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aa   amino acid 

acridine orange acridine orange hemi (zinc chloride) salt 

amp   ampicillin 

BCIP   5-bromo-4-chloro-3-indolyl phosphate 

bh   basihyal (cartilage) 

bp   base pairs 

BDNF   brain derived neurotrophic factor 

cDNA   complementary DNA 

ch   ceratohyal (cartilage) 

cMO   standard control morpholino 

Ct   cycle threshold 

DASPEI  2-(4-(dimethylamino)styryl)-N-ethylpyridinium iodide 

DEPC   diethylpyrocarbonate 

DF   degrees of freedom 

DiI 1,1'-dioctadecyl-3,3,3'3'-tetramethylindocarbocyanine perchlorate 

(DiIC18(3)) 

DMF   dimethylformamide 

DMSO   dimethylsulphoxide 

DNA   deoxyribonucleic acid 

dNTPs   deoxynucleotide triphosphates 

dpf   days post fertilization 

EDTA   ethylenediamine tetra-acetic acid 

ef1a   elongation factor 1a 

EGFP   enhanced green fluorescent protein 

emx3   empty spiracles homeobox 3  

ES   embryonic stem (as in ES cells) 

EtBr   ethidium bromide 

fgf8   fibroblast growth factor 8 

GABA   �-aminobutyric acid 

HAP   huntingtin associated protein 

HD   Huntington’s disease 
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hdMO morpholino antisense to zebrafish htt mRNA  (as in hdMO1 and 

hdMO2) 

HIP   huntingtin interacting protein 

htt   huntingtin 

hpf   hours post fertilization 

hs   hyosymplectic cartilage 

Kb   kilobase pairs 

kDa   kilodalton 

m   Meckel’s cartilage 

mcMO1  5 base mismatch of the hdMO1 antisense sequence 

μM   micromolar 

ml   millilitre 

MLK2   mixed lineage kinase 2 

mM   millimolar 

morpholino/MO morpholino oligonucleotide 

MQ   milli-Q 

mRNA   messenger RNA 

NBT   nitro blue tetrazolium chloride 

ng   nanogram 

nl   nanolitre 

NMDA  N-methyl-D-aspartic acid 

nM   nanomolar 

ntl   no tail 

oligo   oligonucleotide primer 

omp   olfactory marker protein 

ORF   open reading frame 

OSN   olfactory sensory neuron 

otx2   orthodenticle homolog 2 

p(3-7)   pharyngeal arch (3-7) 

PBS   phosphate buffered saline 

PBS-T   PBS with 0.1% tween-20 

pbx2   pre-B-cell leukemia transcription factor 2 

PCR   polymerase chain reaction 

pmol   picomoles 

polyQ htt  huntingtin with a pathogenic number of glutamine repeats 
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pq   palatoquadrate (cartilage) 

PTU   1-phenyl-2-thiourea 

qPCR   quantitative real-time PCR 

RA   retinoic acid 

REST/NRSF  RE-1 silencing transcription factor/neuron-restrictive silencer factor 

RNA   ribonucleic acid 

rpm   revolutions per minute 

SDS   sodium dodecyl sulphate 

six1   sine oculis homeobox homologue  

SSC   sodium chloride/sodium citrate buffer 

TBS-T   tris-buffered saline with 0.1% Tween-20 

TUNEL terminal deoxynucleotide transferase (TdT)-mediated dUTP nick-end 

labeling 

UTR untranslated region 
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Huntington’s disease shares a common molecular basis with eight other 

neurodegenerative diseases: expansion of an existing polyglutamine tract. In each case, this 

repeat tract occurs within otherwise unrelated proteins. These proteins show widespread and 

overlapping patterns of expression in the brain and yet the diseases are distinguished by 

neurodegeneration in a specific subset of neurons that are most sensitive to the mutation. It 

has therefore been proposed that expansion of the polyglutamine region in these genes may 

result in perturbation of the normal function of the respective proteins, and that this 

perturbation in some way contributes to the neuronal specificity of these diseases. The normal 

functions of these proteins have therefore become a focus of investigation as potential 

pathogenic pathways. Here, synthetic antisense morpholinos have been used to inhibit the 

translation of huntingtin protein during early zebrafish development. The results obtained 

show the effects of huntingtin loss-of-function on the developing nervous system, including 

distinct defects in morphology of the lateral line neuromasts, olfactory placode and branchial 

arches. The potential common origins of these defects were explored, revealing impaired 

formation of the anterior-most region of the neural plate as indicated by reduced pre-placodal 

and telencephalic gene expression with no effect on mid- or hindbrain formation. These 

investigations demonstrate a specific ‘rate-limiting’ role for huntingtin in formation of the 

telencephalon and the pre-placodal region, and differing levels of requirement for huntingtin 

function in specific nerve cell types. 
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The polyglutamine repeat diseases comprise a group of nine neurodegenerative 

diseases including Huntington’s disease (HD), spinobulbar muscular atrophy (SBMA), 

dentatorubral pallidoluysian atrophy (DRPLA) and several forms of spinocerebellar ataxia 

(SCA1-3, 6, 7 and 17) [1, 2]. Each of these diseases is caused by the expansion of a CAG 

repeat region (encoding polyglutamine) within nine distinct and unrelated genes. In each case, 

expansion of the CAG repeat region beyond a pathogenic threshold number results in 

progressive neurodegeneration. 

Typically, polyglutamine repeat disease symptoms manifest later in life. The reason 

why this occurs is still not clear. However, in all polyglutamine diseases, the severity of the 

disease is related to the length of the repeat expansion, as longer repeats cause a more severe 

phenotype and earlier age of onset [3]. 
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HD is the most common of the polyglutamine repeat diseases, affecting approximately 

1 in 10,000 individuals in most populations of European origin [4]. HD results from 

expansion of an unstable CAG repeat in the 5’ region of a novel 4p16.3 gene called huntingtin 

(HTT) [5, 6]. The expanded CAG repeat region in the HTT gene encodes a long stretch of 

glutamine residues starting at amino acid 17 of the protein product known as huntingtin (htt; 

described further in Section 1.3.2). In the general population, glutamine repeats within htt 

number between 11 and 34, however a gene with greater than 40 repeats is termed an HD 

allele [7]. 

The mean age of onset of HD is around 40 years, which is termed adult onset. These 

patients usually have expansions ranging from 40-50 CAG repeats. As with other CAG repeat 
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diseases, HD shows anticipation. This means that transmission of the expanded HD allele to 

an offspring may result in expansion of the CAG repeat region. Expansion of the CAG region 

is more commonly seen upon paternal transmission than maternal, however the reason for this 

difference is not known [8]. Greater than 55 repeats generally cause the juvenile form of HD 

with symptoms beginning at less than 21 years of age [9]. 

 

1.2.1 Huntington’s disease symptoms 

Involuntary choreiform movement is a characteristic feature of HD, beginning with 

small movements in the fingers, toes and face. These involuntary movements develop 

gradually and eventually interfere with walking, speaking, chewing and swallowing. In 

addition to these symptoms, HD patients experience cognitive impairment, and dementia in 

advanced cases [10]. 

 

1.2.2  Huntington’s disease cellular pathogenesis 

Despite widespread expression of all nine genes within the brain, each polyglutamine 

disease shows a distinct neuronal pattern of vulnerability to pathology. In HD, pathology is 

associated with selective neuronal degeneration and gliosis of medium spiny neurons within 

the striatum [11-13]. This includes loss of the GABA-encephalin containing medium spiny 

neurons projecting into the globus pallidus and GABA-substance P containing medium spiny 

neurons projecting into the substantia nigra. Over time, these neurons are nearly totally 

destroyed. Interneurons in this region are however relatively preserved [12, 14]. The cerebral 

cortex also shows significant reduction in size; most affected are the large neurons in layer 

VI, and to a lesser extent layers III and V. In addition to neurons in the striatum and cortex, 

HD brains also show atrophy of the lateral tuberal nucleus of the hypothalamus and to a lesser 

extent the amygdala and some regions of the thalamus [13, 15, 16]. 
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Note that in order to maintain consistency with scientific literature [6], gene 

nomenclature will be described in a species specific manner, including HTT in human, Htt in 

mouse, and htt in zebrafish, or referred to collectively as HTT gene homologues. When 

describing previous models of mouse Htt knockout, the original nomenclature is used in this 

thesis for the mouse gene, Hdh in accordance with the original publications, in order to 
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clearly identify the particular model used. In addition, throughout this thesis, the 

typographical convention is used such that the names of genes are printed in italic type, 

whereas gene products are printed in regular type. 

�

1.3.1 Tissue and cellular expression of huntingtin 

Htt is widely expressed at both the tissue and cellular level at all stages of development. 

However in the adult, htt is more highly expressed within the brain and the testes. A similar 

regional distribution is also seen for polyglutamine-expanded htt (polyQ htt) [13]. The 

ubiquitous expression pattern of wild-type and polyQ htt within the brain in both normal 

individuals and HD individuals does not shed any light on the specificity of cellular pathology 

seen in HD [17-21]. 

Similar to its tissue distribution pattern, htt is widely distributed within the cell. Htt is 

found in cell bodies, dendrites, axon terminals and a variety of organelles including the 

nucleus, endoplasmic reticulum, golgi complex, mitochondria and synaptic vesicles. Htt is 

also associated with the cytoskeleton, microtubules and nerve endings [22-26]. 

 

1.3.2 Structure of huntingtin 

The human HTT gene spans 167 Kb (67 exons) of DNA and encodes a 350 kDa 

cytoplasmic protein, htt [5, 13]. Despite the identification of the HTT gene over 16 years ago, 

the cellular functions of htt are still not clear. Due to the fact that proteins with similar 

functions often contain similar conserved domains and motifs, detailed knowledge of the htt 

gene can help to suggest some possible cellular functions by comparison with similarly 

structured genes. A discussion of htt’s known structure and any information this provides 

about possible functions for htt is described below. 

Throughout the length of htt a number of conserved motifs and structural domains have 

been identified. Most notable is the presence of a polymorphic glutamine repeat stretch in the 

amino-terminus of htt (starting at amino acid 17; Figure 1.1). Previous studies have shown 

that the polyglutamine region is able to regulate the interaction of htt with various proteins, 

including transcription factors that also contain a polyglutamine region [7, 27-30], suggestive 

of a role for htt in transcriptional regulation. 
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Immediately adjacent to the polyglutamine repeat region are two proline rich regions. 

A number of proteins have been shown to bind to these proline rich regions, such as SH3GL3, 

PACSIN 1, PSD-95 and p53. This finding may implicate htt in such functions as clathrin-

mediated endocytosis, synaptic scaffolding and transcriptional regulation [18, 31-34]. An 

amino acid sequence comparison of htt from different species however shows that this 

polyproline region is poorly conserved. This suggests that the proposed functions that require 

the polyproline repeat are relatively newly acquired functions of htt (Figure 1.1 A). 

Further downstream of the proline rich region, and distributed along the entire HTT 

gene, are 36 predicted HEAT repeats (Figure 1.1). HEAT repeats are degenerate 40aa long 

motifs, named according to four proteins in which they were first identified; Huntingtin, 

Elongation factor 3, the regulatory A subunit of protein phosphatase 2A and TOR1 [35]. The 

presence of these HEAT repeats suggests a specific conformational structure for htt [36, 37] 

as described below. 

Individual HEAT motifs form a pair of anti-parallel helices that align next to each other 

in a linear manner. Multiple HEAT motifs within a protein, such as occurs within htt, results 

in a continuous, elongated interface structure (Figure 1.1 C). This structure supports 

protein:protein and RNA:protein interactions [36, 38] and suggests a role for htt as a 

scaffolding protein [39]. Cross species analysis of the HTT gene shows that these regions are 

evolutionarily conserved (Figure 1.1 B) and therefore are an important feature of the structure 

and function of htt [36, 39, 40].  

A number of proteins have been found to bind to the HEAT repeat containing region of 

htt, including huntingtin interacting protein (HIP) 1, HIP14, and huntingtin associated protein 

(HAP) 1. These proteins are known to have roles in endocytosis, vesicle trafficking and cell 

survival, further suggesting a role of htt in these functions [29, 41-44]. The proposed 

functions of htt are discussed in more detail in Section 1.4 and Section 1.5. 
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Since identification of the HTT gene in 1993 [5], some insight has been gained into the 

biological functions of htt. Knowledge of htt’s structure has helped to provide clues to htt’s 

activities within the cell, based on the analysis of genes with a similar structure. In addition, 
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htt many binding partners also suggest a variety of functions for htt. Using this approach, htt’s 

has been implicated in a variety of cellular functions including cell survival, endocytosis, 

axonal transport and neuronal transcription (reviewed in [45]). 

More direct evidence of htt’s functions however has been obtained by using in vitro 

cell culture or in vivo animal model systems. These two approaches are useful to identify 

functional relationships within the cell, including which signaling processes may require htt. 

The sections below (Section 1.4.1-1.4.4) provide an overview of what is currently understood 

about some of the better-known functions of htt, using in vitro and in vivo models while 

Section 1.5 provides more information about htt’s possible functions during development 

using in vivo animal models. 

 

1.4.1 Anti-apoptotic role of huntingtin 

An understanding of htt’s role in prevention of apoptosis is of great interest as neuronal 

apoptosis could play a role in neurodegeneration associated with HD [46]. Many studies have 

been carried out which support an anti-apoptotic a role for htt. The first study to suggest such 

a role was carried out by Rigamonti et al., (2000) [47]. This group found that when over-

expressed, htt acts to protect cells from a variety of apoptotic stimuli including serum 

withdrawal and pro-apoptotic Bcl-2 homologues. Both full-length wild-type htt and an amino 

terminal truncation of the first 548 amino acids (N548) were shown to be equally protective 

for cells, whereas a shorter N terminus (N63) provided no protection from apoptosis. It was 

therefore concluded that the region of htt responsible for this anti-apoptotic activity lies 

within the first 548aa of the human htt protein. 

One mechanism by which htt may be able to prevent apoptosis is by binding to HIP1. 

Through this interaction, htt is able to prevent HIP1 binding to another protein, HIPPI and 

forming a proapoptotic complex [48]. This finding not only suggests a role for htt in cell 

survival, but it also suggests a possible pathogenic mechanism for HD. The interaction 

between htt and HIP1 is polyglutamine length dependent [42]. Reduced binding of HIP1 to 

polyQ htt results in excess ‘free’ HIP1 available for interaction with proteins that mediate the 

apoptotic pathway, resulting in loss of htt mediated protection against apoptosis [43, 48]. 

HAP 1 is another htt interacting factor that suggests an anti-apoptotic role for htt. Htt 

has been shown to bind HAP1 in the cytoplasm and together they interact with Mixed 

Lineage Kinase 2 (MLK2) [49]. In the normal state, this interaction sequesters MLK2 away 

and prevents activation of the JNK apoptotic pathway. However, upon polyglutamine 

expansion, the interaction between htt and MLK2 is weak and the free MLK2 is able to 
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induce apoptosis via JNK activation, possibly contributing to neuronal loss observed in HD 

[49]. In addition to the benefits of sequestering MLK2 away from the apoptotic pathway, 

binding of htt to MLK2 enables activation of the transcription factor, NeuroD by 

phosphorylation. NeuroD has been shown to play an important role in neuronal survival and 

differentiation, therefore NeuroD activation is another mechanism by which htt can help 

prevent apoptosis [50]. 

Recently, htt has also been shown to mediate the apoptotic activity of a protein called 

p21-activated kinase 2 (pak2). Htt plays a direct role in this process by preventing cleavage of 

Pak2 into a constitutively active fragment capable of inducing apoptosis [51]. 

Support for the anti-apoptotic role of htt has also come from a number of in vivo 

studies. The Cre/LoxP site-specific recombination system was used to generate a null 

mutation of Htt in late stages (embryonic day 15, E15; and postnatal day 5, P5) of mouse 

forebrain development [52]. In these mice, absence of htt expression caused neurological 

deficits and progressive neurodegeneration in a similar pattern to that seen in HD patients, in 

the hippocampus, cortex and striatum. 

A further role for htt in establishment and survival of neurons within these specific 

brain regions was suggested in work carried out by Reiner et al. (2001). Upon injection of 

Htt-/- ES cells into wild-type blastocysts, Htt-/- neurons were found in all brain regions except 

the striatum, cortex, hippocampus and Purkinje cells of the cerebellum. It therefore appears 

htt has a neuronal specific critical function within these specific brain regions in 

establishment and survival of neurons during early development [53]. 

Subsequent studies by Leavitt et al. (2004 and 2006) showed that over-expression of 

full-length htt in a yeast artificial chromosome (YAC) transgenic mouse model provided 

significant protection against NMDA induced acute excitotoxic stress. They also showed that 

wild type full-length htt was able to protect against neurodegeneration caused by mutant htt 

expression [54, 55]. 

 

1.4.2 Neuronal transcription 

Htt has been shown to bind to a large number of transcription factors, as well as 

transcriptional co-activators and co-repressors [18, 56-59]. These include CREB binding 

protein (CBP), the co-activator CA150, REST/NRSF, Sin3a, the transcriptional co-repressor 
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C-terminal binding protein (CtBP), p53 and NcoR1. These interactions suggest that 

transcriptional regulation, both positive and negative, may be an important function of htt. 

There are a number of mechanisms by which htt can regulate transcription. Firstly, htt 

acts as a protein interaction scaffold to promote stronger binding between transcription factors 

and their co-factors [60, 61]. Secondly, htt can sequester transcription factors in the cytoplasm 

to negatively regulate their activity, as occurs upon htt interaction with REST/NRSF 

transcriptional repressor [62]. Binding of htt to REST/NRSF is polyglutamine repeat-length 

dependent; the longer the repeat-length, the weaker the interaction. In the presence of mutant 

htt, there is a greater amount of REST/NRSF free to enter the nucleus to inhibit transcription 

[62], therefore this interaction may play an important role in HD pathology. 

It has been previously stated that some 30 genes are regulated by REST/NRSF 

suppression [63, 64]. These genes have diverse functions in development and neuronal 

maintenance including neurotransmitter receptors, neurotrophins, synaptic vesicle proteins, 

cytoskeletal proteins, growth factors and ion channels [65]. Htt therefore has the ability to 

regulate the expression of many genes with a wide range of functions. Recently, research has 

focused on htt’s relationship with Brain Derived Neurotrophic Factor (BDNF), a neurotrophin 

whose expression is regulated by the REST/NRSF system. 

 

1.4.3 Axonal transport 

Htt is predominantly localized in the cytoplasm. Here, htt is found to interact with 

vesicle structures, microtubules, and other associated proteins suggesting a possible role for 

htt in intracellular organelle and/or axonal transport [66]. Some of the proteins that bind to htt 

and have a known role in axonal transport include HAP1, HIP1, HIP14, HIP1 related protein 

(HIP1R), and protein kinase C and casein kinase substrate in neurons-1 (PACSIN1) [32, 41-

44, 67, 68]. 

Htt and HAP1 function together as a scaffold to stabilize the interaction of selected 

cargo vesicles to molecular motors. This process facilitates the transport of many types of 

organelles along axon tracts including BDNF containing vesicles [29, 69-72]. Reduction in htt 

levels or expansion of the polyglutamine repeat region in htt can disrupt or slow axonal 

transport of BDNF containing vesicles resulting in inadequate trophic support to the striatum. 

Disruption in axonal transport may therefore be one contributing factor to pathology 

associated with HD [44, 72-76]. 
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1.4.4 Dendrite formation and synaptic terminals 

Htt has been shown to bind to many proteins that are involved in modulation of 

dendrite morphology and cytoskeletal organization, including PSD-95 and HAP1. PSD-95 

has an important role in the organization of the post-synaptic cleft of neurons [77]. The 

interaction between htt and HAP1 helps to form a scaffold to allow PSD-95 to bind with other 

proteins, such as NMDR and kainate glutamate receptors (reviewed in [29]).  

By yeast two-hybrid analysis, it was determined that upon expansion of the 

polyglutamine repeat region, the strength of the interaction between htt and PSD95 decreases. 

This suggests that dendrite formation may be affected in HD and that this may ultimately 

contribute to the overall pathology associated with the disease. This hypothesis is supported 

by the observation of decreased dendritic spine density and dendritic spine length in the 

medium striatal neurons and cortical pyramidal neurons of a transgenic HD mouse model 

[78]. 

In addition to this pathway, htt’s interaction with HAP1 has been shown to contribute 

to dendritic morphology through their interaction with MLK2. The interaction of htt and 

HAP1 with MLK2 facilitates the phosphorylation and activation of NeuroD, a transcription 

factor that is shown to be important for neuronal survival and differentiation. However 

NeuroD also plays an important role in generation and maintenance of dendrites [50, 79]. The 

expansion of the polyglutamine repeat region of htt interferes with the interaction between htt 

and MLK2. However it is yet to be determined whether NeuroD levels are decreased in HD 

neurons [49]. If NeuroD levels are altered, then inhibition of this pathway is likely to be a 

contributing factor in the pathogenesis of HD affecting both neuronal survival and dendrite 

formation. 

 


�� ��������������(����������������������)������������

�������������(����������

Htt is essential for early development. This has been demonstrated by three separate 

groups of researchers who have each shown that inactivation of both alleles of the Htt gene in 

mouse results in early embryonic lethality. Further work by these groups have identified that 

lethality occurs approximately during the onset of gastrulation and formation of the nervous 
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system (E8.5) [80-82], suggesting an important role for htt at this stage. These and other 

important in vivo studies of the normal functions of htt are described in more detail below. 

In 1995, Zeitlin et al. generated a nullizygous mouse model by targeted mutagenesis of 

the promoter and exon 1 region of the mouse Htt gene (called Hdhprex1) [81]. They observed 

lethality of homozygous mutant embryos between E8.5-E10.5. These embryos showed no 

obvious mutant phenotype by E6.5 compared to wild-type embryos, however at E7.5 Htt null 

mutants showed significant disorganization and developmental delay with many embryos 

having not yet reached the head fold stage. 

Despite formation of three separate germ cell layers, many cells appeared to have 

abnormal morphology, were tightly packed, disorganized, and showed numerous pyknotic 

nuclei. This was particularly evident within the embryonic ectoderm. No morphological, 

behavioral or histological phenotype was observed for heterozygous mutant mice. 

A similar study was carried out by Duyao et al. in 1995. A null mutation of the mouse 

Htt gene was made by insertion of a neomycin cassette to replace exons 4 and 5 (called 

Hdhex4/5) [80]. This group recorded very similar results to Zeitlin et al., in both heterozygous 

and homozygous null mutant embryos. Further detailed analysis of the Hdhex4/5 embryos was 

carried out using in situ hybridization [83]. It was discovered that compared to wild-type 

embryos, Hdhex4/5 embryos exhibited a number of patterning defects such as a shortened 

primitive streak, absence of a proper node and reduction of anterior streak derivates, including 

reduced neuroectoderm and the lack of head folds. 

In a third study published in 1995, a Htt knockout mouse model was also generated by 

insertion of a neomycin cassette construct within the mouse Htt gene. However unlike the 

previously discussed model, this insertion resulted in deletion of intron 4 and half of exon 5 

(called Hdhex5) [82]. This mutation resulted in production of a truncated 20 kDa polypeptide 

consisting of the first 4 exons of the mouse Htt gene. Like the two previously mentioned 

studies (Hdhex4/5 and Hdhprex1), the homozygous Hdhex5 mutation was embryonic lethal. 

However unlike these studies, heterozygous mutants of Hdhex5 were not phenotypically 

normal, exhibiting cognitive defects, increased motor activity and a reduction in the size of 

the subthalamic nucleus [82]. It has been suggested that the heterozygous phenotypes 

observed may be due to a tissue-specific dominant negative effect of the truncated htt product 

over the full-length Htt allele [81]. 

Subsequent research, carried out by White et al. (1995) resulted in generation of a 

mouse htt knockdown model, expressing htt (with a pathogenic level of glutamine repeats; 

Q50) at one-third of normal levels [84]. Heterozygous HdhneoQ50/Hdh+ mice could not be 

distinguished from their wild-type littermates (in line with other Htt knockout models). 



�����������������������������������������������������������������������������������������������������������������������������������������������������������������������	�����
����
��

�

� ��

Homozygous HdhneoQ50 mice however, die within two days of birth. Analysis of these pups 

revealed an abnormally shaped cranium, misplaced external ears and thickened, dehydrated 

skin. Histological analysis revealed abnormal CNS development including misshapen 

forebrain and midbrain, enlarged ventricles, and architectural abnormalities within the brain 

including ectopic striatal masses in the ventricles. Analysis of the brains of these embryos 

however showed no sign of striatal or cortical pathology to suggest any relationship to HD 

pathology in humans [84]. 

The research described above suggests a rate-limiting role for htt in early embryonic 

patterning just prior to the formation of the neural tube. More specifically, htt is shown to 

play an important role in CNS formation and organization, and in survival and normal 

functioning of post-mitotic neurons. Of note, htt has been shown to play a neuronal specific 

role in formation and survival of neurons within the hippocampus, cortex and striatum [52, 

53]. 
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Toxicity of expanded polyglutamine 

It is currently not clear how expansion of the polyglutamine repeat region within htt 

gives rise to the pathology seen in HD. There is much evidence to suggest that the 

polyglutamine expansion confers a toxic gain-of-function to the HTT gene (reviewed in [85, 

86]). The first and most compelling evidence to support a theory of toxic gain of function is 

the autosomal dominant mode of inheritance of HD. Deletion of one allele of HTT (as seen in 

Wolf-Hirschhorn Symdrome) does not result in HD-like pathology in humans. This suggests 

that the expansion of the polyglutamine region within htt does not lead to loss of normal htt 

function [87]. Studies in two separate mouse models support this observation [80, 81]. In 

these models, 50% reduction in htt expression does not result in a phenotype, let alone 

pathology indicative of HD. 

Further evidence shows that while homozygous knockout of Htt expression in mice 

results in embryonic lethality [80-82], this is not the case for homozygous repeat expansion 

within HTT in humans [88-90]. This data suggests that polyQ htt is able to fulfill the vital 

functions that wild-type htt plays in early development, and that the expanded polyglutamine 
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mutation associated with HD does not result in a complete loss of the normal function of htt 

[53]. 

In further support of the toxic gain of function theory, the polyglutamine expansion has 

been shown to be inherently toxic to cells as pathology is seen even when the CAG expansion 

is located within an unrelated gene [91]. 

 

Loss of normal function of huntingtin may contribute to pathology of HD 

The evidence presented above strongly suggests that a toxic function acquired by 

polyQ htt contributes to HD pathology, and that a loss of normal htt function is not the cause 

of HD pathology. Despite this, there is some evidence to suggest that loss, or perturbation of 

normal function of htt may contribute in some way to the pathology of HD. 

For a loss of function to contribute to HD, two conditions must be met. Firstly, the 

expanded polyglutamine region must cause htt to act in a dominant negative fashion [52]. 

PolyQ htt has been shown to form nuclear aggregates and can sequester wild-type htt within 

these aggregates [92]. This could result in a loss of function of wild-type htt [93]. 

Secondly, any loss of function phenotypes must occur in the adult, due to htt's critical 

functions in development [80-82, 84]. This is also possible, as HD pathology is associated 

with death of neurons that are very long-lived cells. If a dominant negative effect took place, 

it is likely to build up in neurons over time due to the lower rate of cell turn-over compared to 

other tissues [52]. Build up of this negative effect is likely to cause stress to the cells and/or 

result in reduced ability of the cell to withstand stress that may come from expression of 

polyQ htt, contributing to HD pathology [94]. For example, reduced trophic support due to a 

reduction in BDNF expression, suggested in various mouse models of HD and in post mortem 

HD patients brains [95-100]. 

One of the great mysteries about HD is the cellular specificity of neurodegeneration. 

Within nine neurodegenerative diseases, the same polyglutamine expansion is found in nine 

distinct and unrelated proteins, each with a characteristic neuronal pattern of vulnerability to 

pathology. This difference in pathological pattern has been proposed to indicate that loss or 

alteration of the unique normal functions of these proteins contribute in some way to the 

specificity of neuronal cell death [101]. 

A study of chimeric mice carried out in 2001, shows that htt expression is required for 

survival of neurons within the striatum, cortex and hippocampus specifically, however not in 

other regions of the brain tested, as mentioned in Section 1.4.1 [53]. This differing 

requirement of particular neurons for htt function provides a mechanism that can account for 
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the specificity of neuropathology in HD brains despite the widespread expression of htt in the 

brain. 

Despite strong evidence to suggest an acquired toxic function of htt gives rise to 

pathology associated with HD, this does not rule out a contribution from a loss of wild-type 

htt function. In fact, the above data show that loss of any of the important functions of htt 

within the cell could sensitize the cell to stress and contribute to the pathology associated with 

HD. A greater understanding of the normal function of htt may help to provide some insight 

into the cause of pathology associated with HD. 
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 Zebrafish (Danio rerio) is a well-characterized model system. It provides a wide range 

of advantages that have prompted many scientists to adopt this vertebrate model system for 

investigation of both normal development and disease pathogenesis [102, 103]. Some general 

advantages of using zebrafish as a model system include; small physical size, large clutch 

size, rapid development and relatively cheap housing costs. Other important advantages of the 

zebrafish model system include their easy genetic manipulation and external development. 

One of the most exciting characteristics of zebrafish is that they are easily genetically 

manipulated. Embryos are fertilized and develop outside of the mother and therefore can be 

accessed for genetic manipulation at the one cell stage. A range of tools are available to alter 

the level of expression of genes in zebrafish. Genes of interest can be transiently blocked 

from expressing proteins using morpholino oligonucleotides (morpholinos). In addition, 

stable transgenic zebrafish lines can be made, or large-scale generation of zebrafish mutants 

carried out and easily screened due to their small size, transparency and rapid development 

[104-107]. 

External development of the embryo from the one cell stage is also a major advantage. 

Developing embryos can easily be visualized at any stage by using a dissection microscope 

(shown in Figure 1.2). In addition, transparency of the zebrafish embryos allows detailed 

analysis of specific body structures during development. 



Figure 1.2 Camera lucida sketches of zebrafish embryonic development at selected 

stages. Zebrafish is a well characterized vertebrate model system. Development of the 

zebrafish has been investigated in detail from the one cell stage to adult. This figure shows 

selected stages throughout zebrafish development. External development from one cell 

stage is a great advantage of the zebrafish system for developmental analysis. Embryos are 

shown animal pole to the top at early stages, and anterior to the top at later stages. Figure 

reproduced from [102]. Scale bar = 250 μm. 
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Zebrafish also have a high level of genetic conservation to that of higher vertebrates, 

including human [108]. Initial characterization of the zebrafish htt gene was carried out in 

1998 by Karlovich et al. [109]. The zebrafish htt gene encodes a 3121aa protein with a high 

level (70%) of amino acid identity to human htt. The zebrafish htt transcript is expressed 

ubiquitously at all developmental stages (Figure 1.3), with subsequent down-regulation in 

non-neural tissues consistent with htt mRNA expression in rodent development [80, 110-112]. 
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The application of genetic analysis has transformed our understanding of 

developmental biology in the last decade. Much of this is due to the Nobel prize-winning 

research carried out by Drs. Christiane Nüsslein-Volhard, of Germany's Max-Planck Institute; 

and Eric Wieschaus, at Princeton [113]. The groups of Nüsslein-Volhard and Wieschaus used 

a new strategy to identify genes with an important role in embryonic development [114]. 

Their forward genetic approach was aimed at generating a screen of random mutations in the 

Drosophila melanogaster genome, then observing the mutant phenotypes to deduce the genes 

that have a particular important function in development. These studies were also successfully 

carried out in Caenorhabditis elegans and in Danio rerio (zebrafish). Importantly, this 

technique of genetic analysis identified many genes that regulate remarkably similar 

processes in the development of multiple model systems [106, 107, 115-117]. 

These studies were designed to take advantage of the strict spatial and temporal 

regulation of key processes in the development of embryos in these model systems. Reverse 

genetics works on the same principle, however it is conducted in the opposite direction to 

forward genetics. Reverse genetics is carried out by altering the expression of a specific gene 

by introducing a change or disruption, then observing the phenotype in the whole organism in 

an attempt to deduce its biological function. 

This aim of the present research is to investigate the functions of htt using a reverse 

genetic approach. Morpholinos will be used as a tool to specifically alter the expression of htt  

in zebrafish embryos, and the resulting phenotype will be observed in an attempt to deduce 

the important functions of htt in development. 



Figure 1.3 Htt mRNA expression in the zebrafish embryo at selected stages of 

development. In situ hybridization shows maternal deposition of htt mRNA (purple) at the 

one cell stage (A). Htt is ubiquitously expressed in early developmental stages becoming 

more highly expressed in the head after 18 hpf. Animal pole to the top in (A), and anterior 

to the top at all later stages (B-F). Experiment carried out by Amanda Lumsden. Figure 

reproduced from [112]. 
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Despite the identification of the HTT gene over 16 years ago there is still much to learn 

about the biological function of the htt protein. While much interest in the HTT gene is 

centered on how the mutation in this gene gives rise to HD pathology; htt itself, present in 

every person from the single-cell embryo stage, is being revealed as a key component in 

many cellular processes associated with cellular maintenance, survival and in normal 

embryonic development. 

In vitro studies have identified a number of possible roles for htt in cell survival, 

endocytosis, axonal transport and neuronal transcription. Early mouse Htt knockout studies 

show that htt function at the level of the whole organism is vital, playing a critical role in 

normal development [80-82, 84]. However, limited information can be gained from these 

Htt-/- mouse embryos, with complete absence of htt, due to the early age of lethality and 

highly disorganized structure of the embryo. 

The aim of this project is to investigate the proposed and novel functions of htt in vivo. 

We aim to overcome the limitations of the mouse Htt-/- system by investigating the normal 

functions of htt using an alternative animal model system, Zebrafish (Danio rerio). The 

zebrafish model system provides a number of advantages for investigation of htt function (See 

Section 1.7). Arguably the most powerful advantage of the zebrafish system is easy genetic 

manipulation. In the zebrafish, gene expression can be reduced by injection of translation 

blocking morpholinos at the one cell stage. This laboratory has previously used morpholinos 

to inhibit translation of the htt protein from the one cell stage of development. Using this 

approach, the level of htt expression has been partially reduced in order to gain a milder 

phenotype than achieved with Htt-/- mice. This work has demonstrated dramatic effects on 

embryogenesis caused by reduction of htt expression, and also more specifically revealed a 

role for htt iron homeostasis in htt-reduced zebrafish (hdMO) [112]. Within the current 

research, further analysis of hdMO zebrafish has been carried out with the aim to uncover 

information on the cellular and/or developmental processes for which htt is a rate-limiting 

determinant (see previous section for discussion on using development as a tool to assess 
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gene function). Ultimately this approach has enabled a key question in HD pathology to be 

addressed: Do different neurons have differing functional requirements for htt? [118] 
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2.1.1 Enzymes  

T4 DNA ligase     Roche 

Restriction Endonucleases    New England Biolabs (NEB) 

Taq DNA polymerase     Invitrogen 

DNase I      Invitrogen 

RNase H      Invitrogen 

RNase OUT (RNase inhibitor)   Invitrogen 

Superscript II reverse transcriptase   Invitrogen 

Proteinase K      Sigma-Aldrich 

SYBR green PCR master mix    Applied Biosystems 

T7 RNA polymerase     Roche 

T3 RNA polymerase     Roche 

Sp6 RNA polymerase     Roche 

 

2.1.2 Kits 

QIAquick gel extraction kit    Qiagen 

QIAquick PCR purification kit   Qiagen 

Plasmid mini kit     Qiagen 

RNeasy mini kit     Qiagen 

SuperSignal® West Dura Extended Duration 

Enhanced Chemiluminescence (ECL) kit  Pierce  

mMessage mMachine SP6 RNA transcription kit Ambion 

Expand long template PCR kit   Roche 
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pGEM-T Easy vector kit    Promega 

Vector Red Alkaline phosphatase subrstate kit I Vector laboratories  

 

2.1.3 Plasmids 

pGEMT      Promega 

pCS2+ D. Turner (University of Michigan) [119] 

 

2.1.4 Oligonucleotides 

All Oligonucleotides (oligos) were obtained from Geneworks at standard PCR grade. 

DNA primers were designed using primer design software such as Primer Express (Applied 

Biosystems) or PerlPrimer (online), or taken from published papers where cited. All primers 

are designed to recognize zebrafish DNA. Primer sequences are shown 5’-3’. Primers were 

resuspended in MQ water at 50μM and stored at -200C until further use. 

 

Oligos for PCR and sequencing: 

M13-Fw  5’-GTAAAACGACGGCCAGT-3’ 

M13-Rv  5’-CAGGAAACAGCTATGAC-3’ 

 

Oligos for in situ probe cloning: 

Specific oligos used for making clones for in situ probes are shown in Section 2.1.5. 

 

Oligos for quantitative real-time PCR (qPCR): 

All primers span introns where possible (exceptions are omp, and val). 

Gene Upstream primer 

(5’ to 3’) 

Downstream primer 

(5’ to 3’) 

Product 

(bp) 

acta1 TGCCCAGAGGCCCTGTT ACCGCAAGATTCCATACCCA 70 

dlx3b GAGGGCTGAGAACACGAACC TCACCATTCTCAATGACCGCT 51 

ef1a CCAACTTCAACGCTCAGGTCA CAAACTTGCAGGCGATGTGA 105 

emx3 GATATCTGGGACACCGGTTTCA AGCAGGTTTTCAGGGCTACTGT 52 

fgf8 AAGATGGCGACGTTCATGC TCCCAAATGTGTCCGTCTCTACTA 51 

hoxb1 CAAAAGGAATCCCCCCAAAA CGGCCCTAGTCCGTACTCAG 48 

ntl CACACCACAAACACTACCTCCAAC TGACCACAGACTTGGGTACTGACT 51 

omp GAACCCACCGGACTCTTCTG TTGGCCAGCTCTGCTATCCT 101 

otx2 CCCTCCGTTGGATACCCAGT TCGTCTCTGCTTTCGAGGAGTC 51 

pbx2  GCGAAGATTCACCCCACACT GAGAGAACGACCCTGAGCCA 51 
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six1  CTACCACACAAGTGAGCAACTGG AGCGCCCGTGTTGTTGTT 99 

sox32 CCTCAGCAAAATACTTGGCAAGA TTATCTGCCAGAGACATTGCTTTC 95 

val CAGCTTGTGACCATGTCCGT TGAAGCCCCGCAGGTGT 52 

 

2.1.5 In situ probes 

cDNA clones to make in situ probes, obtained from other labs: 

Gene 

targeted 

Plasmid Antibiotic 

resistance 

Endo-

nuclease 

Polymerase 

(antisense) 

Insert 

size 

Source 

Reference 

krox20 unknown Amp XbaI T3 2 Kb Dr. Andy Oates, 

Princeton 

University, 

U.S.A. Now at 

Max Plank, 

Germany [120] 

val pGEMT Amp NcoI SP6 750 bp Dr. Michael 

Lardelli, 

Adelaide 

University, 

Australia [121] 

otx2 pBluescript 

KS (+) 

Amp unknown T7 2 Kb Dr. Graham 

Lieschke, Walter 

and Eliza Hall 

Institute, 

Melbourne, 

Australia [122] 

dlx3b  p373 Amp EcoRV T7 600 bp Dr. Graham 

Lieschke, see 

above [123] 

six1 pT3HBT7 Amp HindIII T7 700 bp Dr Vladimir 

Korszh, 

Singapore [124] 

dlx2 pBluescript 

SK (-) 

Amp BamHI T7 1.7 Kb Dr. Michael 

Lardelli, see 

above [123] 

gsc pBluescript 

K 

Amp EcoR1 T7 1.2 Kb Dr. Michael 

Lardelli, see 

above [125] 
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ntl T7TS Amp BamHI T7 1.3 Kb Dr. Andy Oates, 

see above [126] 

 

 

cDNA clones for in situ hybridization, made by Tanya Henshall: 

Gene 

target 

Plasmid Antibiotic 

resistance 

Endo-

nuclease 

Polymerase 

(antisense) 

Primer sequences Reference 

col2a1 pGEMT Amp NcoI SP6 F:CAACAAGAAGATGACCAGGA 

R:TACCAGGCAAACCTCTAAGAC 
[127] 

hoxd4a pGEMT Amp NcoI SP6 F:TTCTCGGTTGATGAAGTCCC 

R:GTTGTGATCTCTGTCTGGCT 

 

[128] 

 

2.1.6 Antibiotics 

Ampicillin      Sigma Aldrich 

Kanamycin      Sigma Aldrich 

 

2.1.7 Molecular weight markers 

DNA: 1 Kb plus DNA ladder (Invitrogen). Sizes (in bp) 100, 200, 300, 400, 500, 650, 850, 

1000, 1650, 2000 up to 12,000 in 1000 bp increments. 

 

Protein: HiMark™ unstained high molecular weight protein standard (Invitrogen). Sizes (in 

kDa) 40, 5, 66, 97, 116, 160, 240, 290, 500. 

 

Benchmark pre-stained protein ladder (Invitrogen). Sizes (in kDa) 8, 15, 20, 27, 38, 50, 65, 

80, 115, 180 (sizes vary between batches, approximate sizes given). 

 

2.1.8 Bacterial media 

All media were prepared with distilled and deionized water and sterilized by autoclaving, 

except heat labile reagents, which were filter sterilized. Antibiotics were added from sterile 

stock solutions to the media after the latter had been autoclaved. 

 

L-Broth (LB): 1% (w/v) amine A, 0.5% yeast extract, 1% NaCl, pH 7.0. 

SOC: 2% bactotryptone, 0.5% yeast extract, 10mM NaCl, 2.5mM KCl, 10mM MgCl2, 10mM 

MgSO4, 20mM glucose. 



������������������������������������������������������������������������������������������������������������������������������������������������	���������	��
�������������

�

� ��

Plates: L-Broth with 1.5% (w/v) bactoagar supplemented with ampicillin (100mg/L) or 

Kanamycin (50mg/L) where appropriate. 

2.1.9 Morpholinos 

All custom morpholinos used were designed by Gene Tools, LLC (www.gene-tools.com) 

from the zebrafish htt gene mRNA transcript. 

Two htt morpholinos designed to non-overlapping sequences of zebrafish htt RNA were used: 

hdMO1 - Complementary to the sequence between bases +5 to -19 of zebrafish htt RNA. 

hdMO2 - Complementary to the sequence between -22 and -45 of the 5’UTR of the zebrafish 

htt RNA. 

 

Two control morpholinos were also used; 

cMO - A standard control morpholino used for earlier experiments. Stated to have no target 

and no significant biological activity in the zebrafish system (www.gene-tools.com; 

[129]). 

mcMO1 - A 5-base mismatch of the hdMO1 antisense sequence. A more rigorous control for 

specificity, and used for experiments carried out in the later stages of the project 

(www.gene-tools.com). 

 

Morpholino sequences are as follows (sequence complementary to the predicted start codon is 

underlined): 

hdMO1: 5’-GCCATTTTAACAGAAGCTGTGATGA-3’ 

hdMO2: 5’-GATATAATCTGATCGGAGATAGGGT-3’ 

cMO: 5’-CCTCTTACCTCAGTTACAATTTATA-3’ 

mcMO1: 5’-GCgATTTcAACAcAAcCTGTcATGA-3’ 

(Mismatched bases are shown in lower case). 

 

A stock solution of morpholinos was made in RNase free water to a concentration of 

2 mM. 15 �l aliquots were stored frozen at -20oC until use. Working stocks were made in 

RNase free water and heated to 65oC for 10 minutes prior to use to dissolve any suspended 

particles. For injections, 2 nl of morpholino was injected into one cell stage embryos. 

Embryos were then incubated at 28.5oC until reaching the required developmental stage. 
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2.1.10 Antibodies  

Primary: 

Anti-actin (beta) mouse monoclonal at 1/2000 

(western)        Ab Cam 

Anti-zebrafish htt rabbit polyclonal at 1/1200 

(western)         [112] 

Anti-Dig Alkaline phosphatase-conjugated Fab fragments 1/4000 

(In situ hybridization)       Roche  

 

Anti-FITC Alkaline phosphatase-conjugated Fab fragments 1/4000 

(In situ hybridization)       Roche 

 

Secondary: 

horseradish peroxidase-conjugated donkey anti-rabbit IgG  Rockland 

horseradish peroxidase-conjugated donkey anti-mouse IgG  Rockland 

 

2.1.11  Solutions and Buffers 

   Solution/ buffer      Preparation 

Diethylpyrocarbonate (DEPC) water 0.1% (v/v) DECP with distilled water 

mixed for 30 minutes at room 

temperature 

DNA Loading buffer (6 x) 40% (V/V) guanidinium isothiocyanate, 

10% (V/V) sodium citrate pH 7.0, 10% 

N-lauroysarcosine, 0.1% (V/V) �-

mercaptoethanol in DEPC water. 

Embryo medium 13.72 mM NaCl, 0.54 mM KCl, 0.025 

mM Na2HPO4, 0.044 mM K2HPO4, 1 mM 

CaCl2, 1 mM MgSO4, 0.35 g/L NaHCO3 

Fix 4% Formaldehyde in 1x PBS 

Formamide loading dye 

(25 x stock) 

250 mM EDTA pH 8.0, 25 mg/ml 

bromophenol blue (w/v), 25 mg/ml 

xylene cyanol (w/v). Kept in dark at room 

temperature 
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Formamide loading dye (2 x) 10 �l formamide loading dye (25 x 

stock), 190 �l deionised formamide. Kept 

in dark at 4oC 

NBT/BCIP equilibration buffer 100 mM Tris-HCl, 100 mM NaCl, 

50 mM MgCl2, pH 9.5 

Prehybridization solution 50% formamide (deionised), 5 x SSC, 2% 

Blocking reagent, 0.1% Tween-20, 0.5% 

CHAPS (Sigma), 50 �g/ml yeast RNA, 

5 mM EDTA, 50 �g/ml heparin, (stored 

as 50 ml aliquots at -20°C)  

PBS 7.5 mM Na2HPO4, 2.5 mM NaH2PO4, 

145 mM NaCl 

PBS-T PBS, 0.1% Tween-20  

SDS sample buffer (2 x) 250 mM Tris pH 6.8, 4% sodium dodecyl 

sulfate (SDS), 10% glycerol, 0.006% 

bromophenol blue, 2% �-

mercaptoethanol 

TAE electrophoresis buffer 40 mM Tris-acetate, 20 mM sodium 

acetate, 1 mM EDTA, pH 8.2 

TBS-T 10 mM Tris pH 7.5, 100 mM NaCl, 0.1% 

Tween-20 

TE 10 mM Tris-Cl, 1 mM EDTA, pH 7.5 

Tricaine stock [130] 400 mg tricaine powder, 97.9 ml double 

distilled water, 2.1 ml of 1M Tris (pH 9). 

Adjust to pH 7. Stored at -20oC 

Tricaine solution (1 x) 1/25 dilution of tricaine stock in embryo 

medium 

Western blocking buffer 5% skim milk powder in 1 � TBS-T 

Western transfer buffer (1 x) 25 mM Tris, 192 mM glycine. No 

methanol was added 
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2.1.12 Chemicals 

The following standard chemicals and reagents were used in this study. All chemicals were of 

analytical grade: 

Acetone       Ajax, Australia 

Acridine orange hemi (zinc chloride) salt   Sigma-Aldrich, USA 

Acrylamide, bis-acrylamide Bio-Rad Laboratories, USA 

Agarose       Progen, Australia 

Alcian blue       AnaSpec, USA 

Blocking reagent      Roche, Germany 

CHAPS       Sigma, USA 

2(4(dimethylamino)styryl)Nethylpyridinium iodide 

(DASPEI)       Fluka, Switzerland 

Diethylpyrocarbonate (DEPC)    Sigma, USA 

DiI [DiIC18(3)]      Invitrogen, USA 

Dimethylformamide (DMF)     BDH, Australia 

Dimethyl Sulphoxide (DMSO)    Ajax, Australia 

EDTA (ethylenediamine tetra-acetic acid)   Sigma, USA 

Ethanol       BDH, Australia 

Ethidium bromide (EtBr)     Sigma, USA 

Formaldehyde solution (40%)    BDH, Australia 

Heparin       Sigma, USA 

Methanol       Ajax, Australia 

TEMED       Promega, USA 

Tween-20 (10%)      Bio-Rad Laboratories, USA 

Sodium Hydrogen Carbonate     Ajax, Australia 

Sodium Hydroxide      Ajax, Australia 

Tricaine (3-amino benzoic acidethylester)   Sigma, USA 

Tris Hydrochloride      Sigma, USA 

Tryptone       Oxoid, UK 
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2.1.13 Other 

SYBR Green PCR master mix Applied Biosystems 

NuPage® 4-12% Bis-Tris acrylamide pre-poured gradient gel Invitrogen 

Deoxyribonucleoside triphosphate set  

(dATP, dCTP, dGTP, dTTP)      Roche 

Ribonucleoside triphosphate set 

(rATP, rCTP, rUTP, rGTP)      Roche 

Trypsin        Invitrogen 

Dig-11-UTP        Roche  

Fluorescein-12-UTP       Roche  

Nanosep 30K omega columns     PALL life sciences 

4-Nitro blue tetrazolium chloride (NBT)    Roche 

5-bromo-4-chloro-3-indolyl-phosphate (BCIP)   Roche 
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Standard molecular genetic techniques were performed as described in Sambrook et al., 

1989 [131] 

 

2.2.1 Zebrafish maintenance 

Wild-type stocks of Danio rerio were bred and maintained under standard conditions at 

28.5oC [130]. Morphological features were used to determine the stage of the embryos in 

hours (hpf) or days (dpf) post fertilization according to Kimmel et al. [102]. For in situ 

hybridization analysis of embryos older than 20 hpf, embryos were raised in 40 �M PTU 

from gastrula stage (5.5 hpf) to inhibit pigment formation. 

 

2.2.2 Western blotting 

Western blotting was used to detect the presence of htt protein in wild-type and cMO 

embryos, and to show reduction of htt expression in hdMO embryos. Dechorionated and 

deyolked embryos (48 hpf) were lysed in SDS sample buffer [130] (1 �l per embryo) and 
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homogenized with a pestle, on ice. Lysates were boiled for 5 minutes and centrifuged at 

55,000 � g. for 20 minutes at 4°C in a TL-100 Ultracentrifuge (Beckman). The supernatant 

was removed and stored at -80°C. An equal volume of each sample was run on a 

polyacrylamide gel and transferred to a nitrocellulose membrane that was then stained with 

Ponceau S solution (Sigma). A digital image (.tif) of the membrane was created by scanning 

into Photoshop (Adobe), and band densitometry was performed using QuantityOne (Bio-Rad) 

software. Information of the relative band intensities was used to normalize subsequent 

protein loading. For western blot analysis, equal quantities of protein were separated by 

electrophoresis on a 4-12% Bis-Tris acrylamide gel (Invitrogen) at 200 Volts, and transferred 

to a nitrocellulose membrane in 1 x western blot transfer buffer. Protein transfer was carried 

out in a mini-PROTEAN 3 apparatus (Bio-Rad), at 30 Volts overnight (4°C). The membrane 

was blocked for 3 hours at room temperature with blocking buffer prior to overnight 

incubation at 4°C with polyclonal anti-htt antibody [112] diluted in the same buffer. After 

three 15 minute washes in blocking buffer the membrane was incubated for 1 hour with 

horseradish peroxidase-conjugated donkey anti-rabbit IgG secondary antibody. The 

membrane was then washed three times in 1 � TBS-T for 15 minutes before detection of the 

htt band by chemiluminescence using Super Signal West Dura ECL Substrate (Pierce). 

Immediately following htt detection, �-actin was detected on the same membrane, as a protein 

loading control, using the same western blot method as described above except that anti-beta 

Actin (Abcam) primary antibody and horseradish peroxidase-conjugated donkey anti-mouse 

IgG secondary antibody (Rockland) were used. 

 

2.2.3 Acridine Orange staining 

Detection of apoptosis in whole embryos was assessed by staining with the vital dye, 

acridine orange (AO) [132]. The acridine orange protocol was adapted from Li et al., 1997 

[133]. A stock solution was made up to 1 mg/ml in water and stored in the dark at 4oC. 

Embryos were dechorionated and placed in 1/1000 dilution of the Acridine orange stock 

solution in embryo medium. Staining was carried out in the dark at room temperature for 30 

minutes. Embryos were then washed 2 x 5 minutes in 10 ml of embryo medium, then placed 

into anaesthetic (1 x tricaine solution; see Section 2.1.11) and viewed immediately using a 

green fluorescence filter. 
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2.2.4 Alcian blue staining 

Alcian blue was used to stain cartilage to visualize the structure of the craniofacial 

skeleton of zebrafish. Five to eight day old larvae were fixed in 4% formaldehyde in 1 x PBS 

overnight at 4oC. Embryos were washed 2 x 5 minutes in PBS-T then bleached in 0.5 ml 30% 

hydrogen peroxide for about 2 hours. 25 �l of 2M KOH was added to enhance the bleaching 

process. Embryos were checked every 15 minutes. When eyes appeared sufficiently 

translucent embryos were rinsed in PBS-T, transferred to a filtered Alcian blue solution (1% 

concentrated hydrochloric acid, 70% ethanol, 0.1% alcian blue), and left to stain overnight. 

Embryos are cleared in acidic ethanol (5% concentrated hydrochloric acid, 70% ethanol) for 

approx 4 hours then rehydrated in a graded ethanol series (50%, 25% then PBS) for approx 

5-10 minutes each. Embryos were then washed in PBS-T and placed in 80% glycerol and left 

overnight a -20oC. Craniofacial cartilage was visualized under a Ziess axiophot light 

microscope and photographed using a 10 x objective.  

 

2.2.5 DiI staining 

DiI was used to label mature olfactory sensory neurons in live zebrafish embryos. The 

procedure was carried out as described in [134]. DiIC18(3) powder was made up to 5% stock 

solution in Dimethylformamide (DMF; keep in the dark at 4oC). To stain the embryos, 1 �l of 

DiI stock was added to 5 �l DMF and 4 �l 70% glycerol (to make 10 �l total of working DiI 

stock). 96 hpf zebrafish embryos were placed in a 35 mm tissue culture petri dish in 4 ml of 

embryo medium. The 10 �l working stock of DiI solution was added and fish left to swim in 

this solution for 15 minutes. The fish were then transferred to a clean 48 well dish and rinsed 

three times for 5 minutes each. To enable easier washing, fish were placed in a sieve, made 

from the top half of an eppendorf tube with gauze placed over the bottom. This sieve enabled 

the embryos to be easily transferred between washes in clean wells. For viewing, fish were 

anesthetized in 2 x working concentration of tricaine then mounted in three drops of 3% 

methylcellulose and one drop of 2 x tricaine. DiI stained olfactory receptor neurons were 

initially viewed on a dissecting microscope using a rhodamine cube or filter suitable for 550 

nm emission and 565 nm excitation. Images were captured on a Leica SP5 spectral scanning 

confocal microscope. 
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2.2.6 DASPEI staining 

DASPEI specifically stains hair cells within lateral line neuromasts [135] of live 

zebrafish embryos. The procedure was carried out as described in [136]. 120 hpf live 

zebrafish embryos were immersed in 1 mM DASPEI in embryo media for 5 minutes 

(supernatant only). The embryos were then rinsed thoroughly in embryo media before 

anaesthetizing and viewing as described above for DiI. For quantitation, presence or absence 

of each lateral line neuromast was recorded with reference to the previously described pattern 

of neuromast deposition along the lateral side of the embryo [137]. Statistical analysis was 

performed using a Students t-test. 

 

2.2.7 Preparation of RNA from zebrafish embryos 

RNA was extracted from 24 hpf zebrafish embryos for qPCR (Section 2.2.9) or probe 

generation for in situ hybridization (Section 2.2.8). The following procedure was used; 

30-100 dechorionated embryos were staged and collected into a 1 ml plastic tube 

(Eppendorf). Excess embryo medium was removed. Embryos were then snap frozen in liquid 

nitrogen and placed immediately at -80oC. RNA was extracted using an ‘RNeasy Mini Kit’ 

from Qiagen according to the manufacturers instructions with the following changes: Upon 

addition of buffer RLT, the embryos were homogenized by passing through a 20 gauge needle 

at least 10 times. RNA was eluted in 40 �l of water and run through the column twice. 

Recovered RNA was stored at -80oC. 

 

2.2.8 In situ hybridization 

In situ hybridization analysis allows spatial visualization of the mRNA transcripts of a 

specific gene in the whole embryo by binding of a labeled probe complementary to a portion 

of the specific gene of interest. As certain genes are expressed in specific populations of cells, 

the presence of the mRNA message is often used as a ‘marker’ of these cells to show their 

presence, abundance and spatial distribution in the whole embryo. 

In situ hybridization probes used in this project are specified in Section 2.1.5. The in 

situ hybridization probes were made in our lab by synthesizing the RNA probes from cDNA 

clones that were either constructed within the lab or obtained from other labs. These cDNA 

clones contained both M13 primer sites for amplification and for sequencing, and T7 or T3 

RNA polymerase sites for RNA transcription. 
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In situ hybridization was carried out according to the protocols published by Jowett, T. 

(2001) [138]. Protocols describing embryo fixation, pretreatment of zebrafish embryos, 

hybridization and post-hybridization washes, and subsequent alkaline phosphatase staining 

with chromogenic substrates on zebrafish embryos were followed as published with minor 

changes, described as follows: To allow chromogenic detection, alkaline phosphatase 

conjugated antibody was added at 1:4000 dilution in PBT + 1% BSA for 1 hour at 4oC; also in 

the case of two color In situ hybridization, NBT/BCIP was used to detect the first (and 

weakest) probe, prior to detection of the second probe with Vector red, as the blue product is 

easier to visualize than the red. 

 

2.2.9 Construction of labeled probes for in situ hybridization 

The insert of interest was amplified in a PCR reaction using M13 primers in RNase free 

water. The PCR reaction was cleaned using a Qiagen PCR clean up kit and resuspended in 

RNase free water. 1 �g of amplified DNA was used in a transcription reaction using the 

appropriate polymerase enzyme (T7 or T3 polymerase, Roche) to produce an antisense 

product according to the manufacturers instructions. 

Digoxigenin or fluorescein labeled UTP was used in the transcription reaction as part 

of the ribonucleotide mixture to produce a recombinant RNA product with labeled UTP 

nucleotides incorporated within. 

RNA produced in the transcription reaction was purified using Nanosep 30 K columns 

(Section 2.2.10). Correct transcription of RNA was assessed by three methods; agarose gel 

electrophoresis (Section 2.2.11) to determine that the correct size product was transcribed, 

spectrophotometric analysis used to quantitate the amount of RNA, and dot blot analysis to 

check for the presence of labeled RNA (Section 2.2.12). RNA probes were stored at -80oC. 

 

2.2.10 Purifying RNA in situ probes 

Nanosep 30K columns were used to purify RNA after in vitro reverse transcription. 

Firstly, the 20 �l RNA transcription reaction was made up to 500 �l in RNase free water then 

added to the Nanosep column and centrifuged at 7,000 rpm for 12 minutes at room 

temperature in a bench top centrifuge. Flow through was discarded and the column by adding 

400 �l of 1 x TE to the top of the column and centrifuged at 7,000 rpm for 12 minutes. After 
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two TE washes, RNA was collected from the top of the column by resuspending gently in 

20 �l of RNase free water using a pipette. Another 20 �l of water was added to collect the 

remaining RNA and pooled with the first wash to give a final volume of 40 �l. 

 

2.2.11 Agarose/formaldehyde electrophoresis (RNA) 

Gel electrophoresis apparatus (including tank, glass plates and comb) was washed with 

1% SDS in RO water to remove RNases then rinsed in milliQ water (DEPC treated). 2% 

agarose was prepared fresh by melting the required amount of agarose in 1 x TAE made with 

DEPC treated water. 1 �l of 10 mg/ml ethidium bromide was added to the molten agarose to 

aid visualization of RNA after electrophoresis. 1 �l of RNA sample was added to 1 �l of 2 x 

formamide loading dye and heated to 75oC for 5mins. Enough 1 x TAE buffer was added to 

the tank to cover the sides, but not cover the top of the gel. RNA/load dye mix was then 

loaded into the well of the agarose gel and band separated by electrophoresis at 150 volts for 

approximately 10 minutes. Visualization of RNA was achieved by irradiation with short wave 

(254 nm) UV light. 

 

2.2.12 Dot blot 

A dot blot was used to assess the level of incorporation of digoxigenin or fluorescein 

labeled UTP into RNA in situ probes. To do this, 1 �l of suitable dilutions (1/10, 1/100, 

1/1000 and 1/10000) of labeled probe was spotted onto a Hybond nitrocellulose membrane. 

The RNA was UV cross linked to the membrane using a UV stratalinker (BioRad) and dried 

in a 65oC oven for 1 minute. The membrane was then rinsed briefly in 2 x SSC and washed 

twice in 1 x PBS for 15 minutes at room temperature. Alkaline phosphatase conjugated anti-

digoxigenin or anti-fluorescein antibodies were added to the membrane at 1/2000 or 1/5000 

dilution in PBS respectively, for 30-60 minutes. The membrane was then washed twice for 15 

minutes in PBS and then equilibrated in NBT/BCIP equilibration buffer (pH 9.5). Labeled 

RNA probes were visualized by staining in 10 ml of water with one tablet of NBT/BCIP. The 

alkaline phosphatase activity produced a purple color where the antibody was bound to 

labeled probe. Only probes which show a visible purple ‘dot’ at 1/1000 dilution or higher 

were used for in situ hybridization. 
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2.2.13 Quantitative real-time PCR 

Synthesis of cDNA from total zebrafish RNA: 1�g of total RNA was treated with 

DNase I to remove genomic DNA contamination, according to the manufacturers instructions. 

Reverse transcription was then carried out on this RNA using oligo (dT) primers and 

Superscript II™ reverse transcriptase in a 20 �l reaction. The cDNA was diluted to 100 �l 

using autoclaved milliQ water, and 5 �l of this was used in the qPCR reaction. 

qPCR: Each sample was analysed in triplicate in a 96 well plate. Each experiment was 

performed on three independent occasions except for val, which was performed twice. A 

20 �l volume of 1 x SYBR Green PCR master mix and 1.26 pmol of each primer was added 

to each well with the template cDNA as described above. Two control samples were also 

included: A “no reverse transcriptase control” (no reverse transcriptase was added when 

synthesising cDNA) was used to determine whether genomic DNA contamination was 

present. A “no template control” (no cDNA template added to the final reaction) was also 

added to check for any DNA contamination. qPCR analysis was performed on an ABI PRISM 

7000 sequence detection system (Applied Biosystems). The program used had the following 

cycle steps: 50oC for 2 minutes, 95oC for 10 minutes, then 40 cycles of 95oC for 15 seconds 

and 60oC for one minute. A dissociation curve was performed for each 96 well plate. 

Statistical analysis of qPCR data: ABI prism 7000 SDS software was used to determine 

cycle threshold (Ct) values from the raw qPCR data. A standard curve for each primer pair 

was determined by amplification of serial dilutions of a cDNA sample of known 

concentration. The slope of the standard curve was used to calculate the expression level of 

the transcript of interest. This value was then normalised against the expression level of a 

reference gene, elongation factor 1a (ef1a) [139]. Normalization of qPCR data was used to 

obtain a more accurate reading of gene expression by accounting for any variance in RNA 

quantitation between samples. Statistical analyses on normalized data were performed using 

ANOVA and Student’s t-tests using Excel (Microsoft) and ‘R’ statistical (www.r-project.org) 

software. Raw P-values were adjusted using the false discovery rate method. All primers used 

are shown in Section 2.1.4. Where possible, primers were designed to span an intron. 

Exceptions were omp and val. 
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Use of the zebrafish system to investigate the function of huntingtin in 

development. 

Htt has been shown to play an important role in early embryonic development (as 

discussed in Section 1.7). In vivo analysis of htt function however is made difficult due to 

early embryonic lethality of Htt null mouse embryos and lack of an observable phenotype in 

heterozygous embryos. The zebrafish model system provides unique advantages for 

investigation of the biological function of htt in development. Importantly for this project, 

morpholino oligonucleotides (morpholinos) have been used to easily allow controlled 

reduction, rather than elimination of htt protein in zebrafish embryos. In this project, antisense 

morpholinos designed to block htt expression have been injected into one-cell stage embryos. 

Analysis of the resultant phenotype was then carried out in an effort to determine key 

developmental processes for which htt plays a role. 

 

Approach 

Use of morpholinos: Investigation of the function of huntingtin in development 

by reducing huntingtin expression in the zebrafish model system. 

Morpholinos are a tool used to reduce translation of specific genes either; in vivo, in 

animal model systems, such as zebrafish; or in vitro, in cell culture. Composed of a short 

chain of about 25 nucleotides, morpholinos act by blocking translation initiation in the cytosol 

(Figure 3.1). The sequence of the morpholino is chosen to allow it to hybridize specifically to 



Figure 3.1 Morpholino oligonucleotides block translation initiation from target 

mRNA. (A) Cartoon showing the process of translation of an arbitrary gene, shown from 

left to right. The 40s ribosomal subunit scans the leader sequence of the RNA, identifies the 

start codon, and then recruits the 60s subunit for initiation of protein synthesis. (B) Binding 

of a morpholino to the 5’end of the gene inhibits the scanning and translation processes by 

blocking the 40s ribosomal subunit. Figure adapted from [139]. Abbreviations include; 

MO, morpholino. 
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the mRNA of a gene under investigation. It is optimal for the morpholino to bind somewhere 

within the 5' UTR, through to the first 25 bases of the mRNA coding sequence ([141]; 

www.genetools.com). By binding to this region, the morpholino is thought to block the RNA 

translation machinery from binding to the translation initiation region, thereby reducing the 

levels of the target protein [142]. 

In this study, two different morpholinos were used to reduce (or ‘knockdown’) the level 

of htt expression. Both were designed to be complementary to non-overlapping sequences in 

the 5’UTR of the zebrafish htt gene. The first morpholino (hdMO1) is targeted to the 

sequence between bases -19 to +5, therefore spanning the AUG translation start site. The 

second morpholino (hdMO2) is complementary to the sequence between -45 and -22 of the 

5’UTR of the zebrafish htt RNA (Figure 3.2). 

Control morpholinos are used to identify any effects on the embryos that are caused by 

injection of a morpholino, and not specific to reduction in htt expression. These control 

morpholinos are typically designed with sequences that are not complementary to any region 

of DNA in the genome. Two control morpholinos were used in this study. A standard control 

morpholino (cMO) [129] was used for earlier experiments and is stated to have no target, and 

no significant biological activity in the zebrafish system [www.gene-tools.com]. Later 

experiments were carried out using a ‘mismatch’ morpholino comprising the hdMO1 

antisense sequence, interspersed with 5 mismatched bases (Figure 3.2). Throughout this thesis 

the hdMO1 mismatch morpholino will be abbreviated to mcMO1. Mismatch morpholinos 

provide a more rigorous test of specificity than the standard control morpholino. Mispair 

morpholinos are designed to have high sequence similarity to the translation blocking 

morpholino, but the incorporation of five mismatched bases along the length of the 

morpholino is sufficient to interfere with binding to the target RNA [143, 144]. In all 

experiments described within this thesis, very similar results were obtained for wild-type 

uninjected and control morpholino-injected embryos (either cMO or mcMO1). For simplicity 

only one control group (wild-type uninjected or control morpholino) image is shown. As 

injection of a control morpholino is a more stringent test of morpholino specificity than wild-

type uninjected, cMO or mcMO images are shown where possible. 



Figure 3.2 Morpholino oligonucleotides targeted against endogenous htt. Morpholinos 

were used as a tool to reduce the level of htt expression in developing zebrafish embryos 

by blocking translation from htt mRNA. (A) Two morpholinos were designed to bind to 

non overlapping sequences of the htt mRNA transcript. hdMO1 (blue) is complimentary to 

the 5’ AUG translation start site (bases -19 to +5) and hdMO2 (green) is complimentary to 

5’UTR (bases -45 to -22). The AUG translation start site is shown in red uppercase letters. 

(B) Sequences of all morpholinos used in this project. In addition to the two hdMO 

morpholinos, two control morpholinos were used including a standard control morpholino 

(cMO) and a 5 base mispair of the hdMO1 antisense sequence (mcMO1). The 5 

mismatched bases of mcMO1 are shown in red lower case letters. 

Morpholinos designed to block htt translation 

•hdMO1:   5’-GCCATTTTAACAGAAGCTGTGATGA-3’ 

•hdMO2:   5’-GATATAATCTGATCGGAGATAGGGT-3’ 
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•cMO:    5’-CCTCTTACCTCAGTTACAATTTATA-3’ 
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•�mcMO1:   5’-GCgATTTcAACAcAAcCTGTcATGA-3’ 

(5 base mispair)  

…AAAUAUUACCCUAUCUCCGAUCAGAUUAUAUCUUCAUCACAGCUUCUGUUAAAAUGGCCACCAUG… 
+1 -20 -40 

hdMO1 hdMO2 

hd mRNA 

AGTAGTGTCGAAGACAATTTTACCG TGGGATAGAGGCTAGTCTAATATAG 

A

B 

�#�



�����������������������������������������������������������������������������������������������������������������������������������	�������
 ����������������� ����

�

� �'

 

��� ��������

3.2.1 Confirmation of reduced huntingtin expression in hdMO embryos 

One of the most powerful aspects of morpholino oligonucleotides lies within their 

ability to inhibit translation in a gene specific manner. For confident interpretation of the 

phenotypic results it is necessary to confirm the specificity when using a new morpholino 

oligonucleotide. A number of techniques can be used to do this. The most common of these is 

the use of an irrelevant (standard) and mispair control morpholinos, as described above (see 

Section 3.1). Another well-described technique is the use of two independent non-overlapping 

morpholinos targeted against the same mRNA which, when they achieve the same phenotype, 

are an indicator of the specificity of translation inhibition. hdMO1 and hdMO2 morpholinos 

have previously been shown to produce the same overall phenotype upon injection into 

zebrafish embryos [112]. As a result of the consistently similar phenotypic outcomes of 

hdMO1 and hdMO2 injection into zebrafish observed within this laboratory, many 

experiments described within this thesis were carried out with hdMO1 alone, unless stated 

otherwise. 

One further measure commonly used to confirm the specificity of morpholino targeting 

is to assess the phenotypic severity in a ‘dose-dependent’ manner by injection of a 

morpholino at specific known concentrations. In many cases, a correlation between 

phenotypic severity and morpholino dose, similar to an allelic series, is used to demonstrate 

that the phenotype observed is a direct result of action of the morpholino to block gene 

expression, and less likely to be due to non-specific or toxic effects of a high dose of 

morpholino injection [129, 145]. 

Methods such as those described above have been used in this project to demonstrate 

gene specific inhibition of expression with hdMO morpholinos. The appearance of a similar 

phenotype upon injection of both hdMO morpholinos, and absence of a phenotype upon 

injection of cMO and mcMO1 morpholinos provides evidence for the specificity of each of 

the htt morpholinos, hdMO1 and hdMO2, to target and block translation from the same target 

RNA [112]. 
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To further validate the hdMO model, this laboratory has previously demonstrated a 

reduction in htt protein expression upon injection of hdMO1 and hdMO2 morpholinos by two 

independent means, described in the following sections (Section 3.2.1.1 - 3.2.1.3). 

 

3.2.1.1 Reduced huntingtin promoter-driven GFP expression in hdMO-injected 

embryos 

In an experiment carried out by Amanda Lumsden [112], a construct was made that 

included ~1.2 Kb of the 5’ UTR of the zebrafish htt gene sequence and the first 9 nucleotides 

of the htt ORF. Importantly, this region of the htt gene includes the htt promoter, and encodes 

both hdMO1 and hdMO2 binding sites. This DNA sequence was fused upstream and in frame 

of eGFP encoding Enhanced Green Fluorescent Protein. The resultant construct was injected 

into 1-cell stage embryos. At 10 hpf, these embryos showed a high level of GFP expression. 

When this httpr-GFP construct was injected along with hdMO1 or hdMO2 however, the level 

of GFP expression was significantly reduced. This result indicates that hdMO1 and hdMO2 

were able to block GFP translation by binding to the appropriate region of mRNA originating 

from the htt promoter sequence (Figure 3.3). 

 

3.2.1.2 Reduced endogenous huntingtin protein expression in hdMO-injected 

embryos (Western blot analysis)  

Western blot analysis was used to visualize the effect of htt morpholino on the 

expression of htt protein in zebrafish embryos. Zebrafish embryos were injected at the one 

cell stage with hdMO1 or cMO. Protein lysate was collected at 48 hpf and separated on a 

polyacrylamide gel. Htt protein was detected using a polyclonal (rabbit) antibody directed 

against the amino terminus (aa1-17) of zebrafish htt [112]. Figure 3.3 shows that hdMO1 

embryos have a reduced level of htt protein when compared to either cMO-injected or wild-

type uninjected embryos. This demonstrates that hdMO1 morpholino is able to inhibit the 

translation of htt, while cMO does not. 

 

3.2.1.3 Rescue of hdMO phenotypes 

One further method to provide evidence for the specificity of a morpholino is by 

mRNA rescue. This method provides the most rigorous test of morpholino specificity by 

attempting to restore the phenotype of the morpholino-injected embryos to that seen in



Figure 3.3 Analysis of the specificity of hdMO morpholinos. (A) The specificity of 

action of both hdMO morpholinos were analyzed by injecting a construct comprised of 

1.2kb of the 5’ untranslated  region of the htt gene and 9 nucleotides of the htt ORF cloned 

upstream of GFP. This region of the htt gene includes the htt promoter, and encodes both 

hdMO1 and hdMO2 binding sites. (B) A transgenic line of zebrafish was created to express 

GFP driven by the htt promoter (i). Injection of hdMO1 or hdMO2 was able to block 

translation of GFP (iii and iv) while cMO injection did not (ii). GFP was expressed to a 

similar level in cMO-injected embryos (ii) as uninjected transgenic embryos (i). This 

experiment was carried out by Amanda Lumsden [112]. (C) Western blot analysis was used 

to show reduced htt expression in hdMO1embryos. 21.3ng of morpholino injected per 

embryo. 
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wild-type uninjected embryos. In an RNA rescue experiment, morpholino-injected embryos 

are co-injected with the same mRNA that the morphlino is targeted to bind to. The rescue 

mRNA therefore has the same gene sequence that the target mRNA does, however, the rescue 

mRNA has a modified 5'-UTR so that the morpholino cannot bind to it. Translation of the 

rescue mRNA replaces the production of the endogenous protein, which is knocked-down by 

the morpholino. Since the rescue mRNA will not alleviate phenotypic changes caused by off-

target mRNA binding, RNA rescue can be a reliable test of the specificity of a morpholino. 

RNA rescue was used in this project in an attempt to assess the specificity of hdMO 

activity. One major difficulty of the use of this method for the hdMO model is the size of the 

htt transcript. Zebrafish htt RNA is very large (~10 Kb) making both cloning and transcription 

of htt very difficult. One alternative approach was to clone only the amino terminal region of 

the htt protein. This particular fragment (the first 12 exons, or 548aa) has been shown to 

include nearly all of the interaction domains and modification sites of htt [146]. This N-

terminal region of htt has also been shown to function in a similar manner to full-length htt in 

neural protection assays, including serum deprivation and 3NP addition to a variety of cell 

lines [47, 93]. Cloning of the amino terminal region was therefore carried out in an attempt to 

rescue the phenotype of hdMO zebrafish. A fragment of the zebrafish htt gene equivalent to 

the first 548aa of the human htt protein was amplified and cloned into an expression vector 

commonly used for zebrafish RNA expression, pCS2+. The insert of the resultant construct 

(htt548eq) was then transcribed, and the RNA injected into one cell stage zebrafish embryos. 

No disturbance in development was observed after injection of htt548eq RNA alone. 

The high survival rate of embryos to 24 hours upon RNA injection showed that even large 

doses (400pg) did not cause any toxic effect to wild-type embryos. Unfortunately, injection of 

htt548eq RNA along with hdMO1 was not able to noticeably recover either of two hdMO 

phenotypes (the reduction in sine oculis homeobox homologue (six1) expression in the pre-

placodal region or reduction of no tail (ntl) expression in the tail bud; see Chapter 5) by in 

situ hybridization analysis (results not shown). 

Time constraints of this PhD did not allow further analysis of the ability of this construct to 

rescue hdMO phenotypes. It is possible that the use of in situ hybridization to identify 

changes in gene expression is not sensitive enough to detect any small changes in expression 

levels. For future work, it may be helpful to look at quantitative gene expression changes such 

as qPCR analysis of olfactory marker protein (omp) and six1. The clear and reproducible 

nature of these qPCR phenotypes may be helpful to highlight any small changes in gene 

expression (see below and Chapter 5 for a description of the olfactory and pre-placodal 

phenotypes). 
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It may also be helpful in future rescue experiments to use a vector construct which can 

increase expression of the htt construct, such as the Tol2 transposon vector. The minimal Tol2 

vector and transposable element system has been shown to improve efficiency of DNA 

integration over plasmid microinjection by up to 14 fold [147]. Importantly for this project, 

the Tol2 vector has also been shown to carry a DNA insert as large as 11 Kb without reducing 

its transpositional activity [148]. Since the Tol2 vector is injected as DNA and has good 

integration efficiency, the full-length htt gene could be injected, enhancing the possibility of a 

successful phenotype rescue. 

 

3.2.2 Analysis of hdMO phenotype 

 

3.2.2.1 Apoptosis detection in hdMO embryos using acridine orange 

Previous studies have suggested that htt has an important function in prevention of 

apoptosis (as discussed in Section 1.4.1). We therefore decided to look at the general pattern 

of apoptosis within the whole hdMO embryo at various stages of development. The aim of 

this experiment was to determine whether reduction in htt expression results in an increased 

level, or altered pattern of apoptosis within the developing embryo. 

Acridine orange is widely used as a stain for the detection of apoptotic cells. Upon 

application to live embryos, acridine orange accumulates inside acidic granules that are 

formed primarily in cells undergoing apoptosis. These cells are visualized as bright green 

fluorescent spots visible under the dissecting microscope [149, 150]. Acridine orange has 

been shown to stain apoptotic but not necrotic cells in live Drosophila embryos [132] and is 

commonly used to identify apoptotic cells in whole zebrafish [151-157]. 

Acridine orange is easily applied to live embryos in embryo medium and results can be 

viewed immediately. One advantage of using this technique for apoptosis detection is that 

application to whole zebrafish provides information on the spatial distribution of apoptotic 

cells throughout the whole embryo. Due to htt's proposed role in neuronal survival and high 

level of expression within the brain, it was hypothesized that reduction in htt expression 

would result in an increase in the number of cells dying by apoptosis, and that this may occur 

most noticeably within the brain. 
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In order to visualize any change in apoptosis, various stages of zebrafish embryo 

development were analyzed from 10 hpf (the time of early neurogenesis) to 72 hpf (when the 

embryo has developed into a fully formed, free-swimming larvae; Figure 1.2 and Figure 3.4). 

Using this technique, apoptosis within the wild-type uninjected embryo was found to 

occur at all time points, consistent with previous findings of apoptosis as part of normal 

zebrafish development [158]. For this reason, apoptosis in hdMO1 embryos was compared 

with that of wild-type uninjected and cMO-injected embryos from the same embryo batch. 

No significant increase in apoptosis was detected in hdMO1 embryos prior to 36 hpf 

(Figure 3.4). Later time-points (after 36 hpf) revealed a number of interesting phenotypes, 

which are described below. Only one of these phenotypes was observed within the brain. 

 

3.2.2.2 Optic tectum 

The optic tectum (termed superior colliculus in mammals) is located within the 

midbrain on the dorsal side of the head. The function of the optic tectum is to process visual 

space and auditory information. It is the largest visual processing region in the brain [159, 

160]. 

In hdMO1 embryos, the number of apoptotic cells in the optic tectum appeared to be 

greater than that observed in wild-type uninjected or cMO embryos (Figure 3.4 and 3.5). The 

increase in apoptosis was most visible at 48 hpf. 

In each batch of embryos, a range of phenotypic severity was observed. The cause of 

this variation is not known, however it may be a result of small differences in the precise 

location of morpholino injection within the embryo, or small variations in injection volume. 

For this reason, apoptosis within the optic tectum was quantitated by scoring each embryo 

against a panel of standard images representing various amounts of apoptosis on a scale from 

0 to 5 (see Figure 3.5). This scoring regime revealed an overall increase in the level of 

apoptosis in the optic tectum of hdMO1 embryos compared to wild-type uninjected and cMO 

embryos. Injection of half of the amount (4.25ng) of hdMO1 morpholino resulted in a milder 

increase in the level of apoptosis suggesting a dose dependent response to hdMO1 injection 

(Appendix A). 

In a study of apoptosis in the developing wild-type zebrafish brain, Cole and Ross 

observed a high rate of apoptosis within the optic tectum that peaked between 48 and 60 hpf 

[158]. This burst of apoptosis coincides with growth of retinal axons, extending from the eye 

to make contact with the optic tectum. Any tectal cells with insufficient contacts with retinal 

axons are eliminated by apoptosis. Cole and Ross therefore concluded that this burst of



Figure 3.4 Apoptosis in whole hdMO1 embryos. Acridine orange staining of hdMO1 

embryos at various stages of development. A high level of background staining was seen at 

18 hpf throughout the embryo. The hatching glad also has high background staining (36 

hpf). Some structures of interest include; olfactory placode, (E, G, H) arrow; lateral line 

neuromast, (G) arrow head; optic tectum, (F) asterix. Abbreviations include; e, eye; m, 

mouth; h, hatching gland; t, tail; y, yolk; (A-B) anterior view, (C-H) lateral view. 8.5ng of 

morpholino injected per embryo. 
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Figure 3.5 Apoptosis within the optic tectum of hdMO1 embryos. Reduction in htt 

expression results in increased apoptosis within the optic tectum. (A) Scoring table of 

representative embryos showing various amounts of apoptosis within the optic tectum 

scored from 0 (no apoptosis) to 5. (B) Results of scoring are displayed as a percentage, 

with the total number of embryos shown in the right-hand column. Green boxes indicate 

the scoring level with the greatest number of embryos for each treatment group and each 

time point. hdMO1 embryos have an increased level of apoptosis at 48 and 72 hpf as 

evidenced by the shift in green box to the right. (A, B) Representative embryos shown for 

each group (0-5). Dorsal/lateral views of embryos, anterior to the left; 48 hpf. 8.5ng 

morpholino injected per embryo. Half-dose response shown in Appendix A. Results pooled 

from 2 independent experiments for each time point. 
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apoptosis is due to the death of cells in the optic tectum that have not had contact with a 

retinal axon. The cause of the increase in apoptosis (above wild-type levels) in the optic 

tectum of hdMO1 embryos has not been determined. The increase in apoptosis was evident 

between approximately 48 and 72 hpf. This window of time corresponds to that when retinal 

axons are making contact with the optic tectum. Due to the similar time window, it is 

hypothesized that the increase in apoptosis observed in hdMO1 embryos, above wild-type 

levels, is a result of a reduction in the number retinotectal axons which make contact with the 

optic tectum. This phenotype may result from misguidance of retinal axons or possibly a 

reduction in the number of retinal neurons. Further discussion about this phenotype is 

included in Chapter 6. 

 

3.2.2.3 Olfactory placodes 

During development of wild-type embryos, the olfactory placodes have one of the 

highest rates of apoptosis compared to any other region of the brain [158]. This apoptosis 

begins at 22 hpf and continues throughout development. The continuous apoptosis observed 

in the olfactory placode occurs as an important part of maintenance of this sensory system. 

Olfactory sensory neurons (OSN) are continuously being replaced by newly differentiated 

olfactory neurons. It is thought that this process may be important for a number of reasons, 

including: to replenish ageing OSN, to replace OSN that have inappropriate contacts with the 

brain, or as a result of exposure to environmental toxins [161]. 

In the wild-type uninjected embryo, apoptosis within the olfactory placode can be 

easily visualized from 48 hpf onward after staining with acridine orange. With this staining it 

is revealed that between 48 and 72 hpf, the appearance of the olfactory placode changes and 

the level of apoptosis increases. At approximately 48 hpf, a pit is beginning to form in the 

centre of the placode, which appears as a loose group of cells just anterior to the eye (Figure 

3.6 C). By 72 hpf, the olfactory pit has enlarged and the placode appears as a mature olfactory 

structure (Figure 3.6 A). 

In hdMO1 embryos, the level of apoptosis within the olfactory placodes is diminished 

compared to that of cMO embryos at 72 hpf (Figure 3.6 A and B). hdMO1 embryos appear to 

also have a very small, immature olfactory pit, similar in appearance to that of a 48 hpf cMO 

embryo. This could suggest that the development of the olfactory placode may be delayed (for 

comparison see Figure 3.6 B and C). This is unlikely to be due to general developmental



Figure 3.6 Apoptosis within the olfactory placode of hdMO1 embryos. (A, B) Show 

decreased level of apoptosis with the olfactory pit of hdMO1 embryos compared to cMO 

embryos. Also note lack of olfactory pit (arrow) suggestive of a delay in olfactory placode 

development. (B, C) The appearance of the hdMO1 embryo olfactory placode is similar to 

that of a 48hpf cMO embryo based on its shape and the small size of the olfactory pit. 

However the delay in olfactory placode development is unlikely to be due to general 

developmental delay as the mouth (arrowhead) of hdMO1 embryos (B) has progressed 

beyond that seen in a 48hpf cMO embryo (C). All embryos shown in ventral view, anterior 

to the top. Numbers of embryos displaying the described phenotypes were (A, B) wt 

uninjected 0/78, cMO1 0/93, hdMO1 40/64. 8.5ng morpholino injected per embryo. 

Representative embryos shown. Results pooled from 4 independent experiments.  
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delay, as development of the mouth in hdMO1 embryos has progressed beyond that seen in a 

48 hpf cMO embryo, while the olfactory placode development has not. Therefore it appears 

that the reduced level of htt expression results in a decreased level of apoptosis and also 

inhibits the development of the olfactory placode specifically. 

DiI, is a lipophillic dye that preferentially stains mature olfactory sensory neurons 

[134]. Staining with DiI shows that there is a near complete reduction in the number of 

mature olfactory sensory neurons in hdMO1 embryos, compared to cMO embryos (Figure 3.7 

A). This result suggests that the lack of apoptosis within the olfactory placode is not due to 

failure of olfactory sensory neurons to undergo apoptosis, but rather due to absence of 

olfactory neurons in the placode of hdMO1 embryos. Similarly, quantitative PCR (qPCR) 

analysis of olfactory marker protein 2 (omp), expressed by mature olfactory sensory neurons 

[162], is significantly reduced in hdMO1 embryos compared to mcMO1 embryos. Figure 3.7 

B shows that hdMO1 embryos have significantly reduced expression levels of omp RNA 

suggesting that htt plays a role in formation or survival of the olfactory sensory neurons. 

 

3.2.2.4 Lateral line neuromasts 

The lateral line sensory system is part of the peripheral nervous system of fish and 

amphibians, and is closely related (and possibly ancestral) to the human auditory system. It is 

used to detect mechanosensory stimuli such as water movement. The lateral line system is 

comprised of a number of discrete sensory units (neuromasts) arranged in a species-specific 

pattern on the surface of the body (Figure 3.8 A) [137]. Each neuromast is comprised of 

mechano-sensory hair cells surrounded by support cells and associated neurons which extend 

axons to make contact with the hindbrain [163]. Apoptosis within the lateral line system is a 

well-known phenomenon. Central hair cells of the neuromasts undergo a continuous high rate 

of cell death throughout zebrafish development and adulthood [158, 164] and are re-supplied 

by differentiation of supporting cells into new sensory hair cells. 

Analysis of hdMO1 embryos after acridine orange staining revealed a reduced level of 

apoptosis within the lateral line neuromasts compared to wild-type uninjected and cMO 

embryos (Figure 3.8). Since apoptosis is an essential part of maintenance within the 

neuromasts, the absence of staining within the neuromasts could be a result of either; an 

inability of hdMO1 hair cells to undergo apoptosis, or to absence of either neuromasts or hair 

cells in hdMO1 embryos. 



Figure 3.7 hdMO1 embryos have a reduced number of olfactory receptor neurons 

within the olfactory placode. (A) DiI staining revealed hdMO1 embryos have a reduced 

number of olfactory receptor neurons (red) in the olfactory placode. (B) qPCR analysis was 

used to quantitate the reduction in olfactory sensory neurons in hdMO1 embryos by 

analysis of omp mRNA expression levels. Graph shown is representative of three 

independent experiments. Data is expressed relative to ef1a gene expression. For all three 

experiments combined, hdMO1 vs mcMO1 P-value = <0.001 (see Table 5.1). (A) 8.5ng of 

morpholino injected per embryo. Ventral view, anterior to the top. (A) 72 hpf, (B) 48 hpf. 

Numbers of embryos displaying the described phenotypes were (A) cMO1 0/53, hdMO1 

26/37. Representative embryos shown. Scale bar = 25 μm. 
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Figure 3.8 hdMO1 embryos have a reduced number of lateral line neuromasts. (A) 

Lateral line neuromasts are composed of hair cells (green) surrounded by support cells 

(pink) and are present in a specific, well characterized pattern along the lateral side of the 

embryo. Figure reproduced from [137] and [163]. (B) DASPEI staining reveals a reduced 

number of neuromasts (green) in hdMO1 embryos.  Number of neuromasts quantitated in 

(C) and (D) in anterior and posterior regions respectively. All embryos shown anterior to 

the left. *** Significance is determined by P-value = < 0.001. P-values were determined by 

a Students t-test comparison of each group to wt uninjected. Wt uninjected vs. mcMO1 

comparison showed no evidence of a significant effect due to mcMO1 injection. P-values = 

17ng mcMO1, 0.10637499; 4.25ng hdMO1, 1.83991E-08; 8.5ng hdMO1 5.16023E-21; 8.5ng 

hdMO2, 2.82275E-23; 17ng hdMO2, 5.56472E-21. (B) 8.5ng morpholino injected per 

embryo. 
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Like DiI, DASPEI staining is used to visualize sensory neurons, however DASPEI is 

specifically taken up by hair cells within the lateral line neuromast [135]. In the wild-type 

embryo, the number and pattern of lateral line neuromasts is well characterized [137]. 

DASPEI staining showed that hdMO1 embryos have fewer lateral line neuromasts compared 

to wild-type uninjected and mcMO1-injected embryos (Figure 3.8 B). Quantification of the 

total number of neuromasts in each embryo shows that this reduction occurs as a dose 

dependent response to hdMO1 injection (Figure 3.8 C). 

 

3.2.2.5 Craniofacial skeleton 

Gross analysis of the morphology of hdMO1 embryos revealed disruption in tissues of 

the mouth. This was especially evident after staining with acridine orange (Figure 3.6). 

Despite no obvious increase in cell death in this region, acridine orange staining provided 

some contrast within the transparent embryo, exposing the external pharyngeal morphology. 

As the structure of the branchial region lies over the cartilage skeleton, it seemed likely that 

hdMO1 embryos would have an altered cranioskeletal structure. Alcian blue was used to stain 

the cartilage of hdMO1 embryos in order to visualize this disruption. 

The craniofacial skeleton of zebrafish has been well characterized. Schematic diagrams 

demonstrate the precise spatial plan of the bones that make up this region [165] as shown in 

Figure 3.9. In addition, a range of craniofacial mutations have been identified and 

characterized in zebrafish mutation screens [165-167]. These studies have provided 

knowledge of genes involved in formation of this region and their precise function. By 

comparing the craniofacial structure of hdMO1 embryos to wild-type uninjected embryos we 

can determine how reducing htt expression affects craniofacial formation, and possibly 

associate this disruption with genes involved in formation of the disrupted area. This 

information may then provide some suggestions as to the normal function of htt and pathways 

htt is involved in (this is discussed further in Section 4.2). 

The lower jaw of the zebrafish craniofacial skeleton is comprised of 7 major 

pharyngeal arches (p1-7) from anterior to posterior (as shown in Figure 3.9). The first 

pharyngeal arch (p1, otherwise known as the mandibular arch) is composed of the Meckel’s 

(m) and palatoquadrate (pq) cartilages. The second pharyngeal arch (p2, or hyoid) is 

composed of the ceratohyal (ch) and hyosymplectic (hs) cartilage. The remaining pharyngeal 

arches (p3-7, otherwise known as the branchial region) are gill-bearing arches. The basihyal 

(bh) cartilage is formed in the midline in an anterior-posterior direction. p3-7 cartilages 

radiate out from the bh cartilage to the lateral edges of the embryo (Figure 3.9). 



Figure 3.9 Reduced htt expression disrupts branchial arch formation in the 

developing zebrafish. (A) Alcian blue cartilage stain shows disruption in the pattern and 

formation of the pharyngeal cartilage. (B) Map of zebrafish craniofacial bones. Figure 

adapted from [165]. (C) Scoring of severity of craniofacial disruption. Number of embryos 

= 29 wt, 54 cMO, 47 hdMO1 embryos. All embryos are at 7 dpf. Results pooled from two 

independent experiments. All fish shown in ventral view, anterior/rostral to the left. 8.5ng 

morpholino injected per embryo. Abbreviations include; bh, basihyal; cb, ceratobranchial; 

ch, ceratohyal; hs, hyosymplectic; m, Meckel’s cartilage; p3-7, pharyngeal arch 3-7; pq, 

palatoquadrate. Scale bar = 200 μm.  
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Alcian blue binds to proteoglycans of the extracellular matrix of cartilage. Upon 

addition of the stain, cartilage appears blue and can easily be visualized in the whole zebrafish 

embryo due to the transparency of the embryo (after bleaching of some pigment). Alcian blue 

staining showed that hdMO1 embryos have fully formed p1 and p2 cartilages. The most 

common phenotype of hdMO1 embryos was partial or complete loss of p3-7 cartilages 

compared to cMO embryos. Some embryos however also had a ceratohyal cartilage pointing 

in a caudal rather than a rostral direction. This appears to be a more severe phenotype as this 

disruption was not evident without the loss of p3-7 cartilage. 

Each batch of hdMO1-injected embryos were scored in three groups (shown in Figure 

3.9 C) including; 

 

‘No phenotype’ - no disruption of any pharyngeal arch cartilage, and a rostral facing p2. 

‘Mild phenotype’- disruption of some or all p3-7 cartilage, with a rostral facing p2. 

‘Severe phenotype’ - disruption in all p3-7 cartilage, and a caudal pointing p2. 

 

All craniofacial cartilage is formed by 5 dpf. However, quantitation and analysis of the 

craniofacial structure was carried out on 7dpf embryos to eliminate the possibility of general 

developmental delay as a cause of this phenotype. 

At a moderate dose of morpholino (8.5ng), alcian blue staining showed that the 

ceratohyal cartilage was pointing in a caudal rather than rostral direction in 25% of hdMO1 

embryos. Approximately 70% of all hdMO1 embryos showed partial or complete loss of p3-7 

cartilages. When a higher concentration of morpholino was injected (to deliver 21ng, instead 

of 8.5ng morpholino per embryo), a very similar phenotype was observed (Figure 3.10). The 

same pattern of bone formation was evident in both groups (21ng and 8.5ng-injected) with 

differentiation of the first two branchial arches and absence of the most posterior arches (p3-

7). This suggests that htt at this low level is not a rate-limiting step in p1 and p2 cartilage 

differentiation, however they are grossly malformed. Analysis of the alcian blue stained 

hdMO1 neurocranium (Figure 3.10) shows little difference when compared with cMO-

injected embryos however, in the most severe cases the neurocranium appears shorter than in 

cMO-injected embryos. 



Figure 3.10 Htt plays a rate-limiting role in formation of all craniofacial bones. 

Injection of a high dose (21ng) of hdMO1 morpholino results in a similar yet more severe 

phenotype than 8.5ng. (B, C) Alcian blue staining shows that even at high doses of 

morpholino, hdMO1 embryos still form p1 and p2. No structural difference is evident in 

the neurocranium of hdMO1 embryos (Bii, Cii) compared to cMO embryos (Aii). All (i) 

show branchial arch cartilage, and all (ii) show neurocranium. (A-C) Alcian blue stained 

embryos (left column) and schematic diagrams of craniofacial bones (right column). (A) 

right column schematic adapted from [167]. Cartilages of the same segment share the same 

colour: pa1 (mandibular, blue), pa2 (hyoid, yellow), pa3 (pink), pa4 (orange), pa5 (green), 

pa6 (purple), and pa7 (black). All fish shown in ventral view, anterior to left, 7 dpf. 21ng 

morpholino injected per embryo. Abbreviations include; ac, auditory capsule; bb, 

basibranchial; bh, basihyal; c, cleithrum; cb, ceratobranchial; ch, ceratohyal; e, ethmoid 

plate; hb, hypobranchial; hs, hyosymplectic; ih, interhyal; m, Meckel’s cartilage; n, 

notochord; ot, otic capsule; pa3-7, pharyngeal arch 3-7; pc, parachordal; pq, 

palatoquadrate; t, trabeculae cranii. Scale bar = 200 μm.  
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The primary aim of this project was to investigate htt's normal function(s) during 

development and the possible contribution of the perturbation of these functions to the 

pathology of HD. This aim was addressed by investigating the phenotypes caused by 

reduction of htt expression in a zebrafish model system. 

This chapter has described the validation of two htt specific morpholino 

oligonucleotides (hdMO1 and hdMO2) by Western blotting and by inhibition of htt promoter-

driven GFP expression (carried out by Amanda Lumsden). These two morpholinos were used 

to reduce the level of htt during zebrafish development in an attempt to identify the important, 

however as yet uncertain, functions of htt in development. It was proposed that observation of 

the hdMO1 embryos during development will help to identify critical stages in development 

in which htt plays a role, and may help to determine specific rate-limiting roles for htt in 

development. 

Initial investigations focused on a proposed role for htt in prevention of apoptosis. It 

was hypothesized that if htt were involved in prevention of apoptosis then reduction in htt 

expression would result in an increased amount of apoptosis (as visualized by staining with 

acridine orange). Although some alteration in the level of apoptosis was observed, hdMO1 

embryos did not show a significant increase in the amount of apoptosis within the brain, as 

was hypothesized. This result may suggest that htt does not play a significant role in cell 

survival in the brain. This possibility is supported by evidence that mouse embryonic stem 

cells and neurons lacking htt are able to survive in culture [80, 168, 169]. It is however also 

possible that the acridine orange staining technique was not sensitive enough to detect a 

minor change in apoptosis, or that acridine orange was not able to penetrate into the brain of 

zebrafish. For a more detailed analysis of brain apoptosis it may be necessary to dissect the 

skin and eyes off the embryo prior to staining to assist in penetration of the stain, or 

alternatively use another method for apoptosis detection, which can be carried out on formalin 

fixed brain sections, such as TUNEL stain. 

Overall, acridine orange staining of hdMO1 embryos revealed a number of interesting 

phenotypes involving an alteration in the level of apoptosis. This investigation found that htt 

is important for formation of the olfactory sensory system, the lateral line sensory system, and 

proper formation of the facial cartilage. In addition, it was observed that hdMO1 embryos 

have an increased level of apoptosis within the optic tectum. 
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The following paragraphs describe each of the observed hdMO1 phenotypes and 

discuss a possible cause for the observed disruption. If a loss of normal htt function plays any 

role in the pathology of HD then there may be similarities between the disease pathology and 

the phenotypic outcome of a reduction in htt expression. For this reason, the following 

paragraphs also outline any disruption in olfactory, auditory or visual function in HD patients 

or in in vivo animal models of HD. 

 

Olfactory sensory system 

Results described in this chapter have demonstrated a possible role for htt in 

development of the olfactory sensory system. There are several possible explanations for the 

reduction in the number of mature olfactory sensory neurons including: a reduced number of 

olfactory precursor cells, dysfunction in migration of precursor cells, or a defect in 

differentiation from early precursor cells to olfactory sensory neurons. At this stage, the cause 

of the olfactory phenotype was unknown. Further investigation of this phenotype is described 

in Chapter 5. 

Clinical observations of HD patients reveal some evidence of olfactory impairment. 

HD patients have been shown to have impaired olfactory detection [170-172], olfactory 

memory [172-174], identification [170, 171, 175, 176], and discrimination of quality and 

intensity of odors [170]. This dysfunction may occur by either of two mechanisms. Firstly, 

neurodegeneration within brain regions which are important for processing olfactory 

information is likely to be the cause of impaired olfactory memory, and odor identification 

and discrimination [173], while impaired odor detection is likely to be due to dysfunction of 

olfactory neurons. It is possible that perturbation of the normal function of htt could play a 

role in impaired olfactory function seen in HD patients. 

 

Lateral line 

DASPEI staining showed that hdMO1 embryos have fewer lateral line neuromasts, and 

therefore suggests a role for htt in formation of the lateral line system. The cause of this 

dysfunction has been investigated in greater detail and is described further in Chapter 5. 

Hearing loss has not been described as a clinical feature of HD. Only one study linking 

HD to hearing impairment has been reported and is described online by the HD Advocacy 

Centre [177]. Despite the lack of evidence for hearing loss in HD patients, The National 
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Institute of Health states that a measurement of hearing is currently used as part of a panel of 

diagnostic tests for HD [178] 

 

Optic tectum 

Acridine orange staining of hdMO1 embryos revealed an increase in apoptosis within 

the optic tectum. As mentioned in Section 3.2.2.2, one likely cause may be due to 

inappropriate connection of retinal axons with the optic tectum. This suggests that htt may be 

involved in formation or survival of retinal cells, a theory supported by a Drosophila htt 

knockout model in which absence of htt leads to retinal degeneration in the eyes of adult flies 

[75]. The observed neurodegeneration is similar to that caused by overexpression of polyQ htt 

[75]. These results together support the theory that expansion of polyglutamine may result in 

loss of htt function. 

Retinal degeneration is also seen in an HD transgenic mouse model, R6/2 [179, 180] 

and a human HD patient compared to age matched control, although only one HD patient was 

studied [181]. This evidence suggests a role for htt in survival of retinal cells, and for 

perturbation of htt function in the pathogenesis of HD. 

 

Craniofacial 

Alcian blue staining of hdMO1 embryos revealed disruption in the craniofacial 

structures of the lower jaw with predominantly more posterior branchial arches affected. 

There is some evidence from other in vivo animal model systems to suggest that bone 

formation is also affected when htt expression is reduced. For example, the homozygous 

transgenic Htt knockout mouse model (HdhneoQ50/HdhneoQ50) and the compound heterozygous 

Htt knockdown mouse model (HdhneoQ50/Hdhex4/5) both show abnormal cranial structure. The 

HdhneoQ50/Hdhex4/5 mouse model shows the most severe cranial phenotype with an abnormal, 

elongated, dome-shaped head and exencephaly [84]. 

A study of HD affected individuals and non-affected family members shows that HD 

patients have an altered cranial shape with a significantly longer face height and narrower 

head width compared with their non-affected family members [182]. Investigation into htt’s 

role in craniofacial formation in the hdMO1 zebrafish model may therefore help to determine 

whether loss or perturbation of htt function results in the cranial phenotype seen in patients 

with HD. 

The objective of this thesis is to use the zebrafish hdMO1 model to investigate the 

normal functions of htt. Each of the phenotypes described within this chapter were therefore 
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investigated further. The outcome of this analysis has been described in later chapters of this 

thesis. Further investigation of htt’s role in craniofacial formation has been described in the 

following chapter (Chapter 4), while the olfactory, lateral line and optic tectum phenotypes 

are described in Chapter 5. 
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Chapter 3 described some of the phenotypes arising from morpholino-induced 

inhibition of htt translation in zebrafish embryos. The overall aim of this project was to 

investigate the normal functions of htt and how this might relate to the neuronal specificity of 

the disease. Subsequent work has therefore focused on detailed characterization of the 

phenotypic profile of hdMO1 embryos. Analysis of tissue specific markers (both absolute 

levels-by qPCR; and spatial distribution-by in situ hybridization) has been used to further 

analyze each of the structures described in Chapter 3. The aim of this work was to determine 

at which stage of development, and in which tissues, htt function is important. This chapter 

will focus on the role of htt in development of the craniofacial structure, while the olfactory 

and lateral line sensory systems, and the optic tectum will be described further in Chapter 5. 
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The pharyngeal arch region is a highly organized structure, comprising the upper and 

lower jaws. This region is very well characterized in mouse and zebrafish. Schematic 

diagrams have been produced to communicate the detailed knowledge of the many bones that 

make up the pharyngeal arches (shown in Figure 3.9). Recently, a number of large mutation 

screens have been carried out [165-167]. In these studies, zebrafish were exposed to a 

mutagen and embryos were selected, which show alteration in their craniofacial structure. 

These investigations describe many different pharyngeal phenotypes and also identify the 

perturbed signaling pathways involved. 
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The pharyngeal phenotype of hdMO1 embryos was compared to these mutational 

screens in order to observe any similarities to published craniofacial mutants. A similar 

phenotype may suggest a similar process of disruption or perhaps a similar signaling pathway 

involved. This approach may help to indicate at which point in craniofacial development or in 

which pathways htt may play a rate-limiting role. 

 

4.2.1 Investigating a role for huntingtin in retinoic acid signaling during 

development 

The published craniofacial mutant screens have revealed many different pharyngeal 

phenotypes affecting the formation or differentiation of one or more different cartilage 

elements. Of these mutants, the no-fin (nof) zebrafish mutant had a craniofacial phenotype 

that appeared most similar to that of hdMO1 embryos (Figure 4.1). Both nof and hdMO1 

embryos have a pharyngeal phenotype characterized by fully formed p1 and p2 cartilages 

with partial or complete loss of p3-7 cartilages. Approximately 25% of hdMO1 embryos 

exhibit a caudal facing p2, similar to nof mutants. It is possible that the same aberrant 

development of the craniofacial region in nof mutants may also occur in hdMO1 embryos and 

that htt may play a role in the same pathway as that which is perturbed within the nof mutant. 

The nof phenotype is caused by a mutation in a gene called retinaldehyde 

dehydrogenase 2 (raldh2), encoding an enzyme, Raldh2, involved in synthesis of retinoic acid 

from retinal (Vitamin A) [183]. Retinoic acid plays an important role in early development as 

a transcription factor, and is involved in anteroposterior patterning of the hindbrain and in 

organogenesis [128]. Retinoic acid regulated genes, such as hox genes, have previously been 

shown to play a role in patterning of the pharyngeal region (reviewed in [184]).  

The role of retinoic acid in patterning of the pharyngeal region is of particular interest 

as htt has previously been suggested to play a role in regulating signaling from the retinoic 

acid receptor (RAR) [56, 185]. Further investigation was therefore carried out to determine 

whether htt plays a role in retinoic acid signaling. 

 

4.2.2 Hindbrain patterning 

During development, the brain forms into three distinct regions; the forebrain, midbrain 

and hindbrain. The hindbrain is further segmented into smaller units called rhombomeres. The 

rhombomeres are named from anterior to posterior, r1-7. In the case of the nof mutant, where



Figure 4.1 Craniofacial phenotype of no-fin (nof) mutant and hdMO1 embryos. Nof 

and hdMO1 embryos share a similar cranioskeletal structure including loss of posterior 

pharyngeal arches (p3-7) and a caudal pointing p2 cartilage. Alcian blue staining of (A) 

wild-type uninjected, (B) nof mutant and (C) hdMO1 embryo. (A and B) 5 dpf; Figure 

adapted from [182]. (C) 7 dpf. 8.5 ng of hdMO1 morpholino injected per embryo. All 

animals shown in ventral view, anterior toward the left. Representative embryos shown. 

Abbreviations: H, hyoid; M, mandibular; p3-7, pharyngeal arch 3-7; Cb, ceratobranchial. 

Abbreviations in this figure are slightly different to that used throughout the thesis text, as 

some abbreviations are in capital letters in this figure and lower case throughout the thesis 

text. Capital letters have been used in the original publication referenced above (see A and 

B), and were maintained within (C) to aid image comparison. 
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retinoic acid signaling is disrupted due to a mutation in the Raldh2 enzyme, hindbrain 

segmentation is disrupted [183]. Visualization of mRNA expression of specific rhombomeric  

markers (by in situ hybridization analysis) shows that the hindbrain of nof mutants is 

anteriorized in the absence of retinoic acid signaling. This phenotype is characterized by 

expansion of more anterior rhombomeres, and loss of more posterior rhombomeres. The same 

phenotype was demonstrated clearly in raldh2-/- mutant zebrafish (Figure 4.2 A-H). Treatment 

of zebrafish with DEAB (a potent retinaldehyde dehydrogenase inhibitor) also produces the 

same phenotype, confirming a role for retinoic acid in hindbrain segmentation. 

Anteriorization of the hindbrain has been shown to have a significant effect on the 

craniofacial structure of the nof embryos. Cranial neural crest cells, which give rise to the 

facial cartilage, arise in the hindbrain in close association with the rhombomeric structure 

(described in Section 4.2.4). The most posterior population of neural crest cells (stream 3) 

eventually migrate and form the posterior pharyngeal arches (p3-7). Loss of the more 

posterior rhombomeres results in loss of the associated neural crest cell group(s). As a result, 

in the nof mutant, anteriorization of the hindbrain results in loss of the posterior pharyngeal 

arches [183]. 

To investigate whether the same dysfunction gives rise to both the nof and hdMO1 

craniofacial phenotypes, we have used the same rhombomere-specific markers to investigate 

the hindbrain formation in hdMO1 embryos. Figure 4.2 shows that the hindbrain is patterned 

correctly in hdMO1 embryos with no apparent difference to the hindbrain pattern of cMO or 

wild-type uninjected embryos. Unlike the nof mutant therefore, anteriorization of the 

hindbrain does not give rise to the posterior pharyngeal arch deficiency seen in the hdMO1 

craniofacial phenotype. This result suggests that dysfunction leading to the craniofacial 

phenotype in hdMO1 embryos is not the same as that of nof mutants and that it is unlikely 

that perturbation of retinoic acid signaling by htt is the cause of the hdMO1 craniofacial 

phenotype. The following sections of this chapter describe the continued investigation of the 

cause of the craniofacial phenotype seen in hdMO1 embryos by carrying out a more detailed 

analysis of the precursors of the pharyngeal cartilage, the cranial neural crest cells. 

 

4.2.3 Neural crest cell formation in the hindbrain 

Cranial neural crest cells are a pluripotent cell population that arise along the 

dorsolateral length of the neural plate during formation of the neural tube (Figure 4.3 A). 

Shortly after neurulation (neural tube closure), neural crest cells migrate away from the neural 

tube to distant regions of the embryo where they will give rise to many different cell types



Figure 4.2 Htt does not play a rate-limiting role in patterning of the hindbrain region. 

(A-H) Shows loss of posterior rhombomeres in the absence of retinoic acid signaling in 

raldh2 mutant embryos and embryos exposed to DEAB (retinaldehyde dehydrogenase 

inhibitor). Figure reproduced from [128]. (I-N) hdMO1embryos show no disruption in 

hindbrain patterning. In all images, krox-20 (red) is expressed in rhombomeres 3 and 5. (A-

D and I-K) val (purple) is expressed in rhombomeres 5 and 6. (E-H and L-N) hoxd4a 

(purple) is expressed in rhombomere 7 and continues posteriorly. (I-L) Wild-type 

uninjected embryos. (J, M) cMO embryos. (K, N) hdMO1 embryos. (A-H) 11.6 hpf (5 

somites), (I-N) 18-19 hpf (18-20 somites). 8.5 ng of morpholino injected per embryo. All 

emryos shown in dorsal view, anterior toward the left. n= 74 wt, 76 cMO, 76 hdMO1 

embryos, approximately half in each of val and hoxd4a groups. Representative embryos 

shown. Abbreviations: r3/5, rhombomere 3/5; r7+, rhombomere 7 and continuing further to 

the posterior of the embryo. Scale bar = 200 μm.  
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Figure 4.3 Htt does not play a rate-limiting role in specification of cranial neural 

crest. Cartoon of the developing vertebrate nervous system (A). During neurulation, the 

neural plate (purple) rolls up and the neural plate border (light blue) becomes the neural 

folds. Near the time of neural tube closure, the neural crest cells go through an epithelial to 

mesenchymal transition, delaminate from the neural folds or dorsal neural tube, and 

migrate along defined pathways. Anterior is to the top. Figure reproduced from [187]. (B-

D) In situ hybridization analysis of dlx2 expression shows no disruption in neural crest cell 

formation in hdMO1 embryos (1, 2 and 3 represents stream 1, stream 2 and stream 3). 

Astrix shows posterior groups of neural crest (stream 2 and 3) which appear aggregated in 

hdMO1 embryos (D) unlike in wild-type or cMO embryos (B, C). n = 48 wt, 59 cMO, 57 

hdMO1 embryos. Representative embryos shown. All animals were at 19 hpf (20 somites). 

21.2 ng of morpholino injected per embryo. Dorsal view, anterior toward the left. 

Representative embryos shown. Abbreviations: ov, otic vesicle. Scale bar = 500 μm.  
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including; chondrocytes, osteocytes, melanocytes, chromaffin cells, tendons and smooth 

muscle, neurons and glia of the peripheral nervous system, and hormone producing cells in 

certain organs (reviewed in [187]). Importantly, neural crest cells also form many of the cell 

types that make up the underlying tissue of the branchial region including skeletal and 

connective tissues of the arches [188, 189], musculature, and cells of the underlying 

pharyngeal endothelium [188-191]. 

In wild-type embryos, neural crest cells arise within the hindbrain in three small groups 

adjacent to the neural plate (as shown in Figure 4.3). The formation of neural crest cells in 

hdMO1 embryos was investigated by looking at the expression of branchial arch neural crest 

cell marker, distal less 2 (dlx2) [123]. Figure 4.3 (B-D) shows that reduction of htt expression 

in hdMO1 embryos does not affect formation of neural crest cells, which appear to form in 

the same 3-group-pattern in the hindbrain as seen in wild-type uninjected and cMO embryos. 

The only observable difference appears to be aggregation of the two most posterior groups of 

neural crest cells in hdMO1 embryos. Despite their aggregated appearance, the neural crest 

cells appear to form correctly upon htt knockdown. 

 

4.2.4 Migration and patterning of neural crest cells 

Once formed in the hindbrain, neural crest cells migrate ventrally into the pharyngeal 

region to fill the pre-formed pouches within the pharyngeal endoderm, according to their 

rhombomeric origin (Figure 4.4 A). Since htt activity is not required for correct patterning of 

the hindbrain or formation of the neural crest, migration of neural crest cells into the 

pharyngeal region was investigated as the next step in pharyngeal arch development. 

Aggregation of neural crest cells has been suggested previously to interfere with neural crest 

cell migration [192], therefore it was hypothesized that aggregation of the posterior group of 

neural crest cells seen in 19 hpf hdMO1 embryos could impair the migration of these cells 

and result in absence of p3-7 as seen in the hdMO1 craniofacial phenotype. 

In situ hybridization analysis of dlx2 at a later stage (33 hpf), showed that the migration 

of neural crest cells was largely unperturbed in hdMO1 embryos. Figure 4.4 B shows that 

neural crest cells have migrated into the underlying pharyngeal pouches in a similar manner to 

that of wild-type uninjected and cMO embryos. To ensure the appearance of the craniofacial 



Figure 4.4 Htt does not play a rate-limiting role in migration of cranial neural crest. 

(A) Neural crest cells migrate as three distinct streams. Neural crest cells emigrate from 

distinct rhombomeres to populate particular arches and give rise to specific cartilages of 

the pharyngeal skeleton including the mandibular (m), hyoid (h) and pharyngeal (p) arches. 

Figure reproduced from [202]. (B) In situ hybridization analysis of dlx2 expression shows 

that htt is not required for migration of the neural crest cells into the pharyngeal arches. At 

this time, neural crest cells have populated the arches, which are separated from each other 

by endodermal tissue (non-staining tissue between the arches). In wild-type and cMO 

embryos (B, C), arches p5-p6 have already been divided by the endoderm, while arches 

p6–p7 have not yet divided. Arches p5-p6 are currently dividing in hdMO1 embryo (D, 

arrow) suggesting a slight developmental delay of craniofacial formation. n = wt, 27; cMO, 

23; hdMO1 embryos, 23. All animals were at 33 hpf (20 somites). 21.2 ng of morpholino 

injected per embryo. Lateral view, anterior toward the left. Representative embryos shown. 

Abbreviations: m, mandibular (p1); h, hyoid (p2); p3–p7, pharyngeal arches 3–7; r1–r8, 

rhombomeres 1–8. Scale bar = 100 μm. 
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hdMO1 phenotype in this batch of hdMO1 embryos, some embryos were allowed to develop 

to 7 dpf and alcian blue staining was carried out. The same group of embryos were then used 

for quantitation of the craniofacial phenotype seen in Figure 3.8. 

The craniofacial phenotype of hdMO1 embryos is therefore not a result of perturbation 

of neural crest migration into the branchial arches. In situ hybridization for dlx2 expression 

however does show some acute differences between hdMO1 and cMO embryos (Figure 4.4 

B-D). Firstly, staining in p1 and p2 (mandibular and hyoid) regions appears darker in hdMO1 

embryos than cMO embryos at 56 hpf. This maybe due to aggregation of neural crest cells or 

an increase in neural crest cell number. However, in situ hybridization for dlx2 in 19 hpf 

hdMO1 embryos does not show any obvious increase in dlx2 staining in the first (stream 1) 

group of cells, which will ultimately form the p1 and p2 arches (Figure 4.3 B-D). Aggregation 

of the cranial neural crest cells in hdMO1 embryos and its possible role in the craniofacial 

phenotype is discussed further in Section 4.2.5. 

Secondly, the pharyngeal arches are separated from each other by pharyngeal 

endoderm (non-staining tissue between the arches). In 33 hpf wild-type uninjected and 

mcMO1 embryos (Figure 4.4 B and C), arches p1–p5 are divided by the endoderm, but p6 and 

p7 have not yet divided. In hdMO1 embryos, despite accurate staging of embryos, p5-p6 have 

not finished dividing (Figure 4.4 D, arrow). This suggests a slight developmental delay of 

craniofacial formation. At this time however, p3 and p4 have correctly separated in hdMO1 

embryos, which suggests that this delay in segmentation is unlikely to result in the p3-7 

deficiency phenotype of hdMO1 embryos (Figure 4.4 D). 

 

4.2.5 Neural crest cell survival and differentiation 

Investigations described within this chapter have so far revealed that htt does not play a 

role in formation or migration of cranial neural crest cells that make up the craniofacial 

skeleton. It is possible that the neural crest cells are either unable to undergo differentiation or 

are dying before differentiation begins. The next step therefore is to look at the survival of 

neural crest cells and their ability to differentiate into cartilage. 

Cranial neural crest cells in the branchial region express dlx2 from the time of their 

formation along the developing neural plate (around 19 hpf), until differentiation (around 48 

hpf). In situ hybridization for dlx2 was carried out on 48 hpf embryos to see whether neural 

crest cells are still present at the time of cartilage differentiation, as death of neural crest cells 
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in the posterior arches could be the cause of the lack of posterior pharyngeal arches seen in 

the hdMO1 embryos. Due to the fact that differentiation occurs over a period of time, and to 

account for any delay in pharyngeal development, 56 hpf embryos were also analyzed. Figure 

4.5 shows that in hdMO1 embryos, dlx2 expressing neural crest cells are present in the 

pharyngeal region at the time of differentiation (48 hpf) and still present at a high level at 56 

hpf. Reduction in htt expression therefore does not cause death of neural crest cells prior to 

differentiation. 

In situ hybridization of dlx2 at 56 hpf reveals that the neural crest cells appear 

malformed and condensed (particularly of the pq, ch and p3 arches; abbreviations first 

described in Section 3.2.2.5). In addition to this, the ch bone appears to be fused to p3, 

another indication that reduction in htt expression results in aggregation of neural crest cells. 

It is possible that fusion of p3, or bh to the ch cartilage could give rise to the caudal pointing 

ch phenotype seen in hdMO1 embryos (Figure 4.1 and Figure 4.5). A schematic diagram of 

this hypothesis is shown in Figure 4.6. It is also possible however that the cause of this 

malformation may be lack of development of the underlying endoderm. 

Around the time of cartilage differentiation, neural crest cells begin to express genes 

required for their differentiation such as collagen type II alpha-1a (col2a1) [193, 194]. In situ 

hybridization was carried out in order to examine whether the expression of col2a1 mRNA is 

altered in post-migratory neural crest cells of hdMO1 embryos. 

In the 48hpf cMO embryo, several cartilage elements have already started to 

differentiate (Figure 4.7 A). Strong col2a1 expression can be seen in the ethmoid plate and 

the otic placode. Cartilage of the lower jaw is also shown to be expressing col2a1 including 

the ch, bh and p3 cartilages. In hdMO1 embryos however, col2a1 is only visible within ch 

cartilage, which is suggestive of a delay in differentiation at this time (Figure 4.7 B). 

By 56 hpf, the most anterior pharyngeal cartilage is differentiating in wild-type 

uninjected and mcMO1 embryos, including the ethmoid plate (ep), pq, p2, and p3 cartilages 

(Figure 4.7 C). Differentiation has also begun in hdMO1 embryos, however col2a1 is reduced 

in the pq and p2 cartilage, and absent in p3. This result suggests that the absence of many or 

all of the ceratobranchial cartilage elements (p3-7) is likely to be due to impaired 

differentiation of these cartilage elements in hdMO1 embryos (Figure 4.7 D). 

Initial analysis of col2a1 expression at 48 hpf appears to suggest that hdMO1 embryos 

are simply delayed in development, particularly the appearance of a smaller ethmoid plate. 

There are, however two reasons why a simple delay in development is not likely to give rise 

to this craniofacial phenotype. Firstly, the differentiation of the lower jaw cartilage of hdMO1



Figure 4.5 Htt does not play a rate-limiting role in survival of cranial neural crest. 

In situ hybridization analysis of dlx2 expression shows that htt is not required for survival 

of cranial neural crest cells in the pharyngeal arches. Dlx2 expressing neural crest cells 

(purple), are present at the time of differentiation of neural crest cells and still present at a 

high level at 56 hpf. Asterix in (F) shows the site of possible fusion of ch and p3. 21.2 ng 

of morpholino injected per embryo. Lateral view shows anterior toward the left; ventral 

view shows anterior towards the top. Representative embryos shown. Abbreviations: ch, 

ceratohyal; p3-7, pharyngeal arch 3-7; pq, palatoquadrate. Scale bar = 100 μm.  
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Figure 4.6 A proposed model for formation of caudal pointing ceratohyal cartilage in 

hdMO1 embryos. This flow chart is used to illustrate the developmental processes which 

may give rise to the malformation of the ch cartilage in hdMO1 embryos. (A, C, F) A 

mcMO1 embryo demonstrates the normal spatio-temporal development of craniofacial 

cartilage. Asterix shows site of possible fusion of ch and p3 (G), or ch and bh (H). Solid 

lines indicate either; neural crest cells ready to under go differentiation (56 hpf), or 

cartilage which has differentiated (7 dpf). Dashed lines indicate where the described 

cartilage elements have failed to differentiate as a result of reduced htt expression. Ventral 

view, anterior towards the top. Representative embryos shown. Abbreviations: bh, 

basihyal; ch, ceratohyal; p3-7, pharyngeal arch 3-7. Scale bar = (A, B) 100 μm; (F-H) 200 

μm. 
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Figure 4.7 Perturbation in pharyngeal development of hdMO1 embryos possibly due 

to impaired cartilage differentiation. In situ hybridization analysis of col2a1 (expressed 

by neural crest during chondrogenesis) shows that unlike mcMO1 embryos (A), col2a1 

expression is reduced in the pharyngeal region of hdMO1 embryos (B) at onset of 

differentiation (48hpf). Inset boxes show magnified view of the pharyngeal arch region. 8 

hours later (56hpf), hdMO1 embryos (D) are expressing slightly more col2a1 however the 

expression still appears reduced compared to mcMO1 embryos (C) of the same age. 

Numbers of embryos showing the described phenotype (56 hpf) = mcMO1, 0/17; hdMO1 

embryos, 11/12. 21.2 ng of morpholino injected per embryo. Lateral view, anterior to the 

left. Representative embryos shown. Abbreviations: ch, ceratohyal; ep, ethmoid plate; hs, 

hyosymplectic; oc, otic capsule; p3-7, pharyngeal arch 3-7; pq, palatoquadrate. Scale bar = 

200 μm. 
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embryos at 56 hpf is much less than that seen in the cMO embryos despite appropriate spatial 

development of the cartilage elements. Secondly, we have analyzed older embryos to account 

for a potential delay in differentiation. The phenotype remains the same at  

7 dpf, which argues against a general delay in development, as this should allow enough time 

for any remaining cartilage elements to be formed.  
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Results shown in this chapter have focused on further investigation of one of the 

hdMO1 phenotypes, altered craniofacial structure. The aim of this work was to investigate in 

detail the developmental processes that take place during formation of the craniofacial 

structure, and to identify which of these processes is perturbed in hdMO1 embryos, ultimately 

indicating a limiting functional requirement for htt. 

Investigation of the hdMO1 craniofacial phenotype was carried out by detailed analysis 

of each stage of development of the pharyngeal arches, including formation of neural crest 

cells at the lateral edge of the neural plate, migration into the pharyngeal region, and 

differentiation of neural crest cells to form cartilage. The formation and migration of neural 

crest cells was analyzed by in situ hybridization of dlx2, expressed by cartilage forming 

cranial neural crest cells. Analysis of dlx2 expression revealed that a reduced level of htt 

expression does not affect the formation of neural crest cells in the hindbrain or migration of 

these cells into the pharyngeal region. At 33 hpf, neural crest cells were observed to form the 

appropriate pattern of identifiable arches (p1-7) within the pharyngeal region demonstrating 

that the lack of posterior pharyngeal arches is not due to inappropriate patterning of precursor 

cells. 

The final step in development of the pharyngeal arches is differentiation of neural crest 

cells into cartilage. In situ hybridization analysis revealed reduced expression of col2a1 in 

specific cartilage elements of hdMO1 embryos. This result suggests that dysfunction of 

differentiation is responsible for the craniofacial cartilage phenotype seen in embryos with 

reduced htt expression, therefore implicating a role for htt in differentiation of the craniofacial 

cartilage. During preparation of this thesis, Diekmann et al. (2009) [195] published an article 

describing the craniofacial phenotype of zebrafish embryos with reduced htt expression. In 

this model, zebrafish were injected with morpholinos of the same sequence as has been used 

in this thesis, and as used in a paper published earlier in this lab [112]. They describe a 

craniofacial phenotype almost identical to that found in this current work and suggest a rate-
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limiting role for htt in cartilage differentiation. Diekmann et al. also showed that this function 

of htt requires BDNF signaling. 

 

Specificity of phenotype 

The experiments outlined above suggest that htt plays a role in differentiation of 

craniofacial cartilage. These results however do not reveal if this role for htt extends to all 

craniofacial cartilage elements (p1-7), or is limited only to the more posterior arches (p3-7). 

Even if htt is required for differentiation of all cartilage elements, due to the transient nature 

of morpholino knockdown, expression may return in time to allow differentiation of some 

arches (the ones which differentiate first such as p1, p2 and to a lesser extent p3). By this 

time, the opportunity may be lost for differentiation of the more posterior arches. If this was 

the case, then it may be expected that injection of a higher dose of morpholino would affect 

differentiation of more anterior cartilage elements including p1 and p2. Figure 3.10 shows 

that injection of a greater amount of hdMO1 (21ng) does not affect differentiation of p1 and 

p2 arches. Despite their severely malformed structure, p1 and p2 still differentiate as shown 

by alcian blue staining. The presence of p1 and p2 cartilage elements in hdMO1 embryos 

suggests that unlike p3-7, htt is not a rate-limiting factor in development of the p1 and p2 

arches. 

 

Intrinsic cellular issue or perturbed tissue interactions? 

Neural crest cells are specified at an early stage by signals that they acquire from the 

neuroepithelium. This information, based on relative levels of hox gene expression, allows the 

cells to migrate into the pharyngeal region in a pattern according to their rhombomeric origin 

[188, 196]. Due to this important intrinsic ability, it was a long held theory that craniofacial 

anomalies arise due to a primary defect in neural crest cell development. Recent advances 

however, have highlighted the important influence of a complex interaction of neural crest 

cells with tissues such as mesoderm, ectoderm and endoderm (reviewed in [197]). For neural 

crest cells, these tissues are an important source of factors such as bone morphogenic protein 

(bmp), sonic hedgehog (shh) and fibroblast growth factor (fgf) – all well known for their roles 

in embryonic patterning and morphogenesis. 

The pharyngeal endoderm plays a major role in patterning of the branchial arches by 

establishing a three dimensional structure composed of several pouches. The underlying 
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endoderm expresses important factors critical for neural crest cell viability and differentiation 

into cartilage [166, 198-200]. Deficiency in the pharyngeal endoderm may inhibit 

differentiation of neural crest cells and therefore contribute to the pharyngeal phenotype seen 

in hdMO1 embryos. Time constraints of this PhD prevented further investigation of this 

phenotype. Analysis of the integrity of the pharyngeal endoderm (with monoclonal antibody, 

Zn-5) [201, 202] may help to determine whether htt is required for pharyngeal endoderm 

formation or maintenance, and ultimately may help to further clarify the cause of the hdMO1 

craniofacial phenotype. 
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Initial investigations of hdMO1 embryos have revealed a number of interesting 

phenotypes, which have been described earlier in this thesis. All of the observed phenotypes 

arise as a result of blocking translation of htt during early development. While investigations 

into a possible role for htt in development of the craniofacial structure has been described in 

Chapter 4, research described within the current chapter was aimed at further characterization 

of the sensory neuron phenotypes. 

Two sensory systems have been identified as having perturbed development in hdMO1 

embryos. These include the olfactory and the lateral line sensory systems. Initial 

investigations described in Chapter 3 reveal that hdMO1 embryos have a reduced number of 

differentiated olfactory sensory neurons and a reduced number of lateral line neuromasts, 

respectively. The aim of the research carried out in this chapter was to investigate the 

mechanism of perturbation in sensory neuron development in an effort to determine where htt 

may play a role in their development. 
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Both the olfactory and lateral line sensory systems arise from specialized regions of 

embryonic ectoderm termed the olfactory placode and lateral line placode respectively. The 

olfactory and lateral line placodes are among a number of cranial placode tissues formed in all 

vertebrates (other placodal tissues include adenohypophyseal, trigeminal, lens, profundal and 

a series of epibranchial and hypobranchial placodes). 
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All placodal tissues originate from a common precursor region, the pre-placodal region, 

early in gastrulation. The pre-placodal region is located around the anterior end of the neural 

plate, in the outer neural folds and adjacent ectoderm [203-206] (Figure 5.1). At early gastrula 

stage, cells in this precursor region have not yet committed to a specific placodal lineage. 

Therefore in the early stages of development, this region presents a common primordium for 

all placodes (reviewed in [207-212]). 

Due to the common placodal origin of the olfactory and lateral line sensory systems, it 

was hypothesized that the reduction of htt in development may give rise to both of these 

phenotypes by dysfunction at the early pre-placodal stage. For this reason, further 

investigations were carried out into the formation of the pre-placodal region in hdMO1 

embryos. 

 

5.2.1 Early placode cell formation 

By late gastrulation, or early neural plate stages of zebrafish development (8-9 hpf), 

cells of the once homogenous pre-placodal region begin to adopt a particular placodal fate. 

Fate maps show that precursors of each placode are located in a specific, however somewhat 

overlapping territory (reviewed in [210, 211, 213]; Figure 5.2). The cells in each territory 

begin to express specific transcription factors. These transcription factors can be used to trace 

the fate of cells from the pre-placodal regions during development. Fate and expression maps 

(such as those shown in Figure 5.2) demonstrate the current state of knowledge of gene 

expression and lineage fate within this region [205, 214]. 

Six1, orthologue of the Drosophila gene sine oculis, encodes a homeodomain 

transcription factor expressed throughout the pre-placodal region ([124] and reviewed in 

[210]). We analyzed the mRNA expression pattern of six1 in an attempt to visualize the pre-

placodal region in the developing zebrafish. 

In situ hybridization analysis of hdMO1 embryos revealed a clear reduction in the level 

of six1 expression, while no change was seen in the pattern of its expression (Figure 5.3 A). 

In 12 hpf wild-type embryos, placodal cells have formed at the anterior end of the neural plate 

and some of the placodal cells (the lateral line and otic placodes) have broken away and are 

migrating posteriorly toward their final destination. For this reason, six1 expression can be 

seen in one anterior group and one posterior group of cells. Embryos in this experiment were 

scored according to the intensity of six1 expression in both of these regions. 



Figure 5.1 All placodes originate from a pre-placodal region immediately adjacent to 

the anterior neural plate. The positioning of the neural crest, pre-placodal region and the 

epidermis around the anterior neural plate. The pre-placodal region (red) develops 

exclusively from cranial ectoderm at the border of the anterior neural plate (green) early in 

gastrulation. Other regions include cranial neural crest (blue), cranial dorsolateral 

endomesoderm (light gray) and axial mesoderm (dark gray). Dorsal view, anterior to top. 

Figure reproduced from [210]. 
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Figure 5.3 hdMO1 embryos show reduced expression of pan-placodal marker six1. (A) 

In situ hybridization analysis of six1 expression at 12 hpf shows reduced expression in the 

pre-placodal region at the anterior end of the neural plate (arrow) and in the migrating 

lateral line and otic placodes (asterix). n= 27 wt, 23 mcMO, 29 hdMO1 embryos. (B) 

Results of the blinded scoring of six1 expression compared to a standard embryo. Scoring 

was carried out on two independent experiments by Dr. Svanhild Nornes. These 

experiments demonstrate a trend towards reduced six1 expression in hdMO1 embryos 

compared to mcMO1 and wild-type uninjected embryos. It also appears to demonstrate a 

dose dependent response to hdMO1 injection. All animals were at 12 hpf (6-somites). (A, 

B) 17 ng of morpholino injected per embryo. Lateral view, anterior toward the left. 

Representative embryos shown. Scale bar = 200 μm. 
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In order to quantitate the proportion of embryos showing a reduced level of six1 

expression, the level of six1 mRNA expression (as shown by in situ hybridization) in each 

embryo was compared to a ‘standard’ embryo. This one ‘standard’ embryo was chosen from 

any group (either wt uninjected, mcMO1 or hdMO1) to represent an average level of staining 

over all groups (wt uninjected, mcMO1 and hdMO1). Each embryo from each group was 

compared to this one “standard’ embryo. The standard embryo was scored as having a 

medium level of staining, whilst all other embryos were determined to have lighter, darker or 

an equal level of staining when compared to the chosen standard embryo. Absence of any 

staining within either of the two defined regions was also noted. Scoring was carried out by 

an independent researcher blinded to the treatment of each group of embryos and to the origin 

of the ‘standard’ embryo. 

 The graphs in Figure 5.3 B show that, using the above method, there is a distinct 

reduction in six1 expression in both the anterior and posterior placodal cell groups in hdMO1 

embryos. This observation also suggests a dose dependent response to injection of hdMO1 

morpholino. 

Quantitation of the overall level of six1 mRNA expression was carried out by qPCR 

analysis on embryos of the same age as used above. Table 5.1 shows that six1 expression was 

significantly reduced in hdMO1 zebrafish embryos in three independent experiments. This 

reduction was seen in both hdMO1 and hdMO2-injected embryos. qPCR analysis of a second 

marker of pre-placodal cells, Drosophila distal-less orthologue, dlx3b was used to confirm 

this finding. Dlx3 is a transcription factor expressed within the pre-placodal region primarily 

in cells of olfactory lineage [215, 216]. qPCR showed that expression of dlx3b is also 

significantly reduced in hdMO1 embryos (Table 5.1). 

Together these results suggest that reduction in htt expression during development 

impairs formation of the pre-placodal region as evidenced by a reduction in six1 and dlx3b 

expression. This result supports the theory that the observed reduction in sensory neurons of 

the olfactory and lateral line systems is due to perturbation in formation of the early pre-

placodal precursor cells. 

 

5.2.2 Neural plate formation in hdMO1 embryos 

Like the pre-placodal region, forebrain tissue also arises at the anterior end of the 

neural plate. Fate maps show that some forebrain tissue lies in close proximity to the pre-

placodal region such as telencephalic precursor cells, which arise in a region immediately 
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adjacent to the pre-placodal region at the neural plate margin [217-219]. It was hypothesized 

that due to their close proximity to the pre-placodal region, neural ectoderm derived-

telencephalic precursor cells could also be reduced in hdMO1 embryos. In an attempt to test 

this hypothesis, qPCR analysis was carried out on a gene called empty spiracles homeobox 3 

(emx3), which has high similarity to the mammalian gene emx1. Zebrafish emx3 is expressed 

only in telencephalic precursor cells and not by cells with placodal fate [217-219]. 

qPCR analysis revealed reduced expression levels of emx3 in hdMO1 embryos (Table 

5.1) suggesting that in addition to pre-placodal tissue, htt is also required for formation of 

neural fated ectoderm. This result also correlates with reduced expression of the marker gene, 

dlx2 within the subpallial telencephalon and diencephalon later in development (Figure 5.4 A 

and B). Interestingly, anterior neural plate expression of orthodenticle homolog 2 (otx2) 

(slightly more posterior to emx3) was not significantly reduced in hdMO1 embryos by qPCR 

(Table 5.1) or by in situ hybridization analysis, with no change in the pattern of expression 

(Figure 5.4 C and D). 

In an effort to identify the cellular location and developmental process(es) in the neural 

plate for which htt activity was rate-limiting, the expression level of a number of genes were 

examined. These genes are markers for known regions of the neural plate, neural plate 

derivative tissues, and also for notochord formation. As a first step, genes were selected that 

are expressed at specific locations along the neural plate from the forebrain to the hindbrain. 

As visualized by in situ hybridization, expression of krox20 and hoxd4a genes within the 

hindbrain, (expressed in rhombomere 3 and 5, and rhombomere 7+ respectively) were not 

altered in hdMO1 embryos (Figure 4.2 I-N). In addition, expression of neural crest cell 

marker dlx2 at 19hpf demonstrated that in hdMO1 embryos, cranial neural crest cells form in 

the same 3-group pattern in the hindbrain as seen in both mcMO1 and wild-type uninjected 

embryos (Figure 4.3 B-D). 

The results described above suggest that the ectodermal deficiency seen in hdMO1 

embryos is primarily evident in the anterior region of the embryo, specifically identifying a 

rate-limiting role for htt in formation of the pre-placodal region and telencephalic precursors 

at the anterior neural plate margin. It is also shown here that this rate-limiting role for htt does 

not extend to formation of the midbrain or hindbrain, or in anterior-posterior patterning of the 

neural plate at this reduced level of htt expression. 



Figure 5.4 Neuronal specificity of hdMO1 anterior neural plate deficiency. The hdMO1 

neural plate deficiency is limited to the anterior most region of the neural plate in hdMO1 

embryos resulting in deficiency in formation of the telencephalon, but no significant 

change in anterior neural plate marker, otx2. (A, B) hdMO1 embryos have reduced 

expression of dlx2, particularly in the subpallial telencephalon (te), but also in the 

diencephalon (di). No change is seen in the expression pattern of anterior neural plate 

marker, otx2 in hdMO1 embryos by in situ hybridization (C, D). (A, B) 19hpf, (C, D) 

10hpf. (A, B) Lateral view, anterior to the left; (C, D) dorsal view, anterior to the top. 

Numbers of embryos displaying the described phenotypes were (A, B) wt uninjected, 0/12; 

mcMO1, 1/18; hdMO1, 15/18. Scoring was carried out in a blinded manner by an 

independent researcher. Representative embryos shown. Abbreviations: te, telencephalic 

dlx2 streak; di, diencephalic dlx2 streak. All embryos were injected with 17ng of 

morpholino. Scale bar = 100 μm. 

mcMO1 hdMO1 
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5.2.3 Further investigation of hdMO1 anterior neural plate deficiency 

In 2005, Woda et al. [83] carried out an investigation of very early stage htt deficient 

Hdhex4/5/ Hdhex4/5 mouse embryos (first characterized in 1997 [84]; see Section 1.5). At e6.5, 

these embryos have reduced neuroectoderm formation, and lack a morphological node. This is 

thought to be caused by a deficiency in formation of the anterior primitive streak (anterior 

blastoderm margin in zebrafish [220]). The blastoderm margin is required for formation of the 

germ layers; ectoderm, mesoderm and endoderm. 

During gastrulation, the three germ layers are established by movement of epiblast cells 

through the blastopore margin, which is formed as a furrow in the embryo [220, 221] (Figure 

5.5). To investigate whether a deficiency in the blastoderm margin gives rise to the anterior 

neural plate deficiency phenotype observed here, we examined mesoderm formation in 

hdMO1 embryos using insitu hybridisation. Analysis of Hdhex4/5/Hdhex4/5 embryos by Woda et 

al. showed an altered pattern of mesodermal marker, T with weaker expression in the anterior 

primitive streak. In situ hybridization of the zebrafish orthologue of the mouse Brachyury 

gene, called no tail (ntl) [126] showed no change in pattern of expression in the notochord of 

hdMO1 embryos compared to control embryos. However, lower expression within the tailbud 

was observed (Figure 5.6 A-D and Table 5.1). The tailbud is important for formation of 

posterior structures of the developing embryo, both axial and non-axial structures such as the 

notochord and the tail, respectively [222, 223]. With high doses of morpholino, hdMO1 

embryos appear to have a curled tail [112], suggestive of a deficiency in non-axial mesoderm. 

Importantly within the tail bud, hdMO1 embryos still form the Kupffer's vesicle (KV), the 

zebrafish structure equivalent to the mouse node and required for left-right patterning [224]. 

During zebrafish development, somites are formed by segmentation of the paraxial 

mesoderm. hdMO1 embryos form ordered somites, which closely resemble those seen in 

wild-type uninjected and mcMO1-injected embryos. Appropriate formation of the notochord 

and the somites suggests that hdMO1 embryos are not deficient in mesoderm production. This 

therefore also suggests no deficiency in the blastoderm margin of hdMO1 embryos . 

To further elucidate the mechanism of anterior ectoderm deficiency in hdMO1 

embryos, investigation into embryonic tissues required for formation of this region was 

carried out. In zebrafish, the yolk syncytial layer (YSL) plays an important role in formation 

of the anterior neuroectoderm in a similar manner to the anterior visceral endoderm (AVE) in  



Figure 5.5 Location of the blastopore in zebrafish and mouse gastrulae. The blastopore 

of amniotes such as mouse and chick is called the primitive streak, while the blastopore of 

fish and frog is known as the blastoderm margin. The cartoons above shows the location of 

the blastopore in the zebrafish and mouse gastrulae using the location of the blastopore and 

the Spemann-Mangold organizer (SMO; shield) as reference points, which takes the axial 

blastopore position. This spatial organization enables comparison of gastrulation 

movements despite the distinct embryonic architecture of various vertebrate gastrulae. The 

proximodistal axis of the blastopore is indicated by the black arrow. Reference is also made 

to distance from the blastopore (blastoporal-ablastoporal axis; green arrow). Figure adapted 

from [220]. Abbreviations; A, anterior; An, animal; D, dorsal; P, posterior; V, ventral; Vg, 

vegetal; SMO, Spemann-Mangold organizer. Color code: red, mesoderm; yellow, 

endoderm; light blue, non-neural ectoderm; dark blue, neural ectoderm.  

Zebrafish 

Danio rerio 

Mouse 

Mus musculus 
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Figure 5.6 Further characterization of early hdMO1 embryo development.  hdMO1 

embryos show no significant change is mesoderm formation compared to mcMO1 

embryos. (A, B) Reduction in htt expression does not affect formation of the notochord 

(nc) as shown by in situ hybridization of ntl. However hdMO1 embryos (B) have a 

noticeably smaller tail bud compared to mcMO1 embryos (A; compare distance between 

arrows in each image). Also compare length of bars in dorsal view; C, D). Kupffler’s 

vesicle (kv) is present in both mcMO1 and hdMO1 embryos. (E-H) The yolk syncytial 

layer (YSL) of hdMO1 embryos is indistinguishable from that of mcMO1 embryos by in 

situ hybridization of sox32. (I, J) Reduction in htt expression does not alter formation of 

the node shown here by expression of gsc. (A, B) lateral views of embryos at 12 hpf, 

anterior to the left; (C, D) dorsal views of embryos at 12 hpf; (E, F) dorsal views of 

embryos at 30% epiboly; (G, H) lateral views of embryos at 30% epiboly, dorsal to the 

top; (I, J) lateral views of embryos at 60% epiboly, dorsal to the top. Numbers of embryos 

displaying the described phenotypes were (C, D) cMO1 8/47, hdMO1 27/35. 

Representative embryos shown. Abbreviations: kv, kupffler’s vesicle; nc, notochord; tb, 

tail bud; YSL, yolk syncytial layer. All embryos in the left column are mcMO1 embryos. 

All embryos in the right column are hdMO1 embryos. All embryos were injected with 

17ng of morpholino. All scale bars = 200 μm.  
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the mouse [225]. At 30% epiboly (4.7 hpf), sox32 is expressed by cells of the YSL and 

presumptive endoderm. By in situ hybridization analysis, there appeared to be no change in 

the abundance or pattern of cells in the YSL in hdMO1 embryos (Figure 5.6 F and H) 

compared to the control embryos (Figure 5.6 E and G). This result suggests that reduction in 

htt expression does not alter the formation of the YSL and therefore does not give rise to the 

anterior ectoderm phenotype seen in hdMO1 embryos. 

Like the node in mouse and chick, the zebrafish shield has an essential role in the 

induction of anterior neural plate tissue (reviewed in [226]). We analyzed the expression of 

the gene, goosecoid (gsc) that is normally expressed within the zebrafish organizer at shield 

stage (6 hpf) and plays an essential role in dorso-ventral patterning and formation of forebrain 

development [227]. We found that injection of hdMO1 did not affect the pattern or level of 

gsc expression in the organizer (Figure 5.6 I and J) suggesting that perturbation of shield 

formation does not play a role in the hdMO1 phenotype described herein. 

 

��� ��(������

This chapter outlines results of a detailed investigation into the sensory neuron 

deficiency in hdMO1 embryos. These phenotypes include a reduction in both the number of 

olfactory sensory neurons, and in the number of lateral line neuromasts (as first described in 

Chapter 3). The common placodal origin of these two sensory systems suggested that they 

could possibly be caused by a similar deficiency, resulting from reduced htt expression. 

As described in this chapter, subsequent investigations demonstrated that hdMO1 

embryos have impaired formation of the pre-placodal region as evidenced by reduced 

expression of pan-placodal genes six1 and dlx3b. This deficiency also extends to the anterior 

region of the early neural plate shown by reduced expression of emx3 normally expressed 

within telencephalic precursor cells. 

While a significant reduction was observed in the level of anterior gene expression (for 

six1, dlx3b and emx3), no significant change was observed in the slightly more posterior 

marker, otx2. There was also no significant change in markers of midbrain and hindbrain 

tissue (valentino (val), krox20, and hoxd4a), or the hindbrain-derived tissue, the cranial neural 

crest (dlx2). It therefore appears that the consequences of htt deficiency in hdMO1 embryos 
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are restricted to the most anterior regions of the neural plate and pre-placodal region, and do 

not affect anteroposterior patterning of the neural plate. 

The anterior neural plate and cranial dorsolateral endomesoderm are important for 

induction of the pre-placodal region [228]. Given this, it is possible that the reduction in pre-

placodal tissue occurs as a result of deficiency in the anterior neural plate emx3 expressing 

cells, located at the anterior neural plate border region. It is therefore hypothesized that htt is 

specifically required for the formation or survival of the anterior neural plate margin, 

including emx3 expressing telencephalic precursor cells. 

Investigation of the possible cause of anterior neural plate deficiency showed no 

change in two structures known to be important in formation of the anterior neural plate, the 

shield (expressing gsc) and the yolk syncytial layer (expressing sox32). This result is in 

contrast to that observed by White et al., [84], and Woda et al., [83] where Htt-/- mice did not 

form a morphological node. The difference between hdMO1 zebrafish embryos and Htt-/- 

mice is likely to be due to the small amount of htt present in hdMO1 embryos as a result of 

the incomplete reduction of htt translation by hdMO1, and pre-injection translation of 

maternally deposited htt mRNA in 1-cell hdMO1 embryos [112]. This small level of htt 

expression is likely to be sufficient to allow formation of the node in hdMO1 embryos and 

supports that the anterior deficiency is not a result of perturbation in node formation. 

Clinical observations of HD patients reveal some evidence of olfactory impairment (as 

mentioned in Chapter 3). This includes impaired olfactory detection, identification, memory, 

and discrimination of odors. Each of these symptoms is possibly caused by dysfunction of 

olfactory neurons and/or neurodegeneration within brain regions that are important for 

processing olfactory information. Due to htt’s role in anterior neural plate formation shown 

here it is possible that either of these mechanisms results from perturbation of normal htt 

function. These findings therefore suggest that loss of normal functions of htt contributes to 

the impaired olfactory function seen in HD patients. 

During the preparation of this thesis and associated manuscript [229], another 

description of brain morphology and apoptosis in zebrafish with reduced htt expression was 

published [195]. In this paper, Diekmann et al. (2009) noted that their hdMO1 embryos 

showed similar brain morphology to that described earlier in our lab [112]. They also 

described apoptosis within the midbrain and hindbrain of their hdMO1 embryos. While, 

research carried out within our lab has not revealed any increase in apoptosis within the 

hindbrain at anytime during development, a significant increase in apoptosis was observed 

within the optic tectum, in the midbrain, at 36-48 hpf (Figure 3.5). This result may also 

complement another observation by Diekmann et al. [195] showing significantly reduced 
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axonal innervation of this region by retinal axons. At approximately 36-48 hpf, retinal axons 

are required to make contact with the optic tectum. Any neurons in the optic tectum that are 

not contacted by retinal axons undergo apoptosis [158]. 

Although retinal precursors form within the anterior region of the neural plate, the 

anterior neural plate deficiency in hdMO1 embryos is not necessarily the cause of this retinal 

axon phenotype. Retinal precursor cells express zic1. This gene is expressed largely within 

the otx2-expressing domain, as shown in Figure 5.2. As hdMO1 embryos do not appear to be 

deficient in otx2 expressing cells, it is unlikely that this phenotype is due to reduction of 

retinal precursor cell number. It is possible however that htt may play a role in retinal 

development after retinal cell formation, such as in survival, differentiation or axon guidance 

of the retinal cells. This possibility is supported by a Drosophila htt knockout model, in which 

absence of htt leads to retinal degeneration in adult flies [75]. The observed 

neurodegeneration is similar to that caused by over-expression of polyQ htt [75]. Retinal 

degeneration is also seen in an HD transgenic mouse model R6/2 [179, 180]. This evidence 

suggests a role for htt in survival of retinal cells, and for perturbation of htt function in the 

pathogenesis of HD. 

In summary, the data presented here demonstrates a role for htt in formation of the 

anterior most region of the neural plate using a zebrafish model of reduced htt expression. 

The advantages of this system enable analysis of htt function at the earliest stages of 

development, a difficult task in mouse Htt knockout models. Research described within this 

thesis shows that despite the homogeneous expression of htt in the brain, htt functions 

specifically within the forebrain to enable formation of precursors of the telencephlon and 

pre-placodal cells. The downstream effect of this includes loss of placode-derived tissue 

including olfactory and lateral line sensory neurons, and reduction in telencephalic tissue. The 

observed sensory neuron requirement for htt in the hdMO model described here is consistent 

with the observation that HD patients show impaired olfactory function (first discussed in 

Section 3.3) [170-173, 175, 176]. This suggests that loss of the normal functions of htt 

contributes to at least some of the symptoms of HD pathology. 
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Htt is a large 350 kDa protein that is ubiquitously expressed throughout development. 

Expansion of a polyglutamine repeat region in the amino terminus of htt is responsible for the 

devastating neurodegenerative condition, Huntington’s disease (HD). Although it is widely 

accepted that the presence of the polyglutamine repeat beyond a threshold number imparts a 

toxic gain-of-function property to this protein, there is some compelling evidence to suggest 

that a loss of the normal function of htt contributes to HD pathology, especially its neuronal 

specificity (reviewed in [45]). 

Presently, the normal functions of htt are unclear. The many binding partners and 

biological processes described to date suggest that the cellular functions of htt are numerous, 

including transcriptional regulation, vesicle trafficking, iron homeostasis, and cell survival 

(reviewed in [45]). It has been unclear which, if any, of these functions might be rate-limiting 

in neurons and therefore candidates for perturbation in HD. 

Animal model systems are useful to identify the functions of htt in the complex 

developing organism. Previously, analysis of htt functions in the mouse model has been 

difficult due to the early embryonic lethality of homozygous knockout animals and the 

apparent lack of phenotype in heterozygous animals [80-82]. Embryonic lethality in these 

embryos demonstrates that htt plays a critical role in early embryonic development however it 

also makes analysis of the consequences of htt knockout in older embryos difficult. 

Research included in this thesis has focused on the effects of morpholino-induced 

inhibition of htt translation in zebrafish embryos. The benefit of this approach is that the 

extent of inhibition of htt expression can be varied as can the resulting phenotype by adjusting 

the dosage of morpholino-injected. For research included in this thesis, a moderate level of 

morpholino was used in order to investigate the effects of a partial reduction of htt expression. 

The same approach has been used by our lab previously [112]. With partial htt reduction, 

hdMO1 embryos have disrupted craniofacial structure and impaired formation of the anterior 

region of the early neural plate, including the pre-placodal region and telencephalic 

presursors. The reduction in anterior neural plate precursor cells later results in a dose-
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dependent reduction in the number of lateral line neuromasts and also reduction in olfactory 

sensory neurons and forebrain regions such as the subpallium and diencephalon. 

The pre-placodal region is a homogeneous layer of embryonic ectoderm that becomes 

specified early in development to form a number of different placodal tissues. The olfactory 

and lateral line systems are among a number of placodal tissues that originate from this 

common precursor region. Others include adenohypophyseal, trigeminal, profundal, lens, otic, 

and a series of epibranchial and hypobranchial placodes. It is hypothesized that reduction of 

the pre-placodal domain will affect all tissues derived from these placodes including; the 

anterior lobe of the pituitary gland, ganglia of the trigeminal and profundal nerves, lens, otic 

vesicle and the sensory neurons of the distal ganglia of the face respectively [210]. The 

downstream affects of disruption in placode formation alone are wide ranging and, in addition 

to the loss of telencephalic precursor cells, have devastating consequences on embryo 

development. 

 

Huntingtin’s role in the developing brain - Differing requirements of neuronal 

cells for huntingtin function 

A role for htt in brain development is suggested by the high level of htt expression in 

the brain early in development. Despite the limited knowledge of its function, htt has a known 

important role in neuronal survival, and has been shown to be required for formation or 

survival of neurons in specific regions of the brain. A conditional knockout system in mouse 

has previously shown that htt is required for survival of neurons within the postnatal forebrain 

[52]. While more specifically, Htt-/- ES cells injected into a wild-type blastocyst showed that 

htt expression was required for neuronal survival within the striatum, cortex, hippocampus 

and Purkinje cells of the cerebellum [53]. These results are complementary to that seen in our 

zebrafish model of morpholino-induced htt knockdown. 

Research included in this thesis demonstrates that htt plays a role in formation of the 

anterior most region of the neural plate, specifically in formation of telencephalic progenitor 

cells and the pre-placodal tissue. Results obtained from this model system have demonstrated 

that neuronal cells have differing requirements for htt function. Given that perturbation of 

normal htt function is a component of HD pathogenesis, this differing requirement of 

particular neurons for htt function provides a mechanism that can account for the specificity 

of neuropathology in HD brains despite the widespread expression of htt in the brain. 

�
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Future work 

Given the neuronal nature of pathology of HD, the anterior neural plate phenotype 

described in Chapter 5 has greater relevance to HD disease pathogenesis and will therefore 

provide a focus for future work. 

A number of functions have been proposed for htt, which may affect brain formation 

and patterning contributing to a deficiency in anterior neural plate formation. Such functions 

include promotion of cell survival, differentiation and formation of progenitor cells. 

Neurotrophins, such as BDNF, are important in mammalian neurons for survival and 

differentiation. Htt is known to play an important role in regulating the production of BDNF 

[62, 95, 230] and in the transport of BDNF along microtubules [72]. Since completing this 

body or work, our lab has begun investigating a possible role for BDNF in the anterior neural 

plate phenotype described in this thesis. We have found that addition of exogenous 

recombinant BDNF to the fish water was able to partially rescue the number of lateral line 

neuromasts toward wild-type levels, suggesting that alteration in the production or supply of 

BDNF is responsible in part for the loss of lateral line neuromasts. It is currently not clear 

which step in the formation of lateral line neuromasts is rescued by BDNF - whether in the 

formation of the anterior neural ectoderm, in its survival or in differentiation of the sensory 

neurons, a known function of BDNF [231]. However, this finding further highlights the 

important developmental role for htt in regulation of BDNF signaling, and the likely 

participation of BDNF in HD pathology. This work is included in the attached manuscript. 



Appendix A:  Apoptosis within the optic tectum. This appendix provides additional 

information to show a dose response to injection of half the amount of hdMO1 morpholino 

in the initial experiment (Figure 3.5). (B) Results of scoring are displayed as a percentage, 

with the total number of embryos observed shown in the right-hand column. Green boxes 

indicate the scoring level with the greatest number of embryos for each treatment group 

and each time point. hdMO1 embryos have an increased level of apoptosis at 48 and 72 hpf 

as evidenced by shift in green box to the right. The shift in the green box to the right is not 

as dramatic here as seen for 8.5ng morpholino injected embryos (Figure 3.5) indicating a 

dose response to hdMO1 injection. Results pooled from 2 independent experiments for 

each time point. 4.25ng morpholino injected per embryo. (A, B) Representative embryos 

shown for each group (0-5). Dorsal/lateral views of embryos, anterior to the left; 48 hpf. 

4.25ng morpholino injected per embryo. Results pooled from 2 independent experiments 

for each time point. 
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Page 11  Line 20 

 

To provide a more accurate description of Wolf-Hirschhorn syndrome and the associated 

balanced translocation often found in parents of Wolf-Hirschhorn patients, the following 

sentence should be deleted: 

‘Deletion of one allele of HTT (as seen in Wolf-Hirschhorn syndrome) does not result in HD-

like pathology in humans’. 

 

The below passage then should be inserted in place of the deleted sentence: 

‘It has been observed that, in humans, hemizygous inactivation of one of the two HTT genes 

does not cause an HD phenotype. Loss of one allele of HTT has been known to occur as a 

result of either a terminal deletion of one copy of chromosome 4 (which includes the HTT 

gene) in patients with Wolf-Hirschhorn syndrome [232], or of a balanced translocation with a 

break point between exons 40 and 41, physically disrupting one of the HTT gene copies in 

one female [233, 234]. In these cases, loss of one allele of HTT does not result in HD-like 

pathology in humans’. 
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232 Harper, P. S., Huntington’s Disease: W. B. Saunders, London, ed. 2: 1996. 

233 Ambrose, C. M., Duyao, M. P., Barnes, G., Bates, G. P., Lin, C. S., Srinidhi, J., Baxendale, S., 
Hummerich, H., Lehrach, H., Altherr, M., Wasmuth, J., Buckler, A., Church, D., Housman, D., 
Berks, M., Micklem, G., Durbin, R., Dodge, A., Read, A., Gusella, J. and MacDonald, M. E., 
Structure and expression of the Huntington’s Disease gene: Evidence against simple inactivation due to 
an expanded CAG repeat. Somat Cell Mol Genet 1994. 20: 27-38. 

234 Rubinsztein, D. C., How does the Huntington's disease mutation damage cells? Sci Aging Knowledge 
Environ 2003. 2003: PE26. 

 

 

 

 

 

 



 

 

 

Page 2  Line 4 

 

A recent description of CAG repeat length instability and HD penetrance has become 

available. This reference attempts to predict the rate of de novo cases of HD arising from 

paternal transmission of a high normal allele with 27-35 CAG repeats [235]. 

 

 

Reference: 

235 Hendricks, A. E., Latourelle, J. C., Lunetta, K. L., Cupples, L. A., Wheeler, V., MacDonald, M. 
E., Gusella, J. F. and Myers R. H., Estimating the probability of de novo HD cases from 
transmissions of expanded penetrant CAG alleles in the Huntington disease gene from male carriers of 
high normal alleles (27-35 CAG). Am J Med Genet Part A 2009. 149A: 1375-1381. 
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