loss. Treatment with isradipine (C) did not prevent 6-OHDA-induced

dopaminergic cell loss, whereas minocycline (D) or rasagiline (E) treatment was neuroprotective.

Scale bar = 100 lm; H, hypothalamus; T, tegmentum. (F) Dopaminergic cell counts following

immunohistochemical analysis. Data are represented as median with range, n = 6 larvae per

group; *P < 0.05 vs. control; #P < 0.05 vs. 6-OHDA. (G) Distance moved over time in dark

(shaded) and light conditions shows that larvae move more in the dark, with severe loss of

movement in the dark phase in 6-OHDA treated larvae, which was prevented by co-treatment with

rasagiline or minocycline but not with isradipine. Total distance moved over the 50-min trial (H),

shows overall effects of treatments. Data are represented as mean ± SEM, n = 5 separate

experiments with 10 larvae per experiment, except minocycline group for which there were three

separate experiments; *P < 0.05 vs. control; #P < 0.05 vs. 6-OHDA.
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L-DOPA-treated and control groups, nor did we find that

L-DOPA caused hyperactivity. The difference in findings

may be due to different time of treatment; Stednitz and

colleagues treated for one day starting at 5 dpf, whereas

our treatments were from 2 to 5 dpf. Our findings corre-

spond to clinical use of L-DOPA to improve movement

without neuroprotection and are a

further validation of a zebrafish

6-OHDA model for screening of novel

symptomatic treatments for PD.

Isradipine

Isradipine was put forward for clinical

trials for Parkinson’s disease, based

on the observation that patients

treated for hypertension with calcium

channel blockers had a lower risk of

developing Parkinson’s disease

(Becker et al., 2008; Ritz et al.,

2010; Pasternak et al., 2012). In addi-

tion, in vitro and in vivo animal studies

on rodents and primates were promis-

ing (Kupsch et al., 1996; Chan et al.,

2007; Ilijic et al., 2011). L-type cal-

cium channels are essential for regu-

lation of dopaminergic neuronal firing

and are responsible for the majority

of calcium currents entering dopamin-

ergic neurons. As isradipine is speci-

fic to L-type calcium channels it was

hypothesized that treatment would

protect and rescue dopaminergic cell

death through inhibition of calcium

influx into the cell which would other-

wise lead to neuronal vulnerability

and subsequent cell death (Kruman

and Mattson, 1999; Durante et al.,

2004). Despite this, we failed to find

any protective or restorative effect in

our 6-OHDA zebrafish model, and

isradipine itself caused mild heart

edema. Although Ilijic et al. (2011)

found that isradipine was neuropro-

tective in a 6-OHDA mouse model, a

recent study by (Ortner et al., 2017)

found that at therapeutic or even

supra-therapeutic doses isradipine

was not neuroprotective in their 6-

OHDA mouse model of Parkinson’s

disease. They reason that this is

because vascular calcium channels

are more sensitive to isradipine than

those in the substantia nigra. Our

findings of mild edema in our zebra-

fish, without any neuroprotection

would agree with this interpretation.

Our results also correspond to prelim-

inary results from a phase II study in

patients which failed to show an effect

of this drug as a treatment for Parkin-

son’s disease at the maximum tolerated dose of 10 mg

after 52 weeks (Parkinson Study G, 2013). In addition,

there are several studies which did not find an association

between calcium channel blocker use and protection from

Parkinson’s disease (Ton et al., 2007; Louis et al., 2009;

Simon et al., 2010). Therefore this negative finding with

Fig. 7. Neuro-restorative effects of test drugs. Compared to control (A) 32-h 6-OHDA treatment

(B) caused dopaminergic neuron loss. Subsequent treatment with isradipine (C) did not rescue 6-

OHDA-induced dopaminergic cell loss, whereas minocycline partially restored dopaminergic

neurons (D) and rasagiline (E) treatment was fully neuro-restorative. Scale bar = 100 lm; H,

hypothalamus; T, tegmentum. (F) Dopaminergic cell count data are represented as median with

range, n= 6 larvae per group; *P < 0.05 vs. control; ###P < 0.0005 vs. 6-OHDA. (G) Distance

moved over time in dark (shaded) and light conditions shows that larvae move more in the dark,

with severe loss of movement in the dark phase in 6-OHDA-treated larvae, which was rescued by

post-treatment with rasagiline or minocycline but not with isradipine. Total distance moved per 50-

min trial (H), shows overall effects of treatments. Data are represented as mean ± SEM, n = 3

separate experiments with 10 larvae per experiment; *P < 0.05 vs. control; **P < 0.01 vs. control;
#P < 0.05 vs. 6-OHDA.
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isradipine may be a better reflection of the clinical effects

than previous animal studies.

Minocycline

There has been increasing evidence for the role of

neuroinflammation in neurodegenerative diseases in

recent years (De Virgilio et al., 2016 for review). There-

fore, there has been an increased interest in the possible

neuroprotective effects of anti-inflammatory drugs, with

many reports of neuroprotection in genetic and neurotoxic

animal models of neurodegenerative diseases through

inhibition of microglial activation, anti-apoptotic properties

and inhibition of reactive oxygen species production

(Ramsey and Tansey, 2014 for review). Minocycline has

been shown to be anti-inflammatory, anti-apoptotic, and

anti-oxidant in cell culture and animal models (Garrido-

Mesa et al., 2013 for review). It has been shown to inhibit

the release of cytochrome C into the cytosol (Zhu et al.,

2002) leading to inhibition of caspase-1 and caspase-3

as well as iNOS (Chen et al., 2000). It has also been

shown to inhibit microglial activation following 6-OHDA

in mice (He et al., 2001) and this effect may be due to inhi-

bition of the generation of reactive oxygen species by

NADPH oxidases (NOX), particularly NOX2 (Hernandes

et al., 2013). During zebrafish development NOX2 is sta-

bly expressed in the brain by 24 hpf (Weaver et al., 2016),

and microglia colonize zebrafish brain between 2.5 and

4.5 dpf, with increased apoptosis causing increased colo-

nization (Casano et al., 2016; Xu et al., 2016). Therefore it

is plausible that the neuroprotection and partial neuro-

restoration in our study was due to inhibition of NOX2

and microglia. Neuroprotective effects have also been

shown in mouse MPTP model (Wu et al., 2002), and in

a 6-OHDA zebrafish model (Feng et al., 2014); however

these studies did not test for a neuro-restorative effect

of minocycline. Our study is in agreement with Quintero

et al. (2006) who found that treatment of rodents with

minocycline before 6-OHDA-induced loss of dopaminer-

gic neurons was neuroprotective, but although treatment

with minocycline after 6-OHDA lesion reduced the loss

of neurons, this effect was not statistically significant.

However, in clinical studies minocycline did not improve

motor symptoms after 12 or 18 months (Ravina et al.,

2006; Kieburtz et al., 2008) in a small trial (66 to 67

patients in each treatment arm) although a longer trial per-

iod may be needed to assess the benefits of this drug in

protection or symptomatic treatment of this disease. In

patients with Parkinsonian related multiple system atro-

phy, it reduced microglial activation in the small sub-

group tested but it did not improve motor function (n =

8; Dodel et al., 2010). Although the preclinical evidence

is promising, further clinical evidence is needed to deter-

mine whether minocycline is beneficial in Parkinson’s

disease.

Rasagiline

The MAO B inhibitor, rasagiline, is effective at improving

motor symptoms as monotherapy in early Parkinson’s

disease and as an adjunct to levodopa at more

advanced stages (Olanow et al., 2009; Weintraub et al.,

2016).

In contrast to humans, which have two MAO isoforms

MAO A and MAO B, zebrafish have only one form of MAO

which displays approximately 70% sequence identity to

both MAO A and B in the human genome (Setini et al.,

2005). Functionally, the zebrafish MAO is also intermedi-

ate between MAO A and MAO B (Arslan and Edmondson,

2010). In our study mean distance moved in the rasagiline

(1 mM)-treated larvae was slightly lower than in the control

group, although this decrease was not significant

(Fig. 5H; P = 0.53 vs. control, Tukey’s post hoc test).

Hyperserotonergic effects have been reported in zebra-

fish using deprenyl with hypolocomotion and increased

5HT levels when deprenyl was given at high doses

(>10 mM) and for longer times (seven days rather than

three in our study) than was rasagiline in our study

(Sallinen et al., 2009). Although the IC50 for rasagiline in

zebrafish has not been reported, in humans it is similar

to deprenyl (Geha et al., 2001), therefore we would

expect that the effects of the two drugs in zebrafish would

be broadly equivalent. Given that we did not find a differ-

ence in locomotion, nor was there any cardiac edema or

other morphological signs of toxicity, it is unlikely that it

caused hyperserotonergic effects in our study. In addition,

in humans rasagiline alone at therapeutic doses has not

been reported to cause serotonin syndrome (Chen,

2011; Fernandes et al., 2011), and no correlation was

found between rasagiline treatment, in combination with

anti-depressants, and serotonin syndrome in 93 Parkin-

son’s patients over a 36-week period in a clinical trial

(Smith et al., 2015).

Rasagiline has been shown to be neuroprotective

in vitro (Goggi et al., 2000) and was shown to protect

SH-SY5Y neuroblastoma cells from apoptosis

Maruyama et al. (2001). Neuroprotection has also been

reported in primates and rodents (Kupsch et al., 2001;

Blandini et al., 2004), and Sagi et al. (2007) have shown

that rasagiline restores dopaminergic neurons when given

subsequent to the neurotoxin MPTP. The S-isomer of

rasagiline is 1000-fold less potent as an MAO-B inhibitor

(Youdim and Weinstock, 2001), yet has been reported

to protect dopaminergic cells in vitro and in vivo
(Maruyama et al., 2001; Youdim et al., 2001).These find-

ings led to the hypothesis that the neuroprotective effect is

due to intrinsic anti-apoptotic properties and not due to its

action on monoamine oxidase (Youdim et al., 2001; Akao

et al., 2002).

Our findings that rasagiline both protects and restores

neurons from the effects of 6-OHDA, and normalizes

locomotor activity, agree with the findings in the cell

culture and animal studies above. To our knowledge this

is the first report of the neuroprotective and

neurorestorative effects of rasagiline in zebrafish. In

clinical studies rasagiline has been found to improve

motor scores and activities of daily living (Siderowf

et al., 2002; Olanow et al., 2009); however it did not

improve mild cognitive impairment in Parkinson’s patients

in a small recent trial (Weintraub et al., 2016). Therefore it

is not yet known whether the neuroprotective evidence

from animal studies will be confirmed in the clinic.
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CONCLUSION

Despite a clearer understanding of Parkinson’s disease

pathology, treatment to date is merely symptomatic; the

ultimate goal is to protect against further degeneration

and worsening of symptoms. The ability to screen drugs

in a relatively high-throughput fashion is key to

progress. This study aimed to further develop zebrafish

as a model suitable for high-throughput drug screening

for Parkinson’s disease. Our findings for minocycline

and rasagiline mirror those of studies in rodents and

primates, and although, unlike studies in rodents,

isradipine was not neuroprotective in zebrafish, this may

better reflect the clinical situation. Thus we have shown

that exposure of zebrafish larvae to 6-OHDA can be

used to test for both neuroprotection and neuro-

restoration in a relatively high throughput manner, over

a short time span of three days, making zebrafish an

ideal model for high-throughput screening of novel

therapies for Parkinson’s disease.
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