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Abstract

Neurodegenerative diseases (NDs) are characterised by neuronal atrophy and

loss of motoric, emotional and cognitive functions. Cerebellar ataxias (CAs) affect

the cerebellum, which is important in motoric control and fine-tuning. SCAR16 and

SCA48 are two CAs associated with mutations in the STIP1-homology and U-box-

containing protein 1 (STUB1) gene, which codes for the C-terminus of HSC70 inter-

acting protein (CHIP). The ubiquitin-proteasome system (UPS) and the heat shock

response (HSR) are two parts of the protein quality control system (PQC), which

aims to maintain protein homeostasis (proteostasis) in the cell to avoid apoptosis.

CHIP plays a vital role in both the UPS and the HSR by facilitating proteasomal

degradation of target proteins. In this study, we analysed the Purkinje cell dendrite

branching pattern of homozygous Chip U-box mutants lacking the E3 ligase func-

tion. Immunohistochemistry was performed on brain sections from UBOX+/+ and

UBOX-/- adult zebrafish to visualise dendritic structures. In addition, we subjected

5 day old larvae to heat shock and performed RT-qPCR to analyse transcript levels

of hsp70, hsp90 and hsf1 in response to HSR initiation. Hsp70 protein levels were

also analysed in heat-shocked and non-heat-shocked UBOX+/+ and UBOX-/- ze-

brafish by performing western blot.

We found an increase in dendrite disorganisation in the cerebellum of our mutant

samples compared to wild-type samples. We also found an increase of hsp70, hsp90

and hsf1 transcript following heat-shock, and an elevated level of Hsp70 protein in

both the heat-shocked and non-heat-shocked mutant compared to the wild-types.

This indicates a prolonged stress in the UBOX-/- mutant, which in the UBOX+/+

samples seems to be terminated faster due to the presence of Chips U-box and E3

ligase function.
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1 Introduction

1.1 Neurodegenerative diseases

Neurodegenerative diseases (NDs) that affect the brain can originate both internally and

externally. External factors include environmental toxicants, e.g. metals such lead or

arsenic or pesticides such as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) [1],

while internal factors include inherited genetic mutations causing hereditary disorders

such as spinocerebellar ataxias (SCAs). Many of these disorders lead to degeneration

of neurons, and ultimately cell death. One of the main causes of neurodegeneration is

protein aggregation, which has been shown to be a central factor in over 70 diseases.

This includes Alzheimer’s disease (AD), in which there are extracellular aggregations of

Aβ-peptides (derivatives of amyloid proteins that facilitate protein aggregate formation)

and Parkinson’s disease (PD), in which there is a loss in dopamine-producing neurons and

formation of Lewy bodies (nuclear α-synuclein inclusions) [2][3].

1.1.1 Cerebellar Ataxia - SCAR16

One category of NDs are cerebellar ataxias (CAs). CAs are characterised by deficits

in motoric control and fine-tuning, impaired cognitive and emotional functionality and

speech impairment due to weakness of the speech muscles [4][5]. CAs are either sporadic

or hereditary. The sporadic forms can be acquired through a variety of factors, some

being alcoholism, exposure to toxicants, heavy metals or infections [6]. Some examples

are multiple system atrophy (MAS), which is the most common non-hereditary ataxia,

and idiopathic late-onset cerebellar ataxia (ILOCA). Hereditary CAs can be X-linked,

dominant or recessive. Autosomal recessive cerebellar ataxias (ARCAs) affect 2.2-7/100

000 people and include a rare early-onset ataxia called spinocerebellar ataxia autosomal

recessive type 16 (SCAR16) [2]. SCAR16 symptoms overlap with a large range of other

CAs. This makes it hard to define clear lines between the different CAs. SCAR16 is

characterised by cerebellar ataxia, cognitive impairment and hypogonadism [7]. Other

symptoms can include epilepsy, tremor, dysarthria, myoclonus (quick, involuntary muscle

jerk) and type 1 diabetes [8].

So far, 19 mutations have been identified that cause SCAR16, and they are all located in

the STIP-homology and U-box containing protein 1 (STUB1 ) gene [2][9]. Heterozygous
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mutations in STUB1 have also been identified as the cause for a late-onset CA called

autosomal dominant spinocerebellar ataxia type 48 (SCA48) [7][8]. Contradictory to this

is the fact that parents of SCAR16 patients, carriers of a single STUB1 mutation, can

be healthy and lack symptoms [10]. This highlights the importance of research on these

diseases, since there is still a lot of uncertainty around the effect that different mutations

can have on the disease symptoms.

1.1.2 STUB1 encodes CHIP

STUB1 encodes an E3 ligase and co-chaperone called c-terminus of HSC70-interacting

protein (CHIP). In this study, CHIP will generally be used as an acronym for the mam-

malian (human and rodent) protein, while Chip will be used specifically for zebrafish.

The same system will be applied for the HSPs and HSFs. In relevant occasions it will be

specified whether studies were done on human, rodent, yeast or zebrafish systems. CHIP

is a 35kDa protein that is mainly present in tissues with high metabolic activity, such as

skeletal muscle, brain, heart and gonads [11]. CHIPs functionality is conserved amongst

metazoans, and the protein contains two main domains (Figure 1.1). The tetratricopep-

tide repeat (TPR) domain is located at the N-terminus, and it binds to the C-terminus

of HSP70/HSP90 and other chaperones. The U-box domain at the C-terminus functions

as an E3 ligase, ubiquitinating and targeting substrates such as misfolded proteins for

degradation. Between these lies the central helical hairpin (HH) region, which facilitates

dimerisation [12]. Monomers of CHIP have been found to be inactive, and proper func-

tionality of CHIP is therefore dependant on dimerisation via the HH region [13]. The

asymmetric homodimer that forms has only one functional U-box, as the other U-box

domain is blocked by a TPR domain in the process [14].
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Figure 1.1: STUB1 mRNA and CHIP protein structures. Human STUB1 mRNA consists of 7

exons. Grey zones represent UTRs. The human CHIP protein has one TPR domain at its N terminus

(blue), one central helical hairpin region (green) and a U-box domain at the C terminus (red). The

predicted tertiary 3D structure of the monomeric protein is adapted from Zhang et al. [15].

1.2 The Mechanisms of Maintaining Proteostasis

Proteome homoeostasis (proteostasis) is the regulation to maintain a functional set of

proteins in the cell and thereby assuring overall cellular homeostasis. Cells are constantly

exposed to different stress factors such as toxicants, heavy metals or heat. These stress

factors can influence the stability of native proteins. Improper folding of new proteins, or

the damage of existing proteins, can lead to their aggragation [16]. A protein that has a

small structural alteration can be enough to initiate aggregation. Exposed hydrophobic

residues stabilise the amyloidogenic intermediate that is the state between the native and

the non-native protein structures. These intermediates can aggregate and create oligomers

called amyloids. Amyloids are not stable and will bind other oligomers and eventually

form protofibrils and amyloid-like fibrils, which are aggregates of oligomers and protofib-

rils, respectively [17].

To avoid these aggregates, which would eventually cause the cell to initiate programmed
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cell death (apoptosis), cells have developed a network of coping mechanisms called the

protein quality control system (PQC), which maintains proteostasis by refolding or de-

grading damaged proteins. It consists of two major pathways. The autophagy-lysosome

pathway makes up 10-20% of all degradation activity in the mammalian cell. Lysosomes

are organelles that degrade both endogenous proteins and extracellular particles (endocy-

tosis) [3][18]. The other 80-90% are made up of the ubiquitin-proteasome system (UPS),

which degrades individual proteins in cooperation with a variety of chaperones and co-

chaperones [19][18].

1.2.1 General Principles of the Ubiquitin-Proteasome System

The ubiquitin-proteasome system is initiated when an ubiquitin-activation enzyme (E1)(Figure

1.2A) uses ATP to form thioester bonds between itself and the ubiquitin (Ub) molecule.

Ub is a small protein, only 67 amino acids long, which forms poly-ubiquitin chains through

isopeptide bonds at its lysine residues. The addition of this chain to a protein increases

the rate of its degradation by at least a 10-fold [20]. E1 transfers the Ub to a ubiquitin-

conjugating enzyme (E2)(1.2B). E3 Ubiquitin ligases receive the Ub (1.2C) and covalently

attach it to the target protein (1.2D). E4, another type of enzyme has been proposed to

polyubiquitinate target proteins in cooperation with E1, E2 and E3 [21][22]. The poly-

ubiquitinated proteins are eventually recognised by the proteasome [20][23][24]. This large

26S enzyme consists of a 20S core particle (CP) flanked by 19S caps. The 19S cap first

recognises the polyubiquitin chain, after which the target protein is unfolded, and trans-

ported through the CP. The Ubiquitin is removed and nucleotide hydrolysis (addition of

water molecules to break chemical bonds) facilitates proteolysis [16].

11



Figure 1.2: General illustration of the UPS. Stress factors like heat cause protein degeneration

or misfolding. In the UPS, E1 enzymes activate ubiquitin (A) and transfer it to E2 enzymes (B). They

in turn transfer the molecule to E3 ligases (C) which attach it to the misfolded protein (D). The poly-

ubiquitinated peptide (E) is then recognised by the proteasome and degraded to peptide fragments. Inactive

ubiquitin emerges (F). Generated with BioRender.com.

1.2.2 The UPS in Neurodegenerative Diseases

In NDs, the toxic accumulation of protein aggregates has been shown to originate in a

malfunction of the pathways maintaining proteostasis. As mentioned earlier, the UPS

stands for up to 90% of protein degradation in the mammalian cell, and it is therefore

no surprise that several NDs have been associated with improper UPS function. In some

types of AD for example, a mutation in the ubiquitin molecule that prevents the E3 ligase

from attaching it to the target protein causes aggregation [25]. Another example is PD,

of which there are several different types. Some are initiated by oxidative stress that

leads to accumulation of α-synuclein. α-synuclein is a substrate of the E3 ligase Parkin,

and malfunction in Parkin, and thereby loss of α-synuclein degradation, can cause PDs

[25][26].
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1.2.3 CHIPs Function in the UPS

There are more than 600 E3 ligases, of which most contain either the ”Really Interesting

New Gene” (RING)-domain, or a RING-like domain [27]. The U-box domain, conserved

across eukaryotes, is one such RING-like domain. RING-like domains do not contain

the signature cysteine residues known to be conserved in RING domains, but nevertheless

possess the same functionality [21]. CHIP thus contains the RING-like U-box domain and

facilitates transfer of E2-bound ubiquitin to the target protein in addition to bringing the

poly-ubiquitinated target in proximity to the proteasome via its TPR domain [28][12][29].

This is achieved by the formation of electrostatic and hydrophobic interactions between

the U-box and a conserved binding motif in E2 enzymes [29].

1.3 The Heat Shock Response

The heat shock response (HSR) is a response mechanism to different stressors. It was first

discovered in Drosophila, in which chromosomal puffing was a result of heat shock [30].

The mechanism is conserved amongst eukaryotes to maintain proteostasis. Not only heat,

but also glucose depletion, overexpression of misfolded proteins or oxidative stress caused

by proteotoxic compounds such as heavy metals can initiate the HSR [31][30]. Heat can

lead to defects in the cytoskeleton, incorrect localisation of organelles, fragmentation of

the ER and Golgi apparatus and decrease in mitochondria and lysosomes. Heat also

denatures proteins and exposure of residues that facilitate unspecific aggregation [32].

These non-native proteins are targeted for degradation by the heat shock proteins (HSP).

Transcription of the genes coding for HSPs is initiated by heat shock factors (HSF). In

mammalian cells this group of transcription factors is made up of HSF1, HSF2, HSF4,

HSF5, HSFX and HSFY [33]. Yeast in contrast only contains one version, HSF1 [33].

The conserved functionality of HSF1 is one of the reasons why HSF1 is the most studied

member of the HSF family [34]. Another reason is its involvement in NDs and cancer. In

some cancers, there is an over-activation of HSF1 due to high mutational rates and hence

an increase in protein aggregation [30]. However, the pathway with which HSF1 operates

in cancer cells differs from the HSR [35]. Some NDs in contrast seem to be characterised

by a remarkably low level of HSF1 [33]. To target the underlying mechanisms behind NDs,

namely protein misfolding and aggregation, treatments that activate HSF1 are emerging

[36].
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Figure 1.3: General simplified illustration of the HSR for HSF1, HSP70 and CHIP. The

initiation pathway is shown with green arrows, termination is shown with red arrows. Prior to initiation

of the HSR, monomeric HSF1 is bound by HSP70 (A). The response is initiated by an increasing level of

misfolded proteins (B). HSP70 disassociates from HSF1 and binds to the target proteins (C) to facilitate

degradation by the proteasome. CHIP now binds to HSF1 (D) and translocates it into the nucleus, where

it trimerises (E). Binding of trimeric HSF1 to the HSE initiates HSP70/90 transcription (F). When

misfolded proteins are degraded, HSP70 translocates into the nucleus and interrupts HSF1 trimerisation

to facilitate HSR termination (G). HSF1 monomers are then again held inactive by HSP70 binding (A).

Generated with BioRender.com.

1.3.1 The Heat Shock Proteins

The heat shock proteins are a group of chaperones that are essential in the prevention

of non-native protein accumulation. They target misfolded or denatured proteins to be

either refolded or degraded. Refolding by e.g. HSP70 happens in an ATP-dependant

manner [37], while protein degradation is mediated by HSP70 and HSP90 through co-

chaperone interactions [24]. When the HSR is first initiated, CHIP facilitates an increase

in HSP proteins by translocating their transcription factor (HSF1) into the nucleus and
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thus initiating HSP transcription. CHIP also ubiquitinates HSPs in the recovery period

following stress and, together with other components of the UPS, facilitates HSP degra-

dation [24]. During this recovery period, HSP70 also creates a negative feedback loop

for HSP transcription. Newly formed HSP70 rapidly migrates into the nucleus during

thermal stress, where it affects the levels of activated HSF1 [38]. Blocking its trimeri-

sation domains, HSP70 (not HSP90) prevents HSF1 from transforming into its active

form [33]. All together, HSPs activate the HSR by disassociating from HSF1 and letting

it initiate transcription of HSPs. The negative feedback loop comes into play when the

HSPs amount exceeds that of the misfolded proteins. HSP70 then terminates the HSR

by inhibiting HSF1.

1.3.2 Heat Shock Factor 1

Monomeric HSF1 is at all times present in the cells. This is to ensure rapid response to

changes in the cellular environment. Under normal conditions it is kept inactive in its

monomeric form by HSP70 and HSP90 [35]. Using the co-chaperone function of its TPR

domain, CHIP translocates HSF1 into the nucleus [39]. In addition there is a constant

active transport of HSP70-bound HSF1 into- and out of the nucleus via the nuclear pore

complex (NPC) [35]. HSF1 transforms into its active form by creating covalent bonds

between monomers. In this trimeric form it binds to the heat-shock element (HSE) up-

stream from the HSP genes. HSEs contain three nGAAn repeats to which each one of

the HSF1 monomers binds [33].

There are a lot of mechanisms that control HSF1 activity. This fine-tuning allows for

precise responses to various inputs [33][40]. One control mechanism is transcriptional

pausing, a process in which the polymerase is paused downstream from the transcription

start site. HSF1 was shown to restart transcription by interacting with the polymerase.

This process ensures an immediate response to elevated stress levels, as the transcrip-

tion machinery is already assembled [41]. Post-transcriptional modifications (PTMs) in

the form of phosphorylation, acetylation, ubiquitination and SUMOylation further reg-

ulate HSF1 activity. Positive regulation by phosphorylation of HSF1 can happen at 73

sites. The addition of phosphate groups increases the negative charge of the protein

and increases attraction of the mediator complex, which initiates transcription of HSPs.

Though phosphorylation is not essential for activation of HSF1, it increases its transcrip-
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tional activity [34]. Another positive regulation is acetylation of specific lysine residues,

which increases HSF1 stability. It is thought to protect the protein from degradation by

the UPS, sustaining HSF1 activity during cellular stress. Acetylation can also negatively

regulate HSF1. Increasing acetylation decreases the DNA binding ability, facilitating

downregulation of HSF1 [42]. Another negative regulation is SUMOylation (the addition

of Small Ubiquitin-like MOdifier proteins), which is thought to decrease HSF1 activity

on a transcriptional level, since other levels of regulatory control, such as trimerisation,

DNA-binding and DNA disassociation by HSP70 are not affected by this modulation [33].

1.3.3 General Mechanisms of the HSR

The general mechanisms that drive the HSR are illustrated in Figure 1.3. Stress factors

such as heat can cause protein misfolding (1.3B). As a coping mechanism, chaperones

such as HSP90 and HSP70 bind to these polypeptides and facilitate degradation by in-

teracting with components of the UPS. Under normal conditions there is enough HSP

to both target misfolded proteins and occupy HSF1 (1.3A). But an increase in misfolded

proteins causes HSP to disassociate from HSF1 and mediate degradation instead (1.3C).

Monomeric HSF1 then translocates into the nucleus (1.3D) where it trimerises (1.3E) and

binds to HSEs upstream from the HSP gene (1.3F). These HSE regions are located within

the promoter of the HSPs. Transcription is initiated by the recruitment of polymerase II

(not shown) and the levels of functional HSP increase.
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Figure 1.4: Degeneration of HSPs after the HSR. CHIP targets HSPs for proteasomal degradation

by ubiquitination (Ub). Inactive Ub is activated by E1 enzymes and transferred to the E3 ligase CHIP

by E2 enzymes (see also Figure 1.2).

As proteins are degraded by the HSPs, the level of aggregates decreases as the stress

input fades. When there again is a higher level of chaperones than target proteins, HSP70

inhibits HSF1 trimerisation, and thereby stops the HSR. CHIP also contributes to this

recovery by degrading HSF1 and HSP70/90 (Figure 1.4). Like it does with its other

substrates, CHIP targets the HSPs for degradation by the UPS. If recovery fails, due to

for example the failure to terminate transcription of the genes coding for HSPs, and/or

failure to degrade HSP proteins, their accumulation will eventually lead to cell death.

1.4 The Zebrafish as a Model for Neurodegeneration

The zebrafish (Danio rerio) has become an important model organism in several research

fields (development, cancer, organ regeneration, ageing and NDs) [43][44][45][46]. The

advancement made with the CRISPR-Cas9 methodology and the sequencing of the ze-

brafish genome make it easy to create a wide range of mutations in the zebrafish genome

[47]. In addition, teleosts (bony fish, to which zebrafish belong) have many similarities

with humans. It has been shown that orthologs of at least 84 % of the disease-causing

genes found in humans, are present in zebrafish [48]. The zebrafish brain consists of many
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of the same structures as the mammalian brain, both on a large scale and at the cellular

level. In addition, many cellular mechanisms are conserved amongst teleost and mam-

malian species [49]. The zebrafish is therefore a good model organism to use for research

on diseases or disorders that target the brain. Ataxias often affect the cerebellum, and

patients with CAs display difficulties executing motoric tasks originating from cerebellar

atrophy [7][50]. The cerebellum is therefore a vital structure that has been investigated

in both rodent and zebrafish models [51][52].

1.4.1 The Cerebellum

The cerebellum is a structure located on the dorsal side of the zebrafish brain, between

the optic tectum (TeO) anteriorly, and the crista cerebellaris (CC) posteriorly (Figure

1.5A and B). In general, it functions in the fine-tuning of movement, in addition to

emotional and cognitive functions. Cerebellar morphology and functionality in zebrafish

are strikingly similar to that in humans [53]. Many of the same types of neurons are present

in both teleosts and mammals and show many of the same characteristics [54]. Excitatory

neurons use glutamate as neurotransmitter, and include granule cells, unipolar brush

cells and eurydendroid cells. The inhibitory neurons mostly use gamma-aminobutyric

acid (GABA) or glycine as neurotransmitters and include the golgi and the Purkinje

cells. The Purkinje cells integrate the information received from a variety of sources and

transmit it to the eurydendroid cells (Figure 1.5C). The input comes from pre-cerebellar

nuclei, which are located outside of the cerebellum. Their extensions (afferent fibres called

climbing and mossy fibers) transmit information to the Purkinje cell dendrites directly,

or via granule cells. The molecular layer (ML) of the cerebellum consists of parallel fibres

of the granular cells and Purkinje cell dendrites. The parallel fibres create synapses with

the Purkinje cell dendrites, which grow in a self-avoidant manner to cover as much space

as possible and thereby create a planar structure [55]. The Purkinje cells send their

axons (the efferent fibers) to other Purkinje cells or to the eurydendroid cells. These then

send the information to different regions of the brain [54][53]. By concentrating all this

information and influencing a large range of functions, the Purkinje cells play a critical

role in the organism.
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Figure 1.5: Simplified illustration of the zebrafish cerebellum and its neuronal connections.

Illustration of whole brain (A), OB: olfactory bulb, Tel: telencephalon, Th: thalamus, TeO: optic tectum,

Ce: cerebellum, MO: medulla oblongata, Hyp: hypothalamus and CC: crista cerebellaris. Closer view of

cerebellum (B), ML: molecular layer, PCL: Purkinje cell layer and GCL: granular cell layer. Illustration

of neuronal connections (C). The cell bodies of the Purkinje cells are located in the PCL. Their dendrites

branch out into ML, and receive input from parallel fibres, granular cells and climbing fibres. Mossy

fibres transport information towards granular cells. The axons of Purkinje cells extend into the GCL.

Eurydendroid cells receive the information and transport it to other regions of the brain. Generated with

BioRender.com.

Though the cerebellum is a conserved structure, there are some differences between

the human and the zebrafish cerebellum. The mammalian brain lacks eurydendroid cells

and instead has deep cerebellar nuclei (DCN) which perform the same task of transmitting

signals from Purkinje cell axons to other regions of the brain. In addition, the DCN are

located further away from the Purkinje cell layer (PCL) in the mammalian cerebellum

than in the teleost cerebellum [53].

1.4.2 CRISPR-Cas Methodology

Being able to edit genomes has always been of interest in fields of medical research and

agriculture. The discovery of the CRISPR-Cas9 system has since revolutionised and dras-

tically expanded our possibilities. Model organisms can be easily and effectively mutated

to investigate the processes behind diseases like cancer and NDs.

CRISPR is based on the fundamentals of the bacterial immune system consisting of clus-

tered regularly interspaced short palindromic repeats. This system protects the cells

against viral infections by editing their own genome to recognise and destroy the viral
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RNA. This is achieved with the help of a DNA endonuclease (Cas9) that introduces

double-stranded DNA breaks (DSB) in the viral genome. To target the correct site for

the introduction of the DNA breaks, a guide RNA (gRNA), which can facilitate RNA-

DNA complementary binding, is used as reference. Cas9 then recognises a ”CGG” PAM

sequence flanking the 3’ end of the target (reverse complementary strand shown in yellow

in Figure 1.6) and introduces a DSB. The interrupted sequence is then repaired by homol-

ogy directed repair (HDR) or non-homologous end joining (NHEJ). Variations in these

repair mechanisms can introduce changes in the sequence. NHEJ introduces insertions or

deletions (indels) that can cause frameshift and gene-knock-out. In HDR, a repair tem-

plate strand is used to elongate the endogenous DNA strand. This template strand can

for example contain a sequence of interest that is to be inserted into the genome [56][57].

1.4.3 The stub1 Knockout Mutant

The zebrafish U-Box mutant used in this project was created using the CRISPR-Cas

system. A target sequence in exon 8 of the stub1 gene was deleted (red). The 7 base pair

(bp) deletion (red arrow in Figure 1.7) resulted in a stop-codon-generating frame shift,

which prematurely ends transcription. The U-box domain in the Chip protein (underlined

in Figure 1.6, red in Figure 1.7) was thereby truncated.

Figure 1.6: Overview of exon 8 of stub1 genomic DNA sequence. CRISPR-Cas was used to

delete a 7bp sequence (red) in exon 8 of zebrafish stub1. The PAM sequence (yellow) flanking the target

site (green) and the U-box domain (underlined) are marked.
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Figure 1.7: Zebrafish stub1 and Chip. The zebrafish stub1 gene contains 8 exons and its protein

product Chip contains a TPR domain (blue), a U-box domain (red) and a helical hairpin region (green).

The CRISPR induced deletion (red arrow) lead to the truncation of the Chip protein.

Initial behavioural studies of the zebrafish U-box mutants have been done for stages up

until 2 years, in which the mutant fish revealed reduced anxiety [52]. Though the opposite

behaviour can be seen in patient phenotypes, structural analysis of the cerebellum has

shown similarities between U-box mutant zebrafish and human SCAR16 patients, showing

cerebellar atrophy and a decrease in Purkinje cell numbers [51].

2 Aim and Perspective of Study

The aim of this study was to expand our understanding of how the truncation of the

U-box affects the morphology of the zebrafish Purkinje cells of the cerebellum. NDs are

progressive diseases, and it was therefore important to perform cerebellar analysis on older

individuals than previously studied. The aim was to study the branching orientation of

Purkinje cells, in addition to measuring the cerebellum size and counting the number of

Purkinje cell bodies present in the U-box mutant and wild-type cerebellum. In addition,

we aimed to investigate how the truncation of Chip U-box domain would influence the

HSR. We wanted to measure HSR initiation and recovery by investigating transcript and

protein levels of genes/proteins involved in the HSR.
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3 Materials and Methods

3.1 Handling and breeding fish

3.1.1 Maintenance

Fish were housed in the zebrafish facility at the Department of Biological Sciences at the

University of Bergen in accordance with recommendations from Aleström et al. [58]. All

experiments were done in compliance with the Norwegian Animal Welfare Act guidelines,

Mattilsynet (FOTS application with FDF reference No. 17/119996).

3.1.2 Breeding

To synchronise mating, a tank with a mesh bottom was used to separate males and

females in the same tank. In order to increase the chance of obtaining a high number of

fertilised eggs, females and males were kept apart for three days. The eggs were collected

the morning of pairing, and kept in E3 medium at 28 ◦C until maximum 5 days post

fertilisation (dpf). Unfertilised eggs and dead embryos/larvae were removed daily.

3.2 Genotyping

3.2.1 Tail Cuts and genomic DNA extraction

DNA was extracted from tail cuts of zebrafish. The fish were anaesthetised in 4% tricaine

(in fish water) for 3 min or until gill movement had ceased. 2/3 of the tail fin were cut

and suspended in 100µL lysis buffer.

Reagent Volume Final concentration

1M Tris-HCl (pH 8.0) 10 µL 100 mM

5M NaCl 4 µL 200 mM

0.5M EDTA (pH 8.0) 1 µL 5 mM

20mg/mL Proteinase K (fresh)(Qiagen, 1114885) 1 µL 200 µg/mL

MilliQ 84µL

Total reaction volume per sample 100µL
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The samples were incubated at 55-65 ◦C for 20 min, then vortexed for 1 min. After in-

cubating at 55-65 ◦C o/n (over night), the samples were again vortexed for 1 min, followed

by centrifugation (Eppendorf, 5424R) at max speed (13300 xg) at room temperature (RT)

for 2 min. The clear supernatant was collected and 210 µL 100% ethanol were added to

each sample. After the tubes were inverted a few times, additional precipitated organic

material was carefully removed and the samples incubated on ice for 15 min. The tubes

were centrifuged at 4 ◦C max speed (15000 xg) for 20 min. The supernatant was then

carefully discarded, leaving the transparent DNA pellet. To wash the pellet, 210 µL 70%

ethanol were added and the samples were centrifuged at 4 ◦C max speed (15 000 xg) for

10 min. The supernatant was again discarded and the pellets left to air dry at RT ( 10

min). To dissolve the pellet, 5 µL nuclease free water (Thermo Fisher Scientific, R0582)

was added. The samples were then incubated at 55-56 ◦C for 60 min.

3.2.2 Amplification of genomic DNA by PCR

To amplify the genomic sequences surrounding the CRISPR target (Figure 1.6), a PCR

reaction master mix was prepared. The DNA samples were added, and the tubes were

mixed with a pipette and spun down before running the PCR program.

Reagent Volume Final concentration

10X standard Taq reaction Buffer (NEB, B9014S) 2.5µL 100 mM

10mM dNTPs (NEB, N0447S) 0.5 µL 0.2mM

10µM Forward primer (Sigma) 0.5 µL 0.2µM

10µM Reverse primer (Sigma) 0.5 µL 0.2µM

5U/µL Taq DNA polymerase (Fisher BioReagents, 0.125µL 0.2U

FB-6000-50)

MilliQ 15.875µL

150ng DNA sample 5µL 30ng

Total reaction volume per sample 25µL
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PCR primers:

Sequence (5’ → 3’)

Forward TCTCCATTAATGAGCAGTTGGA

Reverse ATGAAAGCGTCGATCACCTC

PCR program:

Pre-denaturation 95 ◦C 3 min

Denaturation 95 ◦C 30sec

x35 cyclesAnnealing 55 ◦C 30 sec

Extension 72 ◦C 30 sec

Final extension 72 ◦C 10 min

End 4 ◦C ∞

3.2.3 Restriction enzyme digestion of PCR product

To identify the CRISPR induced mutation in the DNA sequence (Figure 1.6), a restriction

enzyme digestion reaction was prepared and incubated at 37 ◦C for 30-40 min.

Reagent Volume Final concentration

10X CutSmart buffer (NEB, B7206S) 2.5µL 1X

Mlu1-HF restriction enzyme (NEB, R3198L) 0.5µL 0.4 U/µL

PCR product 5 µL

Total reaction volume per sample 25µL
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Figure 3.1: Overview of exon 8 in stub1. The Mlu1 restriction site (red) and PCR primers for

genotyping (blue) are marked. The U-box in underlined.

3.2.4 Agarose gel electrophoresis

To separate the DNA fragments that were cut by the restriction enzyme, a 2.5% 1X

TAE agarose gel (SeaKem, 50004)(A9539, Sigma-Aldrich) was prepared. The powder

was dissolved by mixing it with the buffer and heating it in the microwave. 10 µL 1X

Gelred (Millipore, SCT123) was added from 10000X stock solution, and carefully mixed

in, without creating bubbles. The gel was cast, and once it was hardened 25 µL of the

samples were loaded after adding 5 µL 6X Purple Loading Dye (Thermo Fisher Scientific,

B7024S). The GeneRuler (Thermo Fisher Scientific, SM0331) was used as ladder (1/7 6X

Purple Loading Dye, 1/7 GeneRuler, 4/7 Nuclease free water).

3.3 Immunohistochemistry

To visualise Purkinje cells in the cerebellum, immunohistochemistry was performed on

zebrafish brain sections. The sections of 3 year old zebrafish were stained for parvalbumin

and pictures were taken and analysed to measure cerebellum size, Purkinje cell dendrite

orientation, cell-shape and cell-amount.
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3.3.1 Euthanasia and fixation

Fish were euthanised in 6-7% Tricain for 2 min and/or until gill movement ceased. They

were then kept in ice water for 5 min, and carefully decapitated. The cut was made behind

the pectoral fin in order to preserve enough tissue for dissection. The heads were washed in

PBS (EMD Milipore, 524650-1EA) and left in 4% paraformaldehyde (PF)(Chemi-Teknik

as., 15714-S) in PBS at 4 ◦C o/n.

3.3.2 Dissection and cryopreservation

The brains were dissected out while pinned onto a styrofoam piece with the dorsal side

up. After carefully having scraped off the skin and muscles, tweezers were used to pierce

the side of the skull, and the skull was lifted carefully to open a window above the brain.

By holding the medulla spinalis with the tweezers and cutting the optical and olfactory

nerves on the ventral side, the whole brain could be pulled out carefully. The brains were

left in 25% sucrose at 4◦C for 24 hours or until they were floating, indicating absorption

of the solution.

3.3.3 Embedding and Sectioning

1cm x 1cm aluminium foil moulds were prepared and OCT medium (referred to as just

OCT from here on)(Sakura, 4583) poured to cover the bottom. The moulds were left

on dry ice until the OCT was almost completely hardened. Then the brain was place

inside, with the ventral side facing upwards and covered in OCT. Tweezers were used to

hold the brain in place while the OCT hardened. The brains were then stored at -80◦C.

Sectioning was performed with a Leica CM 3050 cryostat. The sagittal sections were set

to be 8 µm thick and collected on SuperfrostTMPlus Adhesion Microscope Slides (Epredia,

J1800AMNZ). The slides were incubated 10 min at 65◦C and then stored at -80 ◦C until

staining.

3.3.4 Antibody staining

Slides were left to thaw at RT for 1h, and dried 10 min at 65 ◦C. To rehydrate and

permeabilise the sections, the slides were washed for 10 min in PBS + 0.05% Triton (PBS-

TX)(Sigma, T8787). Slides were stained with mouse-anti-parvalbumin (Pvalb)(1:200)(EMD

Milipore, MAB1572) as a primary antibody. The antibody solution was made in blocking
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buffer PBS-TX + 1X casein (Sigma, B6429)(PBS-TX-Cas). 200 µL were distributed on

each slide and slides were incubated in a humid chamber containing MilliQ (o/n at RT).

After the o/n incubation, the primary antibody solution was carefully flushed away with

PBS-TX, and the slides were washed 3x15 min in PBS-TX. After washing, the slides were

dried carefully around the sections with Whatman paper and Kimtech, and incubated

for 45 min in 200 µL secondary antibody solution (1:400 goat anti-mouse AlexaFluor 555

(Thermo Fisher, A32727) in PBS-TX-Cas). Incubation was done in the dark to protect

the fluorescence. PBS-TX was used to flush away the solution, and wash the slides 2x5

min (in the dark). To wash away the Triton, they were then washed 3x5 min in PBS.

To stain nuclei the slides were mounted in ProLong glass antifade medium containing

NucBlue (ThermoFisher, 15858371). The cover slips (#1,5 Menzel-Gläser) were then

sealed with nail polish to prevent dehydration.

3.4 Imaging of IHC stained sections

To select the most intact and relevant sections on each slide, they were scanned with a

slide scanner (Zeiss Axio Scan.Z1). For each individual, one good section was selected

with the aim to study dendrite orientation. The selected slides were then scanned using

a confocal microscope (Olypmus FV3000).

3.5 Image analysis

ZEN 3.5 Blue Edition (version 3.5.093.00000) was used to analyse the pictures exported

from the slide scanner. They were used for general cerebellum measurements and count-

ing of cells and as reference for further imaging of dendrites with the confocal. Neutube

(https://www.neutracing.com/, version 1.0z) was used to create 3D neurotracing models

of neurites and color-coding of their branching direction. ImageJ (1.8.0 172) and Photo-

shop (version 23.2.2.) were used for quantification by analysing the RBG histograms of

these pictures. Rstudio (2021.09.1+372) was then used to plot the intensity against the

location in the distal part of the cerebellum, to present the directional changes that the

dendrites undergo as they branch away form the Purkinje cell bodies.
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3.6 Cerebellum Measurements

To evaluate whether the size of the cerebellum differed between mutant and wild-type

fish, a range of measurements were undertaken. The thickness of the ML, the whole

cerebellum, and the cerebellum and TeO were measured as shown in Figure 3.2. Pictures

taken with a slide scanner were used to count the amount of Purkinje cell bodies.

Figure 3.2: IHC section of cerebellum showing measurement placement. Pvalb (red) stained

brain section, sagittal view. Diameter of ML (A), cerebellum (B) and cerebellum + TeO (C). Scale bar

= 200µm.

3.6.1 Cerebellum Size

The relative proportions of the cerebellum relative were calculated using the following

ratios: the thickness of the cerebellum : the diameter of the cerebellum and the TeO and

thickness of posterior molecular layer : diameter of the cerebellum. The measurements

were done in ZEN 3.5 Blue Edition (version 3.5.093.00000).

3.6.2 Purkinje Cell abundance

The amount of Purkinje cell bodies in the PCL of the cerebellum was determined by

manually counting the cell bodies on three sections for each individual (see appendix

A.1).

To minimise bias, the section scans were randomised before counting. The number of

cells in each individual were then corresponded to the sum of the cells in all three sections

and an average for UBOX+/+ and UBOX-/- individuals was calculated.
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3.7 Heat shock experiment design

To test the effect of heat-shock on hatching rate, mortality, hsp and hsf1 mRNA and

Hs70 protein levels, wild-type and mutant zebrafish larvae were suspended in a water

bath (38◦C) for 60 min. At the same time, negative controls for both wild-type and

mutants were kept at 28◦C. All embryos were kept in small glass containers with lids

containing 40mL E3 medium.

3.7.1 Hatching and survival

For investigating the hatching pattern, the heat shock was performed on an equal amount

of 24 hour old zebrafish wild-type and mutant larvae. The mortality and general devel-

opmental progression following heat shock was studied by closely checking the larvae for

heartbeat, body size, movement and any morphological abnormalities. This was done

throughout the whole observation period, until all larvae had hatched. Hatching usually

occurs from 48 hour post fertilisation (hpf), and the embryos were therefore observed from

that time point until all eggs were hatched. This was done by counting the hatched larvae

every two hours, excluding the hours between 01:00 a.m. and 09:00 a.m. The amount of

hatched larvae at a given time point was then plotted to visualise the hatching trend.

3.7.2 Sampling for RT-qPCR

To maximise protein amount, 5 day old embryos were used for the Real Time Quantitative

Polymerase Chain Reaction (RT-qPCR) analysis. The were heat shocked as described

above, and sampled after a 60 min and 120 min recovery period in a 28 ◦C water bath.

Euthanasia was performed after by placing the containers in ice cold water for 10 min.

The embryos were then pooled 20 per Eppendorf tube in six replicates. E3 medium was

removed and 150 µL RNAlater (Sigma, MKCH4082) added to each tube. They were kept

at 4◦C o/n and at -20◦C until further use.

3.7.3 Sampling for western blot

For the western blot analysis, 5 dpf old embryos were heat-shocked as described before

and sampled after a 60 min recovery period. Euthanasia was performed by placing the

containers in ice cold water for 10 min. The embryos were then pooled 40 per Eppendorf
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tube in three replicates. E3 medium was removed as much as possible and the tubes were

kept on dry ice before storing them at -80 ◦until further use.

3.8 RT-qPCR

To measure the effect that heat stress had on the heat shock response and the associated

proteins, RT-qPCR was run on RNA extracts from 5dpf old zebrafish larvae exposed to

a 60 min heat shock.

3.8.1 Primer Design

The introns, exons and complete cDNA sequence for the genes were found on Ensembl

(https://www.Ensembl.org). Primer 3 (https://Primer3.ut.ee) was used to identify poten-

tial primers, either placed on two different exons or spanning one exon-exon junction (to

prevent amplification of genomic DNA). Primer properties were set to be the following: 50-

60% GC content, maximum 3 G/C present at 3’end, amplicon size 75-200 bp and a melting

temperature (Tm) of 50-65
◦C. Oligocalc (http://biotools.nubic.northwestern.edu/OligoCalc.html)

was used to calculate the Tm of the primers and to check for unwanted hairpin or primer

dimer formations. Seaview (http://doua.prabi.fr/software/seaview) was then used to align

the primers with the cDNA sequences, and if needed, to optimise primer placement or

length by manually editing the primer sequences.
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Primer name Amplicon size Sequence (5’ → 3’)

hsp70.3 forward 103bp AAGCCATCAATACGCCTGAC

hsp70.3 reverse GCCCAGGTCAATGCCAATAG

hsp70.1/2 forward 191bp AAAGAGCAGCCTGACAGGAC

hsp70.1/2 reverse CTGGTCGTTGGCGATGATC

hsf1 forward 158bp TGATCTCAGATGTCCAGCAC

hsf1 reverse TGGACCGTGCTAATGTGATC

hsp90aa1.1 forward 180bp CATTTGGGAATCTGCAGCTG

hsp90aa1.1 reverse AACCGATGAACTGAGAGTGC

hsp90aa1.2 forward 168bp ACCCTATCACACTCTTTGTGGAG

hsp90aa1.2 reverse CGCCATGATCGTGGTCGTC

hsp90ab1 forward 146bp CTGCTTTCCTCCGGATTCTC

hsp90ab1 reverse GGAATGTCTTCAGGAGCAGC

hsp90b1 forward 156bp CTTCCAAGCACAACAACGAC

hsp90b1 reverse TGGTCTCCAGCTCAAGGTAG

tuba1c forward 193bp TGCCTCAATCTTGGACAGTG

tuba1c reverse TGGATGCCATGCTCAAGAC

3.8.2 RNA extraction and quantification

To extract RNA from the samples, the RNeasyR Mini Kit was used (QIAGEN, 74106).

RNAlater was removed from the samples and replaced by 350 µL RLT buffer (40 µL

1M DTT (Invitrogen, Y00147)/1 mL RLT). The tissue was disrupted using a mechanical

homogeniser and then centrifuged at max speed (15 000 xg) for 3 min. The supernatant

was transferred to new tubes and 350 µL 70% ethanol was added. to precipitate RNA.

700 µL of the samples were added to RNeasy Mini Spin columns (in 2mL collection tubes)

and centrifuged at 8000 xg for 15 s. The flow-through was discarded and 700 µL RW1

buffer (supplied) were added before centrifuging at 8000 xg for 15s. 260 ml ethanol were

added to the supplied RPE buffer concentrate, and 500 µL added to the columns. After

centrifuging at 8000 xg for 15 s, the same volume of RPE was added again, followed by

centrifugation for 2 min (8000 xg). To dry the membranes, the columns were placed in

new 2mL collection tubes (the flow-through was discarded). They were centrifuged at
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15000 xg for 1 min. The columns were placed in new 1.5 mL collection tubes and 30µL

RNase-free water was added to elute the RNA. The samples were centrifuged at 8000 xg

for 1 min and kept on ice. A Nanodrop spectrophotometer (ThermoFisher, ND-ONE-W)

was used to measure the total RNA concentration in each sample. The samples were then

standardised to the lowest concentration, and adjusted to a volume of 11 µL for cDNA

synthesis.

3.8.3 cDNA synthesis

The lowest RNA concentration was used to normalise all samples by dilution in water in a

96-well PCR plate. Each sample was added 2µL of Mix1 (2.5µM Oligo(dT)20 (Life Tech-

nologies corp., 58063) and 0.5mM dNTP mix (Invitrogen, 100004893)). They were heated

to 65 ◦C for 5 min and incubated on ice for at least 1 min. 7 µL of Mix2 (1X First-Strand

Buffer (Invitrogen, Y02321), 0.005M DTT (Invitrogen, Y00147), 2U/µL RNaseOut (In-

vitrogen,100000840) and 10U/µL RT SuperscriptTM III (Invitrogen, 56575)) were added

to each sample and the mixture incubated at 50◦C for 30-60 min. The reaction was finally

inactivated by heating to 70◦C for 15 min.

3.8.4 RT-qPCR

20 µL cDNA synthesis reaction mix (final concentration of 1x iTaqTM Universal SYBRR

Green Supermix (BioRad, 1725121), 0.2 µM forward (Sigma-Aldrich), 0.2µM reverse

primer (Sigma-Aldrich)) and 5µL of the samples were distributed in the wells of a 96

well hard-shell RT-qPCR plate (BIO Rad, HSP9601). The plate was covered with a

transparent MicrosealR ’B’ seal (BioRad, MSB1001), vortexed, spun down, and run with

the RT-qPCR protocol shown below.

Pre-denaturing 95 ◦C 2 min

Denaturing 95 ◦C 15 sec
x37 cycles

Annealing + plate read 60 ◦C 25 sec

Extension 95 ◦C 10 sec

Final extension 95 ◦C

Plate read 5-95 ◦C
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3.8.5 Primer Efficiency and Specificity

Dilution curves for all primer pairs were made to determine primer efficiencies and the

optimal cDNA dilution to use for the RT-qPCR experiments. An efficiency of 80-100%

was considered acceptable, as >100% efficiency could be a result of too high Ct value

variances between dilutions, while <80% efficiency was considered too low. The best Ct

values were chosen to be under 30. Over 30, the number of cycles would be high enough

for other sequences to be amplified and give a false positive.

Because a 10-fold dilution series would dilute the samples too much, a 2-fold dilution

series was prepared from a cDNA pool, testing the concentrations 1/10, 1/20, 1/40, 1/80,

and 1/160 for each of the primer pairs. three technical replicates were run, in addition to

a no-template control (NTC)(only nuclease free water) and a no-RT (no enzyme during

cDNA synthesis) controls. The NTC control consisted of nuclease free water and was

aimed at testing for primer dimer formation or contamination. The no-RT control was

aimed at testing for amplification of genomic DNA. Neither of the controls were accepted

with a Ct value <34.

The Ct values were plotted against the decreasing logarithmic dilution, and the slope

given by the resulting linear trend line was further used to determine efficiency with

equations 1 and 2. They were adapted from Pfaffl [59].

E = 10−( −1
slope

) (1)

%E = (E − 1) ∗ 100 (2)

E = Primer efficiency

The specificity of the primers was tested by analysing the melting curve. If the curve

displayed a second peak it was considered to be non-specific of have a high amount of

primer-dimer formations (see appendix A.3).
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3.8.6 Relative quantification and statistical analysis

RT-qPCR was run on all samples (see appendix A.3, Figures A.4 & A.5) with the optimal

cDNA dilution obtained from the dilution curves. The validated primer pairs for the

samples and primers for the reference gene were used.

R =
(Etarget)

∆Ctmeantarget

(Eref )∆Ctmeanref
(3)

R = Relative expression

Etarget = Efficiency of gene(s) of interest

Eref = Efficiency of reference gene (tuba1c)

∆Ctmeantarget = the mean Ct value of 2 sample replicates

∆Ctmeanref = the mean Ct values of 2 sample replicates of reference gene (tuba1c)

The statistical analysis to determine the significance of the different mRNA levels was

performed in RStudio. Normality of the data was tested with the Shapiro-Wilk normality

test (p-value<0.05). Statistical significance was determined using the Student’s t-test

(p-value<0.05). The data were plotted in boxplots made with the same software.

3.9 Western Blot on heat shocked Zebrafish Larvae (5dpf)

We wanted to investigate the levels of HSR-related proteins during the recovery period

following heat shock. Western blot was therefore performed on protein extracts from 5

day-old zebrafish larvae, both with and without the heat shock treatment.

3.9.1 Protein Extraction and Quantification

Sampling was done as described in the HS section. The samples were suspended in 150

µL Lysis Buffer (1X RIPA Lysis Buffer (20-188, EMD Milipore) and cOmpleteTM Mini

Protease inhibitor Cocktail (04693124001, Sigma)) and mechanically homogenised with

a pellet mixer and incubated on an orbital shaker at 11◦C o/n. To increase lysis, the

samples were again homogenised after the incubation period. They were centrifuged 20

min at 12000 rpm at 4◦C. The supernatant was transferred to new tubes.

The BCA Protein Assay kit (Scientific Fisher, no.23225) was used to measure total

protein concentration in the samples. 10µL of the samples were distributed in triplicates
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in a 96 well Costar plate (CLS9017, Sigma Aldrich). The supplied BSA standards were

diluted with nuclease-free water to have concentrations of 0µg/µL, 5µg/µL, 10µg/µL,

and 20µg/µL. They were distributed in triplicates in the microplate, and 100 µL of the

supplied working reagent (1/50 reagent B, 49/50 reagent A) were added to each well.

The plate was covered with parafilm, and mixed for 30 seconds on a plate shaker. The

plate was incubated at 37 ◦C for 29.5 min, before cooling at RT for 3 min. Using a

SparkR Microplate Reader (TECAN), the plate was read at a wavelength of 562nm. The

samples were then normalised to the lowest concentration measured (1.89µg/µL) with

RIPA-i buffer, and 15 µL were distributed in PCR tubes.

3.9.2 SDS page

2X Laemmli buffer (80% Laemmli 2X (BioRad, 1610737)+ 20% 1M DTT (Sigma, 43816-

10ML)) was prepared. 15µL of the buffer were added to each sample. To be able to

visualise the standards without on the PAGE gel and membrane at all stages, 0.35µL 1/60

diluted Unstained standards (BioRad, 1610363) were mixed with 5µL All Blue standards

(BioRad, 1610373). The solutions were denatured for 4’ at 90◦C. Pre-cast Criterion TGX

Stain-free PAGE gels (BioRad, 567-8094) were prepared by removing the comb and the

bottom tape. They were placed in the chamber in 1X TGS buffer (1610732, Invitrogen)

in both the outside and in the gel chamber. The samples and ladder were loaded and

the gels were run for 45 min at 150V. The plastic cases were carefully cracked open and

the gel was imaged in a ChemiDocTMTouch after activation by exposure to UV-light

for 45sec to visualise total protein amount. The gel was then transferred to a PVDF

membrane (Trans-BlotR TurboTM Midi PVDF Membrane Transfer Pack (BioRad, 170-

4157) by layering in the following order: bottom wet pad, PVDF membrane, the gel,

and top wet pad. To transfer the proteins from the gel to the membrane (blotting), the

cassette was run for 30 min at 80V. After the blotting the membrane was rinsed in 1X

TBS (50mM Trizma HCl (Sigma, T3253), 150 mM sodium choloride (Sigma, S7653)) +

0.1% Tween20 (Sigma, P9416) (TBS-T).

3.9.3 Immunodetection

To block unoccupied sites on the proteins the membranes were incubated in TBS-T-Cas

blocking buffer (1X TBS + 0.1% Tween20 + 1X Casein) for 1 hour. The buffer was then
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replaced by the primary antibody solution (Rb α-Hsp70 1:1000 (PA5-72281, Invitrogen)

in TBS-T-Cas). They were incubated on an orbital shaker at 11◦C o/n. To remove

all antibody solution the membranes were first flushed and then washed 3 x 5 min in

TBS-T on an orbital shaker in RT. Incubation in secondary antibody solution (Strep-

HRP 1:20 000 (BioRad, 160381) + α - Rb-HRP 1:20 000 (BioRad, A16023)) followed

for 1h in RT, where Strep-HRP is used to detect the standards. The washing steps with

TBS-T were then repeated. For the immunodetection, the ECL buffer was prepared

(50% clarity Luminol Substrate + 50% Clarity Peroxide Solution (BIO RAD, 1705060)).

The membrane was dipped in ECL buffer for 30sec and transferred into a plastic sleeve

and onto the ChemiDoc tray. The Chemiluminescence function was used for imaging at

different exposures ranging from 6-120sec.

3.9.4 Protein quantification and statistical analysis

To quantify the amount of protein in the samples, an image of the activated SDS-PAGE

gel was used as reference. The mean grey value of a band that was present in all lanes

was measured using ImageJ. The same was done with a picture of the PVDF membrane.

The ratio between the average sample and the average reference mean grey area was

calculated, and the results plotted and statistically analysed using RStudio.
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Machines

Machine Manufacturer

Centrifuge 5424R Eppendorf

GeneAmpR PCR System 2700 Applied Biosystems (AB)

G:BOX GelDoc SYNGENE

Leica Research Cryostat CM3050-S Leica

Leica DM LS Microscope Leica

Slide scanner Axio Scan Z1 Zeiss

Confocal Microscope FV3000 Olympus

Nanodrop spectrophotometer ND-ONE-W ThermoFisher

CFX96TM Real-Time PCR detection system BioRad

SparkR Microplate Reader TECAN

ChemiDocTMTouch Imaging System BioRad

Trans-blotR TurboTM BioRad

Equipment

Equipment Catalogue Number Manufacturer

SuperfrostTMPlus Adhesion Microscope Slides J1800AMNZ Epredia

Menzel-Gläser #1,5

RT-qPCR hard-shell plate HSP9601 BioRad

MicrosealR ’B’ seal Seals MSB1001 BioRad

Costar plates CLS9017 Sigma Aldrich

Pre-cast Criterion TGX Stain-free PAGE gel 567-8094 BioRad

Trans-blotR TurboTM Midi PVDF Membrane - 170-4157 BioRad

Transfer Pack
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Reagents

Reagent Catalogue Number Manufacturer

Proteinase K 1114885 QIAGEN

Nuclease free water R0582 Thermo Fisher Scientific

10X Taq Reaction Buffer B9014S NEB

10mM dNTP Mix N0447S NEB

Taq DNA Polymerase FB-6000-50 Fisher BioReagents

PCR primers - Sigma

10X Cutsmart Buffer B7206S NEB

Mlu1-HF Restriction Enzyme R3198L NEB

1X TAE Buffer 50004 SeaKem

Agarose A9539 Sigma-Aldrich

Gelred 41003 Biotium

6x Loading Dye R0661 Thermo Fisher Scientific

GeneRuler 100 bp DNA Ladder SM0331 Thermo Fisher Scientific

Paraformaldehyde (PF) 15714-S Chemi-Teknik as

PBS 524650-1EA EMD Milipore

NucBlue mounting medium P36981 Thermo Fisher Scientific

OCT Medium 4583 Sakura

TritonTM X-100 T8787 Sigma

MS X Parvalbumin MAB1572 EMD Milipore

Goat MS X AlexaFluor555 A32727 Thermo Fisher Scientific

Casein Blocking Buffer 10X B6429 SIGMA

RNALater MKCH4082 Sigma

RNeasyR Mini Kit 74106 QIAGEN

Oligo(dT)20 58063 Life Technologies corp.
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1X First Strand Buffer Y02321 Invitrogen

DTT Y00147 Invitrogen

10mM dNTP MIX 100004893 Invitrogen

RNaseOut 100000840 Invitrogen

RT Superscript TM III 56575 Invitrogen

iTaq Universal SYBRR Green Supermix 1725121 BioRad

RT-qPCR primers - Sigma-Aldrich

RIPA Lysis Buffer 10X 20-188 EMD Milipore

cOmpleteTM Mini Protease Inhibitor Cocktail 04693124001 Sigma

BCA Protein Assay kit no.23225 Thermo Fisher Scientific

2X Laemmli buffer 1610737 BioRad

DTT 43816-10ML SIGMA

Unstained Standards 1610363 BioRad

All Blue Standards 1610373 BioRad

10X TGS 1610732 BioRad

Trizma HCl T3253 Sigma

Sodium Chloride S7653 Sigma

Tween 20 P9416 Sigma

Rb α-Hsp70 PA5-72281 Invitrogen

Precision ProteinTM StrepTactin-HRP Conjugate 1610381 BioRad

α - Rb-HRP 1:20 000 A16023 Thermo Fisher Scientific

Clarity Luminol Substrate + 1705060 BioRad

Clarity Peroxide Solution
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Software and webpages

Software Version Link

ImageJ 1.8.0 172 https://imagej.nih.gov/ij/download.html

Photoshop 23.2.2. https://www.adobe.com/no/products/photoshop.html

Neutube 1.0z https://neutracing.com/

Zen Blue Edition 3.5.093.00000 https://www.zeiss.com/microscopy/us/products/

microscope-software/zen-lite.html

RStudio 2021.09.1+372 https://www.rstudio.com/products/rstudio/download/

#download

Seaview 5.0.5 http://doua.prabi.fr/software/seaview

Ensembl 106 https://www.Ensembl.org

Primer3 4.1.0 https://Primer3.ut.ee

Oligocalc 3.27 http://biotools.nubic.northwestern.edu/OligoCalc.html
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4 Results

4.1 Genotyping of fish

To identify and study the UBOX-/- zebrafish we genotyped adult fish by restriction en-

zyme analysis. The target sequence of the Mlu1 restriction enzyme was destroyed by the

CRISPR-Cas deletion in exon 8 of stub1 (Figure 1.6). We were thereby able to identify

homozygous and heterozygous mutants and wild type fish using the location of the re-

striction site to predict DNA fragment sizes. Wild-type fish showed two bands at 54bp

and 173bp, while homozygous mutants showed one band at 246bp (Figure 3.1). The

heterozygous fish showed all three band sizes (54bp, 173bp and 246bp).

Figure 4.1: Genotyping of U-box mutant zebrafish. 2.5% Agarose gel with a 100bp GeneRuler

used as DNA ladder (left lane). The PCR product amplified from genomic zebrafish DNA was cut with

the Mlu1 restriction enzyme and run on the gel. Large DNA fragments (246bp) were present in both

the homozygous (UBOX-/-) and heterozygous (UBOX+/-) mutant. 173 bp fragments were seen in the

heterozygous mutant and the wild-type (UBOX+/+), as well as faint bands at 54bp.

4.2 Investigating signs of neurodegeneration in 3 year old ze-

brafish

We started by testing both custom made and commercial Chip antibodies for IHC. None

of these were considered to be specific to Chip (data not shown). Further, three Heat

Induced Epitope Retrieval (HIER) methods were tested to try and increase specificity, nei-
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ther of which improved the result (not shown)[60][61]. Western blot was then performed

with the same antibodies to evaluate if they could be used for Chip protein quantifica-

tion. This also resulted in non-specific bands at different sizes than the expected size of

37kDa (data not shown). Staining the brain sections for parvalbumin, which has been

shown to be localised in zebrafish Purkinje cells [53] facilitated instead visualisation of

Purkinje cells and their dendrites, which extend from the PCL into the molecular layer

of the cerebellum (ML). The cell bodies can be seen in the PCL, and their axons branch

and extend into the granular cell layer (GCL)(Figure 4.2b, c). A general overview of the

zebrafish brain is shown in Figure 4.2a: an illustration (A), the wild-type (B) and mu-

tant (C) IHC stained brain sections. Parvalbumin was localised in the cerebellum, while

NucBlue stained nuclei in the ML and LCa. Figure 4.2b shows the cerebellum while 4.2c

shows the posterior region of the cerebellum for a closer look at dendrite structure.

To investigate if the cerebellum size in the mutant differed from the wild-type, we

measured areas in the zebrafish brain (see Figure 3.2). We then calculated the ratios

between the ML and the cerebellum diameter (Figure 4.3a) and between the cerebellum

diameter and cerebellum + TeO diameter (Figure 4.3b).

(a) ML size relative to cerebellum size. (b) Cerebellum size relative to cerebellum + TeO size.

Figure 4.3: Measurements of zebrafish cerebellum and ML sizes. Statistical method: Student’s

t-test, where p<0.05. NS.=not significant. n=3

There was no significant decrease in ML size compared to cerebellum size in the

mutant, though a decreasing trend could be observed (Figure 4.3a). The cerebellum size

relative to the size of the brain did not vary between the two genotypes (Figure 4.3b).
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4.2.1 Purkinje cell amount in the cerebellum

Previous studies have shown that neurodegeneration by the absence or dysfunction of

Chip leads to cerebellar degradation. In particular, a decrease in Purkinje cell body

number has been recorded [51]. We therefore analysed the number of Purkinje cell bodies

in UBOX-/- and UBOX+/+ zebrafish (Figure 4.4a).

(a) Confocal images of Purkinje cell

bodies. (b) Boxplot of Purkinje cell body amount.

Figure 4.4: Number of Purkinje cells present in the PCL of the cerebellum. The Purkinje cell

bodies located in the PCL (red arrows, a) were counted on three brain sections per individual (b). Scale

bars: 10µm. Statistical analysis revealed no significant change in cell body number between UBOX-/- and

UBOX+/+ samples. Statistical method: Student’s t-test, where p<0.05. NS.=not significant. n=3.

We could not see a significant difference in Purkinje cell body numbers (Figure 4.4b),

however there was a trend indicating fewer cell bodies in the mutant compared to the

wild-type.

1Figure 4.2: Visualisation of zebrafish brain and cerebellum with Pvalb staining. The

posterior regions of the cerebellum in the wild-type (A) and homozygous mutant (B). Illustrations of

the whole brain (a), OB: olfactory bulb, Tel: telencephalon, TeO: tectum opticum, Ce: cerebellum, CC:

crista cerebellaris, Th: thalamus, MO: medulla oblongata, Hyp: hypothalamus. The cerebellum (b), LCa:

lobus caudalis cerebelli , CCe: corpus cerebellaris, and posterior cerebellum region (c). The orientation

relative to the parasagittal plane can be seen in (d). Whole brain scans stained with NucBlue (blue) and

Pvalb (red) can be seen in a. Greyscale image of the cerebellum pvalb staining and posterior region of

the cerebellum are shown in b and c, respectively. The neurotracing projections (d) were obtained from

NeuTube. The visualisation of dendrites predominantly parallel (red) or perpendicular (green) to PCL

can be seen in e. Scale bars= a:500µm, b: 200µm, c&d: 50µm.
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4.2.2 Dendrite orientation

To further investigate the morphological consequences of the dysfunction of Chip’s U-

box domain, we studied Purkinje cell dendrite orientation in the posterior region of the

cerebellum. Three wild-type and three mutants were analysed (see appendix A.2), one of

each is presented in Figure 4.2.

The neurotracing reconstruction showed that the dendrite orientation in wild-type

(UBOX+/+) samples is predominantly parallel to the PCL (red in 4.2Ad) when looking

at the area most proximal to the PCL. When looking at the distal part of the ML, the

dendrites migrate more perpendicular to the PCL (green in 4.2Ad). The dendrites in the

mutant (UBOX-/-)(4.2Bc & 4.2Bd) seem to grow less structured, with areas close to the

PCL where dendrites grow both parallel (red in 4.2Bd) and perpendicular (green in 4.2Bd)

to the PCL. In the distal half, there seem to be more dendrites growing predominantly

parallel to the PCL (red). Quantification of the neurotracing reconstructions is shown in

Figure 4.2e and Figure 4.5.

Figure 4.5: Quantification of dendrite orientation. Green shows amount of pixel rows where

dendrites grew predominantly perpendicular to PCL, while red shows amount of areas where dendrites grew

predominantly parallel to PCL. Results were obtained using Neutube to make neurotracing reconstruction

and using ImageJ ans Photoshop to measure colour dominance. Statistical method: Student’s t.test, where

p<0.05. NS.=not significant. n=3.

Plotting the quantification results revealed a not statistically significant difference

between the wild-type and the mutant samples, though a trend could be observed (Figure

4.5). More dendrites extended predominantly parallel to the PCL in the mutant than in

45



the wild-type (red area), while less extended predominantly perpendicular to the PCL in

the mutant than in the wild-type (green area).

4.3 Heat Shock

It has been shown that some NDs such as SCAR16 are induced early in life, and increase

the cells sensitivity to environmental stress. We therefore chose to expose zebrafish larvae

to stress to monitor survival and hatching patterns. Heat stress is known to disturb

homeostasis and induce the HSR as a protective mechanism. Larvae were exposed to heat

at 24hpf and were observed up to 5 dpf. They showed no death or change in hatching

pattern (data not shown). Therefore the focus was directed towards changes in the HSR

on a molecular level, investigating activation and recovery at the mRNA level (RT-qPCR)

and the protein level (Western blot).

4.3.1 Transcript levels of hsf1, hsp70, hsp90 following heat-shock

The efficiency of the custom made RT-qPCR primers was tested by running a two-fold

dilution series, and the results were plotted (Figure 4.6) and analysed (Table 1). Four

primer pairs had to be designed for the hsp90 paralogues and two for the hsp70 paralogues,

where the same pair was used for hsp70.1 and hsp70.2. One primer pair was sufficient for

hsf1. Tuba1c primers were used for normalisation.
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Figure 4.6: Dilution curves for hsp70, hsp90, hsf1, and tuba1c primers. Zebrafish RNA extract

was used to test primers on a two-fold dilution series of 1:10, 1:20, 1:40, 1:80, and 1:160. The logarithm

of the dilution (x-axis) was plotted against the mean Ct value (y-axis). Linear regression was performed

to obtain the regression line and function (values shown in table 1).

Table 1: Values obtained from dilution curves for RT-qPCR primers. The primers for the

listed genes were tested on a two-fold dilution series. The regression line equation yielded slope, intercept

and R2, which were used to calculate the primer efficiencies.

Primer pair Slope Intercept Efficiency (E) Efficiency (%) R2

hsf1 -3.8206 22.403 1.827 82.70 0.9978

hsp70.1/hsp70.2 -3.7877 14.992 1.837 83.66 0.9984

hsp70.3 -3.4618 15.958 1.945 94.48 0.9973

hsp90aa1.1 -3.4751 15.679 1.94 93.98 0.9987

hsp90aa1.2 -3.3987 13.019 1.969 96.89 0.9989

hsp90ab1 -3.4784 15.626 1.939 93.86 0.9993

hsp90b1 -3.2975 18.362 2.01 101.03 0.9993

tuba1c -3.5282 20.348 1.921 92.06 0.9950
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The primer efficiencies (Table1) were all found to be within the accepted range of 80-

120%. Primers for hsf1 and hsp70.1/hsp70.2 had the lowest efficiencies (just over 80%),

while the hsp90b1 primers showed an efficiency of 101%. The R2 values were close to

1 (between 0.9950 and 0.9993), indicating a linear regression line and hence linearity of

the amplification. The slope of most of the primer pairs was close to -3.3, indicating 3.3

amplification cycles between each dilution. This corresponds to an efficiency of >90%.

Two pairs had an efficiency of 82-83%, even after optimisation (increasing temperature

from 60◦C to 62◦C during annealing in the RT-qPCR cycle). The NTC consisting of

nuclease-free water gave no results for all primers, indicating that there was no contami-

nation of the samples. The no-RT control, containing RNA instead of cDNA, gave either

no results, or amplification only after cycle 31. The melting curves (see appendix A.3)

showed one single peak for almost all primer pairs, indicating that there were no primer-

dimer formations or unspecific amplification of genomic DNA. For hsp90b1 there was a

second peak, but the no-RT showed un-specific amplification only after 31 cycles, 6 cycles

later than the amplification at the highest dilution of 1:160 (25 cycles), and 10 cycles later

than the dilution we further used (1:10, 21 cycles). The standard deviation between all

technical triplicates for the 1:10 dilution was lower than 0.3 for all primer pairs.

The RT-qPCR results presented beneath will not address the differences between the

non-heat-shocked samples, as they were all relatively low and displayed not significant

changes. They were included as negative controls to compare to the heat-shocked sam-

ples.
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Figure 4.7: Box plot of relative hsf1 expression in 5dpf old larvae after 60 min heat shock

recovery period. Wild-type larvae (W) and homozygous mutant larvae (M) were exposed to 60 min heat

shock at 38◦C (WH & MH). RNA was extracted after two different recovery period durations (60 & 120

min). Expression on the y-axis was normalised to the HKG (tuba1c). Statistical method: Student’s t-test,

statistical significance indicated with asterisks (*p<0.05, **p<0.01, ***p<0.001). W60: n=3, WH120:

n=5, others: n=6.

RT-qPCR revealed significant increase in hsf1 transcript levels in the heat-shocked

wild-type at 60 min compared to the non-heat-shocked wild-type (Figure 4.7). The same

was seen for the mutant at both time points. No significant change could be seen in

transcript levels comparing 60 min and 120 min recovery. There was a significant decrease

in the heat-shocked mutant (MH) at 60 min recovery compared to the wild-type (WH).
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Figure 4.8: Box plot of relative hsp70.1 and hsp70.2 expression in 5dpf old larvae after

60 min heat shock recovery period. Wild-type larvae (W) and homozygous mutant larvae (M) were

exposed to 60 min heat shock at 38◦C (WH & MH). RNA was extracted after two different recovery period

durations (60 & 120 min). Expression on the y-axis was normalised to the HKG (tuba1c). Statistical

method: Student’s t-test, statistical significance indicated with asterisks (*p<0.05, ***p<0.001). W60:

n=3, WH120: n=5, others: n=6.

For hsp70.1 and hsp70.2 there was an increase in transcript levels after heat shock

in the wild-type (W), and a significant decrease from 60 to 120 min recovery (Figure

4.8). For the mutant (M), there was a significant increase after heat shock at both time

points. There was a significant decrease in the heat-shocked mutant (MH) from 60 to 120

min recovery. However, after 120 min recovery there was a significantly higher level of

transcript in the heat-shocked mutant than in the heat-shocked wild-type.
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Figure 4.9: Box plot of relative hsp70.3 expression in 5dpf old larvae after 60 min heat

shock recovery period. Hsp70.1 and Wild-type larvae (W) and homozygous mutant larvae (M) were

exposed to 60 min heat shock at 38◦C (WH & MH). RNA was extracted after two different recovery period

durations (60 & 120 min). Expression on the y-axis was normalised to the HKG (tuba1c). Statistical

method: Student’s t-test, statistical significance indicated with asterisks (**p<0.01, ***p<0.001). W60:

n=3, WH120: n=5, others: n=6.

RT-qPCR showed a higher transcript level of hsp70.3 after heat shock in the wild-

type (W). A significant decrease of transcript level from 60 to 120 min could be seen

in the heat-shocked wild-type (Figure 4.9). For the mutant (M), there was a significant

increase with heat shock at both time points. There was a significant decrease in the

heat-shocked mutant from 60 to 120 min recovery. However, similar to hsp70.1/2, there

was a significantly higher level of transcript in the mutant after 120 min than in the

wild-type after 120 min recovery.
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Figure 4.10: Box plot of relative hsp90aa1.1 expression in 5dpf old larvae after 60 min heat

shock recovery period. Wild-type larvae (W) and homozygous mutant larvae (M) were exposed to 60

min heat shock at 38◦C (WH & MH). RNA was extracted after two different recovery period durations

(60 & 120 min). Expression on the y-axis was normalised to the HKG (tuba1c). Statistical method:

Statistical method: Student’s t-test, statistical significance indicated with asterisks (*p<0.05, **p<0.01,

***p<0.001). W60: n=3, WH120: n=5, others: n=6.

Hsp90aa1.1 results revealed a higher transcript level after heat-shock in the wild-type

(WH) after both 60 min and 120 min recovery (Figure 4.10). A significant decrease was

also observed from 60 min to 120 min recovery in the heat-shocked wild-type. The same

trends are present in the mutant samples (MH). In addition, as was also shown for hsp70,

a higher level of transcripts was present in the heat-shocked mutant at 120 min recovery

compared to the wild-type.
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Figure 4.11: Box plot of relative hsp90aa1.2 expression in 5dpf old larvae after 60 min heat

shock recovery period. Wild-type larvae (W) and homozygous mutant larvae (M) were exposed to 60

min heat shock at 38◦C (WH & MH). RNA was extracted after two different recovery period durations

(60 & 120 min). Expression on the y-axis was normalised to the HKG (tuba1c). Statistical method:

Student’s t-test, statistical significance indicated with asterisks (**p<0.01, ***p<0.001). W60: n=3,

WH120: n=5, others: n=6.

Hsp90aa1.2, which has the highest transcript levels of all four hsp90 paralogues,

showed the same trend as was seen in hsp70/90 and hsf1 before; an increase in tran-

script levels after heat-shock compared to no heat-shock in the wild-type (W) at 60 min

recovery, though not 120 min (Figure 4.11). Contradictory to hsp90aa1.1, hsp90aa1.2 dis-

played no statistically significant difference in transcript levels between 60 min and 120

min recovery in the heat-shocked wild-type, though a negative trend could be seen. The

mutant (M) had an increase in the heat-shocked samples compared to non-heat-shocked,

and a decrease at 120 min compared to 60 min recovery in both heat-shocked samples.
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Figure 4.12: Box plot of relative hsp90ab1 expression in 5dpf old larvae after 60 min heat

shock recovery period. Wild-type larvae (W) and homozygous mutant larvae (M) were exposed to 60

min heat shock at 38◦C (WH & MH). RNA was extracted after two different recovery period durations

(60 & 120 min). Expression on the y-axis was normalised to the HKG (tuba1c). Statistical method:

Student’s t-test, statistical significance indicated with asterisks (*p<0.05, **p<0.01, ***p<0.001). W60:

n=3, WH120: n=5, others: n=6.

Hsp90ab1 results revealed the same trend as for all the other genes; a significant

increase in transcript levels after heat-shock in the wild-type (W) at 60 min recovery,

though not at 120 min (Figure 4.12). A significant decrease was seen from 60 min to 120

min recovery. The increase in transcript levels from the heat-shock was also seen in the

mutant (M). In addition, as was also shown for hsp70, a higher level of transcripts was

present in the heat-shocked mutant at 120 min recovery compared to the wild-type.
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Figure 4.13: Box plot of relative hsp90b1 expression in 5dpf old larvae after 60 min heat

shock recovery period. Wild-type larvae (W) and homozygous mutant larvae (M) were exposed to 60

min heat shock at 38◦C (WH & MH). RNA was extracted after two different recovery period durations

(60 & 120 min). Expression on the y-axis was normalised to the HKG (tuba1c). Statistical method:

Student’s t-test, statistical significance indicated with asterisks (*p<0.05, **p<0.01, ***p<0.001). W60:

n=3, WH120: n=5, others: n=6.

Hsp90b1 showed the lowest relative expression of all hsp90 paralogues. As for all other

genes, an increase of transcript levels after heat-shock was observed (Figure 4.13). In the

wild-type, only the heat-shocked samples showed a significant decrease from 60 min to

120 min recovery. The same trends were seen for the mutant (M). There was also a higher

transcript amount in the heat-shocked mutant than in the heat-shocked wild-type at 60

min.

To conclude, all hsps showed the same general trends in RNA levels before and after

heat shock and approximately the same level of induction of the HSR in both genotypes.

A significant delay of HSR termination in the mutant could also be seen for hsp70 and

hsp90aa1.1 (at 120 min recovery). For hsf1 there was an increase in transcript after

heat-shock (except for the heat-shocked wild-type at 120 min), and a significant increase

in the heat-shocked mutant at 60 min compared to the wild-type.
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4.3.2 Protein levels of Hsp70 during heat-shock recovery

Analysing the transcript levels of the proteins involved in the HSR gives us an idea of tran-

scriptional regulations. To complement this information and understand the transcription-

translation relations, the protein levels of Hsp70 were measured. Western blot was per-

formed on protein extracts from 5dpf larvae exposed to 60 min heat shock and sampled

after a 60 min recovery period.

Figure 4.14: Hsc70/Hsp70 protein separation by western blot. PVDF membrane (upper) stained

with anti-Hsc70/Hsp70 (1:1000). The red arrow indicates Hsp70 proteins at approximately 70kDa. For

the heat shocked mutant (-/-HS) a thick additional band can be seen at 120kDa. Smaller bands at 30 kDa

were present in the wild-type samples (+/+ & +/+HS). The SDS-PAGE gel (lower) was run at 150V

for 45 min, and is included to display the loaded protein amount. Stds: Unstained AllBlue, Ctrl: protein

extracts from adult zebrafish brain tissue. UV exposure: 6 sec.

The non-heat-shocked (Figure 4.14, indicated by -) wild-type (UBOX+/+) showed

two weak bands at 70kDa , while the heat-shocked wild-type showed a strong band at the

same size (HS). Both mutant (UBOX-/-) groups showed a strong band at 70kDa, where

the non-heat-shocked mutant had a visibly stronger band than the non-heat-shocked wild-

type. The quantification of the proteins better highlights these differences.
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Figure 4.15: Hsc70/Hsp70 protein quantification from western blot. Quantification by cal-

culating the reference band:Hsp70 band ratio. A significantly higher amount of protein was seen in the

wild-type with heat-shock compared to without (UBOX+/+HS and UBOX+/+, respectively). Similar pro-

tein amount in both mutant groups (UBOX-/- and UBOX-/-HS). A significantly higher protein amount

was registered in the heat-shocked mutant than in the heat-shocked wild-type. Statistical method: Student’s

t-test, statistical significance indicated with asterisks (**p<0.01, ***p<0.001). n=3

Quantification of the mean grey value is shown in Figure 4.15, and shows a significant

increase in Hsp70 protein in the wild-type after heat shock compared to the non-heat-

shocked wild-type sample. The Mutant showed no significant change between the heat-

shocked and the non-heat-shocked samples, though there was a higher amount of Hsp70

protein in the heat-shocked mutant than in the heat-shocked wild-type.
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5 Discussion

In this study, we investigated the Purkinje cell structure and HSR in homozygous U-

box mutants. Our results show disorganisation of Purkinje cell dendrites in 3 year old

zebrafish. A similar induction but slower termination of the HSR could be seen in the

heat-shocked mutant samples, as hsp70 and hsp90 mRNA levels were lower in the wild-

type after recovery. Hsp70 protein levels were higher in the mutant both with and without

heat shock compared to the heat-shocked wild-type.

5.1 Investigation of the cerebellum and its Purkinje cells

The cerebellum was investigated because it has been shown that SCAR16 patients and

mouse and zebrafish STUB1 mutants display cerebellar atrophy and thinning of cerebellar

folia (folds of the cerebellum that contain the characteristic cerebellum layers; ML, PCL

and GCL) [62][63][7][64], with a decrease in Purkinje cell number [52][51]. For the U-

box mutant, the phenotype analysis of 6 and 24 months old zebrafish showed that there

was a negative trend for ML size in homozygous mutants, in addition to a decrease in

Purkinje cell bodies [52]. To further investigate the progressiveness of NDs we studied the

phenotype of the cerebellum in 3-year old zebrafish. Focusing on the Ce size, we observed

a trend towards a decrease in the thickness of the ML in the mutant compared to the

wild-type (Figure 4.3a). This trend was not statistically significant. However, the Ce : Ce

+ TeO ratio did not show any obvious trend of decrease in cerebellum size for the mutant

(Figure 4.3b). Pakdaman et al. did not observe a decreasing trend in relative cerebellum

size for the mutants [52]. We also counted the Purkinje cell bodies in the PCL (Figure

4.4). A trend could be seen, where the mutant displayed a lower number of cell bodies

compared to the wild-type. The same trend has been observed before, in fish of both 6

and 24 months [52]. All together, our data point to a possible trend of cerebellar atrophy

in the 36 months old U-box mutants.

Since SCAR16 and SCA48 are progressive NDs with symptoms such as atrophy that

worsen over time, we would expect the morphological changes to be stronger in the 3-year

old fish than in younger individuals studied before. We could not observe a statistically

significant difference in the morphological aspects we investigated. In this study, three

wild-type and three UBOX-/- fish were studied, but since there is a natural variation in
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phenotypes between individuals, as there is in patients, a higher number of samples could

give a clearer picture of the phenotypes. Another reason to repeat the experiments with

more individuals is the detection of trends towards a decrease in ML size and Purkinje

cell number. Increasing sample numbers of all ages could reveal statistical significant

cerebellar phenotypes.

5.1.1 Purkinje cell dendrite morphology

SCAR16 is characterised by gait impairment and inability to fine-tune movement, we

therefore next investigated the structure of the Purkinje cells in the cerebellum. They

send signals through eurydendroid cells (DCN in mammals), which distribute it to other

regions of the brain, making the Purkinje cells the only output neurons of the cerebellum.

In addition, they can have as much as 100 000 connections to other neurons, more than

any other neuron studied [65]. The dendrites of Purkinje cells have been shown to be

highly branched and build an almost flat dendrite tree [63]. This dendrite tree originates

in only one or two primary dendrites of the Purkinje cell, which makes them good models

for studying orientation and branching patterning [66].

Pakdaman et al. have shown that at 24 months, the homozygous U-box mutant

showed a less organised branching pattern [52]. On a sagittal section, wild-type dendrites

tend to grow predominantly parallel to the PCL in the proximal half of the ML. In the

distal half however, they grow more and more perpendicular to the PCL [52]. They found

that there was a significant decrease in these perpendicularly oriented dendrites in the

mutant. We analysed the branching pattern of dendrites to see if the same trends towards

dendritic disorganisation that have been recorded for younger mutant individuals [52] can

be seen in 36 month old fish. Our results largely overlap with what has been recorded by

Pakdaman et al.. When quantifying the dendrite orientation in the ML of the posterior

cerebellar region most distal to the PCL, we could see that the dendrites of the mutants

were not predominantly perpendicular to the PCL (Figure 4.2). This means that far away

from the PCL, a larger amount of dendrites branched parallel to the PCL in UBOX-/-

fish than in UBOX+/+ fish. The difference was not statistically significant (Figure 4.5),

but the reason for this could be the number of individuals studied.
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5.1.2 CHIP in the cerebellum and Purkinje cells

CHIP has been shown to be highly present in Purkinje cells [12]. It has been shown that

mice lacking CHIP display cerebellar degradation and have a lower tolerance for stress

compared to wild-type mice [39]. We think that the direct link between Chip and the

dendrite deformation might be bridged by the UPS, and that the loss of Chip could lead

to protein aggregation to a level where the cells initiate apoptosis. Supporting this theory

is for example the discovery that loss of the Parkin E3 ligase leads to accumulation of

AIMP2 and FBBPl (Parkin substrates), which ultimately causes neurodegeneration [26].

E3 ligases such as Parkin and CHIP help maintain proteostasis by ubiquitinating non-

native proteins for proteasomal degradation. In addition to being present in E3 ligases, U-

box domains can also be found in E4 poly-ubiquitination enzymes, which polyubiquitinate

already ubiquitinated substrates. Both E2 and E4 can act in absence of E3 [67]. In mice

for example, the UFD2a E4 has been shown to be active in the cytoplasm of Purkinje

cells, suggesting an alternative mechanism to CHIP-dependant ubiquitination in the UPS

in our U-box mutant [68]. In wild-type conditions, an E4-like gain of function for CHIP, as

suggested by Imai et al., might increase CHIPs involvement in degradation [69]. They for

example discovered that CHIP helps Parkin ubiquitinate Peal-R (an unfolded receptor)

in order to prevent protein aggregation in one type if Parkinson’s Disease. Little is known

about the potential E4 function of CHIP, but we can hypothesise that the lack of both

an E3 & E4 ligase function in Chip-mutants (as our U-box mutant) can have severe

consequences for the amount of protein aggregates and ultimately cell survival.

Lack of CHIP may cause dendrite abnormalities through different manners. Several

mechanisms must be in place for dendrite arbor development, homeostasis and remod-

elling. These are firstly: to form new, healthy dendrites, secondly: to maintain them,

and thirdly: to degrade them. The endoplasmic reticulum (ER), present in Purkinje cell

bodies, dendrites and axons, plays a vital role in dendrite formation [70]. A healthy ER

ensures proper arborisation (branching) of dendrites [71]. If exposed to stress, excessive

protein accumulations lead to malfunction of the ER. By activating the HSR through

HSF1 activation and degradation of proteins in collaboration with the HSR-upregulated

HSPs, CHIP indirectly ensures proper ER function [72]. For example, ER stress is induced

by accumulation of α-synuclein in some forms of PD [73]. If, like in our homozygous U-box

mutant, Chip cannot contribute to the degradation of protein aggregates (like α-synuclein)
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and thereby preserve ER function, it might be one factor contributing to dendrite malfor-

mation. Not much is known about CHIPs function in the ER, but it would be interesting

to investigate how much CHIP influences ER function, especially concerning NDs. It

might be of interest to further investigate if there are other substrates whose degradation

protects the ER, which might increase dendrite malformation in U-box mutants lacking

Chips E3 ligase function.

The second aspect of dendrite branching is maintenance, for which the cytoskeleton

has been shown to be central. Several HSPs have been shown to be involved, such as

the small HSPs, a group of chaperones that help maintain normal arborisation in den-

drites. For example in rats, HSPb5 and HSPb6 have been shown to increase dendritic

complexity, while they also stabilise the cytoskeleton [74]. Another example is the control

of proper tau-folding and turn-over, which is important in maintaining microtubule sta-

bility. In addition to being the cause of so-called tauopathies (NDs characterised by tau

accumulation, one example is AD), tau levels have been found to be drastically increased

in UBOX-/- mice [51]. HSC70/HSP70 have been found to lower abnormal tau levels by

facilitating transport to the proteasome [75]. HSC70/HSP70 can however not facilitate

ubiquitination without E3 ligases, and with Chip E3 function being abolished in our mu-

tants, there might be accumulation of tau. We can hypothesise that its accumulation

leads to formation of non-functional oligomeres, which might lead to cytoskeleton insta-

bility. There are more factors that affect dendrite stability in maintenance; trafficking of

proteins, ribosomal subunits that are required for branching, and the Golgi apparatus,

which makes it a complicated process to study [74].

Thirdly, protein degradation is important for regulating homeostasis and plasticity of

synapses and the branching pattern, by ensuring protein turnover and for example den-

drite pruning. Malfunctions in E3 ligases have been shown to affect dendrite arborisation.

For example, the knockdown of the Ube3A E3 ligase in Drosophila causes a reduction in

dendrite branching [76]. Since neurons are post-mitotic they can not eliminate waste by

dividing, which makes them especially vulnerable to changes in proteostasis, such as a

high number in protein aggregates [77]. Ubiquitination has been shown to occur in the

dendrites of Purkinje cells [78]. Here, chaperones help in long term depression (LTD) of

synapses, in which receptors to neurotransmitters (for example AMPA) are endocytosed

to down-regulate the input from incoming synapses. This process has been shown to be
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dependant on ubiquitination, where E3 ligases target these membrane receptors and fa-

cilitate degradation by the UPS. The specific mechanisms behind these are still unknown

[79][74].

To conclude, there are many pathways through which CHIP might affect dendrite

morphology that each offer hypotheses for how the loss of the E3 ligase function can

affect the stability and branching pattern of the Purkinje cell dendrites. Our results show

a less organised network of dendrites in the ML in the UBOX-/- mutant, and a previous

study of 6 and 24 month old zebrafish has shown the same trends [52]. In addition,

dendrite malformation is known to be a symptom in several other NDs, also involving

malfunction of E3 ligases (PD, AD, Angelman syndrome) [76]. To specifically determine

the pathways thorough with Chip is involved, one could focus on determining localisation

of Chip and its substrates by IHC staining with specific antibodies. In addition to their

localisation, one could investigate substrate amount e.g. of tau or α-synuclein. It could

also be interesting to test this on heat-shocked individuals, to see how substrate amounts

correlate with an increase in stress levels. In addition one could perform western blot on

a native gel to investigate the amounts of substrate oligomeres in mutant and wild-type

fish, with and without heat-shock.

E3 ligases normally localise in axons, dendrite cytoskeleton, synapses, nucleus, cen-

trosome and Golgi apparatus of neurons [80]. CHIP on the other hand seems to have

polarised expression, with localisation mostly in cell bodies and the proximal dendrites.

In SCA48 patients, CHIP was found to also localise in the distal dendrites, but it is un-

known how exactly this mislocalisation affects proteostasis and causes the phenotype of

this dominant cerebellar ataxia [62].

5.2 The effect of heat stress on the HSR

Since a relatively mild zebrafish phenotype has been recorded compared to human SCAR16

patients and since NDs have been shown to be triggered by environmental stressors, we

decided to have a closer look on the HSR. Here, CHIP plays the vital role of facilitating

initiation of HSP transcription through helping HSF1 trimerise and where it plays the role

of degrading the HSPs and HSF1 once the stress has passed [81]. Since HSF1 plays such a

vital role in the HSR, any kind of inhibition/alteration of its function can be devastating

for the cell environment.

62



5.2.1 Hsp90

Due to teleost-specific genome duplication (TSD) there are four hsp90 paralogues in the

zebrafish, and a significant increase in relative transcript could be seen in all of them at

60 min after heat-shock in both wild-type and mutant. The transcript levels increased

the same amount in wild-types and mutants for hsp90aa1.1 (Figure 4.10), hsp90aa1.2

(Figure 4.11) and hsp90ab1 (Figure 4.12). For Hsp90b1 (Figure 4.13), the heat-shocked

mutants had a lower relative expression than the heat-shocked wild-types. After 120 min

hsp90aa1.1 and hsp90ab1 showed a significant increase in transcript levels in the treated

mutant compared to the treated wild-type. This indicates a longer recovery time or failure

to terminate the response in mutant samples compared to wild-types. The same trend

could be seen in the other variants, though no statistical significance was calculated here.

The increase in mRNA after heat shock does not fall in line with what has been discovered

in adult zebrafish in previous studies. Murtha et al. found no increase in hsp90 RNA

levels following heat shock in adult wild-type zebrafish [82]. In rats on the other hand,

Quraishi et al. found 1.5-fold and 2-3-fold induction of HSP90 in the cerebral hemisphere

and cerebellum of heat-shocked individuals, respectively [83]. They also found a generally

higher amount of HSP90 mRNA in the cerebellum than cerebral hemisphere. It might be

of interest to also investigate mRNA stability to better understand whether mRNA levels

rise only due to an increase in transcription or if other factors (such as mRNA stability)

affect mRNA longevity. The presence of a large amount of hsp90 mRNA might mean

that Hsp90 proteins accumulate faster. For our U-box mutant, which fails to degrade

these efficiently, this might mean a negative influence on proteostasis which might lead

to apoptosis or have an otherwise negative effect on the cell environment through altered

feedback loops.

5.2.2 Hsp70

Murtha et al. have shown that hsp70.1 and hsp70.3 RNA levels peak 30 min after heat

shock in mature zebrafish, and those levels remained elevated for up to 4 hours [82].

Consistently, and similarly to our hsp90 results, we discovered that the mRNA levels for

all three hsp70 paralogues were significantly higher in larvae exposed to heat-shock that

those that remained at normal temperatures, for both mutants and wild-types (Figures

4.8 & 4.9). This might be explained by the fact that transcription induction increases
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due to heat-shock, or possibly because mRNA stability of hsp70 increases due to heat

shock [84][85]. As for hsp90, it would be interesting to investigate the mRNA stability to

assess how much of the increase is due to Hsf1 activation. In our study, hsp70 transcript

levels in the heat-shocked mutant at 60 min recovery were similar as in the heat-shocked

wild-types. After 120 min recovery on the other hand, the heat-shocked mutants showed

a significantly higher level of hsp70 transcripts than the heat-shocked wild-types. This

indicates a longer recovery period in the mutant compared to the wild-type, as was also

seen for hsp90 transcript levels.

In addition, it has been shown that protein stability increases during heat shock.

In mouse CHIP(H260Q) fibroblasts (lacking E3 ligase activity), there were higher basal

levels of HSP70, which was sustained even after heat shock [86]. Both the higher basal

levels and the increased protein stability during heat shock might contribute to a constant

stress situation in which accumulations of proteins potentially inhibit cellular functions.

Our results show that for the mutants, there is a relatively low level of hsp70 transcripts

without the heat shock. Yet, there are high levels of Hsp70 protein (Figure 4.14). The

heat-shocked mutants showed a higher transcript level, but the same amount of protein

as the untreated mutants. As we can see, there is initiation of hsp70 transcription by

Hsf1 due to heat-shock. Hsp70 protein levels in the mutants do not seem to be regulated

during the recovery period, probably due to the non-functionality of Chips U-box. One

can hypothesise that hsp70 transcript levels decrease during the recovery period even in

the mutant, though with a delay, which might be due to the accumulation of Hsp proteins

in the mutant.

5.2.3 Hsf1

Monomeric HSF1 is at all times present in the cell, and upon stress (such as heat), CHIP

facilitates its nuclear translocation and trimerisation. Once trimerised, HSF1 initiates

HSP transcription. The trimerisation of HSF1 is facilitated by CHIP, but in Drosophila

and humans, purified HSF1 has been shown to trimerise spontaneously in response to an

increase in temperature or oxidative stress. This might be a result of structural changes

due to heat, which might expose trimerisation domains [87]. The recruitment of HSP70

and HSP90 away from HSF1 by the presence of non-native proteins also removes the

inhibition on HSF1.
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Our western blot results show an increase in Hsp70 proteins after heat shock in the

wild-type, while the mutant samples showed no significant change in protein levels. The

UBOX-/- mutant Chip contains a truncated U-box, but the TPR at Chips N-terminus is

still intact. Hence, the transport and trimerisation of Hsf1, and with it, hsp70 transcrip-

tion could be maintained. During attenuation of the HSR, Hsp70 (but not Hsp90) helps

disassociate HSF1 from the HSE, creating a negative feedback loop on its own protein

levels. The degradation of Hsf1 protein is mediated by Hsp70 and E3-ligases such as Chip

[88]. The lack of Chip could therefore lead to impaired Hsf1 degradation, leading to a

delayed recovery and possible abnormalities in the negative feedback loop. It is important

to note that E3 ligases such as FBWX7, have been shown to help degrade HSF1 in cancer

models, in which there is an overflow of HSF1 [33][89], hinting at other pathways through

which HSF1 and the HSPs can be degraded independently of CHIP. To investigate the

connection between hsf1 mRNA and protein levels it would be interesting to also perform

western blot to detect Hsf1 protein levels in the U-box mutant.

5.2.4 The importance of the CHIP U-box domain

CHIP plays an important role in the HSR; it facilitates both initiation and recovery. Its

regulation is therefore important for maintenance of cellular homeostasis.

The U-box at the C-terminus seems to be highly important in CHIP-folding, stabil-

isation, dimerisation and self-ubiquitination [14]. Ye et al. found that by removing the

last 6 amino acids in the C-terminus, and thereby truncating the U-box, ubiquitination of

substrates was significantly lowered and Chips auto-ubiquitinating function was absent.

Pakdaman et al. have shown that Chips self-ubiquitination function was absent in T246M

mutants, which have an abolished U-box function [9]. The same trend has been shown

to be present in zebrafish G249V mutants (also abolishing U-box function), where there

was an impaired ubiquitination of both Hsc70 and Chip itself [14][90]. Similar to these

other studies, our results showed an increase in hsp70/90 mRNA in the heat-shocked

mutants compared to the heat-hocked wild-types, which points towards maintained Hsf1

trans-localisation and possibly increased co-chaperone interaction with Hsp70, even with

a truncated U-box (Figures 4.8 & 4.9). Levels of hsp70/90 mRNA also showed a trend to-

wards delayed recovery in the heat-shocked mutants compared to the wild-types (Figures

4.10,4.11,4.12 and 4.13). This indicates a prolonged stress situation in the cells, which
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in wild-types samples seems to be shorter as a result of the presence of Chips U-Box.

Transcript levels of hsf1 were only different between heat-shocked mutant and wild-type

samples at 60 min, pointing towards transcriptional control of hsf1 independent of Chip

and the abolished U-box function in our mutant (Figure 4.7). Hsp70 protein levels were

elevated in the mutants compared to the wild-types, both in the heat-shocked and in the

non-heat-shocked samples Figure (Figure 4.15). As for the transcript levels of hsp70/90,

these elevated Hsp70 protein levels point towards a prolonged stress situation in the cells,

which can’t seem to degrade Hsp70 in the absence of a functional U-box in Chip.

One mechanism that affects Chip function is its dimerisation. Dimer formation is

necessary for proper functionality, and it has been shown that not only the HH region

is needed for proper dimerisation, but also the U-box after HH-interactions have been

established [13]. This U-box interaction causes the asymmetric structure of CHIP in both

mammals and zebrafish, in which only one of the U-boxes is functional, while the other is

blocked by a TPR domain [14]. We can consider that heterodimerisation in heterozygous

stub1 mutants might result in a dominant-negative version of CHIP, where the TPR is

functional but not the U-box. Investigating the possibility of a similar mechanism in

SCA48 patients would be interesting, but there is currently too little knowledge about

the behaviour of heterodimerised CHIP and the mechanisms behind SCA48.

It is important to note that CHIP also has been found to play a role in the autophagy

pathway, where CHIP knock-down has been shown to inhibit autophagic flux (autophagic

degradation activity), thereby increasing the accumulation of autophagosomes (spherical

double membrane structure that delivers substrates to the lysosome) [91]. U-box muta-

tions might thereby not only influence Chips functionality, but also the balance between

the two pathways.

5.3 The effect of environmental factors on the brain and Purk-

inje cells

NDs have been shown to increase the cells sensitivity to environmental stressors. Humans

are exposed to environmental stressors of different sorts, and it has been shown that

toxicants can speed up the progression of underlying NDs. Oxidative stress caused by

accumulation of free radicals such as reactive oxygen species (ROS) leads to the formation

of amyloid-β sheets in AD and α-synuclein accumulation in PD. The brain uses 1/5 of
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the oxygen circulating the body, which makes it more prone to oxidative stress. There is

also a lower level of antioxidants in the brain, in addition to a higher level of metals (e.g.

iron) which can increase ROS formation [1]. Purkinje cells are especially vulnerable to

stressors, as mentioned earlier, and it is not unthinkable that the Purkinje cells also have

an adapted amount of transcripts to handle stress situations. Especially heat has been

shown to damage Purkinje cells. This leads to an upregulation in HSPs, which can also

be seen as a response to ER stress and oxidative stress [74]. All of these stressors have

been shown to damage Purkinje cell development, growth, arborisation and maintenance.

Different stressors may affect SCAR16 patients in different manners, since CHIP inter-

acts with a wide variety of other proteins. We tested the effect of heat-shock on zebrafish

larvae to analyse the HSR. It would also be interesting to do the experiment on adult ze-

brafish, and analyse the correlation with the different branching pattern that we observed

in the UBOX-/- mutants. It has been proposed that the HSR is not induced in neurons

in vitro [77]. However, Carnemolla et al. failed to replicate these results in vivo in mice

[92]. Schuster et al. exposed cortical neurons derived from induced pluripotent stem

cells (iPSC) of SCAR16 patients to heat shock and measured the transcript and protein

levels. Surprisingly, they found out that neurons in the CNS had a high basal level of

HSPs compared to fibroblasts, but they did not find an increase in HSP protein levels.

All of these studies suggest that there is uncertainty around whether the HSR is induced

in neurons, and if so, how strongly. In addition, an increase in HSP70 mRNA in iPSC

neurons and adult zebrafish brain tissue has been reported due to heat shock [28][82]. In

humans, fever and inhibited cooling mechanisms due to dehydration cause heat stress.

In these situations, Hsf1 maintains proteostasis to prevent aggregation [33]. In SCAR16

patients, the HSR might be strongly impaired due to the truncation of CHIPs U-box

domain, leading to accumulation of non-native proteins and subsequently apoptosis. It is

important to notice that we did not analyse the HSR in a tissue-specific manner in the

5dpf larvae, but it would be of interest to investigate this in future studies.

In the brain, CHIP substrates are involved in many pathways that maintain normal

cell functionality: tau is involved with the ER; amyloid-β are short peptides which are

degraded with the help of CHIP to reduce their toxicity; the accumulation of α-synuclein

has negative affects on the UPS. Different types of autophagy are effected by CHIP

malfunction, along with functions of the ER, Golgi apparatus, and mitochondria [93].
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In addition, the HSR is dependant on CHIP-mediated translocation and trimerisation of

HSF1.

5.4 Conclusion

In this study, we characterised the effect of stub1 UBOX-/- mutation on adult cerebellum

structure and on HSR in 5dpf larvae. Using parvalbumin as a marker for Purkinje cells and

dendrite branching direction quantification, it was shown that 3 year old zebrafish UBOX-

/- mutants had a less organised dendrite branching pattern. RT-qPCR analysis on 5dpf

zebrafish larvae exposed to 60 min 38◦C heat shock, showed that HSR initiation is present

in both wild-types and mutants, as hsf1 levels were elevated to a similar extend in both

wild-types and mutants after heat-shock. This indicated transcriptional regulation of hsf1

by other mechanisms than those involving Chips U-box. HSR termination and recovery

were delayed in the mutant as could be seen from higher hsp70 and hsp90 transcript

levels after 120 min in the heat-shocked mutant compared to the heat-shocked wild-type.

Elevated Hsp70 protein levels after 60 min recovery in the mutant compared to the wild-

type and an elevated level of Hsp protein under non-heat-shock conditions in the mutant

indicate impaired degradation usually facilitated by Chips U-box domain.

5.5 Future Prospects

Our heat shock experiments have been performed at two time points to measure transcript

and protein levels during the recovery period, additional time-points would improve the

analysis. In particular, sampling directly after heat shock, and after 30 min would have

given us a better idea of how fast the HSR is initiated. Looking at heterozygous U-box

mutants would also be interesting to confirm our hypothesis of a dominant-negative ef-

fect of the U-box mutation. It would also be wise to investigate the heat shock in adult

individuals, and subsequently analyse dendrite structure to directly create a link between

morphological changes in the cerebellum and the HSR. Testing other stressors will also

help understand the extent to which truncation of the U-box can lead to neurodegenera-

tion (for example exposure to chemicals, which might have a larger effect).In addition, it

would be interesting to investigate how a Chip null mutant would react to stressors, and

how cerebellar structure is affected. It has been shown that CHIP-/- mice die during or

within 4 hours of heat shock for example [39]. Behavioural analysis of UBOX-/- zebrafish
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have shown that they express less anxiety, contrary to the phenotype seen in humans. It

would therefore be interesting to also compare Chip-/- zebrafish behaviour to both human

phenotypes and to other Chip mutants.

Limitations to our study were for example zebrafish egg availability for heat shock

experiments, in particular for protein analysis. The fish that were used for egg production

were relatively old, just under two years, which might have influenced the number of eggs

they produced, and starting new generation would be necessary for future studies. For

the dendrite structure analysis on adult zebrafish, we realised after genotyping that the

number of 3 year old homozygous individuals was low, limiting the power of statistical

analysis.
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A Appendix

A.1 Section selection for Purkinje cell count

Figure A.1: Section selection for Purkinje cell count. Parvalbumin stained brain sections of 3

year old zebrafish were scanned and three section for each individual were selected to contain Purkinje

cells in the areas marked red (A). B shows the three wild-type samples, C shows the three mutants.
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A.2 Neurotracing reconstructions of all individuals in dendrite

orientation analysis

Figure A.2: Neurotracing reconstructions of all individuals in dendrite orientation anal-

ysis. Neurotracing reconstructions (a) and quantifications of dendrite orientation (b) for UBOX+/+

individuals 1-3 are shown on the left, and for UBOX-/- 1-3 individuals to the right. The samples that

are also presented in Figure 4.2 are marked with the red, bold font.
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A.3 RT-qPCR melting curves for primers and Ct values of all

samples

(a) Tuba1c (b) Hsp70.1 + Hsp70.2 (c) Hsp70.3

(d) Hsf1 (e) Hsp90aa1.1 (f) Hsp901.2

(g) Hsp90ab1 (h) Hsp90b1

Figure A.3: Melting curves for all RT-qPCR primers. X-axis shows temperature, y-axis shows

derivative of relative fluorescent signal (RFU).
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