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Thesis Summary  
 

FoxP1 and Mef2C are two genes important for mouse striatal development, the brain region 

that is most vulnerable the effects of the mutated protein responsible for Huntington’s Disease 

(HD), Huntingtin (HTT). Using Drosophila and mouse models of HD, I have investigated the 

effects of manipulating these two genes and showed that they can suppress mutant HTT 

(mHTT)-induced degeneration. 

 

Prior to this project, studies had shown that a Mef2 isoform, Mef2D, could physically interact 

with mHTT and that a chromosomal deficiency, which included the single Drosophila Mef2 

gene, could suppress whole-eye mHTT-induced degeneration. However, research had not 

investigated whether the Mef2 gene was responsible for this observation, or how this might 

be translated to the human HD condition. Utilising the Gal4/UAS system, I showed that 

downregulating the Drosophila Mef2 gene can suppress mHTT-induced degeneration in a 

whole-eye and pan-neuronal model of HD. I also showed that over-expressing the N-terminal 

fragment of FoxP1 in a Drosophila HD model can suppress mHTT-induced degeneration. 

  

I generated a novel mouse line which expressed that R6/1 transgene with striatal knockout of 

Mef2C, a concept that had not been investigated prior to this project. I showed that striatal 

Mef2C knockout in the R6/1 brain significantly reduces the number of mHTT inclusions in the 

striatum. These mice also performed better on the balance beam task.  

 

Finally, using the Gal80tsGal4/UAS system, I show that pre-exposure of neurons to mHTT 

during development of the Drosophila eye leads to enhanced vulnerability and early cell death 

of photoreceptor neurons, which is not seen when inducing mHTT in the fully developed eye.  

 

In this work, I utilised Drosophila HD models to further our understanding of the role of Mef2C 

and FoxP1 in mHTT-induced degeneration and translated this research into a novel mouse 

model to investigate Mef2C downregulation in a complex mammalian model.
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Chapter 1: General Introduction 
 

1.1 Introduction 
 
The focus of the work presented in this thesis is to explore whether two genes, FoxP1 and 

Mef2C, are implicated in the pathological process underlying Huntington’s Disease (HD). HD is 

a condition caused by the presence of the mutant huntingtin (mHTT) protein, and experiments 

aim to determine whether manipulating these genes might impact mHTT-induced 

degeneration. Only a few therapeutic options, of limited benefit, are available to treat the 

symptoms associated with HD disease progression, and there is currently no disease-modifying 

treatment available. Understanding how these genes interact with the complex molecular 

pathways that are dysregulated in the HD brain may facilitate the development of more 

effective therapies.  

 

Medium spiny neurons (MSNs) comprise 90-95% of all neurons in the striatum. It is 

degeneration of these MSNs that are the earliest and most prominent cells to degenerate in 

HD. A microarray analysis of mouse striatal development (over the period of peak striatal 

neurogenesis) undertaken in the host lab, identified Forkhead box protein P1 (FoxP1) and 

Myocyte enhancer factor C (Mef2C) to be highly up regulated during this period.  Subsequent 

research has shown that both FoxP1 and Mef2C are involved in aspects of striatal 

development, the former of which, has been shown to be significantly reduced in the HD 

striatum (Hodges et al., 2006; Precious et al., 2016). 

 

In this thesis, I have used Drosophila and mouse models of HD to investigate the effects of 

manipulating FoxP1 and Mef2C in mHTT-induced models of degeneration. Each model has a 

unique set of attributes that, when combined, can uncover novel gene associations and how 

manipulating them may be beneficial. In particular, Drosophila melanogaster are cost effective 

animals that have a rapid generation time and can be easily manipulated genetically 

(Tolwinski, 2017). Furthermore, 75% of genes implicated in human diseases have been 

identified to have functional homologs in the Drosophila genome (Rubin et al., 2000; Verheyen, 

2022). However, these animals do not provide a complex biological system that is comparative 
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to the human body. Mouse models provide a step toward the complexity of a human and can 

therefore be used to enhance our understanding of the data derived from the Drosophila 

models. 
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1.2 Huntington’s Disease  
 
HD was discovered by George Huntington in 1872, who described a hereditary chorea, given 

the name due to the dancing propensities of those it affected (Bhattacharyya, 2016; McColgan 

& Tabrizi, 2018b). It wasn’t until a century later, due to a collaborative international effort, 

involving the study of large families affected by the disease, that the genetic cause and 

location of the HTT gene was identified  (Wexler et al., 2016; Wexler et al., 2004). Over the 

last 40 years, research has started to unravel the complex molecular pathways through which 

the presence of the mHTT protein leads to impaired function and cell loss (Jurcau, 2022). 

Whilst current disease management includes treating the symptoms associated with the 

disorder, there is no disease-modifying treatment to suppress or reverse disease progression.  

 

1.2.1 Aetiology and Epidemiology 
 
HD is a rare neurological disorder, with a reported global prevalence of 4.88 per 100,000 in 

2022, having risen from 2.71 per 100,000 in 2010 (Medina et al., 2022). Characterised by 

progressive cognitive decline, motor impairment, and psychiatric symptoms, diagnosis is 

confirmed by the presence of an autosomal dominant mHTT protein (Jimenez-Sanchez et al., 

2017). The toxic gain-of-function mHTT protein is encoded by a CAG polyglutamine (polyQ)-

repeat expansion in the N-terminal first exon of the wild-type HTT gene on chromosome 4 

(Jimenez-Sanchez et al., 2017; Tabrizi et al., 2022). Wild-type HTT alleles contain up to 35 CAG 

repeats, whereas HD carriers carry expansions of 36 repeats, or more, with an inverse 

correlation found between the length of CAG expansion and the age at symptom onset 

(Rubinsztein et al., 1996; Ruocco et al., 2006).  

 

1.2.2 HD and striatal degeneration 
 
The mHTT protein is ubiquitously expressed throughout the body, however the most 

vulnerable and prominent cells to degenerate are the inhibitory Gamma-aminobutyric acid 

(GABA)-ergic medium spiny neurons (MSNs) of the striatum (McColgan & Tabrizi, 2018a). The 

striatum is the main input structure of the basal ganglia and is involved in motor, cognitive 

and emotional control (Ali, 2022; Bamford & Bamford, 2019). The striatum integrates thalamic 

and neocortical glutamatergic inputs and midbrain dopaminergic inputs, in turn, sending 
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inhibitory GABA-ergic outputs to target nuclei. This facilitates its role in processing motor and 

cognitive-related function (Morigaki & Goto, 2017). The GABA-ergic MSNs account for ~90-

95% of all striatal neurons and give rise to two distinct pathways: the direct and indirect 

pathway (Barry et al., 2018; Ehrlich, 2012). MSNs of the direct pathway express dopamine D1 

receptors (D1R) and project their axons to the substantia nigra pars reticulata (SNr) and Globus 

pallidus internus (GBi) (Ehrlich, 2012; Peak et al., 2020) MSNs of the indirect pathway express 

dopamine D2 receptors (D2R) and project axons to the globus pallidus externus (GPe) (Barry 

et al., 2018). Electrophysiological studies using HD mouse models have shown that indirect 

pathway communication with the direct pathway in the HD brain is increased, and that 

reduced levels of BDNF (brain-derived neurotrophic factor), an important neuromodulator in 

the cortex, can induce neuronal degeneration of indirect-pathway striatal MSNs (Barry et al., 

2018; Morigaki & Goto, 2017). Striatal degeneration and subsequently impaired cortical and 

basal ganglia circuits significantly contribute to the impaired cognitive and motor symptoms 

observed in HD patients (Blumenstock & Dudanova, 2020).  
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Figure 1.1 Schematic diagram of the direct and indirect pathways of the striatum.  
Schematic diagram to show the direct and indirect pathways of the striatum. SNpc/SNr: Substantia 

Nigra pars compacta/reticulata, GPi/e: Globus pallidus internus/externus, STN: subthalamic nucleus. 

Red arrows represent excitatory glutamatergic neurons. Blue arrows represent inhibitory GABAergic 

neurons. Orange arrows represent dopaminergic neurons. Adapted from (Ali, 2022; Roshan et al., 

2016).  

 

1.2.3 Pathogenesis 
 
The pathogenesis of HD involves the presence of a toxic gain-of-function mHTT protein and 

the loss of normal HTT function, which together, contribute to neurodegeneration (Jimenez-

Sanchez et al., 2017). For decades, it has been known that the presence of the polyQ repeat 

expanded region contributes to abnormal folding and aggregate accumulation, leading to the 

subsequent impairment of a multitude of cellular processes and complex pathways. Most 

noteworthy is the presence of abnormal mHTT and aggregate formation in the brain which 

leads to significant neuronal loss and gliosis (McColgan & Tabrizi, 2018a). Increasing evidence 

indicates that the presence of the N-terminal fragment of the HTT protein, comprising only 

exon 1 of the protein, produces toxic nuclear aggregates (Landles et al., 2010; Sogorb-
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Gonzalez et al., 2024; Vieweg et al., 2021). For example, a recent study showed that the first 

17 amino acids of the HTT protein (Nt17) modulates the aggregation propensity of exon 1, and 

that removal of the Nt17 region can reduce inclusion formation (Vieweg et al., 2021). 

Additionally, researchers showed that disrupting the conformation of Nt17 in a HD cell model 

system could reduce the number of aggregates by 50% (Vieweg et al., 2021). Further 

investigations into the production of exon 1 aggregates has shown that alternative processing 

of HTT pre-mRNA (messenger ribonucleic acid) can lead to the production of an HTT1 

transcript, subsequently encoding the exon 1 protein (Sathasivam et al., 2013; Sogorb-

Gonzalez et al., 2024). N-terminal fragments are present in postmortem HD brain tissue, and 

the sole presence of the exon 1 fragment causes highly progressive pathological phenotypes 

in mouse and Drosophila model systems (Barbaro et al., 2015; Mangiarini et al., 1996). For 

example, the R6/2 mouse model has the earliest and most progressive phenotype onset and 

only expresses the human exon 1 HTT transgene (Ghosh et al., 2020; Mangiarini et al., 1996). 

Additionally, a comparative study of seven HTT fragments commonly used in Drosophila 

studies showed that the presence of exon 1 led to drastic degeneration of photoreceptor (PR) 

neurons, deficits in climbing and reduced longevity (Barbaro et al., 2015). These results were 

not replicated in Drosophila expressing larger proportions of the HTT protein (Barbaro et al., 

2015). Overall, there is accumulating evidence that exon 1 of the HTT protein plays a role in 

HD pathogenesis, and studies in models with this fragment can recapitulate human disease 

pathology.  

 

It should be noted that there are additional factors that contribute to the rate of HD 

pathogenesis. One such factor is that the polyQ region of HTT is subject to somatic expansion. 

(Monckton, 2021). Somatic expansion refers to the elongation of the polyQ domain of HTT in 

somatic tissues, such as the brain, often producing repeats of over 100, in contrast to other 

components such as blood, where polyQ expansion is less observed (Kacher et al., 2021). This 

discovery was made in 1993 and is thought to explain, at least in part, some of the variability 

of onset seen between patients (Gusella et al., 2014; Monckton, 2021). Studies of postmortem 

HD brains has shown that longer somatic expansions are associated with earlier symptom 

onset, and that disease progression may correlate more closely with CAG somatic expansion 

in patient blood as opposed to the size length of the polyQ that is encoded (Monckton, 2021). 

Studies using HD mouse models have shown that genes involved in the DNA mismatch repair 
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(MMR) pathway are pivotal to driving this somatic expansion (Roy et al., 2021). In 1997, 

Schweitzer and Livingston used yeast to study the instability of CAG repeats, and showed that 

CAG repeats were destabilised by mutations in MSH2 (MutS Homolog 2) and PMS1 

(postmeiotic segregation increased) (Schweitzer & Livingston, 1997). Since then, several 

studies have shown that other genes involved in the DNA MMR pathway, such as MLH1 and 

MLH3 are genetic modifiers of CAG instability, and may drive somatic expansions (Loupe et 

al., 2020; Pinto et al., 2013; Roy et al., 2021). As a result, suppressing somatic expansion has 

become an attractive target for the development of new therapeutics. For example, splice 

redirection of the MLH3 gene to a protein isoform that does not include the endonuclease 

domain, was able to significantly reduce CAG expansion in a HdhQ111 mouse model of HD, 

and in patient-derived primary fibroblasts (Roy et al., 2021). Furthermore, treatment of 

patient-derived induced pluripotent stem cells (iPSC) with a single-stranded RNA interference 

(RNAi) antisense oligonucleotide to restrict MSH3 expression, could slow somatic expansion 

in a dose-dependent manner (Amartumur et al., 2024; Bunting et al., 2022) 

 

One of the major pathogenic mechanisms associated with HD pathogenesis and loss of 

neurons are gene expression changes, including transcriptional dysregulation (Jimenez-

Sanchez et al., 2017). Several studies have reported progressive gene expression changes in 

the human HD brain as well as in disease models of the disorder (Hodges et al., 2008; Hodges 

et al., 2006; Kaltenbach et al., 2007; Luthi-Carter et al., 2000; Seredenina & Luthi-Carter, 

2012). For example, post-mortem studies have shown that levels of BDNF are reduced by 50-

80% in the HD caudate and putamen compared with control brains (Ferrer et al., 2000; 

Speidell et al., 2023). Additionally, in vitro studies have shown that cells expressing mHTT 

secrete >50% less BDNF compared with cells that do not express mHTT (Zuccato et al., 2001). 

BDNF is required for the survival and differentiation of striatal neurons, and has been shown 

to protect MSNs from excitotoxin-induced degeneration (Canals et al., 2001). It is thought that 

the presence of mHTT disrupts the transcription of BDNF, subsequently impairing its transport 

to the striatum, and subsequent interaction with other genes, such as TrkB (Tropomyosin 

receptor kinase B) (Plinta et al., 2021; Zuccato et al., 2008). Mechanisms by which these gene 

expression changes occur may include sequestration of the protein by mHTT, and abnormal 

protein binding that perturbs the genes’ function and downstream pathways (Tong et al., 
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2024). Understanding these abnormal interactions has become a large focus of research in 

the field of HD.  

 

1.2.3 Current research into disease-modifying treatments for HD 
 
There are currently no disease-modifying therapies for the treatment of HD. However, there 

are several potential therapeutic approaches progressing through pre-clinical and clinical 

trials. One of the most promising strategies at present, is lowering the levels of HTT gene 

products, including the mHTT protein (Tabrizi et al., 2022). One such approach for lowering 

HTT is through the use of antisense oligonucleotides (ASO). ASOs are synthetic single-stranded 

oligodeoxynucleotides that can target pre-mRNA or mRNA, preventing the translation of 

mRNA to protein (Rinaldi & Wood, 2018). Tominersen was the first ASO administered to 

patients with HD, and targets exon 36 of the human HTT mRNA (McColgan et al., 2023). 

Binding of Tominersen to the mRNA results in degradation of the mutant and wild-type 

transcripts, by RNase H. Results from phase I/2a clinical trials showed dose-dependent 

reduction in mHTT levels, as measured in the cerebral spinal fluid (CSF) of HD patients 

(Kordasiewicz et al., 2012; McColgan et al., 2023). Following these promising results, a 

multinational phase 3 clinical trial began – GENERATION HD1, and although there were dose-

dependent decreases of mHTT in the CSF, unfortunately dosing was halted due to the 

observation of severe adverse events, such as increased white blood cell count, indicative of 

an inflammatory reaction (McColgan et al., 2023; Tabrizi et al., 2022). GENERATION-HD2 is 

now underway and hopes to determine a safe and optimum dose for Tominersen in younger 

participants, who have lower disease burden and more resilient brains (Tabrizi et al., 2022). 

Another example is the clinical trial VO659-CT01, which involves intrathecal administration of 

VO659, an ASO that targets the RNA produced from CAG repeats in DNA (Estevez-Fraga et al., 

2024). Studies have shown that VO659 can reduce levels of soluble mHTT and aggregates in 

the R6/2 and Q175 mouse models of HD. Additionally, VO659 increased mRNA levels of the 

striatal marker DARPP-32, and improved motor performance, compared with untreated HD 

mice (Datson et al., 2017). Phase 1/2a trials aim to recruit patients with SCA (Spinocerebellar 

ataxia) type 1 and SCA type 3, followed by the addition of a third, HD cohort. However, there 

is a lack of sensitivity against other CAG-repeat containing genes, so close monitoring is 

required (Estevez-Fraga et al., 2024).  
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Other therapeutic approaches include adeno-associated virus (AAV)-mediated micro-RNA 

(miRNA) therapies, such as AMT-130 (Tabrizi et al., 2022). AMT-130 is a miRNA that silences 

the human HTT gene. The molecule is delivered in an AAV5 plasmid, via stereotaxic infusion 

to the striatum and is currently in phase 1/2 clinical trials (Cheng et al., 2024). Animal studies 

have shown wide-spread distribution of the AAV5-miRNA in the minipig, with sustained 

huntingtin lowering in both the minipig and Hu128/21 HD mouse model, and improvements 

in motor coordination of the R6/2 mouse (Caron et al., 2020; Cheng et al., 2024; Evers et al., 

2018). Together, these results indicate the potential for the translation of this therapy to the 

clinic. However, as with other huntingtin lowering therapies, it is important to consider that 

the wild-type HTT protein is likely affected in addition to the mutant protein. It remains 

unclear as to the impact that long-term suppression may have on the roles of wild-type HTT 

in HD patients, and the continued development of other therapeutic angles is important 

(Caron et al., 2020). 

 

1.3 Modelling HD in research  
 
The use of animals in research is an integral part of understanding the development and 

progression of human disease, whilst providing considerable insight into the effectiveness of 

therapeutic targets (Mukherjee et al., 2022). Mammalian models have been used frequently 

in biological research due to their anatomical and physiological similarities, and mammalian 

models can be affected by a number of diseases that are seen in humans. For example, 90% 

of drugs used in the veterinarian clinic are either identical or very similar to those used for the 

treatment of human conditions (Barré-Sinoussi & Montagutelli, 2015). In the context of HD, 

the pathological symptoms and molecular hallmarks of the disease, including cognitive an 

behavioural deficits and the presence of mHTT aggregates have been reproduced in 

mammalian and Drosophila HD models, and understanding the effectiveness of targeted 

therapeutics have been better understood using these models (Rana et al., 2024).  

 

1.3.1 In vitro models of HD  
 
In vitro approaches have been developed as a way of understanding the pathogenesis and 

aetiology of neurodegenerative diseases, including HD (Slanzi et al., 2020). The use of human 
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embryonic stem cells (hESCs) generated from embryos affected with HD have been utilised 

(Akimov et al., 2021). In recent years, patient-derived human iPSCs generated from adult 

somatic cells have become a powerful way of understanding mechanisms of cell degeneration 

in the human HD condition (Le Cann et al., 2021). Somatic cells can be reprogrammed using 

specific transcription factors to develop iPSC lines with the same genotype, and specific 

differentiations of these cells can yield models in multiple cell types that carry the mutated 

gene. These can then be used to investigate the effects of mHTT in these specific cell types 

(Akimov et al., 2021). For example, a recent study showed that dysfunction in a HD-iPSC line 

of microglia (with 109 CAG repeats) led to increased pro-inflammatory cytokine production in 

the absence of immune stimulation, and showed that mHTT expression in microglia function 

is cell-autonomous (Stöberl et al., 2023).  

 

With major advances in technology, such as CRISPR gene editing and 3D bioprinting, the use 

of in vitro cell cultures provide promising tools for understanding gene function on a cell-by-

cell basis (Zhao, 2023). However, these protocols are often complicated, and lead to variable 

cell phenotypes. Additionally, these cell cultures cannot recapitulate the authentic 

interactions between cells that would occur in a 3D biological system (Slanzi et al., 2020).  

 

1.3.2 In vivo models of HD 
 

1.3.2.1 Summary of in vivo models of HD 
 
In vivo models overcome the limitations of cell cultures, providing a 3D system for exploring 

the underpinnings of human disease processes. These models also play a crucial role in 

understanding interactions of genes and associated proteins that may lead to the 

development of therapeutics (Dhapola et al., 2023). In vivo models of HD include simple whole 

systems such as Caenorhabditis elegans (C. elegans) and Drosophila melanogaster, as well as 

more complex mammalian models such as mice, rats, pigs, sheep, and the rhesus macaque 

(Ardan et al., 2019; Morton, 2018; Ramaswamy et al., 2007; Slanzi et al., 2020; Weiss et al., 

2022). Simple models such as C. elegans provide a transparent, free-living, self-fertile whole 

system and are an attractive model for early identification of disease modifiers due to the ease 

of genetic manipulation (Chauhan et al., 2022; Van Pelt & Truttmann, 2020). Since the N-
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terminal HTT protein (150 CAG repeats) was first expressed in the C. elegans in 1999, studies 

have shown that mHTT in C. elegans neurons and muscle cells leads to aggregation and cellular 

toxicity in a CAG repeat length-dependent manner and can be used to investigate disease 

pathogenesis (Faber et al., 1999; Lee et al., 2017; Wang et al., 2006). Furthermore, C. elegans 

have been used to identify potential neuroprotective effects that can be followed up with 

mammalian studies for therapeutic avenues. For example, in 2021, it was demonstrated that 

the up-regulation of the stress resistance modulator, DAF-16, is able to reduce polyQ-induced 

death of neurons (Cordeiro et al., 2022). However, C. elegans have a very simple anatomy and 

do not possess many vital mammalian organs and tissues, such as lungs, liver, and blood 

transport systems (Ha et al., 2022), so other complex animals should be considered alongside 

these to fully understand the complex nature of disease progression and the effect of disease 

modifiers in a biological system.  

 

More complex mammalian models such as rodents and the rhesus macaque have been vital 

for enhancing our understanding of HTT-mediated disease pathology and the development of 

disease-modifying treatment (Weiss et al., 2022). Second to the mouse (which will be 

commented on in detail below), rat models are the most used species for laboratory studies 

(Hickman et al., 2016). Due to their larger brain size and reduced tissue damage upon surgical 

intervention, rats are often used in lesion and transplantation studies (Aggleton et al., 2010; 

Lelos et al., 2016; Torres & Dunnett, 2012). However, continued development of molecular 

technology has enabled the development of genetic rat models in an attempt to capture the 

heritable nature of HD (Ramaswamy et al., 2007). The first transgenic rat model of HD (TgHD) 

was generated in 2003, carrying the N-terminal HTT cDNA with 51 CAG repeats (von Hörsten 

et al., 2003). These rats developed adult-onset symptoms such as cognitive impairment and 

motor dysfunction from 10-months of age with the accumulation of mHTT inclusions and 

striatal shrinkage from 12-months of age (von Hörsten et al., 2003). Since then, optimisation 

of this line has included the generation of a congenic F344tgHD rat model that has been 

derived by crossing rats from the TgHD colony to rats of an F344 genetic background (Plank et 

al., 2018). A rat model expressing a bacterial artificial chromosome (BAC) containing the full-

length HTT sequence with 97 CAG repeats has also been established (Nittari et al., 2023; Yu-

Taeger et al., 2012).  

 



 12 

Other animal models such as the pig and sheep, have larger brains and are longer-lived, 

making them a potentially desirable model for pre-clinical testing (Morton, 2018). The 

developmental pattern of the basal ganglia and cortex in sheep is similar to the pattern seen 

in the human brain (Jacobsen et al., 2010). As a result, the OVT73 transgenic sheep expressing 

the full-length human HTT cDNA with 73 CAG repeats, was generated (Jacobsen et al., 2010). 

This model has been used to investigate the most effective AAV serotypes for neuronal uptake 

and distribution of miRNAs, as well as the safe AAV-mediated administration of human HTT 

miRNA in large brain models (Mondo et al., 2018; Pfister et al., 2018). Other large animals 

such as the Libechov transgenic minipig model of HD which contains the N-terminal human 

HTT fragment and 124 CAG/CAA repeats, have proven useful models for pre-clinical testing of 

human HTT-lowering therapies (Ardan et al., 2019). For example, following initial studies in 

mice, an AAV5-miHTT ASO was tested in the minipig model, and showed widespread 

distribution as well as mHTT lowering, supporting the translation of this therapy to the clinic 

(Evers et al., 2018; Southwell et al., 2017). These studies are also extended into rhesus 

macaques and may be used for developing disease biomarkers and the screening of future 

therapeutics (Weiss et al., 2022). 

 

 

1.3.2.2 Drosophila models of HD 
 
For over a century, Drosophila melanogaster have been used to define gene roles in biological 

processes and disease progression (Jennings, 2011). Their low cost and ability to be 

manipulated via many genetic tools, has made the Drosophila a prime model system for basic 

research (Tolwinski, 2017). Additionally, with a life cycle from embryo to adult of as little as 10 

days, which can be influenced slightly by temperature changes, and a lifespan of 60-80 days, 

Drosophila are an effective model for obtaining quick and accurate results (Fernández-Moreno 

et al., 2007) (Figure 1.2).  In 1995, Christiane Nusslein-Volhard, Ed Lewis and Eric Wieschaus 

won the Nobel Prize for their research in understanding genetic control of embryonic 

development using the Drosophila, and since then, many of these genes have been identified 

to play pivotal roles in mammalian development (Jennings, 2011). Furthermore, 75% of genes 

implicated in human disease have been identified to have functional homologs in the 

Drosophila genome (Rubin et al., 2000; Verheyen, 2022). One of the advantages of using 
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simpler in vivo models such as Drosophila is the ability to focus on identifying new gene and 

protein interactions and/or functions, that may provide insight into underlying molecular 

mechanisms in disease processes. For example, research using Drosophila models of 

Parkinson’s’ Disease (PD) uncovered p21-activated kinase 4 as a novel gene implicated in the 

progression of PD. Further research using Drosophila found that the Drosophila homolog, 

Mushroom bodies tiny was required to prevent age-dependent loss of locomotor activity via 

its presence in dopamine neurons (Pütz et al., 2021; Verheyen, 2022).  

 

 
Figure 1.2 Diagram to show the life cycle of a Drosophila. 
Schematic diagram to show the lifecycle of Drosophila melanogaster from embryo to adult. Adapted 

from (Fernández-Moreno et al., 2007). 

 

 
Since the Drosophila HTT protein does not have an expanded CAG repeat region like that 

which is responsible for HD, many Drosophila models of HD transgenically introduce a mutant 

human gene (Bolus et al., 2020). For the majority of research conducted using Drosophila, 

studies either express fragments of the gene such as exon 1 only, or encode the entire protein, 

with various CAG repeat lengths (Babcock & Ganetzky, 2015; Kaltenbach et al., 2007; 

Kazantsev et al., 2002; O'Rourke et al., 2013; Steffan et al., 2001; Zhang et al., 2010). Table 1.1 

outlines different constructs for expressing mHTT in Drosophila. These mHTT fragments are 
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expressed in a tissue-specific pattern using the Gal4-UAS system and display motor deficits, 

reduced fly survival, and neurodegeneration as measured by loss of compound eye structure 

and loss of rhabdomeres of the eye (Marsh et al., 2003; Raamsdonk et al., 2005). In the 

Gal4/UAS system, genes are fused to an upstream activator sequence (UAS) and integrated 

into the Drosophila genome via injection into embryos. This produces a transgenic line 

carrying a UAS>transgene (Marsh et al., 2003). ‘Driver lines’ contain the GAL4 protein that can 

be placed under the control of a specific promoter to drive tissue-specific expression 

(Sonnenfeld, 2009). By crossing ‘driver lines’ to transgenic lines, the GAL4 protein binds to the 

17 base-pair UAS, driving tissue-specific expression of the transgene. This thesis uses mHTT 

models containing the N-terminal exon 1 fragment with 93 and 120 CAG repeats. 

 

In the context of HD, Drosophila research tends to use the whole-eye driver, GMR-Gal4 to 

investigate mHTT-induced whole eye degeneration, or the pan-neuronal driver Elavc155Gal4, 

to quantify loss of rhabdomeres of the eye (Lobato et al., 2024; O'Rourke et al., 2013; Steffan 

et al., 2001; Zhang et al., 2010). Using GMR-Gal4, research has shown that whole-eye 

induction of mHTT leads to retinal shortening and detachment, the presence of large vacuoles 

in the retina, cell loss and reduced pigmentation (Kaltenbach et al., 2007; Rai & Tapadia, 2022; 

Vernizzi et al., 2020). Since the GMR-Gal4 driver induces expression of mHTT in all cells of the 

eye, a pan-neuronal driver can be used to exclusively express mHTT in the neurons. Pan-

neuronal expression of mHTT using Elavc155Gal4 leads to progressive neuronal degeneration, 

decline in motor performance and premature death (Marsh & Thompson, 2004; Song et al., 

2013). Additionally, neurotoxicity of mHTT leads to loss of PR  neurons which can be quantified 

by counting the number of ‘intact’ rhabdomeres that autofluoresce when eyes are visualised 

under a light microscope (Song et al., 2013) (Figure 1.3).  
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Table 1.1 Table outlining mHTT constructs used to study HD in Drosophila 

Fly Model CAG repeat 

length  

Huntingtin fragment Observations (Gal4 driver) References 

HttQ128 128 First 12 exons of the 

human HTT gene. 

Presence of HTT aggregates in CNS axons and 

photoreceptor growth cones (GMR-Gal4).  

 

(Krench & Littleton, 2013) 

128QhttFL 128 Full length human HTT Cytoplasmic aggregate accumulation (GMR-Gal4). No 

diffuse axonal aggregates, loss of rhabdomeres at 20 days, 

severe flight impairment at 25 days, abnormal motor 

behaviour, premature death (Elav-Gal4). Reduced lifespan 

and locomotor deficits (C164-Gal4).  

 

(Lewis & Smith, 2016; Romero 

et al., 2008) 

128Qhtt1-548 128 N-terminal human HTT 

(1-548 amino acids) 

Large huntingtin and synaptotagmin I axonal aggregates 

(Elav-Gal4).  

 

(Romero et al., 2008) 

HttQ93ex1 93 N-terminal exon 1 

human HTT 

Accumulation of organelles and proteins across the axon, 

neuronal apoptosis (d42-Gal4). locomotion deficits in 

larvae, loss of rhabdomeres, loss of ability in the climbing 

assay, 70% lethality, premature death (Elav-Gal4). Loss of 

’ and ’ lobes of the mushroom body, reduced Kenyon 

cell number (OK107-Gal4).  

 

(Agrawal et al., 2005; Krench & 

Littleton, 2013; Marsh et al., 

2003; Sinadinos et al., 2009) 

HttQ200 200 Full-length human HTT Progressive locomotor decline in adult flies (Elav-Gal4). (Rosas-Arellano et al., 2018) 

HttQ120ex1 120 N-terminal exon 1 

human HTT  

Progressive degeneration of rhabdomeres (Elav-Gal4). 

Progressive degeneration of the eye (GMR-Gal4 

(Jackson et al., 1998; Lewis & 

Smith, 2016; Shiraishi et al., 

2014) 

Htt 103Q 103 Full-length human HTT Normal glial morphology, reduced lifespan, abnormal 

motor activities (Repo-Gal4). Reduced eclosion rate, 

reduced lifespan (gcm-Gal4). Reduced climbing ability 

(Cha-Gal4).  

(Shiraishi et al., 2014; Tamura et 

al., 2009) 
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GMR-

hHTTex1.Q120 

120 N-terminal exon 1 

human HTT under the 

GMR eye promoter 

 

Retinal degeneration, reduced phototaxis performance, 

severe photoreceptor degeneration. 

(Jackson et al., 1998; Louis Sam 

Titus et al., 2017) 
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Figure 1.3 Image to show method for rhabdomere quantification. 
Fly heads were mounted in parallel with a microscope slide, using clear nail varnish (red arrow). Oil 

was added to the fly eye and stage moved towards a 40X magnification objective. Concentrated light 

through a condenser allowed rhabdomeres to be visualised and quantified in real time. Each cluster of 

rhabdomeres (yellow arrow) made up one ommatidium (yellow dashed box). 

 

Drosophila models of HD have also been used to investigate genes associated with disease 

progression and potential therapeutics. For example, Glutamine Synthetase-1 (GS1) has been 

shown to be reduced in the post-mortem brain of HD patients (Behrens et al., 2002). A 

Drosophila model of HD expressing the human HTT gene with 93 CAG repeats (Htt-Q93), was 

used to investigate the contribution of GS1 in HD. Research showed that co-expression of GS1 

with human HTT with 93 CAG repeats in the neurons could significantly rescue neuronal loss 

and improve animal motility (Vernizzi et al., 2020). Another study used human HTT exon 1 

with 72 CAG repeats (Htt-Q72) to investigate its effects on peripheral function (Roth et al., 

2023). Pan-neuronal expression of Htt-Q72 led to age-dependent aggregation of mHTT in the 

brain, and loss of synapsin, which was reduced using the Target of Rapamycin signalling 

pathway inhibitor, Rapamycin (Roth et al., 2023). Drosophila models of HD are an effective 

system for identifying genetic interactions that may modulate disease progression and identify 

possible treatment pathways. However, the major limitation of these models are the large 

physiological and biological differences compared with humans.  

 



 18 

1.3.2.3 Mouse models of HD 
 
Over recent years, rodents have been the most commonly used models for answering 

biological questions associated with disease progression (Ramaswamy et al., 2007). 

Logistically, rodents can be used in research due to their short gestation and relatively large 

litters, and the relatively small space required for their maintenance (Bryda, 2013). Genetic 

studies have shown that rats, mice and humans share approximately 95% of the 30,000 genes 

throughout the genome (Bryda, 2013), and as a result, provide an opportunity to use these 

models for research. Additionally, genetic tools have been used to create transgenic, knock-in 

and knock-out models that can contribute to the understanding of human biology and disease 

(Perlman, 2016).  

 

The R6 transgenic mouse models were the first mutant lines to model HD (Brooks, Jones, et 

al., 2012; Mangiarini et al., 1996). These models were generated to address the large 

differences in cell death that were found to occur in diseases that all have CAG mutations, 

including HD, SCA1, and Spinal and bulbar atrophy (SBMA). The R6/1 and R6/2 transgenic 

mouse lines express the 1.9kb human N-terminal HTT exon 1 fragment with a CAG repeat 

length of roughly 115 and 150, respectively (Mangiarini et al., 1996; Naver, Stub, Moller, et al., 

2003; Zhiqiang Zheng & Marc I. Diamond, 2012). Unexpectedly, it was found that the N-

terminal fragment of HTT was sufficient to generate the progressive phenotype, observed in 

the human HD disorder, including molecular, motor and behavioural disturbances (Mangiarini 

et al., 1996; Naver, Stub, Møller, et al., 2003).  

 

The knock-in HD mouse lines are considered more genetically accurate in that these mice 

exhibit copies of the HTT gene that are under the control of the mouse HTT promoter 

(Ramaswamy et al., 2007). The mutation is inserted directly into the mouse genome, and can 

be homozygous or heterozygous (Menalled, 2005). These knock-in lines have anything 

between 40 and 200 CAG repeats and show an inverse correlation between repeat length and 

symptom onset, as is seen in the human condition. This makes them a useful tool for 

evaluating how potential treatments can delay the onset of early abnormalities (Menalled, 

2005). Table 1.2 outlines knock-in and transgenic models of HD that are used in research, 
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including their CAG repeat length, age of behavioural phenotype as well as cellular and 

molecular manifestations (Table 1.2). 
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Table 1.2. Table outlining different transgenic and knock-in models used to study HD. 

 

Mouse 

model 

Knock-in or 

Transgenic  

CAG 

repeat 

length 

Construct Behavioural Phenotype (earliest 

reported age of onset) 

Pathology (earliest reported age of 

onset) 

References.  

R6/1 Transgenic 115 Exon 1 HTT 

containing 

genomic 

fragment 

Impulsive-behaviour (4-weeks), 

deficits in balance beam and rotarod 

(8-weeks), sniffling and rearing (26-

weeks), anxiety-like phenotype (26-

weeks).  

 

Presence of mHTT inclusions (8-weeks), 

abnormal axonal connectivity (11-weeks), 

increased presence of astrocytes and glia 

(11-weeks), reduced MSN number (16-

weeks), reduced BDNF expression (20-

weeks), reduced whole-brain volume (30-

weeks).  

 

(Angeles-López et al., 2021; 

Bolivar et al., 2004; Brooks, 

Janghra, et al., 2012; Clifford et 

al., 2002; Desplats et al., 2006; 

Gatto et al., 2021; Hodges et al., 

2008; Naver, Stub, Moller, et al., 

2003) 

R6/2 Transgenic 150 Exon 1 HTT 

containing 

genomic 

fragment 

Dyskinesia in the limbs (4-weeks), 

deficits in balance beam (5-weeks), 

deficits in swimming (5-weeks), 

deficits in rotarod (6-weeks), altered 

walking pattern (9-weeks), reduced 

whisker movements (18-weeks). Early 

death (10-15 weeks).  

 

Decreased soluble HTT protein (4-weeks), 

presence of mHTT aggregates (4-weeks), 

abnormal neuronal morphology (6-weeks), 

decreased brain volume (10-weeks), 

significant loss and shrinkage of striatal 

neurons (12-weels).  

(Cowin et al., 2011; Gourfinkel-

An et al., 2003; Klapstein et al., 

2001; Mangiarini et al., 1996; 

Nittari et al., 2023; Rossignol et 

al., 2015) 

N171-

82Q 

Transgenic 82 The first 

181 amino 

acids of 

human 

HTT 

Hypokinesia and coordination deficits 

(10-weeks), gait deficits (10-weeks), 

resting tremor, and abnormal hind-

limb clasping (11-weeks), early death 

(6-months). 

Wide-spread mHTT inclusions (3-months), 

increased striatal cell volume (4-months), 

gliosis (4-months), apoptotic neuronal 

degeneration in the cortex and striatum 

(4.5-months).  

 

(Farshim & Bates, 2018; Harper 

et al., 2005; William Yang & Gray, 

2011) 

 

N586-

82Q 

Transgenic 82 N-terminal 

mHTT 

fragment 

Moderate rotarod deficits (3-

months), abnormal gait (4-months), 

dyskinesia (8-months) 

Cytoplasmic inclusions and cerebellar 

degeneration (8-months). 

(Nittari et al., 2023; Tebbenkamp 

et al., 2011) 
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YAC 128 Transgenic 125 Full length 

human 

HTT, 

duplicated 

4 times. 

Hyperactivity (3-months), motor 

deficits (3-months), deficits on 

rotarod (6-months), deficits on 

rotarod (6-months), hypoactivity (12-

months).  

Decreased striatal volume (9-months), 

reduced MSN cell number (9-months), 

decreased cortical volume (12-months), 

nuclear aggregates (12-months), presence 

of inclusions (18-months) 

 

(Nittari et al., 2023; Slow et al., 

2003) 

BACHD Transgenic 97 Human 

HTT exon 1 

Decreased rotarod performance (2-

months), weight gain (2-6 months), 

deficits in forced swim test (4-

months), open field deficits (6-

months), anxiety-like phenotypes (6-

months). 

 

Presence of mHTT aggregates (6-months), 

educed cortical and striatal volume (12-

months), presence of nuclear inclusions 

(12-months),  

(Gray et al., 2008; Nittari et al., 

2023; William Yang & Gray, 

2011) 

BAC225Q Transgenic 225 Full length 

human 

HTT 

Reduced body weight (1-months), 

chorea-like movements (12-weeks), 

circling behaviour (14-weeks), deficits 

in balance and coordination (4-

months). 

Presence of mHTT inclusions (4-months), 

31% reduction in striatal volume (11-

months). Reduced MSN count (11-

months), 80% increase in reactive gliosis 

(11-months)  

 

(Nittari et al., 2023; Shenoy et 

al., 2022) 

HdhQ11

1/+ 

Knock-in 111 Chimeric 

human 

exon 

1/mouse 

exon 1 

Deficits on rotarod (6-months), 

deficits on balance beam (9-months), 

decreased locomotion (40-weeks), 

abnormal gait (46-weeks), reduced 

body weight (11-months),  

Reduced striatal volume (10-months), 

reduced cortical thickness (10-months), 

decreased intensity of DARPP-32 

immunostaining (18-months), reduced 

synapse density (18-months).  

 

(Hölter et al., 2013; Kovalenko et 

al., 2018; Yhnell et al., 2016) 

CAGQ14

0 

Knock-in  146 Chimeric 

human 

exon 

1/mouse 

exon 1 

Decreased rearing (1-month), 

increased locomotor activity (1-

month), decreased locomotor activity 

(4-months), abnormal gait (12-

months).  

Presence of mHTT aggregates in the 

striatum and cortex (4-months), 

Widespread neuropil aggregates (4-

months).  

(Menalled et al., 2003) 
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HdhQ15

0 (CHL2) 

Knock-in  150 Expanded 

CAG in 

exon 1 of 

mouse HTT 

Abnormal gait (40-weeks), rotarod 

deficits (40-weeks), reduced hind-

limb drag (50-weeks), exploratory 

behaviour (70-weeks), deficits on 

balance beam (70-weeks), clasping 

behaviour (70-weeks). 

Presence of mHTT aggregates in the 

striatum (5-months), increased GFAP 

staining (21-months), reduced dopamine 

transported binding (100-weeks), reduced 

neuronal count (100-weeks), reduced 

striatal volume (100-weeks),  

 

(Bayram-Weston et al., 2012; 

Farshim & Bates, 2018; Heng et 

al., 2007; William Yang & Gray, 

2011) 

zQ175 Knock-in  198 Chimeric 

human 

exon 

1/mouse 

exon 1 

Reduced muscle strength (4-weeks), 

decreased movement and rearing (8-

weeks), rotarod deficits (30-weeks), 

body tremor and lower body 

temperature (33-weeks), decreased 

climbing activity (33-weeks), deficits 

on swim tasks (58-weeks), abnormal 

gait and hunching (93-weeks), early 

death (104-weeks).  

 

Reduced mRNA expression of DARPP32, 

Drd2, Cnr1, and PDE10a (41 weeks).  

(Farshim & Bates, 2018; Koch et 

al., 2024; Menalled et al., 2012; 

Nittari et al., 2023) 
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The mouse experiments conducted in this thesis use the R6/1 transgenic mouse line. R6/1 

mice exhibit a rapidly progressive neurological phenotype with symptoms appearing from ~5 

weeks of age (Zhiqiang Zheng & Marc I. Diamond, 2012). Due to the slower progression of the 

R6/1 compared with the R6/2 mouse, and the longer lifespan, it is considered a more suitable 

model for investigating the potential long-term effects of new treatments. Behaviourally, R6/1 

mice exhibit significant increases in impulsive-like behaviour from 4 weeks-of-age and changes 

in exploratory behaviour from 7 weeks-of-age (Bolivar et al., 2004; Rodríguez-Urgellés et al., 

2022). Some studies have reported motor deficits on the balance beam and rotarod from 8 

weeks-of-age, however others have not reported these findings until 5 months (Brooks, Jones, 

et al., 2012; Spires et al., 2004). More subtle behavioural traits such as sniffing and rearing, 

and anxiety-like phenotypes have not been observed until 26-30 weeks of age (Angeles-López 

et al., 2021; Clifford et al., 2002; Naver, Stub, Moller, et al., 2003).  

 

Morphological changes of brain structure and volume have been investigated using multiple 

imaging approaches, including diffusion tensor imaging (DTI) and magnetic resonance imaging 

(MRI). MRI has been used to detect structural brain changes, and  significantly reduced whole-

brain volume has been reported in 30-week manifest R6/1 mouse brain compared with wild-

type mouse brains, which was not seen in  11-week pre-manifest R6/1 mouse brain (Gatto et 

al., 2021). Further analysis revealed significant reduction in white-matter and grey-matter 

regions, including the corpus collosum and striatum, respectively (Gatto et al., 2021). DTI can 

capture microstructural changes in the R6/1 mouse brain and showed significant changes to 

the fractional anisotropy measure in the 11-week pre-manifest brain, indicating abnormalities 

in axonal connectivity (Gatto et al., 2021; Johnson & Gregory, 2019; Z. Zheng & M. I. Diamond, 

2012). Additional pathology and longitudinal MRI studies have reported widespread increases 

in axon density at 16-weeks of age, significant atrophy of grey matter regions by 17-weeks of 

age, and 17% reduction in striatal volume by 18-weeks of age (Casella et al., 2023; Hansson et 

al., 1999; Rattray et al., 2013).  

 

The presence of neuronal inclusions and loss of MSNs are pathological hallmarks of the human 

condition. Neuronal inclusions and aggregates of mHTT are present in the R6/1 mouse 

striatum from 8 weeks-of-age (Gatto et al., 2021; Li et al., 2005; Naver, Stub, Møller, et al., 

2003). With respect to MSN cell loss, PCR amplification indicated a loss in FoxP1 gene 
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expression in the 24-week R6/1 striatum compared with the wild-type striatum, and reduced 

DARPP-32 positive nuclei in the 16-week-old R6/1 striatum as seen by immunohistochemistry 

(Desplats et al., 2006; Naver, Stub, Møller, et al., 2003). Additionally, BDNF is significantly 

reduced in the 20-week-old R6/1 striatum (Hodges et al., 2008). Analysis of other markers 

such as those for glial cells, have shown an increase in GFAP-immunopositive astrocytes and 

Iba1-positive microglia in the cortex, striatum, hippocampus, and corpus collosum of R6/1 

mice from 11-weeks of age (Angeles-López et al., 2021; Gatto et al., 2021). 

 

The need for accurate models of human disease is imperative for a fuller understanding of 

mechanisms associated with disease progression, and the subsequent development of 

therapeutics. Whilst many in vivo models recapitulate the hallmarks of HD with regard to 

motor and cognitive deficits and the presence of mHTT inclusions, each model may only mimic 

parts of the HD phenotype seen in the human condition. (Li et al., 2005). It is important to 

evaluate each model in detail and if necessary, use more than one model to address research 

questions.  

 

In this thesis, mouse models of HD were used to assess some of the findings obtained using 

Drosophila models, the latter being more powerful for conducting precise and rapid molecular 

genetic interaction studies  (Tolwinski, 2017). Previously, a microarray analysis was performed 

in the lab to identify genes important for striatal development (Jeyasingham, PhD Thesis; 

Precious et al., 2016), and subsequently, genes that might be implicated in HD. In this analysis, 

Mef2C and FoxP1 were identified to be highly upregulated during this process.   

 

1.4 Mef2    
 

1.4.1 Mef2 overview  
 
In 1989, a myocyte-specific enhancer-binding factor, Mef2, was first identified in mammalian 

cell culture as a protein activator that bound to a DNA sequence, leading to the expression of 

the muscle creatine kinase (McK) gene in muscle differentiation (Gossett et al., 1989; Taylor & 

Hughes, 2017). Subsequent cloning of Mef2 revealed that the gene was part of the MADS-box 

family of transcription factors, which share the highly conserved MADS-box domain 
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(minichromosome maintenance genes (MCM1), agamous (AG), deficiens (DEFA), and serum 

response factor (SRF)) (X. Chen et al., 2017; M. Lisek et al., 2023; Taylor & Hughes, 2017). In 

the early 1990s, significant progress was made regarding the role of Mef2 in skeletal muscle 

differentiation (Yu et al., 1992), followed by evidence of critical roles in the development and 

function of the heart with loss of specific Mef2 isoforms leading to embryonic lethality due to 

cardiac defects (Black & Cripps, 2010; Filomena & Bang, 2018). Mef2 has since been implicated 

in several neuronal processes, including neurotransmitter release, synaptic transmission, and 

neuronal maturation (Adachi et al., 2016; M. Lisek et al., 2023; Lyons et al., 1995). In particular, 

the Mef2C gene has been implicated in the differentiation of postmitotic neurons, growth and 

pruning of axons, maintenance of neuronal and synaptic function, as well as microglial 

function and mediation of the immune response (Assali et al., 2019; Neely et al., 2009; Zhang 

& Zhao, 2022).  

 

1.4.2 The Mef2 gene  
 
The Mef2 proteins are a highly conserved family of transcription factors. Drosophilae possess 

a single Mef2 gene, whereas vertebrates have four highly conserved genes, Mef2A-D (M. Lisek 

et al., 2023; Matthew J. Potthoff & Eric N. Olson, 2007; Yu et al., 1992). The N-terminal region 

is highly conserved across species with a 57-amino acid MADS-box domain, and an 

immediately adjacent 29 amino-acid MEF2 motif (Black & Olson, 1998; Matthew J. Potthoff & 

Eric N. Olson, 2007). Together, they enable homo- and heterodimersation via recognition and 

binding to the consensus DNA sequence CTA(A/T)4TAG/A, and mediate DNA binding and co-

factor interactions (W. Wu et al., 2011). There is 90-95% conservation across Drosophila Mef2 

and all mammalian Mef2 isoforms in this region (Matthew J. Potthoff & Eric N. Olson, 2007) 

(Figure 1.3). The C-terminus is subject to a high degree of variability due to alternative splicing 

and contains two transcriptional activation domains: TAD1 and TAD2. Along with the holliday 

junction recognition protein C-terminal (HJURP-C) domain, these regions aid in the activation 

of transcriptional processes (Chaudhary et al., 2021). The nuclear localisation site (NLS) 

regulates the translocation of proteins in the nucleus (Borghi et al., 2001) (Figure 1.4). 
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Figure 1.4. Schematic drawing of Mef2 isoforms and conserved domains. 
Schematic drawing to show conservation and differences between the single Drosophila Mef2 (dMef2) 

and four mammalian Mef2 genes, Mef2A-D. MADS: MADS-Box domain, Mef: Mef2 motif, HJURP-C: 

Holliday junction recognition protein C-terminal domain. TAD: Transactivation domain. NLS: Nuclear 

Localisation Signal. Red Box: Beta domain. Adapted from (Xiao Chen et al., 2017). 

 

1.4.3 The Mef2C gene  
 
Mef2C is the first of the Mef2 genes to be expressed in the mammalian central nervous system 

(CNS)  and is expressed in a tissue-specific manner with restrictions to the brain, skeletal and 

cardiac tissue (Assali et al., 2019; A. C. Barbosa et al., 2008; Infantino et al., 2013). Knockout 

studies of Mef2A and Mef2D have shown that these genes are implicated in processes related 

to hippocampal learning and memory through suppression of excitatory synapse and dendritic 

spine formation (Carmichael et al., 2018; Cole et al., 2012; Pon & Marra, 2016). Outside the 

CNS, Mef2A has been highly associated with cell proliferation and survival, and inflammation 

throughout the cardiovascular system (M. J. Potthoff & E. N. Olson, 2007; Xiong et al., 2019). 

By contrast to the other Mef2 genes, Mef2B is the least studied and has no clear role in 

neuronal development, but has been implicated in ovarian cancer signalling, hepatic cell 

activation, and de-differentiation of vascular smooth muscle cells (Assali et al., 2019; Estrella 

et al., 2015; Pon & Marra, 2016).  
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The Mef2C gene consists of 9 conventional exons and 3 sites specific for alternative splicing: 

the mutually exclusive exon 1 and 2 that lie immediately adjacent to the MEF2 domain; the 

cassette  skipping/inclusion exon  located within TADII; and the 3’ splice site  region located 

in the terminal coding exon of the Mef2C gene (Figure 1.5)(Assali et al., 2019; Infantino et al., 

2013; Zhang et al., 2015). Alternative splicing can play a role in regulation and localisation of 

proteins, and their ability to interact with ligands and other proteins. It has also emerged as a 

central element in gene regulation and the diversity of transcriptional activity (Kelemen et al., 

2013). Within the mammalian Mef2C gene, six isoforms are generated, and expressed in a 

tissue-specific manner (Sekiyama et al., 2012). Mef2C isoforms containing 1 have been found 

in cardiac muscle tissue and neurons, whilst those containing 2 have high potency for 

myogenic activity and is required for the efficient differentiation of skeletal muscle cells 

(McDermott et al., 1993; Zhang et al., 2015). Mef2C mRNA transcripts lacking the  exons 

show increased transcriptional activity compared with those that do not lack these exons 

(Infantino et al., 2013). Mef2C isoforms including exon  are expressed specifically in the brain 

of neural tissues (Hakim et al., 2010) whilst absence of exon  is expressed in non-neural tissue 

(Sekiyama et al., 2012). Mef2C isoforms containing the  region is ubiquitously expressed and 

is thought to encode a phosphoserine-dependent transrepressor domain and isoforms lacking 

the  region show enhanced interactions (Sekiyama et al., 2012; Zhu et al., 2005). 

 

 

 

Figure 1.5 Schematic of Mef2C gene. 
Schematic representation of Mef2C showing 9 conventional exons and 3 alternatively spliced exons: 

mutually exclusive exon 1 and 2 (blue), the cassette skipping/inclusion exon  (red) and the 3’ 

splice site  exon (green). Adapted from (Zhu et al., 2005). 
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1.4.5 Mef2C protein structure  
 
The human Mef2C (hMef2C) protein contains 5 core domains that are consistent across the 

four isoforms: MADS domain, MEF2 domain, TAD1, TAD2, and the NLS (Figure 1.3). The N-

terminal region including the MADS and MEF2 domains are highly conserved across 

invertebrates and mammalian orthologs and together, are known for mediating DNA binding 

and dimerisation amongst Mef2 isoforms (Molkentin et al., 1996). Together, these regions 

interact with co-factors and function in complexes with various other proteins, regulating gene 

expression and modulating transcriptional function within cells (Wu et al., 2010). The C-

terminal region of Mef2 isoforms is considerably divergent, but shares commonality, in that 

they all function as transcriptional activation regions (Wu et al., 2010). TAD1 and TAD2 are 

transcriptional activation domains that have been reported to promote signal transduction 

and regulation of gene transcription (Chaudhary et al., 2021; Wenwu Wu et al., 2011). The 

NLS is required for efficient localisation of proteins to the nucleus and subsequent nuclear 

retention and has been shown to interact with HDAC4, a mainly cytoplasmic-located protein, 

to provide translocation to the nucleus (Borghi et al., 2001) (Figure 1.3).  

 

1.4.6 Expression and role of Mef2C in the brain 
 
In the early 1990s, Mef2C was highlighted as a potentially important gene associated with the 

developing CNS due to the presence of specific isoforms found exclusively within the brain 

(Leifer et al., 1993). In situ hybridisation studies of the developing human brain indicated that 

Mef2C is expressed from as early as 14 weeks in the developing foetal cerebral cortical plate, 

with minimal expression in the subventricular and ventricular zones. Interestingly, expression 

was limited to the cell nuclei of neurons within the outer layers of the neocortex with a more 

apparent bilaminate pattern later in gestation (16-27 weeks) (Leifer et al., 1994a; Leifer et al., 

1993). These findings have implicated Mef2C in orchestration of neuronal differentiation and 

survival, as well as synapse formation in the cerebral cortex, and to an extent, the 

hippocampus (Kamath & Chen, 2019; Hao Li et al., 2008). More recent studies have 

investigated the spatio-temporal expression profile of Mef2C RNA and protein in the 

developing mouse cerebellum and have found it to be restricted to the Purkinje cell layer, 

unlike Mef2A and Mef2D where expression is also detected in the molecular cell layer (Kamath 

& Chen, 2019). Limited expression has also been observed in the thalamus, basal forebrain, 
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globus pallidus, brainstem and spinal cord (Leifer et al., 1994a). With respect to studying how 

Mef2C might be implicated in HD, it is important to be aware of the normal expression pattern 

of Mef2C in the striatum. Previous work in the host lab investigated the expression profile of 

Mef2C throughout mouse brain development, into adulthood (Ali, 2022). Highest expression 

of the Mef2C gene was reported between embryonic day 14 (E14) and postnatal day 14 (P14), 

with peak expression at P0 (Ali, 2022). The initial observation of Mef2C expression at E14 was 

consistent with peak neurogenesis of matrix MSNs and expression was restricted to the lateral 

aspects of the mantle zone, indicating that Mef2C might be specific to postmitotic cells (Ali, 

2022). Studies of the neocortex have also shown that deletion of Mef2C in neural progenitor 

cells leads to reduced numbers of mature neurons, and reduced brain mass which may 

indicate an additional role in neuronal maturation (H. Li et al., 2008). In the E16 mouse 

striatum, Mef2C mRNA expression was tripled compared with the E14 brain, and Mef2C-

expressing cells became more distributed throughout the ventral and medial mantle zone (Ali, 

2022). Further investigations of Mef2C striatal knockout throughout development led to a 15-

20% reduction in neuronal cell count in the P14, 3- and 12-month striatum, compared with 

the wild-type brain, and fewer FoxP1-positive and Ctip2 (COUP-TF1 interacting protein 2)-

positive cells (Ali, 2022). Mef2C co-localisation with Ctip2, a regulator of MSN differentiation, 

provided more evidence that Mef2C might play a role in MSN development (Ali, 2022; Arlotta 

et al., 2008).  

 

Complete knockout of Mef2C was embryonic lethal by E10.5 due to severe cardiac defects 

(Hao Li et al., 2008; Lin et al., 1997). Therefore, studies investigating the role of Mef2C in the 

brain require conditional knockdown. Brain-wide deletion of Mef2C during the course of 

development was reported to increase dendritic spine density, whilst deletion of Mef2C in the 

embryonic neural stem cells of mice, using nestin-cre, caused deficits in cortical neuron 

migration and transcription of excitatory synapses (Harrington et al., 2016; H. Li et al., 2008). 

Other studies have shown that mice lacking Mef2C in the neural crest can survive to birth, 

however 100% die within an hour due to upper airway obstruction (Verzi et al., 2007). In the 

hippocampus, heterozygous knockdown of Mef2C has resulted in increased hippocampal 

network activity and reduced neurogenesis (Tu et al., 2017). Additionally, the presence of 

Mef2C in hippocampal neurons can provide a level of resistance to ischemia, suggesting a role 

for Mef2C in protection from ischemic events (Janson et al., 2001). Conversely, over-
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expression of Mef2C in an embryonic stem cell line led to significant upregulation of mature 

and immature neuronal markers, implicating Mef2C in neuronal lineage specification (Z. Li et 

al., 2008). Phenotypically, mice with conditional Mef2C knockout appear to exhibit 

behavioural deficits similar to those reported in patients with Rett Syndrome and Autism 

Spectrum Disorder (ASD) (Bai et al., 2020). Combined, the literature makes a compelling case 

that Mef2C is particularly important for the development and maintenance of neurons, and 

the relationship and function of Mef2C in neurons may be an important consideration when 

studying neurodegenerative disorders.  

 

1.4.7 Mef2C in neurological disease  
 
Mutations within the Mef2C gene have been shown to be involved in multiple 

neurodevelopmental and neuropsychiatric disorders such as ASD, bipolar, depression, and 

attention deficit hyperactivity disorder (Zhou et al., 2019). Patients with microdeletions in the 

Mef2C gene are diagnosed with Mef2C haploinsufficiency syndrome, and present with autism-

like symptoms in addition to presenting with mental retardation, epileptic seizures and 

cerebral malformations (Le Meur et al., 2010; Vrečar et al., 2017). High expression of Mef2C 

in brain regions associated with learning and memory, such as the frontal and entorhinal 

cortex, hippocampus and amygdala, has also suggested a role for Mef2C in Alzheimer’s 

Disease (AD)(Hassan et al., 2021; Ren et al., 2022). Moreover, more study identified that the 

presence of a single-nucleotide polymorphism, rs190982, near the Mef2C region increased 

the risk of late-onset AD disease (Chaudhary et al., 2021; Lambert et al., 2013; Zhang & Zhao, 

2022). In 2022, Ren and colleagues (2022) reported reduced Mef2C mRNA in the blood of AD 

patients, and Mef2C protein was reduced in the temporal and frontal lobes of AD patients 

compared with normal controls (Ren et al., 2022). Further research showed that knocking 

down Mef2C increased deposition of amyloid- (A) in the cortex of the APP/PS1_DT 

(APPswe/PSEN1dE9 double transgenic) mouse model of AD as well as their learning and 

memory ability (Ren et al., 2022). With respect to HD, Mef2C was reported to be reduced in 

the hippocampus of R6/1 and HdhQ7/Q111 mice at the onset of cognitive dysfunction (Vidal-

Sancho et al., 2020). Furthermore, treatment of the R6/1 mice with BML-210, which activates 

Mef2 transcriptional activity, led to improved cognitive performance and increased activity of 

Mef2-dependent memory-related genes, including BDNF and Arc (Vidal-Sancho et al., 2020). 
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Additionally, treatment of BML-210 in R6/1 hippocampal cultures led to increased neurite 

growth (Vidal-Sancho et al., 2020). Table 1.3 outlines research that has mentioned Mef2C 

expression in HD. Interestingly, a study of skeletal atrophy in polyQ models of HD, including 

the R6/2, reported that muscle-specific deletion of Mef2C led to rapid deterioration of 

myofibers and that mHTT was able to sequester Mef2 in skeletal muscle, decreasing Mef2 

gene expression (Nath et al., 2020). Researchers also showed that restoring Mef2 activity 

could rescue muscle atrophy in the AR113Q model of SBMA (Nath et al., 2020). Mef2C may 

be interacting with multiple complex pathways in a tissue- and region-specific manner. In this 

thesis, I aim to investigate how Drosophila Mef2 and human Mef2C influence mHTT-induced 

degeneration.  
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Table 1.3 Research that has reported Mef2C expression in the context of HD models. 

 
Model Region Age Gene/Protein/ 

mRNA 
Observation Log2 Fold 

Change 
 

P value Method of study Reference 

HdhQ111/Q7 Hippocampus 3 months 
6 months  
17 months 
 
3 months 
6 months 
17 months 
 

Protein 
Protein 
Protein 
 
Gene 
Gene 
Gene 
 

No change 
Reduced 
Reduced 
 
No change 
No change 
No change 

  
<0.05  
<0.05  

Western Blot 
Western Blot 
Western Blot 
 
RT-PCR 
RT-PCR 
RT-PCR 

(Vidal-Sancho et 
al., 2020) 

HdhQ150 Striatum 6 months 
12 months 
18 months 
 

mRNA 
mRNA 
mRNA 

No change 
No change 
No change 
 

-0.155 
1.298 
-1.04 
 
 

0.62 
0.0993 
0.9096 
 
 

Microarray 
Microarray 
Microarray 

Brooks et al, 
unpublished 

HdhQ140 Striatum 6 months  
14 months 
18 months 

mRNA 
mRNA 
mRNA 

No change 
No change 
No change 
 

1.1796 
0.0046 
-1.933 

0.862 
0.998 
0.905 

Microarray 
Microarray 
Microarray 

Brooks et al, 
unpublished 

HdhQ175 Striatum 3 months 
6 months 
12 months 

mRNA 
mRNA 
mRNA 

No change 
No change 
No change 
 

1.193 
1.196 
-0.432 

0.999 
0.985 
0.471 

Microarray 
Microarray 
Microarray 

Brooks et al, 
unpublished 

R6/1 Striatum 
 
 
 
Hippocampus 

2 months 
4 months  
6 months 
 
8 weeks 
12 weeks 
20 weeks 
30 weeks 
 

mRNA 
mRNA 
mRNA 
 
protein 
protein 
protein  
protein 
 

No change 
Increased 
No change 
 
No change 
Reduced 
Reduced 
Reduced 
 

1.213 
2.049 
1.169 

0.748 
0.039  
0.622 
 
 
<0.01 
<0.05 
<0.05 

Microarray 
Microarray 
Microarray 
 
 
Western Blot 
Western Blot 
Western Blot 
 

Brooks et al, 
unpublished 
 
 
 
(Vidal-Sancho et 
al., 2020) 
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8 weeks 
12 weeks 
20 weeks 
30 weeks 

gene 
gene 
gene 
gene 
 

No change 
No change 
No change 

RT-PCR 
RT-PCR 
RT-PCR 
 

YAC 128 Striatum 6 months 
12 months 
18 months 

mRNA 
mRNA 
mRNA 

No change 
No change 
No change 
 

-1.049 
-0.104 
-0.325 

0.999 
0.999 
0.954 

Microarray 
Microarray 
Microarray 

Brooks et al, 
unpublished 
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1.5 FoxP1  
 

1.5.1 FoxP overview  
 
The Forkhead Box P (FOXP) subfamily of transcription factors is encoded by the FOX gene 

family (Feng et al., 2010). In 2001, FoxP1 was first identified and characterised in the lungs of 

mice and recognised as a tumour suppressor in breast cancer (Kim et al., 2019; W. Shu et al., 

2001). In 2004, the importance of FoxP1 in development became apparent when a 

conventional knockout of FoxP1 in mouse was found to be embryonically lethal at E14 due to 

cardiac defects (B. Wang et al., 2004). It has since been implicated in a range of non-neuronal 

processes such as in the regulation of B cell development and myocyte proliferation (Bacon et 

al., 2015; Hu et al., 2006; B. Wang et al., 2004) but,  is now widely known to be involved in 

regulating the development of spinal motor neurons and neurons of the brain (Reymundo 

Lozano et al., 2021). FoxP1 binds a 7-nucleotide consensus sequence, TATTT(G/A)T, and 

represses transcription at target locations, including SV40 (simian virus 40) and IL-2 

(Interleukin-2) promoters, and directly regulates the expression of genes important for 

neurogenesis (Johnson et al., 2018).  

 

1.5.2 The FoxP gene  
 
The forkhead domain was defined in 1990 by the homology between the Drosophila forkhead 

gene and the DNA-binding domain of hepatocyte nuclear factor-3. This first indicated 

conservation of transcription factors between Drosophila and mammals (Tamura et al., 

2004a). The FoxP gene itself, first arose in eukaryotic unicellular organisms, and following 

multiple gene duplications, led to the generation of four members of the subfamily in 

vertebrates (FoxP1-4) (Lawton et al., 2014; M. Emília Santos et al., 2011). These genes are 

characterised on the basis that they contain a C2H2-type zinc finger domain, a leucine zipper 

motif, and a forkhead domain at the C-terminus, and are important for DNA-binding and 

dimerisation (Takahashi et al., 2009). Drosophila FoxP and the human isoforms show a large 

degree of conservation in these functional domains (Lawton et al., 2014) (Figure 1.6).  
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Figure 1.6 Schematic of Drosophila FoxP1 and FoxP1 protein isoforms 
Schematic diagram of the single FoxP gene in Drosophila and the four FoxP1 alternatively spliced isoforms. 

Adapted from (B. Wang et al., 2003).  

 

The Drosophila FoxP gene is comprised of 7 exons, of which, exons 1 and 2 encode the zinc 

finger domain, and exons 6 and 7 encode the C-terminal conserved forkhead domain (M. E. 

Santos et al., 2011) (Figure 1.7). Whilst the Drosophila FoxP gene is conserved in its’ C-

terminus amongst mammalian FoxP1 genes, it does not contain the N-terminal fragment of 

the mammalian gene and associated protein which explains the low number of exons 

compared with the mammalian orthologs. The human FoxP1 gene consists of 21 exons across 

586kb within chromosome 3p14.1. The zinc finger domain is encoded by exons 12 and 13, the 

leucine zipper domain by exons 13 and 14, and the forkhead domain by exons 16 through 19 

(Gabut et al., 2011; Vernes et al., 2009) (Figure 1.7) The mouse gene consists of 19 exons 

however, sequences across these regions show >95% conservation to the human gene (Gabut 

et al., 2011; Bin Wang et al., 2003).  
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Figure 1.7 Schematic of exons of the FoxP gene 
A) Exons of the Drosophila FoxP gene, and B) Exons of the human FoxP1 gene. Grey: non-coding exons, 

black: coding exons, blue: START codon, red: STOP codon. Adapted from (Brown et al., 2008; Castells-

Nobau et al., 2019).  

 

 

1.5.3 The FoxP1 protein 
 
Through alternative splicing, FoxP1 forms four distinct protein isoforms, most distinctively, the 

truncated FoxP1-D isoform which contains a unique 5’-untranslated exon (exon 2b) in addition 

to two in-frame stop codons at the beginning of exon 3 (Bin Wang et al., 2003). FoxP1-A refers 

to the canonical full-length form of the FoxP1 protein, and FoxP1-C results from a splicing 

event that leads to a truncated N-terminal region.  FoxP1-B (also known as ES-FOXP1 for its 

precise expression in embryonic stem cells) forms via exit splicing of exons 13 and 14, which 

leads to a truncated forkhead domain (Louis Sam Titus et al., 2017; Weiguo Shu et al., 2001). 

The N-terminal region of FoxP1 is a DNA binding-dependent transcriptional repression 

domain, contributing to protein-protein interactions (PPI) via the presence of the zinc finger 

and leucine zipper domain, which together are often referred to as subdomain 1 (Johnson et 

al., 2018; Li et al., 2004). Through these domains, all FoxP proteins (and the FoxP1 protein 

variants) can homo- and heterodimerise with subfamily members. Research has shown that 

mutations in the leucine zipper and/or zinc finger domain significantly reduces the capability 

of FoxP1 to repress transcription (Li et al., 2004).  
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1.5.4 Expression and role of FoxP1 in the brain 
 
FoxP1 is expressed throughout the body and has been associated with a vast array of biological 

processes such as B cell activation and macrophage development, and is an important 

regulator of lung, heart, kidney and gut development (Bacon et al., 2015; Barrans et al., 2004; 

M. E. Santos et al., 2011; B. Wang et al., 2003). More recently, FoxP1 has become of significant 

interest regarding its’ expression profile in the brain (Louis Sam Titus et al., 2017; Precious et 

al., 2016; Tamura et al., 2004b). In the mouse brain, the FoxP1 protein is highly expressed in 

the postmitotic neurons of cervical and lumbar spinal regions from as early as E9.5, with 

mRNA expression in the marginal zone of the lateral ganglionic eminence (LGE) from as early 

as E12 (Ferland et al., 2003; Tamura et al., 2003). High mRNA expression levels are observed 

in the striatum from E13.5, with expression also being reported in the substantia nigra, 

hippocampus, thalamic nuclei, amygdala and hypothalamus (Ferland et al., 2003; Tamura et 

al., 2003). FoxP1 is also reported at high levels in cortical layers 3-5, with migration to layer 6 

in adulthood and has implicated FoxP1 in axonal growth and neuronal migration (Ferland et 

al., 2003; Li et al., 2015).  

 

FoxP1 null mice are embryonic lethal at E14.5 due to severe cardiac defects (Bin Wang et al., 

2004). Therefore, to study the importance of FoxP1 in brain function, conditional knock-out 

models have been generated to specifically delete FoxP1 in the brain. Bacon and colleagues 

(2015) generated Nestin-CreFoxP1-/- mice to knockdown FoxP1 in the embryonic neural stem 

cells, and observed reduced total striatal volume and significantly enlarged ventricles in 

postnatal day 1 (P1) mice, compared with wild-type littermates, which became more 

prominent in adulthood (Bacon et al., 2015). Surprisingly, there was no change to the total 

striatal volume at E18 which may indicate the significance of FoxP1 in processes during late 

embryonic development and adulthood (Bacon et al., 2015). Electrophysiological analysis of 

the P18 and P25 CA1 hippocampal region showed significantly reduced excitability in the 

hippocampal pyramidal neurons and increased dendritic branching in the primary striatal 

neurons. Behaviourally, adult Nestin-CreFoxP1-/- mice showed reduced anxiety and 

hyperexcitability, reduced exploratory behaviour and impaired short-term memory. (Bacon et 

al., 2015). 
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In another study, forebrain knockdown of FoxP1 using Emx1.Cre led to mice with decreased 

sociability and hyperexcitability in addition to impaired spatial learning and memory (Araujo 

et al., 2017). MRI showed a 12% decrease in the overall brain volume of mice with forebrain 

FoxP1 knockdown compared with wild-type littermates, with the most affected region being 

the hippocampus (Araujo et al., 2017).  

 

In 2003, Ferland and colleagues conducted histological staining of the wild-type mouse brain 

and In situ hybridisation to uncover the expression profile of FoxP1 mRNA and protein in the 

developing and adult brain (Ferland et al., 2003). In the adult brain, FoxP1 expression is 

abundant in cells of cortical layers 3-5 with scattered expression in cells of layers 2 and 6. As 

the brain ages, FoxP1-positive cells become more apparent in layer 6 of the cortex, and the 

increased presence of FoxP1 protein in this layer may implicate the protein in late neuronal 

migration, indicating its involvement in neuronal differentiation (Ferland et al., 2003). 

Hippocampal localisation persists throughout development and adulthood, and was the brain 

region with the greatest level of FoxP1 protein expression in the mature basal ganglia (Ferland 

et al., 2003). In the striatum, FoxP1 has been shown to co-localise with the MSN markers, 

DARPP-32 and CTIP2 (Arlotta et al., 2008; Precious et al., 2016). Interestingly, western blot 

analysis of the 4 FoxP1 isoforms revealed specific patterns of expression. FoxP1-B is not 

expressed in the adult brain, whilst FoxP1-A is ubiquitously expressed throughout, with 

highest expression in the striatum and cortex (Louis Sam Titus et al., 2017; Tang et al., 2012). 

FoxP1-C is expressed at low levels in the hippocampus and striatum, whilst FoxP1-D is specific 

to the cortex and striatum (Louis Sam Titus et al., 2017). This may also indicate that isoform-

specific FoxP1 proteins play different roles in developing and maintenance of neurons in the 

brain.   

 

1.5.5 FoxP1 in neurological disease  
Mutations and/or deletions in the FoxP1 gene have been attributed to several 

neurodevelopmental disorders, where symptoms include intellectual disability, language and 

speech impairments, and developmental delay ‘with or without autistic features’ (R. Lozano 

et al., 2021). Research has identified FoxP1 as one of the top five ASD risk genes. However, 

whilst some studies have shown that FoxP1 is significantly up-regulated in the hippocampus 

and striatum of some ASD patients, (Zhou et al., 2022) others have reported ASD patients with 
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FoxP1 loss-of-function variants (Chien et al., 2013; Zhou et al., 2022). Additionally, a de novo 

heterozygous nonsense mutation in FoxP1, R525X, that subsequently leads to a truncated 

FoxP1 protein, led to delayed migration and altered dendritic morphology in cortical neurons 

(Li et al., 2019). This indicated a potential novel mechanism for development of ASD (Li et al., 

2019). With regard to HD, Desplats and colleagues were the first to report changes in FoxP1 

mRNA levels in the 6-month-old R6/1 striatum (Desplats et al., 2006). Since then, other 

researchers have reported reduced FoxP1 mRNA and protein in the striatum and cortex of 

knock-in and transgenic models of HD, indicating the importance of FoxP1 dysregulation in HD 

pathogenesis (Table 1.4). Interestingly, reports have not mentioned that changes to FoxP1 in 

the cortex and striatum tend to appear comparable to that of wild-type tissue at earlier, pre-

manifest timepoints, which is then followed by a reduction in FoxP1 mRNA and protein at later 

timepoints. Understanding the full time-course of FoxP1 expression, and how the expression 

of FoxP1 changes throughout pre-manifest and manifest stages in mouse models, may provide 

additional input into mechanisms associated with these changes. In turn, this may influence 

how researchers develop further therapeutics. 
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Table 1.4. Research conducted that has reported FoxP1 changes in the HD models 

 
Model Region Age  Gene/ 

Protein/ 

mRNA 

Observation Log2  

Fold Change 

P Value Method of Study References 

Human Caudate 

 

 

Cingulate Cortex 

Grade 0-2 

Grade 2-4 

 

Grade 0-2 

Grade 2-4 

mRNA 

mRNA 

 

mRNA 

mRNA 

No change 

Reduced 

 

Reduced 

Reduced 

-0.578  RNA Seq (Hodges et al., 2006) 

 

 

 

R6/1 Striatum  

Striatum 

10 weeks 

6 months 

mRNA 

mRNA 

Reduced 

Reduced 

-0.345 

-1.152  

 

0.0017 

Real-time  

PCR analysis 

(Desplats et al., 2006) 

 

R6/2 Striatum 

 

Cortex 

 

Cerebellum 

2 weeks 

6 weeks 

2 weeks 

6 weeks 

12 weeks  

Protein 

Protein 

Protein 

Protein 

Protein 

No change 

Reduced 

No change 

Reduced 

No change 

  Western Blot 

 

Western Blot 

 

Western Blot 

(Louis Sam Titus et al., 

2017)  

 

R6/2-Q150 Striatum 

Striatum 

12 weeks 

12 weeks  

mRNA 

Gene 

Reduced 

Reduced 

-0.775 

-0.304 

 Differential GO 

Microarray Analysis 

(Kuhn et al., 2007) 

(Tang et al., 2011) 

HdhQ92 Striatum 18-months 

 

mRNA Reduced -1.737  Differential GO (Kuhn et al., 2007) 

HdhQ100 Striatum 

Cortex 

No data 

No data 

Protein 

Protein 

Reduced 

No change 

 <0.01 Western Blot 

Western Blot 

(Louis Sam Titus et al., 

2017) 
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HdhQ140 Striatum 6 months 

14 months 

18 months  

mRNA 

mRNA 

mRNA 

No change 

No change 

No change 

-1.621 

-0.435 

-2.144 

0.581 

0.923 

0.452 

Microarray 

Microarray 

Microarray 

Brooks et al., 

unpublished 

HdhQ150 Striatum 6 months 

12 months 

mRNA 

mRNA 

No change 

Reduced 

-0.151 

-1.42 

0.501 

0.003 

Microarray 

 

Brooks et al., 

unpublished 

HdhQ175 Striatum 3 months  

6 months 

12 months 

mRNA 

mRNA 

mRNA 

No change 

No change 

No change 

-1.0295 

-1.353 

-0.082 

0.999 

0.963 

0.807 

Microarray  

Microarray 

Microarray 

Brooks et al., 

unpublished 

HdhQ200 Striatum 

Cortex 

No data 

No data 

Protein 

Protein 

Reduced 

No change 

 <0.001 Western Blot 

Western Blot 

(Louis Sam Titus et al., 

2017) 

Yac128 Striatum 

Striatum 

Striatum 

Striatum 

12 months 

6 months 

12 months 

18 months 

mRNA 

mRNA 

mRNA 

mRNA 

Reduced 

No change 

No change 

No change 

-0.403 

-1.252 

0.034 

-0.44 

 

0.999 

0.999 

0.933 

Differential GO 

Microarray  

Microarray 

Microarray 

(Kuhn et al., 2007) 

 

Brooks et al., 

unpublished 

CHL2 HdhQ150 Striatum 22 months mRNA Reduced -0.979  Differential GO (Kuhn et al., 2007) 

Het-KI-Q111 Striatum 10 months mRNA  Reduced -0.222  RNA Sequencing and 

proteomics 

(Langfelder et al., 2016) 

Het-KI-Q140 Striatum 10 months mRNA Reduced -0.341  RNA Sequencing and 

proteomics 

(Langfelder et al., 2016) 

Het-KI-Q175 Striatum 10 months mRNA Reduced -0.341  RNA Sequencing and 

proteomics 

(Langfelder et al., 2016) 

Primary 

cortical 

neurons 

Transfection of 

Q138 into cell 

line. 

- Protein Reduced -1.732  Quantified cells. (Louis Sam Titus et al., 

2017) 
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N2A 

neuroblastom

a cells 

Transfection of 

Q138 into cell line 

- Protein Reduced -1.358  Quantified cells. (Louis Sam Titus et al., 

2017) 

Transgenic Rat 

model (Q51) 

Whole Brain 12 months Gene  

& Protein 

Upregulated  0.02 Microarray analysis 

and Western Blot 

(Nguyen et al., 2008) 
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1.6 The Drosophila eye as an in vivo test tube for disease progression 
 
As mentioned in section 1.3.2.2, one of the advantages of using Drosophila as a model of 

degeneration is the ability to identify potential disease modifiers and the roles these modifiers 

play in disease progression. A commonly used structure to study neurodegenerative disease 

in Drosophila is the compound eye (Cutler et al., 2015; Krench & Littleton, 2013; Treisman, 

1999). The adult compound eye comprises ~800 identical structures called ommatidia (Figure 

1.8). Each ommatidium consists of 8 PR cells surrounded by pigment and support cells (Cagan 

& Ready, 1989; Cutler et al., 2015). Using the Gal4/UAS system to induce expression of foreign 

genes in the developing eye provides an opportunity to identify how expression of these genes 

leads to loss of PR cells, degeneration of the eye, and subsequently, how one might rescue 

this phenotype. To fully understand the mechanisms associated with expression of genes in 

the Drosophila eye, and identify mechanisms associated with disease progression, it is 

important to fully understand development of this structure.  

 

 

Figure 1.8 Schematic of the developing and adult eye structure. 
A) Diagram of the eye-antennal imaginal disc seen in the larvae and early pupa. B). Diagram of the 

adult eye, to show the organisation of rhabdomeres in an ommatidium. MF: Morphogenetic furrow, 

PR: photoreceptor. R1-8: Rhabdomere 1-8. PC: Pigment Cell. Outer PR refer to R1-R6. Adapted from 

(Bostock et al., 2020; Mishra & Sprecher, 2023). Made using Biorender. 
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1.6.1 Development of the Drosophila eye 
 
Differentiation of the adult compound eye begins from a monolayer of epithelium, termed 

the eye-antennal imaginal disc (Treisman & Heberlein, 1998). The imaginal disc originates 

from a cluster of cells with no region identity, and these cells begin to proliferate during the 

first instar larval stage (Figure 1.2), with segregation of the eye and antenna during the second 

larval instar stage (Mishra & Sprecher, 2023). During the second larval instar, the eye field is 

marked by expression of retinal determining genes (RDGs), most prominently eyeless (ey) and 

twin-of-eyeless (toy), whose pathways signal induction of the developing eye disc (Bonini et 

al., 1993; Braid & Verheyen, 2008; Mishra & Sprecher, 2023). These RDGs control cell 

proliferation, ommatidial patterning, and apoptosis, promoting and inhibiting eye 

development processes depending on their spatiotemporal appearance (Kumar & Moses, 

2001). At the eye-antennal field interface, a gradient of Epidermal Growth Factor Receptor 

(EGFR) EGFR and Notch signalling antagonises antennal expression within the eye field whilst 

promoting development of the eye within the eye field (Baonza & Freeman, 2002; Kumar & 

Moses, 2001; Mishra & Sprecher, 2023). During the mid-third larval instar stage, retinal 

pattern formation begins to occur via the morphogenetic furrow (MF) (Baonza & Freeman, 

2002). Marked by a dorsoventral indentation at the posterior end of the eye disc, the MF 

passes anteriorly, transforming unpatterned and undifferentiated cells into organised 

ommatidial clusters (Mishra & Sprecher, 2023). As the MF passes over the cells, cells will exist 

the cell cycle and the presence of molecular signals such as Hedgehog and Senseless will 

initiate the formation of PR, rhabdomeres, cone and pigment cells, and cells of the bristle 

complex (Chanut & Heberlein, 1997; Mishra & Sprecher, 2023). It is during this stage, that 

these currently undifferentiated cells, will change their thickness, morphology, and expression 

profile (Sahin & Çelik, 2013). A new column of ommatidial clusters arises every 2 hours, and 

by the end of the third larval instar, ~26 rows have emerged with the specification of the R8 

founder cell. R8 specification is critical, since without it, no other PR precursors can develop 

(Hsiung & Moses, 2002). Following R8 specification, recruitment of R2/R5 and R3/R4 occurs, 

forming a five-cell pre-cluster, followed by recruitment of R1/R6 and R7, and other accessory 

cells that occur via a second mitotic wave of post-MF proliferation (Mishra & Sprecher, 2023).  

 
During the first 10 hours of pupation, the final 10 ommatidial rows are generated, and the 

eye-imaginal disc everts, allowing adult eye formation to begin. In the 10 hours that follow, 
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four glial-like cone cells (CCs) are recruited to each ommatidial cluster, in addition to two 

additional glial-like primary pigment cells (PPCs), completing the 14-cell ommatidial core 

(Cagan, 2009). By 30 hours post-pupation formation, the PPCs encounter each other, and a 

translucent eye patch is now visible in the eye region of the pupa, and secondary pigment cells 

(SPCs) begin to appear. It is also during this time that bristles begin their final divisions, and 

the eye experiences maximal cell death of unrequired, undifferentiated cells (Cagan & Ready, 

1989). Between 40- and 50-hours after the commencement of pupation, there is a visible 

indication of rhabdomere formation due to apparent ‘bubbling’ of the membrane, and the 

surviving cells are organised into the precise hexagonal lattice. From 60-hours, subsequent 

stages of development focus on cell specialisation and ommatidia function (Cagan, 2009; 

Cagan & Ready, 1989). At this timepoint, the retina deepens from 30-120m, and microvilli 

folds at the apical membrane of the PRs form the rhabdomeres. It is these stacks of membrane 

that are packed with phototransduction machinery and light-sensing rhodopsins which are 

visible under light microscopy (Cagan & Ready, 1989).  

 

70-hours after the initiation of pupation, CCs accumulate ommachrome-containing pigment 

granules at the base of the eye, whilst the microvilli of these cells begin secreting a lightly 

staining material onto the apical surface. Within a few hours, the microvilli of SPCs begin 

secreting darkly staining lens material. (Cagan & Ready, 1989). By 110 hours, the secondary 

and tertiary pigment cells elongate to form a membrane at the base of the PR and CCs, 

defining the floor of the retina. Along with the basal lamina neurons, the retinal floor forms a 

fenestrated membrane, and it is through this membrane that the PR axons pass through to 

reach their synaptic targets in the optic lobe. By 130 hours, lens formation is complete and by 

140 hours, retina formation is complete and the adult eye is fully formed (Cagan & Ready, 

1989).  

 

1.6.2 Identifying genetic modifiers of HD using Drosophila 
 
Protein interaction assays and genetic screens are effective ways to identify potential gene 

interactions associated with disease progression. For example, human tissues or tissues from 

mouse models of diseases can be processed to identify patterns of gene expression changes 

due to the presence of a particular mutations and/or disease phenotypes (Louis Sam Titus et 
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al., 2017; Malaiya et al., 2021). In one study, single-nucleotide RNA-Seq analysis of 14-month-

old striatal cells from a mouse model of HD with 175 CAG repeats, was able to separate 

expression profiles of genes related to D1R and D2R MSNs, and further comparative analysis 

suggested that partial loss-of-function of polycomb repressive complex 2 (PPRC2) may lead to 

dysregulation in cell identity in the adult HD striatum (Malaiya et al., 2021). In another study, 

yeast-2-hybrid and mass spectrometry were used to identify novel wild-type and mutant HTT-

fragment-interacting proteins (Kaltenbach et al., 2007). In this study, orthologs of 35 of the 

genes that were identified to have physical interactions with HTT were then tested for genetic 

interactions using a Drosophila model of HD (Kaltenbach et al., 2007). These unbiased 

approaches can reveal novel genes and potential pathways involved in disease progression, 

which can be followed up using in vivo systems.  

 

1.7 Aims and Objectives of this thesis 
 
This chapter highlights some of the key pathways that might be impaired in the HD brain due 

to the presence of mHTT, and that using multiple model organisms to study these differences 

can provide valuable insight into therapeutic treatment pathways. As mentioned above, 

results from the microarray analysis performed in the host lab identified FoxP1 and Mef2C as 

two highly up-regulated transcription factors during embryonic striatal development. 

However, how they are implicated in neurodegenerative diseases, specifically HD, is largely 

unexplored. Whilst FoxP1 has been shown to be reduced in the HD mouse and post-mortem 

striatum, there is very little literature regarding Mef2C changes in the HD brain. The literature 

discussed in this chapter show that FoxP1 and Mef2C play important roles in neuron 

development and differentiation, and that manipulation of these genes may impact disease 

progression. Therefore, it is plausible that these genes may be implicated in the HD brain, and 

manipulating them, may suppress disease phenotypes and the presence of disease pathology, 

including mHTT inclusions.  

 

The aim of this thesis was to investigate how manipulating these genes in a Drosophila model 

of HD might impact mHTT-induced degeneration. Furthermore, the generation of a novel HD 

mouse line with striatal knockout of Mef2C provided an opportunity to investigate how 

removing Mef2C from the striatum of an R6/1 HD model might impact behavioural and 
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pathological changes observed in these mice. Understanding how manipulating FoxP1 and 

Mef2C in the HD brain will provide valuable insight into potential mechanisms implicated in 

progression of the disease which could be targeted when developing new therapeutics.  

 

Specific objectives and predicted outcomes.  

1. To test how manipulating Drosophila Mef2 and hMef2C affects mHTT-induced 

degeneration in a Drosophila model of HD, using the eye as an in vivo test tube. Based 

on previous literature, the hypothesis is that downregulation of Mef2 and Mef2C in a 

mHTT-induced Drosophila model of HD will suppress mHTT-induced degeneration.  

2. To test how manipulating Drosophila Mef2 and human Mef2C in the developing and 

fully developed PRs can rescue mHTT-induced degeneration in a Drosophila model of 

HD. Due to the large body of evidence that shows Mef2C to be involved in 

developmental processes, it is thought that early knockdown of Mef2C would be 

required to suppress mHTT-induced degeneration.  

3. To investigate the potential physical interactions that accompany any genetic 

interactions that occur between the Mef2C and HTT protein. Previous literature 

indicates that Mef2 isoforms can physically interact with HTT, and thus Mef2C may also 

physically interact.  

4. To investigate how striatal knockout of Mef2C in a HD mouse model effects the deficits 

on behavioural tasks that are seen in the HD mouse model, and to assess whether 

striatal knockout of Mef2C in a HD mouse model effects volume, the total MSN and 

neuronal cell number, and the presence of mHTT inclusions in the diseased striatum. 

To do this the R6/1 mouse model of HD will be used to generate a novel HD mouse line 

with striatal Mef2C knockout. Predicted outcomes are that striatal Mef2C knockout 

will reduce the presence of mHTT inclusions and reduce loss of MSNs. This may also 

lead to reduced behavioural deficits that are reported in the R6/1 mouse.  

5. To investigate the timeline of FoxP1 protein loss in a transgenic and knock-in mouse 

line of HD. Previous literature indicates that FoxP1 protein expression may be 

comparable to that of the wild-type brain at early timepoints which may provide 

insight into how FoxP1 protein is lost, and how elevating FoxP1 protein expression 

might suppress mHTT-induced degeneration.  
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6. To test how manipulating human FoxP1 affects mHTT-induced degeneration in a 

Drosophila model of HD. Previous literature studies indicate that over-expressing 

FoxP1 in the whole-eye of a Drosophila model of HD, can rescue mHTT-induced 

degeneration. Rescuing mHTT-induced degeneration in the neurons of these flies may 

indicate a potential avenue for suppress MSN loss in the mammalian brain.   

7. To investigate any potential physical interactions that accompany the genetic 

interactions that occur between the FoxP1 and HTT protein. Whether FoxP1 and HTT 

proteins interact will provide insight into how FoxP1 protein is lost in the HD brain, and 

how elevating FoxP1 protein levels may suppress degeneration.    
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Chapter 2: Materials and Methods 
 

 

2.1 Drosophila Melanogaster 
 

2.1.1 Fly Husbandry 
 

2.1.1.1 Fly food 
 
All fly lines were maintained in plastic vials on a standard cornmeal media. For every 50L, 345g 

of agar is added to 1.8kg maize, 1.875kg dextrose, 875g yeast and 6L of distilled H2O, in a 70C 

cooker containing 40L of distilled H2O. Food is stirred frequently and a further 2L of distilled 

H2O added, heating food to 95C for 20 minutes. Following heating, an additional 1.5L of 

distilled H2O is added with 111g nipagin (Hydroxybenzoic acid methyl ester) dissolved in 1.3L 

of absolute ethanol and 175ml propionic acid. Once food is roughly 75C, food is dispensed 

into plastic vials of 8cm in length and 2.5cm in diameter. Food is dispensed to roughly one-

third the height of the vials. 

 

2.1.1.2 Standard fly housing conditions 
 

Fly stocks were kept in an 18C temperature-controlled room unless otherwise stated. 

Experimental flies were kept in temperature-controlled incubators depending on the 

experimental requirements, which are detailed in specific experiments, below. When 

collecting and sorting fly lines for experimental crosses, flies were immobilised using CO2 

anaesthesia pads, under a dissecting microscope. Experimental fly crosses were transferred 

into fresh food vials every 2-3 days. 

 

2.1.2 Fly stocks 
 
A variety of fly stocks were used in this thesis. Table 2.1 outlines the genotypes and sources 

of the stocks used. Targeted gene expression was achieved using the Gal4/UAS binary and 

GAL80tsGal4/UAS system, and each experiment will be outlined in more detail, in the 

methodology below. 
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Table 2.1. Fly stocks used in this thesis. 

Fly line 

(chromosome) 

Full genotype Description Original source 

(stock number) 

Gal4 Driver 

GMR-Gal4 (II) P{GMR-GAL4.w[-]}2 Expresses GAL4 in 

the eye. 

Bloomington 

(#9146) 

Elav-c155Gal4 (x) {GawB}elav[C155] Expresses GAL4 in 

neurons. 

Bloomington 

(#458) 

Appl-Gal4 (x) P{Appl-GAL4.G1a}1 Expresses GAL4 in 

the larval nervous 

system under the 

control of APPL. 

Bloomington 

(#32040) 

UAS transgene 

UAS-hHTTex1.Q20 (III) W[*]; P{w[+mC]=UAS-

HTT.ex1.Q20}111F1L 

Expresses human 

HTT exon 1 with 

20 CAG repeats. 

Bloomington 

(#68412) 

UAS-hHTTex1.Q50 (III) W[*]; P{w[+mC]=UAS-HTT.ex1.Q50}Y4 Expresses human 

HTT exon 1 with 

50 CAG repeats.  

Bloomington 

(#68413) 

UAS-hHTTex1.Q93 (III) W[*]; P{w[+mC]=UAS-HTT.ex1.Q93}4F1 Expresses human 

HTT exon 1 with 

93 CAG repeats. 

Bloomington 

(#68418) 

UAS-hHTTex1.Q120 

(II) 

W[*]; M{RFP[3xP3.PB]w[+mC]=UAS-

HTT.ex1.Q120}ZH-51D 

Expresses human 

HTT exon 1 with 

120 CAG repeats. 

Bloomington 

(#68408) 

UAS-Q93/CyO (II)  Expresses human 

HTT exon 1 with 

93 CAG repeats. 

Dr Susanna 

Campesan - 

University of 

Leicester 

UAS-hFoxP1 (II) Y[1] w[*]; PBac{y[+mC]=UAS-

hFOXP1.HA}VK00037 

Expresses HA-

tagged human 

FOXP1 under 

control of UAS. 

Bloomington 

(#77992) 

UAS-hFoxP1-FL (II)  Full length human 

FoxP1 cDNA in a 

pUASt vector. 

Made in the host 

lab. 
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UAS-hFoxP1-FL(FLAG) 

(II) 

 Full length human 

FoxP1 cDNA with 

3xFLAG tag on the 

C-terminus, in a 

pUASt vector. 

Made in the host 

lab. 

UAS-hMef2C (II)  Full length human 

Mef2C cDNA in a 

pUASt vector. 

Made in the host 

lab. 

UAS-dFoxP   Drosophila FoxP 

isoform 2 

Gift from Annette 

Schenck’s lab. 

UAS-Mef2-10t4A  Drosophila Mef2 

isoform 3 cDNA in 

a pUASt vector 

Made in the host 

lab. 

RNAi lines 

UAS-Mef2RNAi (II) Y[1] sc[*] v[1] sev[21]; P{y[+t7.7] 

v[+t1.8]= TRiP.HMS01691}attP40 

Expresses dsRNA 

for RNAi of Mef2 

under UAS control 

in the VALIUM20 

vector 

Bloomington 

(#38247) 

UAS-Mef2RNAi (III)  Expresses GD long 

hairpin (lh) RNA 

for Mef2  

VDRC (15550) 

UAS-Mef2RNAi (III)  Expresses GD long 

hairpin (lh) RNA 

for Mef2 

VDRC (1429R1) 

    

Other lines 

GMR-hHTT.Q120 (II) Y[1] w[118]; P{w[+mC]=GMR-

HTT.Q120}2.4 

Drives expression 

of human 

huntingtin with 

Q120 CAG repeats 

in the eye. 

Bloomington 

(#8533) 

GMR-hHTT.Q120 (III) W[118]; wg[Sp-1]/CyO; P{w[+mC]=GMR-

HTT.Q120}4.62/TM6B, Tb[1] 

Drives expression 

of human 

huntingtin with 

Q120 CAG repeats 

in the eye. 

Bloomington 

(#8534) 
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Gal80ts P{TubP-GAL80[ts]}20 Expresses the 

temperature-

sensitive GAL80 

under the control 

of the 

alphaTub84B 

promoter 

Bloomington 

(#7019) 

 

 

 

2.1.3 Vector cloning 
 

2.1.3.1 Genomic DNA (gDNA) Extraction  
 
Extraction of gDNA from Drosophila melanogaster was conducted using the Invitrogen 

ChargeSwitch gDNA micro-tissue kit (Thermo-fisher, Massachusetts, USA). A lysis mix 

containing 0.5mL Lysis Buffer (L15) and 5µL Proteinase K per sample was prepared. 3-5 flies, 

containing the required UAS construct, are cooled on ice for 5-10 minutes, transferred to a 

1.5mL Eppendorf and crushed with ~150µL of lysis mix using a sterile pipette tip, before adding 

the remaining lysis mix. The mix was inverted a few times before incubating at 55C for two 

hours. Following incubation, 2.5µL RNase A was pipetted into the lysis mix, homogenised, and 

incubated at room temperature for 5 minutes. 20µL of ChargeSwitch magnetic beads were 

added to 100µL of Purification Buffer (N5) and the lysis mix, and pipetted up and down 5 times, 

before incubating for 1 minute at room temperature. The Eppendorf containing the mix is 

placed into a magnetic rack for 1 minute before removing supernatant with a pipette. The 

tube was then removed from the magnetic rack, and 0.5mL of Wash Buffer (W12) is added to 

resuspend the beads. The tube is then placed into the magnetic rack for 1 minute before 

removing and discarding any supernatant. This washing step is then repeated. The tube is 

removed from the magnetic rack and 100uL Elution Buffer (E5- Tris-HCl pH8.5 10mM) added, 

before pipetting up and down 10 times to resuspend the beads. The mix is incubated at room 

temperature for 5 minutes, agitating halfway through, before being placed in the magnetic 

rack for 1 minutes. After this, the eluate containing purified gDNA is removed and stored at -

20C until required. 
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2.1.3.2 Plasmid preparation for cloning. 
 
For cloning of cDNA fragments of interest into vectors, a circular plasmid must be cut with two 

restriction digestion enzymes that are complimentary to those of the cDNA insert. To do this, 

a double digest reaction is set up in a PCR tube, including 2g vector DNA, 5l 10x CutSmart 

Buffer, 1l XhoI, 1l Xbal, made up to a 50l solution with nuclease-free water. The reaction 

mixture was incubated at 37C for 3 hours. 1l Calf-intestinal Phosphatase (CIP) was added to 

the pUASt-attB prep, only, for 30 minutes at 37C to dephosphorylate the 5’ DNA ends. 

Reaction enzymes were then heat-inactivated at 65C for 20 minutes.  

 

2.1.3.3 PCR amplification of cDNA and plasmid fragments 

PCR amplification was conducted using the Q5 High-Fidelity 2x Master Mix, following a 

protocol from New England Biolabs (https://neb.com). In a 100l PCR tube, the following were 

assembled to make the PCR reaction mix: 25l Q5 High-Fidelity 2x Master Mix, 2.5l forward 

primer (10M), 2.5l reverse primer, template DNA at the concentration of 1g from gDNA 

and 10ng for plasmid DNA, made up to 50l with nuclease-free water. Table 2.2 outlines 

primers used for PCR in this thesis. The reaction mix was transferred to a thermocycler for 

routine PCR. The initial denaturation was conducted at 98C for 30 seconds, followed by 30 

cycles of denaturation (98C for 10s), annealing (50-72C for 30s) extension (72C for 20-30s 

per 1kb). The temperature for annealing was calculated using the NEB Tm calculator. A final 

extension at 72C for 2 minutes was completed before samples were stored at 4C until 

required. 

 

 

Table 2.2 Primer design for vector cloning  

aa: amino acids; FWD: forward primer; REV: reverse primer. WT HTT: wild-type huntingtin, mHTT: mutant 

huntingtin.  

Plasmid Insert  Primer sequence Digestive Enzyme 

pB27 WT HTT 1-450aa FWD: CTAGTGAATTCATGGCGACCCTGGAAA 

REV: TCATAGCGGCCGCTTCTTCTCCTAAGAGCA 

ECoR1 

Not1 

pB27 mHTT 1-450aa FWD: CTAGTGAATTCATGGCGACCCTGGAAA 

REV: TGTCGACTAGTGCAATACTCCCACTACGG 

ECoR1 

Spe1 

https://neb.com/
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pP6 FoxP1 1-300aa FWD: CCAGGTGCACTAGTATGCAAGAATCTGGGACT 

REV: TCTTAGGATCCAGGATGGCTATGGGGGT 

Spe1 

BamH1 

pP6 FoxP1 301-580aa FWD: GCCTACGGATCCCTCTATGGACATGGTG 

REV: GCTAGGCTCGAGACTATTCTCAGCCATT 

BamH1 

XhoI 

pP6 FoxP1 301-463aa FWD: TCATAGCGGCCGCATATGGACATGGTGTAT 

REV: GCGCACTCGAGAACTTCTGCGTTCTTATAAA 

XhoI 

NotI 

pP6 FoxP 464-580aa FWD: TGGCACGGATCCTTAGACCACCATTTACATATGC 

REV: ACGAGCTCGAGACTATTCTCAGCCATTG 

BamHi 

XhoI 

pP6 Mef2D 1-134aa FWD: CTGCGACTAGTGATGGGGAGGAAAAGATT 

REV: TATGACTCGAGCTTGTCCTCCAGCAGGGG 

SpeI 

XhoI 

pP6 Mef2D 1-350aa FWD: CTGCGACTAGTGATGGGGAGGAAAAGATT 

REV: ATTGCGGATCCCAAAGGCTGGTAAGGAGGA 

SpeI 

XhoI 

pP6 Mef2D 134-514aa FWD: GAATCGAATTCGTCCCGGCCCCAACTT 

REV: TACTAGCGGCCGCTCACTTTAATGTCCAGG 

ECoR1 

NotI 

pP6 Mef2C 1-134aa FWD: CTGACGGATCCTTATGGGGAGAAAAAG 

REV: CACTGCTCGAGACACAATCTTTGCCTG 

BamH1 

XhoI 

pP6 Mef2C 1-350aa FWD: CTGACGGATCCTTATGGGGAGAAAAAG 

REV: GACGTCTCGAGCCAGCCAGTTACTGAACCAA 

BamH1 

XhoI 

pP6 Mef2C 134-455aa FWD: ACTATGGATCCTTGCTGTTCCACCTCCCA 

REV: CGTATCTCGAGTCATGTTGCCCATCCTTC 

BamH1 

XhoI 

pUASt  FWD: CAACTACTGAAATCTGCCAAG 

REV: CTCTGTAGGTAGTTTGTC 

 

PUASt FoxP1-FL FWD: TTACGCTCGAGATGCATCGGATACAT 

REV: ACGGCTCTAGATTTGAGACCCACATAC 

XhoI 

Xbal 

pB27  FWD: CCAATTGTCGTTGACCTTCG  

REV: AGCAACCTGACCTACAGG 

 

pP6  FWD: GACGGACCAAACTGCGTA 

REV: AGCAACCTGACCTACAGG 

 

 

 

2.1.3.4 Gel extraction protocol (QIAGEN) 
 

To gel extract cDNA fragments and cut plasmid preps, 10l 6x purple loading dye was added 

to the 50l reaction and loaded onto a 0.8% agarose Tris-borate-EDTA (TBE) gel. The gel was 

run in an electrophoresis tank for 1 hour at 75V. Upon completion, the cDNA band was 

visualised on a blue light box, cut from the gel using a scalpel, and placed into a 1.5ml 

Eppendorf tube for purification using the Qiagen gel extraction kit (QIAquick®). Buffer QG was 
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added at a ratio of 3:1 based on gel weight (g) and incubated at 50C for 10 minutes, or until 

the gel had fully dissolved. 1 gel volume of isopropanol was added to the solution and passed 

through a QIAquick spin column to adhere the cDNA to the resin within the column. 500l 

buffer QG was passed through the spin column followed by 750l buffer PE for washing. DNA 

was then eluted in 50l of buffer EB.  

 

2.1.3.5 PCR Purification 
 
PCR purification was conducted using the standard QIAquick PCR purification kit protocol. 5 

volumes of buffer PB was added to 1 volume of the PCR sample and placed in a QIAquick spin 

column and centrifuged for 1 minute. Waste was collected in a 2ml collection tube and flow-

through was discarded. DNA was bound to the spin column and washed with 750l buffer PE. 

Following centrifugation, flow-through was discarded, and the spin column was placed into a 

clean 1.5ml microcentrifuge tube. DNA was eluted in 50l buffer EB (10mM Tris-Cl, pH 8.5). 

Purified DNA was analysed on a gel to determine concentration of the product and length of 

the DNA.  

 

2.1.3.6 DNA ligation and transformation 
 
Ligation of a pUASt attB plasmid prep and insert cDNA was conducted using the NEB ligation 

protocol (https://interantional.neb.com). Using the NEB ligation calculator, 20ng pUASt-attB 

and a concentration of cDNA insert or PCR product, as calculated at a 1:5 ratio, was added to 

a 20l reaction mixture, including 2l 10X T4 ligase bugger, 1l T4 DNA ligase, made up to 

20l by adding nuclease-free water. The reaction mixture was incubated at room temperature 

for 1 hour followed by heat inactivation at 65C for 10 minutes. 3-5l of the ligation reaction 

mixture was transformed into 50l DH5 competent cells and spread onto the LB agar plates 

with the appropriate antibiotic resistance. 

 

2.1.3.6 Miniprep procedure (QIAGEN) 
 
Following transformation of the ligation mix onto LB agar plates, single colonies are picked 

using a sterile pipette tip, placed into a 15ml falcon tube with 2ml LB broth (with the 

appropriate antibiotic resistance), and incubated in at 37C overnight at 2-300 rotations per 

https://interantional.neb.com/
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minute (rpm). Following overnight incubation, bacterial cells are harvested by centrifugation 

at 6800xg in a table-top microcentrifuge for 3 minutes, at room temperature. The supernatant 

is removed, and bacterial cells are resuspended in 250l Buffer P1. The resuspended cells are 

transferred to a 1.5ml microcentrifuge tube and 250l Buffer P2 is added. 350l Buffer N3 is 

also added to the microcentrifuge tube, and the mixture is immediately and thoroughly mixed 

by inverting the tube 4-6 times. The mixture is centrifuged for 10 minutes at 13,000rpm and 

800l of the supernatant is added to a QIAprep 2.0 spin column. Following centrifugation for 

60s, the QIAprep column is washed by adding 0.5ml Buffer PB, followed by centrifugation for 

60s and addition of 750l Buffer PE. The spin column should then be centrifuged for 60s, 

twice, to ensure removal of all residual wash buffer. The DNA is then eluted in 50l Buffer EB 

into a clean 1.5ml microcentrifuge tube. All plasmid minipreps are stored at -20C.  

 

 

2.1.4 Experiments using the Gal4/UAS system 
 

 2.1.4.1 Whole-eye expression of transgenes 
 
To drive expression of transgenes in the whole-eye, the whole-eye driver, GMR-Gal4 is used. 

10-15 virgin female GMR-Gal4 flies were crossed with male flies expressing the UAS-construct 

of interest and kept at 25C throughout the entire experiment. At 0, 5, 7, 10, 12, and 15 days 

post-eclosion, unless otherwise stated in each chapter, the progeny were immobilised using 

CO2 and orientated under a Leica MZFLIII microscope for visualisation and imaging. Images 

were taken at 10x magnification using a Nikon Coolpix 4500 (2002) and zoomed in 

electronically to produce better quality images. Progeny from fly crosses that showed 

significant results in terms of their effect on mHTT-induced neurodegeneration were collected 

and frozen at -20C at 15 days post-eclosion for imaging using confocal microscopy. To drive 

expression of transgenes in the GMR-hHTTex1.Q120 line, an additional stock carrying the 

GMR-hHTTex1.Q120 and the Gal4 line (Elavc155Gal4 or Appl-Gal4) were generated (Appl-Gal4; 

GMR-hHTTex1.Q120 or Elavc155Gal4; GMR-hHTTex1.Q120). 10-15 females carrying the UAS 

construct of interest were taken and crossed with 3-5 males of the generated line. Crosses 

were maintained at 25C throughout the entire experiment.  
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2.1.4.2 Pan-neuronal expression of transgenes 
 
Pan-neuronal overexpression of transgenes was used to drive expression in the neurons for 

quantification of mHTT-induced neurodegeneration. To do this, the pan-neuronal Gal4 driver 

lines, Elavc155Gal4 or Appl-Gal4 were used. 10-15 virgin females from the UAS transgenic lines 

were crossed with 5 males from the Elavc155Gal4 stock, and crosses maintained at 21C to 

increase the likelihood of flies eclosing. Upon eclosion, male and female progeny were 

collected in separate vials and maintained at 25C to enhance transgene expression. At 2- and 

1- one day prior to eclosion, and 0, 5, 7, 10, 12, and 15 days post-eclosion (unless otherwise 

states), flies were taken for quantification of rhabdomeres, using the protocol outlined by 

Song and colleagues (Song et al., 2013). Since Elavc155Gal4 and Appl-Gal4 are located on the X 

chromosome, males from the progeny were used as an internal control.  

 
 

2.1.5 Gal80tsGal4/UAS system for temporal control of transgene expression 
 
In these experiments the Gal80ts line (BL7019) was crossed with Elavc155Gal4 flies to generate 

the fly line Elavc155Gal4; Gal80ts. Males from this stock were crossed with 10-15 virgin females 

with the desired UAS construct and maintained at 19C. At these low temperatures, the flies 

develop normally and the GAL80 protein prevents Gal4/UAS expression, and the flies can 

develop normally (see Figure 3.5). To induce transgene expression, flies were placed at 30C. 

Larval and pupa were removed from the side of the vials, into a fresh food vial, and placed in 

the 30C incubator. Eclosed flies were separated into males and females and placed in the 

30C incubator. Flies were taken at 2 days and 1 day prior to eclosion, and 0, 5, 7, 10, and 12 

days post-eclosion unless otherwise stated. Rhabdomeres were quantified using the method 

outlined by Song and colleagues (Song et al., 2013) (outlined in section 2.1.8). 

 

2.1.6 Longevity assay 
 
10-15 female flies expressing the UAS-transgene of interest were crossed with 3-5 male flies 

from the Elavc155Gal4 stock and maintained at 21C until eclosion. Upon eclosion, virgin female 

flies were housed at 25C in vials containing a maximum of 10 flies. Flies were transferred to 

fresh food vials every 2-3 days, and the number of surviving flies recorded. An average of 100 

flies per genotype were housed, overall. Survival results for each genotype were plotted using 
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the Online Application for Survival Analyses (OASIS) (Yang et al., 2011). This included the 

generation of a Kaplan-Meier plot and statistical analyses among survival datasets to 

determine significance. Longevity was carried out to determine survival of the following fly 

lines:  

Elav>UAS-hHTTex1.Q93,  

Elav>UAS-mCherry; hHTTex1.Q93,  

Elav>UAS-hFoxP1; hHTTex1.Q93,  

Elav>UAS-Mef2RNAi (BL38247); hHTTex1.Q93,  

Elav>UAS-Q93-II,  

Elav>UASQ93-II; Mef2RNAi (15550), and  

Elav>Q93-II; Mef2RNAi(1429R1).  

 

 

2.1.7 Whole-eye imaging 
 
To obtain high quality images of the Drosophila whole-eye, flies were frozen on ice and stored 

at -20C until required. When required, flies were defrosted under an LED light and stuck to a 

piece of double-sided tape, so that their body and wings were parallel with the surface of the 

slide. This allowed imaging of one eye per fly. Once orientated, the slide was placed under a 

confocal microscope, with a home-made LED ring surrounding the samples. This ensured that 

light was being projected from all angles of the fly and provided sufficient illumination for 

imaging. Eyes were imaged using a Yokogawa CSU-1X spinning disk confocal head which was 

attached to a Zeiss Axio Examiner upright microscope, fitted with a Zeiss Axiocam 712 Colour 

CMOS and Zeiss Axiocam 503 Mono CCD camera. Images were taken using a 10x objective 

lens with an eye-piece objective of 10x magnification, and 5m sections were taken to 

produce a Z-stack, processed to a single composite image using the “Extended depth of focus” 

tool from Zen Blue Microscopy Software. 
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2.1.8 Pseudopupil image analysis 
 

2.1.8.1 Quantifying rhabdomeres in the adult fly eye 
 
The “pseudopupil” assay allows the quantification of degeneration, by visually quantifying the 

number of rhabdomeres in the Drosophila eye. Aged flies were immobilised on ice for 10 

minutes and the flies were decapitated using microdissection scissors. Using forceps to grab 

the proboscis, the fly head was mounted onto a slide, into a blob of clear nail varnish to avoid 

movement. The head is positioned so that the eye is as close to parallel with the surface of 

the slide (see Figure 1.1). To visualise the rhabdomeres, the microscope slide was placed onto 

the stage of an Olympus BX50 microscope, with a condenser between the main light source 

and stage, concentrating the light through the eye of the fly. A drop of oil was added to the fly 

eye and the stage was slowly moved towards the 40x magnification objective, with an eye 

piece objective of 10x magnification. Closing the iris diaphragm to the approximate diameter 

of the size of the head allowed the light to focus through the objective, visualising the 

rhabdomeres. Looking down the light microscope allowed quantification of the rhabdomeres 

at the time of visualisation down the microscope. Any rhabdomere that was not seen as an 

intact circle was regarded as degenerated (Song et al., 2013). For each fly head, 20-30 

ommatidia were counted and at least 10 fly heads were scored for each genotype. Following 

rhabdomere quantification, the sum of the total number of ommatidia with varying numbers 

of rhabdomeres was used to obtain an average for each condition and timepoint.  

 

 

2.1.8.1 Quantifying rhabdomeres in the developing fly eye 
 
Rhabdomeres are visible under a light microscope due to their ability to autofluorescence. In 

the eyes of flies that are two days prior to eclosion, and younger, it is not possible to visualise 

the rhabdomeres in this way. Instead, fly heads were bisected and fixed in 3.7% formaldehyde 

for 25-30 minutes at room temperature, before being washed 3 times in 0.5% PBTx, and 3 

times in 1x PBS. Sample components outlined in Table 2.3. Fixed samples were mounted in 

O.C.T medium and frozen in liquid nitrogen. Samples were stored at -80C until ready for use. 

Samples were sectioned to 10m thickness using the Cryostat Bright OTF500 and mounted 

onto Super Frost microscope slides. Sections were washed in 0.5% PBTx for 3 minutes, 
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followed by a 30-minute incubation and 3x 5-minute washes. Sections were then incubated 

for 30 minutes in 3% Bovine Serum Albumin (BSA) (in 0.5% PBTx).  

 

Primary antibodies were prepared by dilution into 3% BSA (150l per slide) (Figure 2.4) 

Coverslips were placed on top of the primary antibody solution and incubated in a humidity 

chamber at room temperature, overnight. Following overnight incubation, coverslips were 

removed, and sections were washed in 0.5% PBTx and coverslips removed. Secondary 

antibodies were then prepared in 3% BSA and added to the sections (Table 2.4). Coverslips 

were placed on top of the secondary antibody and incubated in the dark for 2 hours in a room 

temperature humidity chamber. Following incubation, coverslips were removed, and sections 

were washed for 5-minutes in 0.5% PBTx and 5-minutes in 1x PBS. Slides were air-dried and 

sections mounted with 100l mounting media (50% glycerol in 1x PBS). Sections are cover 

slipped, sealed with nail varnish, and stored in the fridge (covered), prior to imaging.  

 

Sections were imaged using an LSM800 confocal microscope. Rhabdomeres were visualised 

using a 40X oil objective lens for counting of rhabdomeres. Any images taken were taken 

under the same 40X oil objective and 1.5m sections were taken to produce a Z-stack. 

 

 

Table 2.3 Contents of buffer solutions required for cryosection of fly heads. 

Buffer Components 

3.7% Formaldehyde 1ml 37% formaldehyde, 9ml 0.5% PBTx 

1 x PBS 100 ml 10x Phosphate Buffer Saline, 900ml distilled 

H2O 

0.5% PBTx  25ml Triton, 475ml 1x PBS 

3% BSA 3g Bovine Serum Albumin, 100ml 0.5% PBTx 

O.C.T. Optimum Cutting Temperature Embedding Medium  
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Table 2.4. Antibodies used in immunostaining of Drosophila. 

Antibody Species Concentration Supplier Catalogue number 

Anti-GFP Chicken (IgY) 1:500 Abcam EPR14104 

Anti-Elav Rat (IgG) 1:20 Larvae 

1:100 pupa/adults 

DSHB 7E8A10 

Phalloidin-

555 

- 1:140 Cytoskeleton 029 

DAPI - 1:1,000 Thermofisher YK4113231 

Alexafluor-

488 

Anti-chicken 

(IgY) 

1:400 Jackson 

Immunoresearch 

162189 

Alexafluor-

594 

Anti-Rat (IgG) 1:400 Invitrogen A-11007 

Hoerchst - 1:3,000 Abcam 33258 

 

 

 

2.1.9 Fly eye-brain complex dissection 
 

2.1.9.1 larval eye-brain complex dissection 
 
3rd instar larvae  (L3) are transferred from a vial into ice cold 1x PBS and dissected with 

guidance from already-published protocols (Hafer & Schedl, 2006). The larval body is torn in 

half with forceps, and the posterior portion discarded. The anterior portion of the larvae is 

moved ‘inside-out’ to expose the remaining CNS, including the eye-antennal imaginal disc and 

the larval brain. Any cuticle and remaining fat are removed.  

 

2.1.9.2 pupa and adult eye-brain complex dissection 
 
Pupal and adult eye-brain complexes were dissected in 1x PBS using a published protocol 

(Williamson & Hiesinger, 2010). For adult dissections, flies were immobilised on ice for 10 

minutes, whilst for pupal dissections, pupa are removed from the vial using forceps and placed 

onto a dish under a dissecting microscope. The head is removed from the body, and the head 

submerged in 1x PBS. The connective tissue between the proboscis and eyes of the fly head 

as well as the retinal tissue and cuticle is removed. Once the eye-brain complex is visible, the 
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remaining trachea and cuticle can be removed, and the now fully exposed eye-brain sample 

is ready for fixation and staining. 

 

2.1.9.3 Immunostaining of eye-brain complexes 
 
The staining protocol for larval, pupal, and adult eye-brain complexes was provided by Ines 

Do Lago E Baldaia at University College London. Eye-brain complexes were fixed in 4% 

formaldehyde for 20-25 minutes at room temperature and rinsed 3x in 0.5% PBTx followed by 

incubation in 0.5% PBTx for more than 1 hour. Eye-brain complexes were then transferred into 

primary antibodies, diluted in 5% donkey serum in 0.5% PBTx and incubated for two nights, at 

4C. Primary antibodies include anti-GFP (1:500) and anti-Elav (1:20 pupa and adult 

complexes, 1:100 larval brains) (Table 2.4). Following primary antibody incubation, eye-brain 

complexes were rinsed three times in 0.5% PBTx, incubated in 0.5% PBTx for more than 1 hour 

at room temperature. 0.5% PBTx is then removed, and eye-brain complexes are then 

incubated in secondary antibody, diluted in 5% donkey serum in 0.5% PBTx, for two nights, at 

4C. Secondary antibodies include Alexafluor-488 and Alexafluor-594 (Table 2.4). Samples 

were also stained with DAPI (1:1,000) or Hoerchst (1:3,000), diluted in 5% donkey serum in 

0.5% PBTx for visualising cell nuclei. Finally, eye-brain complexes were rinsed in 0.5% PBTx at 

room temperature, left to rest in 0.5% PBTx for over an hour, and then rinsed and stored in 1x 

PBS prior to mounting. Samples are then removed from 1x PBS, mounted in VectorShield and 

oriented prior to coverslipping. Clear nail varnish is used to prevent removal of the coverslip.  

 

2.2 Yeast-2-Hybrid 
 

Yeast stocks were stored indefinitely at -80C, in a 30% glycerol stock. To refresh these stocks, 

yeast was streaked onto YPD agar (Foremedium, CCM0102) in a 90mm petri dish using a sterile 

inoculating loop and grown at 30C for 2-3 days.  

 

The haploid L40Gal4 (MATahis3- trp1-901 leu2-2,122 ade2 lys2-801 am-gal4::LanMX6 

LYS2::(LexAop)4-HIS3 URA3::(LexAop)8-LacZ) yeast cells were grown on YPD agar for 48 hours 

at 30C. Once grown, a single colony was picked using a sterile inoculating loop, and added to 

15ml of YPAD broth (Foremedium, CCM1002) in a 50ml falcon tube. A control sample of 15ml 

YPAD (no yeast) was also made. The screwcap is left loosely to allow aeration into the tube 
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and placed into a 30C agitation incubator at 200rpm for 12-16 hours. Following incubation, 

a spectrophotometer is used to determine the concentration of the culture. The optical 

density at 600 (OD600) of each sample is calculated by subtracting the value of the control 

culture from that of the yeast culture. An OD600 of 0.1 corresponding to ~1x106 cells/ml. The 

culture was then diluted back to a 2.5x106 cells/ml concentration in a glass conical flask 

containing 50ml of YPAD and incubated at for 4-4.5 hours in a 30C agitation incubator at 

200rpm. Following this incubation, the concentration of the culture is determined. The culture 

is centrifuged in a 50ml falcon tube for 5 minutes (3000g) and the resulting pellet of cells is 

washed twice in 2ml of 1x TE (1:10 dilution of 10xTE, Fisher, BP2475-100). After each wash, 

the culture is centrifuged at 3000g for 3 minutes. The washed pellet of cells is suspended into 

LA (LiOAc, pH7.5 (Sigma –Aldrich, L4158-100G) at a resulting concentration of 2x109 cells/ml.  

 

A 2ml Eppendorf tube is set up for each construct to be transformed, including a negative 

control that contains no plasmid. Each Eppendorf tube contains the following, in order: 200l 

cells, 20l of 10 mg/ml denatured salmon sperm carrier DNA, 4l 5x TE/LA, 2.2g plasmid 

DNA to be transformed, and 1.2ml LAP (10xTE in 50% w/v polyethylene Glycol 3350 (Sigma-

Aldrich, 2022444-250G) in distilled water). The transformation mixture is incubated at 30C in 

an agitation incubator at 150-160rpm for 30 minutes. Following incubation, 140l Dimethyl 

sulfoxide (DMSO) (Sigma, D8418-50ML) is added to each tube, and heat shocked at 42C for 

15 minutes. Each tube is inverted 4-5 times every 5 minutes. Following heat shock, each tube 

is immediately placed on ice for 2 minutes, then placed in a microcentrifuge at 10,000rpm for 

60s. The resulting pellet of cells is re-suspended in 200l 1xTE and 50l of cells is pipetted and 

spread using sterile glass rods onto the appropriate agar plates (Table 2.5) Plates were 

incubated at 30C for 2-3 days (YPD plates) or 3-4 days (drop-out plates) to allow for slower 

growth due to lack of amino acids (Table 2.6).  

 

This method was used repeatedly to transform bait and prey proteins into L40Gal4 yeast 

cells in a sequential manner. Firstly, the bait proteins were transformed into yeast cells and 

grown on DO1-tryptophan plates. Following this, prey proteins were transformed into an 

L40Gal4-bait-colony, and grown on DO2 (-leucine, -tryptophan) plates to select yeast 

colonies containing both plasmids. Table 2.6 outlines plasmid preps used to test in the yeast-
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2-hybrid assays. Yeast colonies from DO2 plates were then streaked onto DO3 (-leucine, -

tryptophan, -histidine) plates to test for physical protein interactions. The transformation was 

undertaken according to the protocol below. It was important that before use, any glassware 

used for incubating yeast cultures was washed and rinsed for 1 hour in Decon 90 detergent. 

Following this, glassware was rinsed 5x with tap water and 3x with distilled water prior to 

autoclaving with 100ml distilled H2O for >15 minutes at 121C. The full protocol is outlined 

below. 

 

 

Table 2.5. Plates made for testing yeasts-2-hybrid interactions. 

Plate type Contents Experimental outcome 

YPD 70g YPD Agar (Foremedium, CCM0102) in 

1L distilled H2O. 

Growth on YPD confirms presence of yeast 

cells. 

DO-1 Trp 6.9g Yeast nitrogen base without amino 

acids (Foremedium, CYN0401), in 1L 

distilled water. 740mg drop-out -

tryptophan (Foremedium DCS0141), 2% 

Agar (Foremedium, AGA02) and 2% filter-

sterilised D-glucose (Foremedium, GLU2).  

Growth on DO-1 -Trp confirms the 

presence of pB27 plasmid. 

DO-1 -Leu 6.9g Yeast nitrogen base without amino 

acids in 1L distilled water. 590mg drop-out -

leucine (Foremedium, DCS0091), 2% Agar 

and 2% filter-sterilised D-glucose 

Growth on DO-1 -Leu confirms the 

presence of pP6 plasmid 

DO-2 6.9g Yeast nitrogen base without amino 

acids in 1L distilled H20. 1546mg Kaiser 

drop-out 2 (Foremedium, DSK172), 2% 

Agar, 2% filter-sterilised D-glucose.  

Growth on DO-2 confirms the presence of 

pB27 and pP6 plasmid. 

DO-3 6.9g Yeast nitrogen base without amino 

acids in 1L distilled H20. Kaiser drop-out 

3(Foremedium, DSCK424), 2% Agar, 2% 

filter-sterilised D-glucose.  

Growth on DO-3 confirms a protein-

protein interaction. 
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Table 2.6. Plasmids generated to test for yeast-2-hybrid protein-protein interactions. 

Plasmid  Protein Species Fragment Size (amino acids) Source of the protein 

pB27 Mutant 

Huntingtin 

(Q51) 

Human 1-450  Addgene (#111734) 

pB27 Wild-type 

Huntingtin 

(Q23) 

Human 1-450  Addgene (#111723) 

pP6 Mef2C  Mouse 1-350  Host laboratory. 

pP6 Mef2C Human 1-350 Mef2C cDNA clone from 

Genscript (#0060600485) 

pP6 Mef2C Human 134-455 Mef2C cDNA clone from 

Genscript (#0060600485) 

pP6 Mef2C Human 1-134  Mef2C cDNA clone from 

Genscript (#0060600485) 

pP6 Mef2D Human 1-350 Mef2C cDNA clone from 

Genscript (#0060600485) 

pP6 Mef2D Human 134-515 UAS-Mef2D fly line (gDNA 

extraction) 

pP6 Mef2D Human 1-134 UAS-Mef2D fly line (gDNA 

extraction) 

pP6 Foxp1 Human 1-301 UAS-Mef2D fly line (gDNA 

extraction) 

pP6  FoxP1 Human 301-580 Addgene (#153145) 

 

pP6  FoxP1 Human 301-463 Addgene (#153145) 

 

pP6  FoxP1 Human 464-580 Addgene (#153145) 

 

 

 

2.3 Mouse  
 

2.3.1 Mouse husbandry  
 
All mouse experiments were conducted in compliance with the UK Animals (Scientific 

Procedures) Act 1986 under Home Office Licence Project No. PP7595333, with the approval 
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of the local Cardiff University Ethics Review Committee. All mice were housed in standard 

cages, in holding rooms under a 07:00 – 19:00 light-dark cycle in an ambient room 

temperature of 24 + 2C, and a humidity of 55%. Mice had ad libitum access to food and water, 

and were weighed and health-checked weekly, with more frequent monitoring during testing.  

 

2.3.2 Mouse lines 
 
The R6/1 (B6.Cg-Tg(HDexon1)61Gpb/J) mouse line was obtained from Charles River, UK, and 

is the primary Huntington’s Disease mouse line used in all behavioural experiments within the 

project. The HdhQ150 mouse was also obtained from Charles River UK, and brain tissue 

available in the host laboratory was used for histological analysis. The Gsx2-Cre+ Mef2Cfl/fl 

(B6;CBA-Tg(Gsx2-icre)1Kess/J Mef2Ctm1Jjs/J) mouse line was generated by previous PhD 

student, Dr Ali (Ali, 2022).  

 

2.3.2.1 Mef2C floxed mouse line  
 
The Mef2C loxP/loxP (Mef2Cfl/fl) mouse line was a gift from Eric Olson’s lab at the University 

of Texas. In this line, the two loxP sites are oriented in the same direction and flank the Mef2C 

coding exon 2. This means that following cre recombination, exon 2 of the gene is excised. 

 

2.3.2.2 Gsx2-cre mouse line 
The Gsx2-cre line was originally generated by (Kessaris et al., 2006). Gsx2, formally Gsh2, is 

expressed in multiple regions along the anterior-posterior axis of the CNS, earliest in the 

telencephalon at E9.5, and is critical in establishing LGE identity (Deacon et al., 1994; Qin et 

al., 2016). Gsx2 expression was found to be required for striatal neurogenesis between E11-

E16, and is expressed in the ventricular zone progenitors of the LGE and MGE in a high-dorsal 

to low-ventral gradient manner (Ali, 2022; Kessaris et al., 2006). The Cre line was generated 

using P1 artificial chromosome (PAC) transgenic mice that expresses a cre recombinase under 

the control of Gsx2, using 110kb of genomic DNA (Fogarty et al., 2005; Kessaris et al., 2006).  

 

2.3.2.3 Breeding strategy to generate R6/1Gsx2-Cre+ Mef2Cfl/fl line  
 
The Mef2C conditional knockout mouse colony was generated by a previous PhD student in 

the laboratory, methods of which are detailed in her PhD thesis (Ali, 2022). First, Gsx2-Cre- 
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Mef2Cfl/fl females were crossed with males, positive for the R6/1 transgene, to generate litters 

that were all heterozygous for the Mef2C floxed allele (Mef2Cfl/+), negative for the Gsx2-Cre 

and positive or negative for the R6/1 transgene. An R6/1Gsx2Cre-Mef2Cfl/+ male was then 

crossed to a Gsx2-Cre+Mef2Cfl/fl female to generate litters with different combinations of Gsx2-

Cre presence, Mef2Cfl/fl, Mef2Cfl/+ alleles, positive or negative for the R6/1 transgene (Table 

2.7).  

 

2.3.2.4 Breeding strategy to maintain R6/1 Gsx2-Cre+ Mef2Cfl/fl line 

 

To maintain the colony, R6/1Gsx2Cre-Mef2Cfl/fl or R6/1Gsx2-Cre-Mef2Cfl/+ mice were crossed 

with Gsx2-Cre+ Mef2C(fl/fl) or Gsx2-Cre+Mef2Cfl/fl mice. It is important that male mice were 

negative for cre recombinase to avoid deletion of Gsx2 from the testes. Table 2.7 outlines the 

mouse lines and experimental groups used in this project.   

 

Table 2.7. Mouse lines used in this thesis. 

fl/fl = homozygous for the Mef2C LoxP sites. fl/+ = heterozygous for the Mef2C LoxP sites. 

Experimental Group Presence of Cre Presence of R6/1 

transgene 

Presence of Mef2C 

LoxP sites 

Wild type - - fl/fl or fl/+ 

R6/1 - + fl/fl or fl/+ 

R6/1Cre+Mef2Cfl/fl  + + fl/fl 

Cre+Mef2Cfl/fl + - fl/fl 

 

 

2.3.2.5 Genotyping 
 
Mice were weaned at 21-28 days of age and genotyped by taking an ear notch sample. 

Samples were placed in a 96-wellplate, provided by Transnetyx, which were sent to Transnetyx 

for genotyping (https://www.transnetyx.com).   

 

2.3.3 Behavioural testing 
 
All behavioural tests were carried out at 6-, 8-, 12- and 16-weeks of age. 

 

https://www.transnetyx.com/
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2.3.3.1 Balance beam 
 
The balance beam allows for testing fine motor coordination and balance (Luong et al., 2011). 

The beam is 100cm long with a flat surface that is 12mm in width at the bottom, and 6mm at 

the top, to increase difficulty. A black box is placed at the end of the beam, acting as the 

endpoint of the experiment and has nesting material from the mouse cage to attract the 

mouse to this point. The beam is placed ~50cm above a tabletop with soft bedding towels 

overlaying the area. A video camera is set up to record the performance so that further 

analysis can be completed following the experiment. Prior to testing at 6 weeks of age, the 

mice are allowed to acclimatise to the room and the beam, by placing them at the top of the 

beam, encouraging them to enter the black box. Once the mouse has clearly identified the 

black box as a ‘safe zone’, the mouse is placed further away and encouraged to make their 

way to the endpoint of the beam. Following training, and at each testing timepoint, mice are 

subject to three trials. At the beginning of each trial, the mouse is placed facing away from 

the black box, and the time taken to turn is measured. At this time, the timer is reset, and the 

time taken to reach the end of the beam is measured. During this time, the number of forelimb 

and hindlimb foot slips is counted. The apparatus is cleaned of mouse droppings and wiped 

with 70% ethanol before the next experiment begins. The time taken to reach the black box is 

measured, and in the case of a failed trial, i.e. not reaching the end of the box within 2 

minutes, the length at which the mouse traversed, is noted.  

 

2.3.3.2 Rotarod 
 
The rotarod test is often used in testing of mouse models of neurodegeneration to detect 

deficits in motor coordination and balance (Hamm et al., 1994; Wagner et al., 2008). The 

rotarod was set at two different settings to text the ability of the mice to move at an increasing 

speed and at a fixed speed. In the accelerating rotarod, the moving cylindrical platform (Ugo 

Basile, Varese, Italy) rotates at a gradually accelerating speed (5-40 rpm over 300 seconds). 

On the first day of testing (at 6 weeks), mice were allowed to acclimatise to the equipment 

before completing two successive trials per day, over three days. The latency for mice to fall 

off the rotarod was measured. In the fixed rotarod, the cylindrical platform rotates at a 

constant speed of 12rpm for 300 seconds. The latency for the mice to fall in the first 60 

seconds was noted, as well as the number of times the mouse falls from the rotarod over the 
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300 second period. Again, this experiment was over three days, with two successive trials on 

each day.  

 

2.3.3.3 Inverted grip strength test 
 
This test is used to measure the strength of the fore- and hind-limbs (Deacon, 2013) by 

calculating the time the mouse can grasp onto the under-surface of a metal grid without 

falling. The metal grid was inverted and placed over a 30cm height with bedding towels placed 

beneath to soften any falls. The latency to fall within one-minute was recorded. 

 

2.3.3.4 Vertical Pole 
 
The vertical pole is another test of fine motor movement and tests the mice ability to travel 

down a 30cm vertical pole (Fleming & Chesselet, 2005). Mice were subject to a training trial 

at 6 weeks, followed by two test trials at each experimental age, which were averaged.  

 

2.3.3.5 Open Field  
 
Open Field is one of the most commonly used platforms to measure normal activity of animal 

models (Seibenhener & Wooten, 2015), and uses an overhead video tracking software, 

Ethovision (Noldus), to record a number of exploratory parameters. The open field arena is 80 

x 80cm and mice were allowed to explore the arena during a 5-minute test period. Data were 

collected automatically via the Ethovision software for later analysis. Parameters analysed 

included: total distance moved (cm); mean velocity (cm/s); total duration of movement (s); 

and frequency of rearing. 

 

2.3.4 Histological analysis 
 

2.3.4.1 Perfusion 
 
At 16 weeks of age, all mice were terminally anesthetised via intraperitoneal (i.p) 

administration of 0.3ml of 0.2mg/ml sodium pentobarbital (Dolethal), and subsequently, 

transcardially perfused to obtain adult mouse tissue for histological analysis. To do this, mice 

were perfused with ice-cold pre-wash solution (di-sodium hydrogen phosphate (dihydrate) 



 70 

and sodium chloride in distilled water, pH7.3) for 2 minutes, followed by 6 minutes of 4% 

paraformaldehyde (PFA in pre-wash solution, pH7.3) (Table 2.8). Whole brain tissue was 

removed and post-fixed in 4% PFA for 4 hours and preserved at room temperature in 25% 

sucrose solution in pre-wash (Table 2.8). Brains were cut coronally in 30m sections on a 

freezing sledge microtome (Leitz, Wetzlar), in a 1:12 series and stored indefinitely at -20C̊ in a 

48-wellplate with antifreeze (sodium dihydrogen phosphate, di-sodium hydrogen 

orthophosphate anhydrous, ethylene glycol and glycerol in distilled water).   

 

 

2.3.4.2 Free-floating Immunohistochemistry (IHC) 
 
One well of brain sections from each 1:12 series (per animal) is placed into individual pots and 

washed in tris-buffered saline (TBS) to remove the antifreeze (Tris-base and sodium chloride 

in distilled water, pH7.4). To allow for good antigen retrieval of the tissue, sections were 

treated with citrate buffer (pH 6.0) in a 70C water bath for 30 minutes (Table 2.8). Once 

cooled, the sections were then washed in TBS and transferred to a quenching solution for 5 

minutes (30% hydrogen peroxide H2O2, 10% methanol in distilled water) to reduce 

endogenous peroxidase activity. During all incubation periods, pots were placed on an orbital 

shaker to allow full access of the solutions to the tissue. Sections were then washed 3 times 

in TBS, for 10 minutes. To block non-specific binding, sections were incubated in a blocking 

solution of 3% normal serum (NS) in TXTBS (0.2% Triton-X-100 in TBS) for 1 hour, prior to 

overnight primary antibody incubation in 10% NS in TXTBS at room temperature (Table 2.9). 

Triton-X-100 was added to PBS to allow for good permeabilisation. On the following day, 

sections were washed 3 times in TBS, for 10 minutes at room temperature, before being 

placed in a secondary antibody solution (1% NS in TBS) for 3 hours. (Table 2.10). Following 

3x10 minute washes in TBS, an avidin-biotin complex (Vectastain ABC HRP kit, PL-4000) kit 

(1:200 concentration) was placed on the sections for 2 hours; the kit was premixed according 

to the manufacturer’s instructions 30 minutes prior to application to allow binding of the 

complex. Sections were then washed 3x 10 minutes in TBS followed by 2x10 minutes in TRIS 

non-saline (TNS) followed by overnight storage at 4C in TNS (Trisma-base in distilled water, 

pH7.4). Immuno-positive cells were made visible via incubation of chromogen 3-3’-

diaminobenzadine (DAB, Sigma) solution. 2mL DAB was made up in 40ml TNS and further 
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diluted to a 1:5 concentration in fresh TNS and 12l 30% H2O2 which was placed onto sections 

for 10-30 minutes, depending on the intensity of the staining. The time of required DAB 

incubation required was noted and maintained for each primary antibody for consistency. To 

stop the reaction, sections were washed thoroughly in TNS, followed by TBS, and kept in TBZ 

(TBS with 0.02% sodium azide) until mounted. All sections were mounted onto double-subbed 

1% gelatinised slides (Thermo Scientific, Menzel Gläser) and air-dried overnight. The following 

day, air-dried slides were dehydrated in an industrial methylated spirit (IMS) ethanol ladder of 

increasing concentration (70%, 95%, 100%), prior to clearing in xylene solution to remove fat 

cells in the tissue. Slides were then cover slipped using distyrene plasticiser and xylene 

mounting medium (DPX) and dried for at least 24 hours in a fume hood, before storing.  

 

Table 2.8 Buffers and their components for storage and staining of mouse tissue  

Buffer Components 

0.1M Phosphate Buffered Saline (Pre-

wash) 

90g Di-sodium hydrogen orthophosphate, 45g Sodium Chloride, 5L 

distilled H2O, pH 7.3 with Orthophosphoric acid. 

4% paraformaldehyde (PFA) 40g Paraformaldehyde powder, 1L pre-wash, dissolved for 2-3 hours 

on a heated stirrer, and overnight at room temperature. pH 7.3, with 

NaOH/orthophosphoric acid.  

25% Sucrose 22.92g Di-sodium hydrogen phosphate dihydrate, 18g Sodium 

Chloride, 250g sucrose, 950ml distilled H2O. pH 7.4 

Citrate Buffer 58.8gm/1 Sodium citrate, 42.02 gm/1 citric acid. pH 3-6.2.  

4x Tris Buffered Saline (TBS) 96g TRIS base, 72g Sodium Chloride, 2L distilled H2O, pH 7.3 

1x TBS 500ml 4xTBS, 1.5L distilled H2O. pH 7.3 

0.05M Tris non saline (TNS) 6g TRIS base, 1L distilled H2O, pH 7.4 with HCL 

Tris Buffered Saline + Sodium Azide 

(TBZ) 

2.5ml 5% Sodium azide stock solution, 500ml 1x TBS 

Anti-freeze 5.4g di-sodium hydrogen orthophosphate anhydrous, 1.57g Sodium 

dihydrogen phosphate, 400ml distilled H2O, pH 7.3. 300ml Ethylene 

glycol, 300ml glycerol.  
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Table 2.9. Primary antibodies used for mouse immunohistochemical staining  

Primary 

Antibody 

Species Concentration Serum Supplier Catalogue Number 

FoxP1 Rabbit 1:500 Goat Abcam AB16645 

NeuN  Mouse 1:2,000 Horse Millipore MAB377 

DARPP-32 Mouse 1:1,000 Horse Santa Cruz SC271111 

MW8 Mouse 1:1,000 Horse DHBS MW8 

 

 

Table 2.10. Secondary antibodies used for mouse immunohistochemical staining.  

Secondary 

Antibody 

Species Concentration Serum Supplier Catalogue Number 

SB3 Anti-Mouse (Rat 

absorbed) IgG 

biotinylated 

1:200 Horse VectorLabs BA2001 

SB7 Anti-Rabbit IgG 

biotinylated 

1:200 Goat VectorLabs BA1000 

 

 

2.3.5 Imaging and quantification of histology 
 

2.3.5.1 Stereological analysis 
 
Cell counts were obtained from the entire striatum via stereological sampling, using the 

Visiopharm integrator system (VIS, version 4.4.6.9). Whole slides were imaged and a 

SuperImage captured at 1.25X objective lens using a Leica DFC520 Camera using the Leica 

Application Core V3.6 software, which was attached to a Leica DM6b microscope. The auto-

sampling module with field correction using this software allowed for regions of interest (ROIs) 

to be defined by manually drawing around the entire striatum in each brain section. The 

striatal sections were randomly sampled from a grid using a consistent step length, with cells 

counted manually under 20X objective lens and 10x eye-piece objective. A 1,000m2 counting 

frame was used with cells being counted if they sat within the frame or touched the green 

lines. Those touching the red lines or sitting outside the frame were excluded (Figure 2.1). 
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Figure 2.1. Stereological sampling method. 

Illustration of cells that are included or excluded from 1,000m2 counting frame. The red arrows 

indicate cells that would be rejected; green arrows indicate those that are accepted.  

 

The total number of cells (C) for each striatal section was calculated using the following 

formula: C = (c x (n x a)) x f, 

 

Where:  

 

C = estimated total number of cells  

c = total number of cells counted 

A = sum of all striatal areas  

n = total number of frames allocated to the included striatal area 

a = area of sampling user grid (1,000m2) 

f = frequency of sectioning (6) 

x = multiplication  

 

To determine an estimate for the total striatal volume of R6/1 and HdhQ150 mice, as well as 

their wild-type littermates, the striatal area was manually drawn around using the SuperImage 

generated using the Leica Application Core V3.6 software microscope. Five anatomically 

matched striatal sections from rostral to caudal were analysed and the striatal volume was 

calculated using the formula: V = (Σa*M)/f  

 

Where:  

 

V = Volume,  
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a = area (mm2),  

M = section thickness (40µm)  

f = frequency of sampled sections (1:6) 

 

2.3.5.2 Manual cell counting using ImageJ 
 
Manual cell counting was conducted using ImageJ Software (http://imagej.nih.gov). Three 

images of the lateral, medial, and ventral regions of the striatum were taken at 10x 

magnification and uploaded to the ImageJ Software. Using the cell counter plugin, individual 

cells were selected, and the Software kept a record of the total number of cells.  

 

2.3.5.3. Automated cell counting using ImageJ 
 

Automated cell counting was conducted using the ImageJ Software 

(http://imagej.nih.gov/ij/download/html). Three images of the lateral, medial, and ventral 

regions of the striatum were taken at 10x magnification and uploaded to the ImageJ Software. 

Images were converted to 16-bit greyscale, and threshold adjusted to highlight all cells (Figure 

2.3). Once all cells were highlighted, application of the threshold created a binary version of 

the image with two-pixel intensities: black = 0 and white = 255. Where multiple cells were 

merged, it was possible to accurately cut within 1 pixel thickness for counting (Process → 

Binary → Watershed). Upon completion, analysis was conducted using the ‘Analyse Particles’ 

tab, to obtain a total number of cells within the image. For MW8 immunostaining, 20x total 

magnification images were taken but the same process applied (Figure 2.2). 

 

 

 

 

http://imagej.nih.gov/
http://imagej.nih.gov/ij/download/html
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Figure 2.2 Automated cell counting using ImageJ. 
A) Original 20X magnification image of MW8 staining in R6/1 striatum. B). Images are converted to 16-

bit greyscale, and C) threshold applied to create a binary version of the image for cell quantification. 

 

 

2.3.5.4 Optical density for protein expression quantification 
 
Optical Density (O.D.) measures were used to determine protein expression of FoxP1 positive 

nuclei using the ImageJ Software (https://imagej.nih.gov/ij/download.html). 20x 

magnification images were taken of the lateral, ventral and medial sections of the striatum 

(Figure 2.4). Mean grey values were measured for 8 FoxP1-positive nuclei and 3 background 

(control) areas on each striatal image where there are no stained cells (Figure 2.3). An average 

cumulative mean grey value was calculated for the FoxP1-positive nuclei, and an average value 

calculated for the background. A final O.D. value was calculated for wild-type and R6/1 mice 

by subtracting the average background value from the average FoxP1-positive value.  

 

 

Figure 2.3. Optical density measures of FoxP1 positive nuclei 
20x magnification image of the striatum to show method for optical density measures of FoxP1 positive 

nuclei. FoxP1 positive nuclei can be identified as dark, circular regions. Control regions were chosen 

based on lack of stained nuclei. 

 

https://imagej.nih.gov/ij/download.html
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2.4 Statistical analysis 
SPSS V 29.0.2.0 and RStudio were used to carry out statistical analysis of all data. For analysis 

of rhabdomere counts in Drosophila, multivariate analysis was used to determine significant 

effects of genotype and time with regard to rhabdomere loss. For fly survival analysis, the log 

rank test was used to determine statistical significance between genotypes. For mouse 

experiments, G*Power v3.1.9.4 was used to conduct a power analysis for determination of 

sample number. To do this, data was taken from the results of rotarod behaviour of 

Cre+Mef2Cfl/fl mice compared with wild-type littermates (Ali, 2022). Specifically, the mean and 

standard deviation for each genotype was used to determine Cohen’s D (1.64133) which was 

subsequently used with and  probability of 0.05, power of 0.95, and an allocation ratio of 

1/1 to determine the sample number required in the experiment. Sample size required in each 

group came to 11. For statistical analysis of mouse behavioural data, a univariate ANOVA was 

used with Genotype as a factor and Sex as a co-variate. Bonferroni was used to correct for 

multiple comparisons. For histological analyses, an independent samples t-test was used. In 

all cases, significance was assumed if p<0.05.  
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Chapter 3: Downregulation of Mef2 in a Drosophila model of 
Huntington’s Disease (HD) can suppress mHTT-induced 

degeneration.  
 

 

3.1 Introduction 
 
The Drosophila melanogaster is an effective model system for studying the mechanisms 

associated with neurodegenerative disease and has been a long established model of HD (Lin 

et al., 2019). As discussed in Section 1.3.2.2, the binary Gal4/UAS system can be used to 

modulate gene expression with spatial and temporal specificity, to investigate molecular 

interactions within subpopulations of cells, which in turn, can provide insight into the 

mechanisms associated with gene interactions in disease (Krench & Littleton, 2013). With 

regard to HD, the Drosophila eye can has been used to show that expression of mHTT leads to 

progressive mHTT-induced degeneration of the eye, which can be visualised under light 

microscopy and quantified statistically (Bilen & Bonini, 2005; O'Rourke et al., 2013; Zhang et 

al., 2009). Additionally, the tissue-specific expression of genes has allowed for studying the 

effects of mHTT in other cells, and identifying potential disease modifiers for suppression of 

disease progression (Kaltenbach et al., 2007; Lin et al., 2019; Warrick et al., 1999). 

 

In 2007, Kaltenbach and colleagues conducted an extensive yeast-2-hybrid (Y2H) screen to 

investigate potential HTT protein interactors and explore whether any of these interactants 

may be genetic modifiers of HD degeneration (Kaltenbach et al., 2007). Amongst these 

physical interactants, Mef2D was identified as a physical interactor with the first 450 amino 

acids (aa) of wild-type and mutant HTT (mHTT) protein. Kaltenbach and colleagues then used 

a Drosophila model of HD to investigate whether any interactors could suppress disease 

progression. The whole-eye driver, GMR-Gal4 was used to induce expression of the N-terminal 

HTT fragment, with 128 CAG repeats (GMR>UAS128Qhtt), and expression of Df(2R)X1, which 

has a chromosomal deletion of the 46C1-7 region: this region includes the single Drosophila 

Mef2 gene. Deletion of this chromosomal region in a model of whole-eye mHTT expression 

partially rescued a degenerative phenotype, showing increased retinal thickness and 

decreased vacuolisation, compared with HTT expression, alone (Kaltenbach et al., 2007).   
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Mammalian Mef2C has been identified as an essential gene implicated in brain development 

and biological processes of the CNS. This includes its role in protecting neurons from apoptotic 

cell death in addition to controlling synapse formation which has been implicated in 

hippocampal-dependent learning and memory (Assali et al., 2019; Barbaro et al., 2015; Ana 

C. Barbosa et al., 2008a, 2008b; A. C. Barbosa et al., 2008; Li et al., 2024; Okamoto et al., 

2000). As a result, Mef2C is of particular interest to this project. There is 90-98% and 70-90% 

conservation in the N-terminal MADS and MEF2 domains, respectively, of the 4 mammalian 

Mef2 proteins and the Drosophila Mef2 protein. Thus, using the Drosophila to explore how 

manipulating Mef2 and Mef2C in a mHTT-induced model of HD may provide an insight into 

their roles in this process, both in terms of development of neurons, and degeneration of cells 

(Malwina Lisek et al., 2023) (Figure 1.4).   

 

Whilst Kaltenbach and colleagues were able to show that removing the chromosomal region 

46C1-7 from the Drosophila genome which includes the Mef2 gene, is sufficient to suppress a 

mHTT-induced whole-eye phenotype, there isn’t any published research that has specifically 

knocked down only Mef2. Neither is there much information regarding Mef2 expression in the 

developing and adult eye-brain complex, which would provide further understanding on 

where Mef2 is being downregulated. In this chapter, I will first establish a baseline for 

phenotypes associated with mHTT-induced degeneration before investigating whether 

knocking down the endogenous Mef2 gene in these Drosophila models of HD is responsible 

for suppressing the mHTT-induced phenotype. I will achieve this by using the whole-eye driver 

GMR-Gal4, and pan-neuronal driver, ELAVC155-Gal4. I will also use this method to over-express 

Drosophila Mef2, and human Mef2C to investigate whether these proteins can independently 

affect mHTT-induced degeneration. Additionally, I want to investigate the potential 

developmental effects of Drosophila with expression of mHTT. I will use the GAL80-Gal4/UAS 

system to drive expression of mHTT before and after PR development, to understand the 

extent of mHTT-induced degeneration, before unpicking whether Mef2 may impact on these 

processes.  Finally, I will explore the Mef2 expression profile in the Drosophila larval and pupal 

eye-brain complex, in addition to conducting Y2H experiments to start to unpick potential 

mechanisms for the role Mef2 might play in mHTT-induced degeneration. 
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3.2 Methods  
 

3.2.1 Experimental Design 
 
The first experiment aimed to investigate the extent of degeneration in a whole-eye and pan-

neuronal model of HD. To do this, the whole-eye driver, GMR-Gal4, and the pan-neuronal 

driver, ELAVC155-Gal4 were used to induce expression of mHTT with 93 (Q93) and 120 (Q120) 

CAG repeats in the whole-eye and neurons, respectively. Since the ELAVC155-Gal4 driver is on 

the X-chromosome, virgin females carrying the UAS-constructs were used which meant that 

male progeny could serve as controls in the experiment. For the full experimental method, 

refer to Section 2.1.4. Additionally, the Gal80tsGal4/UAS system was used to investigate the 

effect of inducing mHTT at various times throughout development of the eye, and in the fully 

developed eye. 

 

Following this, RNAi lines for Mef2 knockdown were used to investigate the effect of 

downregulating Mef2 in a whole-eye (GMR>Mef2RNAi; hHTTex1.Q93) and pan-neuronal 

(Elav>Mef2RNAi; hHTTex1.Q93) model of HD. Additionally, constructs expressing Mef2 and 

human Mef2C were used to investigate the effects of over-expressing Drosophila Mef2 or 

human Mef2C on whole-eye and pan-neuronal mHTT-induced degeneration. As an extension 

of this work, the Gal80tsGal4/UAS system was used to determine whether Mef2 

downregulation at different timepoints during eye development could influence mHTT-

induced degeneration. In this work a multiple comparisons analysis was used to determine 

any statistically significant changes in rhabdomere counts under different conditions. 

Statistical significance was reported when p<0.05.  

 

To fully understand any effects from Mef2 manipulation in a mHTT-induced model, the next 

experiment looked to investigate the pattern of Mef2 expression in the developing eye-brain 

complex, including the PRs. To do this, the Mef2GFP line was used to immunostain whole 

mount eye-brain complexes for the presence of Mef2. Anti-GFP was used to stain for the GFP 

tag that is present on the endogenous Mef2 C-terminus. Flies were taken at L3 larval and early-

, mid- and late-pupal stages, to determine the presence of Mef2 in the brain, and developing 
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PRs of the Drosophila eye. Furthermore, Y2H assays were used to investigate potential physical 

interactions between Mef2C and HTT. 

 

3.3 Results  
 

3.3.1 Whole-eye expression of mHTT induces a degenerative phenotype 
 
This section aims to determine the degenerative phenotype seen in flies with expression of 

mHTT. Previous studies have reported degeneration in these models using the eye (Kaltenbach 

et al., 2007; Louis Sam Titus et al., 2017; Warrick et al., 1999). Prior to moving on to new 

analysis, it is important to establish the mHTT lines used in this thesis, in these experimental 

assays. To do this, the first approach was to use the whole-eye driver, GMR-Gal4, to induce 

expression of the human HTT exon 1 fragment with 93 CAG repeats (Q93), in all cells of the 

eye (Li et al., 2012). Flies were assessed every day post-eclosion to determine a phenotype. In 

flies expressing Q93, there was visible degeneration of the eye compared with the control eye, 

which was clear by 15 days post eclosion. This was imaged using confocal microscopy (Figure 

3.1A/B). To test the effect of whole-eye degeneration on a more aggressive HD model, GMR-

Gal4 was used to drive expression of the human HTT exon 1 fragment with 120 CAG repeats 

(Q120). At 15 days, there was more visible degeneration compared with the degeneration 

seen when Q93 was expressed in all eye cells (Figure 3.1C). To conclude, expressing mHTT in 

the whole-eye can induce a degenerative phenotype, that is visible under confocal 

microscopy.  
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Figure 3.1 whole-eye expression of mHTT shows a degenerative phenotype.  
Representative confocal microscopy images of flies expressing GMR-Gal4. A) Image of a control eye 

with whole-eye expression of mCherry. B) Whole-eye expression of mHTT with 93 CAG repeats showed 

degeneration of the eye. C) Whole-eye expression of mHTT with 120 CAG repeats showing a greater 

amount of degeneration. Scale bar: 150m. 

 

 

3.3.2 Pan-neuronal expression of mHTT results in loss of rhabdomeres 
 
The previous experiment used the whole-eye driver, GMR-Gal4, to induce expression of mHTT 

in all cells of the eye, including neurons, support cells, and glia (Mishra & Sprecher, 2023). 

Neural degeneration is the main documented effect of expanded CAG repeats in human HD 

(Jurcau, 2022), so the next experiment focused on assays that affect mHTT in neurons of the 

Drosophila eye model system. To do this, the pan-neuronal driver ELAVC155-Gal4 was used to 

induced Q93 expression only in the neurons. To assess the extent of degeneration in this, and 

subsequent genetic interaction experiments, it was important to have a quantifiable assay. 

This was to count the number of rhabdomeres seen under light microscopy (Figure 3.2A; 

Section 2.4.3 for methodology). Rhabdomere counts were taken from the day of eclosion, 

through to 15 days post-eclosion. There were significantly fewer rhabdomeres in the flies 

expressing Q93 compared with control flies (Group*Time F5,95 = 13.022, p<0.001) (Figure 

3.2Bi). Upon eclosion, the average rhabdomere count of Q93 expressing flies was 5.5, 

compared with 6.9 in the control flies (p<0.001). By 15 days post-eclosion, rhabdomere counts 

had reduced to 4.4 compared with 7.0 in the control flies (p<0.001) (Figure 3.2Bi). Another 

mHTT line with 93 CAG repeats (Q93-II) was also used. Pan-neuronal expression of Q93-II also 
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showed significantly reduced rhabdomeres in the eye compared with the control flies 

(Genotype*Time: F5,73 = 8.646, p<0.001) (Figure 3.2Bii). Upon eclosion, the average 

rhabdomere count of flies expressing Q93-II was 6.1, and by 15 days post-eclosion, had 

reduced to 4.6 rhabdomeres. To conclude, these experiments show that pan-neuronal mHTT 

expression leads to significantly fewer rhabdomeres in the eye, compared with control flies.  

 

 

 



 83 

 
Figure 3.2. Pan-neuronal expression of mHTT leads to significant rhabdomere loss. 
A). Images taken under light microscopy to show the extent of rhabdomere loss at 15 days post 

eclosion. Pan-neuronal expression of mHTT (Q93) using ELAVC155-Gal4, led to significantly fewer 

rhabdomeres, which was quantified using pseudopupil analysis (B). Rhabdomeres were counted from 

the day of eclosion, to 15 days post-eclosion. There were significantly fewer rhabdomeres in flies 

expressing Q93 (Bi) and flies expressing Q93-II (Bii) compared with control flies (Q93, Genotype*Time: 

F5,95 = 13.022, p<0.001, Q93-II, Genotype*Time: F5,73 = 8.646, p<0.001). ***p<0.001. Scale bar in (A) = 

10m. 
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3.3.3 Pan-neuronal expression of mHTT reduces fly survival 
 
The next question was to determine whether pan-neuronal expression of mHTT influenced fly 

survival. To do this, longevity assays were performed. The ELAVC155-Gal4 driver was used to 

induce expression of mHTT. Upon eclosion, flies were placed into fresh food vials every two 

days, and the number of surviving flies recorded. Pan-neuronal expression of mHTT using the 

Q93 (UAS-hHTTex1.Q93) model led to significantly reduced fly survival compared with control 

flies (Log rank test: t-ratio252 = -0.693, p<0.001) (Figure 3.3A). Pan-neuronal expression of 

mHTT using another mHTT line with 93 CAG repeats (Q93-II) also significantly reduced fly 

survival (Log rank test: t-ratio271 = 11.892, p<0.001) (Figure 3.3B). 

 

 

Figure 3.3 Pan-neuronal expression of mHTT reduces fly survival.  
Kaplan Maier plots to show the survival of flies expressing mHTT, compared with control flies. A). Pan-

neuronal expression of mHTT using the Q93 (UAS-hHTTex1.Q93) model led to significantly reduced fly 

survival compared with control flies (Log rank test: Q93, t-ratio252 = -0.693, p<0.001) B) Pan-neuronal 

expression of mHTT using another mHTT line with 93 CAG repeats (93-II) significantly reduced fly 

survival (Log rank test: t-ratio271 = 11.892, p<0.001).  

 

 

3.3.4 In the presence of mHTT, rhabdomeres develop but subsequently degenerate  
 
In the previous section, it was shown that there is already a significant loss of rhabdomeres in 

the Q93-expressing flies, compared with wild-type flies at the time of eclosion (p<0.001). This 

is a common observation in the literature but is not commented on (Kaltenbach et al., 2007; 

Louis Sam Titus et al., 2017; O'Rourke et al., 2013; Song et al., 2013). A possible explanation 
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is that the rhabdomeres develop normally, but they quickly degeneration in pupal life, prior 

to eclosion. Alternatively, the rhabdomeres do no develop in the first place. The literature 

states that by 100 hours from formation of the prepupa (day -2), the retinal lattice has been 

established and photoreceptors that the rhabdomeres equate to begin to project their axons 

toward the optic lobe. By 130 hours (day -1), lens and retina formation is considered to be 

complete (Cagan & Ready, 1989) (Table 3.1). 

 

To investigate whether the rhabdomeres develop, flies were removed from the pupal case at 

2- and 1-day prior to eclosion for rhabdomere quantification in the same pan-neuronal 

ELAVC155-Gal4 Q93 model. At day -2, it was not possible to count rhabdomeres using the light 

microscope “pseudopupil” method due to the lack of autofluorescence to clearly see the 

rhabdomeres. Therefore, for day -1 flies, rhabdomeres were quantified using light microscopy, 

but phalloidin staining of cryosections had to be used to quantify the rhabdomeres at day -2 

(Figure 3.4). At day -2, the rhabdomeres were clearly visible, and appeared to look fully 

developed with a compact complement of 7 rhabdomeres (Figure 3.4A). This correlated with 

what was seen in the wild-type day -2 eye (Figure 3.4A). At day -1, rhabdomeres were larger 

than those visualised at day -2 in both genotypes and had 7 rhabdomeres. However, the 

rhabdomeres in flies expressing Q93 appeared slightly less organised (Figure 3.4, yellow 

arrow) compared with the wild-type fly eye (Figure 3.4A, red arrow). When quantified, there 

was no difference in rhabdomere number between flies expressing Q93 and control flies at 

day -2 (Q93 = 6.9 +/- 0.04, control = 6.9 +/- 0.02, p=1.00). However, at day -1, there were 

significantly fewer rhabdomeres in the Q93 expressing flies, compared with control flies (Q93: 

6.4 +/- 0.1, control = 6.9 +/- 0.04, p=0.009) (Figure 3.4B). This section has shown that the 

normal number and arrangement of rhabdomeres develop in the Q93-expressing flies, but 

subsequently there is degeneration. 
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Figure 3.4. Flies expressing mHTT develop the wild-type number of rhabdomeres.  
Image panel showing rhabdomeres of control and Q93 mHTT-expressing flies as imaged using 

phalloidin staining. At day -2, the rhabdomeres of wild-type and Q93-expressing flies look similar and 

appear to be fully developed. At the day -1, the rhabdomeres expressing Q93 look less organised 

(yellow arrow) than control rhabdomeres (red arrow) but appear to have 7. B) Graph representing the 

average rhabdomere counts from figure 3.2 with the addition of day -2 and day-1 post-eclosion. At day 

-2, Q93-expressing flies have the same number of rhabdomeres compared with control flies. At day -

1, Q93-expressing flies have significantly fewer rhabdomeres than control flies. Data in this graph is 

the same as in Figure 3.2 with the addition of timepoint day -1 and day -2.  

 

 

3.3.5 Early mHTT expression leads to increased mHTT-induced degeneration. 
 
The previous section showed that rhabdomeres expressing mHTT do develop but begin to 

degenerate prior to eclosion. The next question was to ask whether inducing mHTT expression 

at later timepoints would lead to wild-type numbers of rhabdomeres at eclosion, which would 



 87 

subsequently degenerate. To do this, one can manipulate the GAL4/UAS system used in 

previous experiments by introducing the temperature inducible GAL80ts to temporally control 

the Gal4-induced transgene expression (Barwell et al., 2023; Matsumoto et al., 1978). In this 

system, at low temperatures (19°C) the GAL80 protein is bound to GAL4, inhibiting transgene 

expression, but at the permissive temperature of 29°C or above, GAL80 unbinds due to 

instability of the protein, repression is relieved, and the UAS target gene can be expressed 

(Figure 3.5).  

 

In this experiment, flies expressing Q93 (Elav; Gal80ts>UAS-hHTTex1.Q93) were kept at 19C 

until ready for induction of Q93 expression. Flies were transferred to 30C at the L3 larval 

stage (L3), prepupa (PP), three-days prior to eclosion (D-3), two-days prior to eclosion (D-2), 

one-day prior to eclosion (D-1), on the day of eclosion (D0), and one-day post-eclosion (D1). 

Temperature affects the activity of the Gal4/UAS system, independently of any Gal80ts or 

similar component. Therefore, to compare these Gal80ts experiments with the pan-neuronal 

Q93 expression from the embryo stage onwards that was used in previous experiments, these 

control flies were kept in the same temperature regime: flies were kept at 19C then moved 

to 30C at the time of eclosion. Table 3.1 outlines these timepoints. Rhabdomere counts were 

made from 1-day prior to eclosion, to 12-days post eclosion, except for L3 and PP flies, where 

counts were taken to 10-days post eclosion, due to early fly death.  
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Figure 3.5. Schematic diagram of the temperature inducible GAL80ts, Gal4/UAS system.  
At low temperatures, the GAL80 protein is bound to GAL4, inhibiting transgene expression. At 

temperatures above 29°C or above, the GAL80 protein unbinds, allowing GAL4-UAS binding and 

subsequent transgene expression. This schematic was made using biorender.  

 

 

Table 3.1. Stages of eye development that expression of mHTT is induced.  

Table outlining the various timepoints that mHTT expression is induced and how far through eye 
development this equates. 

Labelled timepoint Hours from 
formation of 
prepupa 

Percentage 
through pupal 
development (%) 

Stage of eye/rhabdomere 
development 

L3 larvae (L3) -48 - ~26 rows of ommatidia have emerged 
with a full complement of 
photoreceptors.  

Prepupa (PP) 0 0 Midway through morphogenetic 
furrow (MF). By hour 10, the MF is 
complete. 

Day -3 (D-3) 50 31.25 The cellular architecture of the eye is 
complete and the hexagonal lattice of 
ommatidia has emerged. 

Day -2 (D-2) 100 62.5 The retinal lattice has been 
established, the rhabdomeres have 
formed, and the axons of 
photoreceptors are about to migrate 
through to the optic lobe. 
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Day -1 (D-1) 130 81 Lens formation is complete and the 
pseudocone begins to form. By this 
timepoint the retina is virtually 
complete.  

Day 0 (D0) 160-180 >100 The eye is fully formed, and the fly has 
eclosed from the pupal case. Adult: 0 
days old. 

Day 1 (D1) 185-200 >100 Fully formed adult fly. 

 

 

Strikingly, induction of pan-neuronal expression of Q93 at D0 (eclosion) led to significantly less 

rhabdomere degeneration compared with Q93-induced expression throughout development 

of the fly (Elav>UAS-hHTTex1.Q93) (Genotype*Time F4,110 = 5.614, p<0.001) (Figure 3.6A). 

With this crossing regime, rhabdomeres had already begun to degenerate by the time of 

eclosion (Elav>UAS-hHTTex1.Q93: 6.0 +/- 0.1, Elav; Gal80ts>UAS-hHTTex1.Q93(D0): 7.0 +/- 

0.01, p<0.001), and continued to degenerate to 4.7 by 12-days post-eclosion (p<0.001). This 

indicates that mHTT expression in the neurons of the fully formed, young adult fly results in 

limited rhabdomere loss. However, by contrast, inducing Q93 expression at the PP stage 

resulted in a pattern of degeneration similar to that of the control Elav>UAS-hHTTex1.Q93 fly 

line. There was a small, but significant difference between the two genotypes 

(Genotype*Time F4,72 = 4.253, p=0.004) (Figure 3.6B) Post hoc analysis revealed that at 

eclosion and 5 days post-eclosion, flies expressing Q93 at PP timepoints had fewer 

rhabdomeres compared with the flies with Q93 expression throughout development 

(p<0.001) (Figure 3.6B). 

 

 When comparing onset of mHTT expression from L3 to Day 1, there was a significant 

difference in rhabdomere number between genotypes (Genotype*Time F32,379 = 6.025, 

p<0.001). Interestingly, the rate of degeneration appears to increase when neurons are pre-

exposed to mHTT at earlier timepoints (Figure 3.7). Post-hoc analysis revealed that there was 

no difference in rhabdomere counts of flies where mHTT was expressed at L3 or PP stages 

(p>1.00). Flies in these two experimental categories had significantly more rhabdomere 

degeneration compared with flies where mHTT was expressed at D-3, D-2, D-1, D0 and D1, 

from the day of eclosion (p<0.001) (Figure 3.7). To conclude, this section has shown that 

expressing mHTT in the young adult fly results in relatively little rhabdomere loss, but that 
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early pre-exposure to mHTT has a significant impact and increase vulnerability to mHTT-

induced rhabdomere loss that occurs around the time of eclosion. 

 

 

 

Figure 3.6. Early pre-exposure to mHTT increases rhabdomere degeneration.  
A) Graph to show that induction of mHTT expression on the day of eclosion, using ElavGal4; Gal80ts 

driving UAS-hHTTex1.Q93, shows relatively little degeneration across time, and this is significantly less 

compared with when mHTT is expressed throughout development of the fly (Genotype*Time F4,110 = 

5.614, p<0.001). B) Graph representing the change in rhabdomere count across time, when mHTT is 

induced at prepupa (PP) compared with expression via the pan-neuronal ELAVC155-Gal4. There is a 

difference between the two genotypes across time (Genotype*Time F32,379 = 6.025, p<0.001), and flies 

with mHTT expression at PP, have significantly fewer rhabdomeres at day 0 and day 5. **p<0.01, 

***p<0.001. 
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Figure 3.7. The time of induction of mHTT expression alters the amount of rhabdomere 
degeneration.  
Graph to show mHTT expression at different timepoints throughout eye development. Flies were 

crossed at 19C until the appropriate time to induce expression, when flies were placed at 30C. 

Rhabdomeres were counted between one-day prior to eclosion, and 12 days post-eclosion, except 

those where mHTT was expressed at prepupal (PP) or L3 larval stages, where rhabdomeres were 

counted to 10 days post eclosion. There was a significant difference in rhabdomere counts between 

experimental groups (Genotype*Time F32,379 = 6.025, p<0.001). Flies expressing mHTT from L3 and PP 

stages had significantly fewer rhabdomeres than flies expressing mHTT from D-3 through D1 (p<0.001).  

Data points with error bars indicate where counts were taken. Error bars = SEM.  

 

 

3.3.6 Downregulation of Mef2 suppresses mHTT-induced degeneration in the whole-eye 
 
This section aimed to determine how downregulating Mef2 impacts the whole-eye mHTT 

phenotype seen in the mHTT-induced model of HD. To do this, GMR-Gal4 was used to drive 

expression of Q93 and Mef2RNAi (BL38247) in all cells of the eye (Li et al., 2012). At 15 days 

post-eclosion, flies were imaged using confocal microscopy.  This showed more uniform 

pigmentation and less degeneration compared with the Q93 flies, alone, and was comparable 

to that seen in the 15-day wild-type fly eye (Figure 3.8A). To test the strength of the effect that 

Mef2 downregulation has on mHTT-induced whole-eye degeneration, Mef2 was 

downregulated in a mHTT model with 120 CAG repeats (GMR>UAS-hHTTex1.Q120), which 

gives a stronger degenerative phenotype. To do this, GMR-Gal4 was used to drive expression 

of Mef2RNAi (15550) and Q120. At 15 days post-eclosion, there was less degeneration of the 

whole-eye compared with the whole-eye expressing Q120 flies, alone (Figure 3.8B).  
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To conclude, whole-eye downregulation of Mef2 in a whole-eye degenerative model of HD 

can suppress the mHTT-induced whole-eye phenotype. 

 

 

 

Figure 3.8. Whole-eye downregulation of Drosophila Mef2 suppresses mHTT-induced degeneration 
in a mHTT-induced degenerative model of HD. 
 A) Confocal microscopy to show the uniform pigmentation of the whole-eye in a control fly, and 

degeneration that appears due to whole-eye expression of the human mutant huntingtin fragment 

with 93 CAG repeats (GMR>hHTTex1.Q93). Whole-eye downregulation of the Mef2 using BL38247 

(GMR>BL38247; hHTTex1.Q93), suppresses the degenerative phenotype seen in Q93 fly line. B). 

Confocal imaging of the whole eye, showing degeneration of the whole-eye in a model expressing 

mHTT with 120 CAG repeats. Whole-eye downregulation of Mef2, using 15550, (GMR>hHTTex1.Q120; 

15550) is also able to suppress the degenerative phenotype. 

 

 

3.3.7 Downregulation of Mef2 suppresses mHTT-induced degeneration in neurons. 
 
This section aimed to investigate the effect of downregulating Mef2 in mHTT-induced neurons. 

To do this, the pan-neuronal driver ELAVC155-Gal4 was used to induce mHTT (Q93) and 

BL38247 in the neurons. Rhabdomere counts were taken at 2 days prior to eclosion, through 
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to 15 days post-eclosion. An additional line expressing Q93 and mCherry was added to control 

for any results influenced by the presence of an additional UAS construct in the genome 

(Elav>mCherry; hHTTex1.Q93). Analysis compared rhabdomere counts between flies 

expressing Q93 and mCherry, with those expressing Q93 and BL38247. Downregulation of 

Mef2 in the Q93 model significantly suppressed mHTT-induced loss of rhabdomeres 

(Genotype*Time F12,119 = 3.649, p<0.001) (Figure 3.9A). Post-hoc analysis revealed that there 

was no difference between the two genotypes at the day prior to eclosion (Elav>UAS-mCherry; 

hHTTex1.Q93 6.7 rhabdomeres +/- 0.1, Elav>UAS-Mef2RNAi; hHTTex1.Q93 6.9 rhabdomeres 

+/- 0.02, p=0.875). At eclosion, Q93-expressing flies with Mef2 downregulation using BL38247 

had more rhabdomeres that flies expressing Q93, only (Elav>UAS-mCherry; hHTTex1.Q93 day 

0 = 5.6 +/- 0.04, Elav>UAS-Mef2RNAi(BL38247); hHTTex1.Q93 = 6.05 +/- 0.08, p=0.004) and 

was maintained until 15 days post-eclosion which was the last timepoint analysed in this 

experiment (Elav>UAS-mCherry; hHTTex1.Q93 4.5 rhabdomeres +/- 0.1,  Elav>UAS-

Mef2RNAi(BL38247); hHTTex1.Q93  5.4 rhabdomeres +/- 0.3, p=0.013) (Figure 3.9A). At day 

12, whilst there were fewer rhabdomeres in the Q93 expressing flies compared to the flies 

expressing Q93 and Mef2RNAi, this was not significant (Elav>UAS-mCherry; hHTTex1.Q93 4.5 

rhabdomeres +/- 0.1, Elav>UAS-Mef2RNAi (BL38247); hHTTex1.Q93, 4.7 rhabdomeres +/- 0.1, 

p=0.061). However, due to time constraints, the number of flies expressing Q93 and mCherry 

was small and may contribute to this (n=3).   

 

To further confirm the effect of Mef2 downregulation, the 15550 RNAi line was used to 

downregulate Mef2 in another model of mHTT containing 93 CAG repeats (Q93-II) This UAS 

construct is present on the 2nd chromosome and expresses the same human exon 1 sequence 

with 93 CAG repeats, which is expressed in the UAS-Q93 line on the 3rd chromosome. To 

control for the addition of another UAS construct, another fly line was generated, expressing 

the Val20GFP construct and Q93-II (Elav>UAS-Q93-II; UAS-Val20GFP). Due to time constraints, 

rhabdomere counts were unable to be conducted to 15 days post-eclosion. Therefore, analysis 

compared flies expressing Q93-II, and flies expressing Q93-II and 15550. However, fly counts 

for flies expressing Val20GFP and Q93-II were added to the graph to show that adding a second 

UAS construct does not appear to influence rhabdomere counts up between the day of 

eclosion and 10 days post-eclosion (Figure 3.9B, yellow). Pan-neuronal downregulation of 

Mef2 using 15550, significantly suppressed mHTT-induced rhabdomere degeneration 
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(Genotype*Time F5,113 = 5.345, p<0.001) (Figure 3.9B). Upon the day of eclosion, there was no 

significant difference in rhabdomere number compared with pan-neuronal mHTT expression 

alone (Q93-II = 6.05 +/- 0.08, Q93-II;15550 = 5.95 +/- 0.06, p=0.654). However, as flies aged, 

rhabdomere loss was suppressed and by 10 days post-eclosion, rhabdomere count in Q93-II 

flies with Mef2 downregulation, was significantly higher compared with Q93-II expression 

alone (Q93-II = 4.62 +/- 0.08, Q93-II ;15550 = 5.74 +/- 0.23, p<0.001) (Figure 3.9B). This was 

maintained at 12- and 15-days post-eclosion (p<0.001).  

 

To test the pattern changes with downregulation of Mef2 using two different RNAi lines and 

two different mHTT models, I repeated the experiment using a third RNAi line for Mef2, 

1429R1. Using 1429R1, there was no significant difference in the rhabdomere counts between 

the Q93-expressing flies and the Q93 flies with Mef2 downregulation (Genotype*Time F4,56 = 

0.148, p=0.963). However, it should be noted that there appears to be a trend by which the 

flies with downregulation of Mef2 using 1429R1 do have slightly more rhabdomeres at each 

timepoint, and this data is preliminary, with low sample number at each timepoint (n=3) 

(Figure 3.9C). To conclude, downregulating Mef2 in a pan-neuronal model of HD can suppress 

mHTT-induced loss of rhabdomeres.   
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Figure 3.9. Pan-neuronal downregulation of Mef2 suppresses mHTT-induced degeneration. 
A) Graphical representation of the effect of Mef2 downregulation in a mHTT-induced fly model of HD 

with 93 CAG repeats (Q93). Rhabdomere counts were taken from 1 day prior to eclosion to 15 days 

post eclosion. Downregulation of Mef2 using BL38247, significantly suppresses rhabdomere cell loss 

compared with the Q93-expressing flies (Genotype*Time F12,119 = 3.649, p<0.001) B) Graphical 

representation of the effect of downregulation Mef2 using 15550, in another Q93 model of mHTT-

induced degeneration (Q93-II). Pan-neuronal downregulation of endogenous Mef2 using 15550 

significantly suppressed mHTT-induced degeneration (Genotype*Time F5,113 = 5.345, p<0.001) *** 

p<0.001, ** p<0.01, *p<0.05. Error bars = SEM. C) Graph to show the effect of downregulation Mef2 

with 1429R1. Rhabdomere counts taken at 1 day prior to eclosion, to 12 days post-eclosion. There was 

no difference in rhabdomere counts between Q93-expressing flies and Q93 flies with Mef2 

downregulation (Genotype*Time F4,56 = 0.148, p=0.963). 
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3.3.8 Downregulation of Mef2 in a mHTT-induced model can prolong fly survival  
 
The previous sections have shown that downregulating Mef2 in a whole-eye and pan-neuronal 

model of HD can suppress a mHTT-induced phenotype. The next question to ask was whether 

pan-neuronal downregulation of Mef2 in the mHTT model could increase fly survival. To do 

this, a longevity assay was conducted. mHTT was expressed in the neurons of flies (using 

ELAVC155-Gal4) and from eclosion, flies were housed in vials at 25C. Every two days, the flies 

were flipped into fresh food and the number of surviving flies counted. To account for the 

additional UAS construct present in the flies expressing Q93 and BL39247, survival analysis 

was also conducted for flies expressing Q93 and mCherry. Due to time constraints, this data 

was not available for flies expressing Val20GFP and Q93-II, therefore, analysis compared 

longevity of flies expressing Q93-II and either 15550 or 1429R1, with flies expressing only Q93-

II. Downregulation of Mef2 using BL38247 in Q93-expressing flies, did not influence fly survival 

compared with flies expressing Q93 and mCherry (Log rank test: t252 = 0.580, P=0.938) (Figure 

3.10A). Pan-neuronal downregulation of Mef2 using 15550 in the Q93-II line significantly 

prolonged survival (Log rank test: t271= -8.076, P<0.001) (Figure 3.10B). Similarly, 

downregulation using 1429R1 significantly prolonged survival compared with Q93-II-

expressing flies (Log rank test: t182 = 9.907, p<0.001) (Figure 3.10C). To conclude, 

downregulating Mef2 in a pan-neuronal model of mHTT expression can prolong fly survival.  
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Figure 3.10. Mef2 downregulation can prolong survival in flies expressing mHTT.  
Kaplan Meier plots to show survival of flies expressing mHTT and how downregulation of Mef2 effects 

this survival. A) Pan-neuronal downregulation of Mef2 using UAS-Mef2RNAi (BL38247) does not 

significantly increase survival of the flies (Log rank test: t345 = 0.580, p=0.9380). B) Pan-neuronal 

downregulation of Mef2 using UAS-Mef2RNAi (15550) can significantly prolong fly survival (Log rank 

test: t271= -8.076, p<0.001). C) Pan-neuronal downregulation of Mef2 using UAS-Mef2RNAi (1429R1) 

can significantly prolong fly survival (Log rank test: t182 = 9.907, p<0.001).  

 

3.3.9 Mef2 downregulation in fully developed photoreceptors can rescue mHTT-induced 
degeneration. 
 
Section 3.3.5 showed that pre-exposure of neurons to mHTT leads to increased loss of 

rhabdomeres, compared with the neurons where mHTT is expressed after eye development 

is complete (Figure 3.6/3.7). Therefore, the next experiment aimed to determine whether 

downregulating Mef2 in the developed PR neurons of the eye have any impact on mHTT 

expression at this time. The GAL80tsGal4/UAS system was used to induce pan-neuronal 

downregulation of Mef2 (using BL38247) and pan-neuronal expression of mHTT (Q93) one 

day prior to eclosion (D-1), since at this timepoint, eye development is complete (Cagan & 

Ready, 1989). Rhabdomere counts were taken from one day prior to eclosion, to 12 days post-
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eclosion. There was not an effect between the two genotypes across time, however there was 

an overall effect of genotype (Genotype*Time F5,127 = 1.015, p=0.412, Effect of Genotype: F6,127 

= 5.694, p<0.001) (Figure 3.11). Post hoc analysis revealed that on the day of eclosion, Q93-

expressing flies with downregulation of Mef2 had more rhabdomeres than Q93 flies, alone 

(Elav; Gal80ts>Q93, 6.51 +/- 0.09, Elav; Gal80ts>BL38247; Q93, 6.76 +/- 0.04, p<0.001). This 

was also true at 5 days post-eclosion (Elav; Gal80ts>BL38247; Q93 6.78 +/- 0.02, Elav; Gal80ts> 

Q93, 6.46 +/- 0.04, p<0.001). Interestingly, this was not maintained, and at 7 days post-

eclosion, there was no difference in rhabdomere counts between the two genotypes (Gal80ts; 

Q93, 6.67 +/- 0.08, Gal80ts; Mef2RNAi; Q93, 6.80 +/- 0.02 p=0.106) (Figure 3.16). To conclude, 

this experiment shows that onset of mHTT with Mef2 downregulation in the developed eye 

can suppress rhabdomere loss in the young adult fly, compared with flies expressing mHTT, 

alone, in the developed eye. 

 

 

 

Figure 3.11. mHTT-induced degeneration in developed photoreceptors can be suppressed by 
downregulation of Mef2. 
A graph showing the rhabdomere counts of flies expressing mHTT in the neurons from one-day prior 

to eclosion (D-1), and flies with mHTT and downregulation of the endogenous Mef2. Rhabdomere 

counts were taken from 1 day prior to eclosion, to 12 days post eclosion. There was an overall effect 

of Genotype (F6,127 = 5.694, p<0.001), which showed that 0- and 5-days post eclosion, mHTT flies with 

Mef2 downregulation had more rhabdomeres compared with mHTT flies, alone. ***p<0.001. 
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3.3.10 Mef2 downregulation in developing photoreceptors does not influence mHTT-
induced degeneration. 

 
The next experiment aimed to investigate the effect that downregulating Mef2 (BL38247) has 

on rhabdomeres where mHTT is induced in the developing eye. To do this, the 

Gal80tsGal4/UAS system was used to induce pan-neuronal mHTT expression and pan-neuronal 

downregulation of Mef2 at the PP stage. Rhabdomeres were counted between one day prior 

to eclosion and 7 days post-eclosion. There was no significant difference between flies 

expressing Q93 and BL38247, compared with flies expressing Q93, alone (Genotype*Time F3,50 

= 2.740, p=0.053) (Figure 3.12). It should be noted that the sample number at each timepoint 

is small in the Elav; Gal80ts>UAS-BL38247; Q93 line may impact these results (At day 7, n=2. 

At day 1 and -1, n=3. At day 5, n= 9). 

 

 

Figure 3.12. Mef2 downregulation in developing photoreceptors does not influence mHTT-induced 
degeneration.  
Graphical representation to show rhabdomere loss in flies where pan-neuronal mHTT expression is 

induced at pupation (PP), and the extent of rhabdomere loss when Mef2 is downregulated in these fly 

neurons. Rhabdomere counts were taken from one day prior to eclosion, to 10 days post-eclosion. 

There was no significant difference between the two genotypes (Genotype*Time F3,50 = 2.740, 

p=0.053) 
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3.3.11 Whole-eye over-expression of Drosophila Mef2 exacerbates mHTT-induced 
degeneration.  
 
In the previous sections of this chapter, Mef2 knockdown in a whole-eye and pan-neuronal 

model of mHTT has been shown to suppress mHTT-induced eye degeneration and 

rhabdomere loss, respectively. This implies a potential genetic interaction between Mef2 and 

mHTT. Therefore, this experiment aimed to investigate whether over-expressing Drosophila 

Mef2 influences mHTT-induced rhabdomere loss. To do this, the whole-eye driver GMR-Gal4 

was used to over-express Drosophila Mef2 in the mHTT-induced eye model with 93 CAG 

repeats (GMR>UAS-Mef2; hHTTex1.Q93). On the day of eclosion, there was visibly worse 

degeneration in the Q93-expressing flies with Mef2 over-expression, compared with flies 

expressing Q93, only (Figure 3.11Aii/Aiii). In these flies there was no red pigmentation, and 

only the bristles on the exterior of the eye were present (Figure 3.11Aiii). 

 

There is also evidence from other disease models that over-expression of mammalian Mef2 

isoforms, including Mef2C, is beneficial to degenerative disease processes (Ren et al., 2022). 

Therefore, using the Gal4/UAS system, one can over-express the human Mef2C (hMef2C) gene 

to assess whether this gene functions similarly to Drosophila Mef2 in a whole-eye mHTT-

model. Whole eye over-expression of hMef2C in the Q93 model led to significantly worse 

degeneration at eclosion, compared with flies expressing Q93, only (Figure 3.11Aiv). hMef2C 

was over-expressed in a whole eye mHTT model with 120 CAG repeats (Q120). Interestingly, 

upon eclosion, Q120 flies with hMef2C over-expression has reduced pigmentation compared 

with Q120-expressing flies, alone, however, this did not worsen with age (Figure 3.11Bi/ii). 

Even more interestingly, there appears to be a gradient of degeneration, antero-posteriorly, 

with gradual loss of pigmentation throughout the eye. To conclude, over-expression of 

Drosophila Mef2 and hMef2C in a model of mHTT, exacerbates the whole-eye degenerative 

phenotype. 
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Figure 3.13. Over-expression of Drosophila Mef2 and human Mef2C (hMef2C) exacerbates whole eye 
degeneration.  
A) Representative confocal images of the effect of whole-eye over-expression of Drosophila Mef2 (Aiii) 

and human Mef2C (hMef2C) (Aiv) in a mHTT model with 93 CAG repeats (Aii).  Over-expression of Mef2 

and hMef2C exacerbates the mHTT-induced whole-eye phenotype compared with the HD fly, alone. 

B) Representative confocal images to show that over-expression of hMef2C in a mHTT-induced fly 

model, containing 120 CAG repeats, exacerbates the mHTT-induced phenotype. 

 

3.3.12 Pan-neuronal over-expression of Drosophila Mef2 does not influence mHTT-induced 
degeneration, whilst over-expression of hMef2C is lethal. 
 
Whole-eye over-expression of Drosophila Mef2 and hMef2C exacerbated mHTT-induced eye 

degeneration. The next experiment investigated whether over-expression in mHTT-induced 

neurons would lead to further loss of rhabdomeres. To do this, ELAVC155-Gal4 was used to 

drive expression of Drosophila Mef2 or hMef2C in a pan-neuronal model of mHTT. 

Rhabdomere counts were taken from 2 days prior to eclosion, to 15 days post-eclosion. Pan-

neuronal over-expression of Drosophila Mef2 in the Q93-expressing flies resulted in no 

difference in rhabdomere count compared with Q93-expressing flies, alone (Genotype*Time 

F7,141 = 1.375, p=0.220) (Figure 3.12). By contrast, pan-neuronal over-expression of hMef2C in 

the same Q93 model was lethal. Since hMef2C over-expression in wild-type Drosophila led to 

rhabdomere counts comparable with wild-type flies (Genotype*Time: F5,36 = 0.716, p=0.616) 

(Figure 3.15), the hMef2C-Q93 interaction is causing lethality. To conclude, pan-neuronal over-
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expression of Drosophila Mef2 has no effect on mHTT-induced loss of rhabdomeres, however 

hMef2C over-expression in this mHTT model is lethal. Therefore, is not possible to determine 

whether hMef2C has any impact on rhabdomere degeneration.  

 

 

Figure 3.14. Pan-neuronal over-expression of Mef2 has no effect on mHTT-induced degeneration.  
Graph showing average rhabdomere loss from 2 days prior to eclosion, to 15-day-old flies. Pan-

neuronal over-expression of endogenous Mef2, using ELAVC155Gal4 showed no difference in 

rhabdomere loss, compared with mHTT-induced degeneration from expression of mHTT, alone 

(Genotype*Time F7,141 = 1.375, p=0.220). Pan-neuronal over-expression of mCherry was used as a 

control to show that control flies show no rhabdomere degeneration, and pan-neuronal over-

expression of Drosophila Mef2 have does not induce any rhabdomere loss. Error bars = SEM. 

 

 

 

Figure 3.15. Pan-neuronal over-expression of hMef2C does not induce a phenotype.  
Graph to show representative rhabdomere counts in flies expressing human Mef2C (hMef2C) in the 

neurons (Elav>UAS-hMef2C). Counts were taken at 0 to 15-days post eclosion. Over-expression of 

hMef2C had no impact on rhabdomere counts compared with wild-type flies (Genotype*Time: F5,36 = 

0.716, p=0.616). 
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3.3.13 Over-expression of hMef2C in fully developed photoreceptors has no effect on mHTT-
induced degeneration 
 
The previous experiment showed that over-expression of hMef2C in a pan-neuronal model of 

mHTT-induced degeneration is lethal. It is well established that Mef2 is a key regulator in 

cardiovascular development, and repressing overall Mef2 activity may, in part, aid in 

treatment of cardiac hypertrophy (Cornwell & McDermott, 2023). Therefore, it is possible that 

lethality in these flies is due to other complications during development, and that over-

expression of hMef2C and its interaction with mHTT in other parts of the nervous system, 

plays a role in lethality of the flies prior to adulthood. Therefore, the next experiment aimed 

to induce over-expression of hMef2C following development of these major structures, and 

the eye. To do this, the GAL80tsGal4/UAS system was used to induce pan-neuronal over-

expression of hMef2C and pan-neuronal expression of mHTT (Q93) one day prior to eclosion 

(D-1). Rhabdomere counts were taken from one day prior to eclosion, to 12 days post-

eclosion. There was no difference between the rhabdomere counts with Q93 at D-1, 

compared with Q93-expressing and over-expression of hMef2C (Genotype*Time F5,101 = 

2.053, p=0.077) (Figure 3.16). To conclude, over-expressing hMEf2C in flies expressing Q93 the 

day prior to eclosion had no effect on mHTT-induced degeneration at D-1.  
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Figure 3.16. Over-expression of hMef2C in developed photoreceptors has no effect on mHTT-induced 
degeneration.  
A graph to show the rhabdomere counts of flies expressing mHTT (Q93) in the neurons from one day 

prior to eclosion (D-1), and flies expressing mHTT and over-expression of hMef2C. Rhabdomere counts 

were taken from one day prior to eclosion, to 12 days post eclosion. There was no difference in the 

rhabdomere counts with hMef2C over-expression in Q93-expressing flies, compared with those 

expressing Q93, alone (Genotype*Time F5,101 = 2.053, p=0.077). 

 

 

3.3.14 Mef2 is expressed in the developing eye-brain complex 
 
The previous experiments have shown that downregulating Mef2 in a whole-eye and pan-

neuronal of mHTT can suppress mHTT-induced eye and rhabdomere degeneration, 

respectively. Experiments have also shown that over-expressing Mef2 and hMef2C in a whole-

eye model of mHTT can exacerbate whole-eye mHTT degeneration. Therefore, the next 

question aimed to address why and how these changes come about. In 1996, Schulz and 

colleagues observed that Mef2 is expressed in embryonic and larval Kenyon cells; the neurons 

that make up the adult mushroom body, the brain region in Drosophila known to function in 

learning and memory (Schulz et al., 1996). Since then, studies have reported seeing Mef2 

expression in the photoreceptors of the adult fly (Crittenden et al., 2018; Hall et al., 2017), 

however little is known about Mef2 expression in the developing eye-brain complex.  

 

The next experiment aimed to investigate where Mef2 is expressed in the developing eye-

brain complex. To do this, a Mef2-GFP line generated in the host lab was used to visualise 

endogenous Mef2 expression.  The Mef2-GFP line was generated using CRISPR-Cas9, to 

directly tag the endogenous Mef2 protein at its C-terminus (Hubbert, 2023). The line is 
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homozygous viable, with no phenotype, and expression has been verified in the host 

laboratory using immunohistochemistry and live imaging to extensively study the expression 

profile in the fly embryo, wing imaginal disc, and the dorsal longitudinal muscles (DLMs) of 

the adult muscle (Hubbert, 2023).  

 

Whole eye-brain complexes from Mef2-GFP L3 larvae, early (50hr post prepupa formation 

(ppf), mid (100hr ppf), and late (130hr ppf) pupae, and early adult (1 day post eclosion) flies. 

Eye-antennal imaginal discs from the L3 larvae were also dissected. Imaginal discs and eye-

brain complexes were stained for Mef2 (anti-GFP), neurons (anti-elav) and cell nuclei 

(Hoechst).  See Section 2.1.9 for full methods. There was no evidence of Mef2 expression in 

the L3 eye-antennal imaginal disc (Figure 3.17), however two concentrated populations of 

Mef2 positive cells were observed in the central brain lobes of the L3 larval brain (Li et al., 

2014) (Figure 3.18Bi).  

 

 

Figure 3.17. Mef2 is not expressed in the eye-antennal disc. 
Confocal imaging to show that Mef2 is not expressed in the developing eye disc of L3 larvae. Hoechst 

was used to stain nuclei (blue), anti-elav for neuronal staining, and anti-GFP to stain Mef2. Scale bar: 

100m.  
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Figure 3.18. Mef2 expression in the developing eye-brain complex.  
A). Schematic of the developing antenna-eye disc, and developing larval brain, to the adult eye-brain 

complex and compound eye. VNC: Ventral Nerve Cord, OL: Optic Lobe, CB: Central Brain, MF: 

Morphogenetic Furrow, LA: Lamina, ME: Medulla, LO: Lobula, LP: Lobula Plate. Made using biorender. 

B). Panel to show Mef2 expression in the developing eye-brain complex. Mef2 is expressed in L3 central 

brain, and an additional population of Mef2-expressing cells populate the lateral aspect of the optic 

lobe, neurons of which, connect to the developing eye.   
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In the early pupal eye-brain complex, a concentrated population of Mef2 positive cells was 

observed at the rostral end of the central brain (Figure 3.18 Bii).  In the mid-stage pupal eye-

brain complex, Mef2 positive cells are in an area surrounding, but not in, the mushroom body, 

and in nuclei of cells on the lateral surface of the optic lobe medulla (Figure 3.18 Biii). In the 

late pupal eye-brain complex, Mef2 positive cells were again, observed in an area surrounding, 

but not in, the mushroom body, and more Mef2 positive nuclei appear on the lateral surface 

of the optic lobe medulla (Figure 3.18Biv). To conclude, Mef2 is expressed in the developing 

eye-brain complex. Mef2 expression appears as a concentrated population of cells in the 

central brain, and a sub-population of nuclei on the lateral aspect of the optic lobe medulla 

are Mef2 positive. 

 

3.3.15 Mef2 is not expressed in the adult Drosophila Photoreceptors 
 
From dissection and immunostaining of whole eye-brain complexes, it was difficult to 

determine whether Mef2 is expressed in the PRs because these neurons are often damaged 

in the dissection process. Therefore, in this experiment, heads of one-day-old flies from the 

Mef2-GFP fly line were cryosectioned and phalloidin used to visualise the PRs. See Section 

2.1.9 for methods. Sections of muscle were used as a positive control to ensure that the 

staining was successful (Figure 3.19). Imaging of 10M sections containing rhabdomeres 

showed that Mef2 is not expressed in the nuclei of the photoreceptors or the projecting axons. 

However, there was a subset of Mef2-positive nuclei on the boundary between the medulla 

and lamina of the optic lobe, which corresponds to the population of cells seen in Figure 3.18 

Biv (Figure 3.20). To conclude, Mef2 is not expressed in the photoreceptors of one-day-old 

adult flies but is expressed in a sub-population of nuclei on the lateral aspect of the optic lobe 

medulla. 
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Figure 3.19 Mef2 is expressed in muscles of the Drosophila head.  
Positive anti-GFP staining shows Mef2 expression in the head muscle of Drosophila. Images taken at 

63X magnification.  

 

 

 

Figure 3.20. Mef2 is not expressed in the rhabdomeres and projecting photoreceptor axons of one-
day-old adult flies. 
Anti-GFP staining of flies with GFP-tagged endogenous Mef2, did not produce positive staining for 

Mef2 in the photoreceptors, indicating that there are no Mef2-positive cells in the rhabdomeres. 

However, there is positive staining for Mef2 in a subset of nuclei that sit at the border between the 

medulla and lamina of the optic lobe. PR: photoreceptors. LA: Lamina. ME: Medulla. A) Control to show 

Mef2 autofluorescence, and B) to show positive staining of Mef2. Images taken at 40X magnification. 
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3.3.16 N-terminal Mef2C physically interacts with wild-type and mHTT. 
 
The previous experiment showed that Mef2 is expressed in the developing eye-brain complex 

but is not expressed in the photoreceptors. This may imply an indirect pathway for Mef2 

effecting mHTT-induced degeneration of rhabdomeres. To more fully understand a potential 

mechanism for this effect, the next question to ask is whether there is a physical interaction 

between Mef2 and mHTT. To do this, the Y2H assay was used. In this assay, fragments of 

interest were cloned into bait (pP6) and prey (pB27) protein plasmids and amplified in yeast 

cells. Cells were then spread onto plates lacking specific nutrients, and those that physically 

interact, lead to cell growth. Plates with no cell growth indicates a lack of physical interaction 

between the two tested proteins (see section 2.6 for specific methods).  

 

As mentioned in section 1.4 of the introduction, Kaltenbach and colleagues conducted a large-

scale protein interaction study in an attempt to identify novel HTT fragment-interacting 

proteins and identified an isoform of the mammalian Mef2, Mef2D, as a physical interactant 

of the first 450aa (amino acids) of wild-type (WT) and mHTT (Kaltenbach et al., 2007). 

Therefore, the first experiment aimed to replicate this finding. To do this, primers were 

designed to cut the Mef2D protein into a 1-350aa fragment and 134-514aa fragment. The first 

350 amino acids (aa) of Mef2D (Mef2D 1-350) physically interacts with wild-type (23 CAG 

repeats) and mHTT (51 CAG repeats) (Figure 3.21A/B). Y2H assays also showed that the Mef2D 

134-514 aa fragment does not physically interact with wild-type and mHTT (Figure 3.21A/B). 

 

The next experiment was to test whether the human Mef2C protein could physically interact 

with WT and mHTT. Primers were designed to cut the Mef2C protein into a 1-350aa fragment, 

134-455aa fragment and a 1-134aa fragment. Y2H analysis showed that Mef2C 1-350aa 

physically interacts with WT and mHTT 1-450aa (Figure 3.22Bi/Ci). Mef2C 134-455aa does not 

physically interact with the WT or mHTT 1-450aa fragment (Figure 3.22Bii/Cii). Interestingly, 

there was no physical interaction between WT or mHTT with the Mef2C 1-134aa fragment 

(Figure 3.22Biii/Ciii). To conclude, the Mef2C 1-350aa fragment of the protein physically 

interacts with the wild-type and mutant HTT protein. 
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Figure 3.21.  Mef2D 1-350aa physically interacts with HTT.  
The Yeast-2-Hybrid assay was used to confirm reports from Kaltenbach et al., 2007, that the Mef2D 1-

350aa fragment physically interacts with wild-type (WT) (A) and mutant HTT (B) as seen by growth of 

cells. Mef2D 134-514aa fragment does not physically interact with wild-type (A) or mutant HTT (B) as 

seen by a lack of growth.   
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Figure 3.22.  Mef2C 1-350aa physically interacts with WT and mHTT.  
A). Schematic of Mef2C protein, including the highly conserved domains. Numbers indicate the amino-

acid length at each point. MADS: MADS box domain, MEF: Mef2 DNA-binding domain, HJURP-C: 

holliday junction recognition protein, TAD I: transcriptional activation domain 1, TAD II: transcriptional 

activation domain 2, NLS: Nuclear localisation signal. Beta domain indicated by the organise box. B) 

The Yeast-2-Hybrid assay was used to test physical interactions between Mef2C protein fragments with 

WT (B) and mHTT (C) protein. Cell growth indicates a positive physical interaction. No growth indicates 

no interaction.  

 

 

 

3.4 Discussion 
 
The single Mef2 and mammalian Mef2 transcription factors have been widely implicated in 

brain development and function (Ali, 2022; Ana C. Barbosa et al., 2008a; Crittenden et al., 

2018). In the context of HD, Drosophila have been used to study mHTT-induced degeneration 

and identify new genetic modifiers of the disease. A chromosomal deficiency including the 

Mef2 gene, in a Drosophila model of HD, had been shown to suppress a mHTT-induced 

phenotype (Kaltenbach et al., 2007). However, it had not been shown whether sole Mef2 
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downregulation was responsible for this suppression; a gap that has been addressed in this 

chapter. The first experiments in this chapter looked to determine the extent of whole-eye 

degeneration and pan-neuronal loss of rhabdomeres in a mHTT-induced model prior to 

investigating further implications of Mef2 manipulation.  

 

3.4.1 The Drosophila eye as a model of mHTT-induced degeneration 
 
In 1998, Jackson and colleagues were the first to describe a Drosophila model with an 

expanded polyQ region in the human HTT protein that was expressed under the control of the 

eye-specific promoter, GMR (Jackson et al., 1998). They showed that the presence of mHTT 

led to PR cell degeneration and the presence of nuclear inclusions.  A couple of years later, 

Kazemi-Esfarjani and Benzer used these Drosophila models to identify genetic modifiers that 

could suppress this mHTT-induced degenerative phenotype (Kazemi-Esfarjani & Benzer, 2000). 

Researchers crossed ~7,000 potential modifiers and assessed the progeny for suppression or 

enhancement of the whole-eye mHTT-degenerative phenotype. One of the identified genes 

was Drosophila HDJ1, an ortholog of the human HSP40 (heat shock protein 40), a molecular 

chaperone which has since been implicated in Alzheimer’s Disease, Parkinson’s Disease, HD, 

and can suppress mHTT-induced neurotoxicity by directly interacting with exon 1 of the HTT 

protein  (Kazemi-Esfarjani & Benzer, 2000; Wankhede et al., 2022). Since then, the Drosophila 

eye has become a known model system for studying neurodegenerative disease, in particular, 

as a way to determine whether candidate modifiers or molecular pathways might contribute 

to disease progression (Nitta & Sugie, 2022).  

 

Before investigating whether genetic modifiers might be implicated in neurodegeneration 

progression, it is important to establish a baseline in these models. Whilst GMR-Gal4 and 

Elavc155Gal4 are standard drivers for driving mHTT in the whole-eye and neurons, respectively, 

the specific mHTT line, presence of the full-length protein or truncated mHTT protein, CAG 

repeat length, and temperature sensitivity can cause variability in reports (Table 1.1). In this 

chapter, the UAS constructs used contained the N-terminal human HTT exon 1 with 93 or 120 

CAG repeats, and were generated by Larry Marsh (FBrf0236625, Flybase.org). Consistent with 

the literature and the human condition, a longer CAG repeat length led to a more degenerative 

whole-eye phenotype (Figure 3.1) (Jackson et al., 1998; Lee et al., 2012). Additionally, pan-
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neuronal expression of mHTT with 93 CAG repeats, showed a steady decline in rhabdomere 

number, which would allow further investigations with respect to exacerbating or suppressing 

disease phenotypes.  

 

3.4.2 Expression of mHTT in the Drosophila photoreceptors does not affect structural 
rhabdomere formation 
 
As mentioned briefly in this chapter, a common observation, consistent with the literature, is 

that flies with pan-neuronal expression of mHTT have fewer rhabdomeres on the day of 

eclosion compared with wild-type flies (Figure 3.3-4). This led to question whether the 

rhabdomeres in mHTT-expressing flies were made and had already started to degenerate, 

whether they were ever made in the first place. Confocal imaging of rhabdomeres at two- and 

one-day prior to eclosion, showed that the rhabdomeres were made, and indicated that 

mHTT-induced degeneration during development of the eye led to rhabdomere death prior 

to eclosion. I wanted to investigate how time-specific expression of mHTT would influence 

rhabdomere loss.  As far as I am aware, there are no known studies that have used the 

temperature-sensitive GAL80ts system in Drosophila to investigate time-specific effects of pan-

neuronal mHTT expression. Results from this experiment showed that pre-exposure of mHTT 

in the neurons of the Drosophila during eye development, led to significant rhabdomere loss, 

far more than in Drosophila where mHTT was expressed later in pupal development or in the 

young adult fly (Figure 3.6/3.7). This suggests that whilst the neurons were able to develop 

structurally, they are vulnerable to the toxic effects of the mHTT protein, and subsequently 

degenerate in the young adult fly.  

 

2.4.3 Pre-exposure of mHTT in the Drosophila photoreceptors leads to more extensive 
rhabdomere loss 
 
In this chapter, I have shown that when mHTT is expressed in the adult fly eye, the neurons 

and surrounding cells have developed normally, and over a 15-day period, there is very little 

degeneration of rhabdomeres. By contrast, expression of mHTT during eye development leads 

to rhabdomere loss on the day of eclosion and further rhabdomere loss over this 15-day 

period. This may indicate that allowing fly neurons of the eye to develop normally makes them 

more resilient to the effects of mHTT and able to withstand the toxic pressures of aggregates 
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for longer. Additionally, one might also expect there to be fewer mHTT protein aggregates due 

to late onset expression. Early, pre-exposure of mHTT to these neurons might mean that they 

are not developing normally, which may mean that neurons are highly vulnerable and 

degenerate early.  Using the GMR-Gal4 whole-eye driver, studies have shown that the 

presence of mHTT leads the aggregate accumulation in axons of the Drosophila eye-brain 

complex, and in the growth cones of adult photoreceptors (Krench & Littleton, 2013). 

Interestingly, these aggregates appear to relocate from the cytoplasm in larval developing PRs, 

to the nucleus of these PRs as the flies age (Huelsmeier et al., 2021; Jackson et al., 1998). 

Further investigations have shown that pan-neuronal mutations in proteins involved in 

synaptic transmission, such as Snap can suppress mHTT-induced degeneration of PRs, 

indicating that increased neurotransmitter release in HD models may be a mechanism for 

neuronal degeneration (Romero et al., 2008). Together, these studies indicate that the 

presence of mHTT may overwhelm the cells’ ability to function normally, leading to 

accumulation of the toxic protein in the nucleus and eventually, programmed cell death in the 

neurons. My observations contribute to the existing debate in the HD research field, that HD 

is a neurodevelopmental disorder, with a neurodegenerative component (Molero et al., 2016; 

Schultz et al., 2023; van der Plas et al., 2020).  

 

3.4.4 Downregulation of Mef2 suppresses mHTT-induced degeneration 
 
Once the degenerative phenotype in the whole-eye and neurons of flies expressing mHTT had 

been established, these models could be used to investigate whether downregulation of just 

Mef2 was responsible for suppression of mHTT-induced degeneration in a whole-eye and pan-

neuronal model of HD. I indeed found that downregulation of Mef2 in a mHTT-induced 

Drosophila model could suppress mHTT-induced degeneration.  

 

Mef2 as a loss-of-function suppressor of mHTT-degeneration is an interesting concept. In 

many situations, Mef2 factors have been thought to be involved in neuronal survival. For 

example, both inhibition of Mef2 in cultured cortical neurons, and knockout of mammalian 

Mef2 transcription factors, have been shown to cause neuronal apoptosis (Akhtar et al., 2012; 

Lyons et al., 1995). Additionally, previous work in the host laboratory has shown that striatal-

specific loss of Mef2C increases apoptosis in the P3 mouse striatum (Ali, H et al., in 
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preparation). Other studies have shown that conditional knockout of Mef2D in the mouse 

retina causes PR cell degeneration and vision loss (Andzelm et al., 2015). However, there are 

some studies have shown that loss of Mef2 transcription factors can have protective effects. 

For example, Mef2A gene silencing has been shown to improve survival of retinal ganglion 

cells (Andzelm et al., 2015). Additionally, Mef2 was found to be reduced in the muscles of two 

models of polyQ disease - SBMA and HD (R6/2). In the SMBA model, muscle-fibre size was 

rescued by restoring Mef2 gene expression (Nath et al., 2020). Interestingly, one study 

reported that onset of Mef2 expression correlates with inhibition of neuronal differentiation, 

and subsequent neuron maturation (Lyons et al., 1995). Combining the literature, it may be 

that loss of Mef2 expression and associated mRNA/protein slows neuronal maturation, a key 

factor in neurodegenerative disease. Slowing neuronal maturation may delay disease onset 

by slowing aging of the neurons in these animals. Therefore, whilst there is a body of evidence 

that indicates Mef2 factors have neuroprotective properties, there are also context-specific 

exceptions that show Mef2 loss in neurological diseases can contribute to suppression of 

disease progression, and slowing of neural maturation may lead to delayed disease onset. 

 

3.4.5 Downregulation of Mef2 shows variable degree of rhabdomere suppression and 
longevity 
 
Another consideration of downregulation of Mef2 studies in this chapter is that using three 

different RNAi lines of Mef2 showed slight differences with respect to their ability to suppress 

mHTT-induced degeneration for prolonged periods of time, and to prolong fly survival. For 

example, Mef2 RNAi knockdown using BL38247 significantly suppressed mHTT-induced 

rhabdomere loss between 0- and 10-days post-eclosion, however, was unable to prolong fly 

survival. By contrast, using the 15550 line, mHTT-induced rhabdomere loss was not 

suppressed until 7-days post eclosion, however, flies lived significantly longer compared with 

flies expressing mHTT, only (Figure 3.9-10). Understanding how RNAi lines knock down gene 

expression is an important concept when considering (i) how reliable these lines are, and (ii) 

how these results might be translated into a more complex mammalian model, such as the 

mouse. Table 3.1 outlines the properties of each RNAi line.  
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Table 3.1. Table outlining the differences between Mef2RNAi lines, VDRC15550, BL38247 and 

1429R1.  

Information collated from Flybase and the UP-TORR database (flyrnai.org). 

UAS line Type Vector Sequence 

length (bp) 

On-

Targets 

Off-

targets 

Target 

Type 

Target 

Region 

BL 38247 

(HMS0169) 

TriP Short 

Hairpin 

(sh) RNA 

Valium20 21 Mef2 gene, 

all 

isoforms 

0 mRNA 5’UTR 

VDRC 

15550 

VDRC GD 

long 

hairpin 

(lh) RNA 

 300 Mef2 gene, 

all 

isoforms 

1 (Rab18) mRNA Coding 

Sequence 

1429R1 NIG pUAST-R57 500 Mef2 gene, 

all 

isoforms 

1 (Rab18) mRNA Coding 

Sequence 

 

The VDRC 15550 stock was generated as part of a project to create a genome-wide transgenic 

RNAi library for conditional inactivation (Dietzl et al., 2007). UAS-driven inverted repeat (UAS-

IR) transgenes were generated using short gene fragments and randomly inserted into the 

Drosophila genome via germline transformation using a hyperactive P-element transposase 

(Dietzl et al., 2007). This library produces long hairpin double-stranded RNAs (lhRNA). This 

contrasts with the RNAi libraries in the Valium20 vector, used to make BL38247, which is 

distinct in generating short hairpin RNAs (shRNAs) (Bartoletti et al., 2017). The 1429R1 line 

was made as part of the National Institute of Genetics (NIG) RNAi-mutant fly bank which, 

when induced using the Gal4/UAS system, produces double stranded RNA in vivo ‘inducible 

RNAi’ (https://shigen.nig.ac.jp). Through this method, expression of the RNAi line leads to 

tissue-specific gene silencing, similar to that of the VDRC RNAi library.  

 

LhRNAs are not integrated into the host genome and are degraded to make small interfering 

RNAs (siRNA). This permits rapid processing and effective initiation of targeted RNA 

interference and subsequent gene knockdown (Ge et al., 2010; Lambeth & Smith, 2013). As a 

lhRNA, 15550 is likely to process and effectively target the endogenous Mef2 more rapidly 

than a shRNA, such as BL38247. shRNAs spontaneously form hairpin structures in the nucleus 

https://shigen.nig.ac.jp/
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with a loop of 4-11 nucleotides before being recognised by the innate cellular RNAi machinery, 

exported from the nucleus and processed by Dicer. These shRNAs provide efficient and long-

lasting gene silencing which may be more suitable for therapeutics (Ge et al., 2010; Lambeth 

& Smith, 2013). BL38247 may knock down endogenous Mef2 more slowly than 15550, but is 

able to silence the gene more effectively, and more long-term. Based on the make-up of the 

1429R1 RNAi, it is likely to act similarly to 15550. 

 

Another way to determine the strength of Mef2 RNAi knockdown is to investigate this using a 

muscle assay, as Mef2 is required for the formation of adult muscle (Soler et al., 2012). In the 

lab, a muscle assay was conducted to explore this. Both BL38247 and 15550 showed 

significant loss of dorso-longitudinal muscles compared with a wild-type control (Figure 3.23). 

Soler and colleagues (2012) showed that 1429R1 leads to less muscle loss (Soler et al., 2012). 

Soler and colleagues also showed that there is an allelic-series of Mef2 RNAi and mutant lines 

that lead to varying Mef2 loss-of-function in the dorso-lateral muscles This may also be an 

important concept to consider in future eye experiments when exploring Mef2 

downregulation in mHTT-induced degeneration.  

 

 

Figure 3.23 Mef2 knockdown inhibits adult muscle formation.  
Downregulation of Mef2 using BL38247 and 15550 leads to loss of all dorso-lateral muscles in the fly 

thorax, compared with the wild-type thorax.  
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3.4.6 Mef2 is expressed in the adult eye-brain complex 
 
This chapter aimed to investigate Mef2 expression in the adult and developing eye-brain 

complex. I found that Mef2 is expressed in the developing larval brain, and in the pupal brain, 

but does not appear to be expressed in the PRs. Previous studies of Mef2 expression in the 

brain have focused on the mushroom body. In 1996, Schulz and colleagues observed that Mef2 

is expressed in embryonic and larval Kenyon cells; the neurons that make up the adult 

mushroom body. This is the brain region in Drosophila known to function in learning and 

memory (Schulz et al., 1996). These neurons extend single neurites into the mushroom body 

calyx, pedunculus, and lobes (Figure 3.24) (Crittenden et al., 2018). It has also been reported 

that the olfactory antennal lobe and the visual optic lobes are directly connected to the 

mushroom body calyx (Yagi et al., 2016). Therefore, genes associated with the neurons of the 

mushroom body might indirectly affect neurons associated with the eye through these 

connections. 

 

Figure 3.24. Schematic of the optic lobe – mushroom body neural networks.  
Schematic diagram to show the neural connections that occur between the optic lobe and mushroom 

body (black dashed box), and the antennal lobe (red dashed box) and mushroom body. Visual 

projection neurons (green) project from the medulla, forming synapses with Kenyon cells in the 

mushroom body. Lobular projection neurons (red) also form synapses with Kenyon cells of the 

mushroom body. Antennal projection neurons (black) send signals from the antennal lobe glomerulus 

to the mushroom body. ME: Medulla, LO: Lobula, LP: Lobular Plate, black dashed line: mushroom body, 

red dashed line: antennal lobe glomerulus. Blue circle: Mushroom body calyx. This schematic was 

made using biorender. 
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Using the large-scale single-nucleus transcriptomic atlas of the adult Drosophila 

(https://scope.aertslab.org), there is evidence to show that, in addition to neurons of the 

brain, Mef2 is expressed in all PR cells of the eye as well as cells of the optic and antennal 

lobes (Li et al., 2022). The RNA Seq dataset obtained from Scope showed that Mef2 is 

expressed in the inner PR, namely R1-R6, and the outer PR, namely R7 and R8 (Figure 3.25). 

However, it is unclear at which timepoint this dataset came from. This conflicts the results that 

I have shown, where Mef2 expression was not seen in the PRs using the Mef2GFP line. 

Definitively establishing when and where Mef2 is expressed in the adult eye will provide a 

better understanding as to the processes that could be impacted by knockdown of Mef2 and 

hint toward mechanisms of effects on mHTT-induced degeneration.  

 

 

Figure 3.25. Mef2 expression in the adult head.  
A) Mef2 expression in the adult brain, and B) location of Inner and Outer photoreceptor cells of the 

adult eye showing positive Mef2 expression in these regions. Grey cells represent all other cells of the 

adult head. Information from Scope (https://scope.aertslab.org). 

 

 

 

 

https://scope.aertslab.org/
https://scope.aertslab.org/
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3.4.6 Drosophila Mef2 is expressed in the developing brain, but not the photoreceptors 
 
In this chapter the Mef2GFP line was used to determine the expression of endogenous Mef2 

protein in the developing eye-brain complex. I showed that Mef2 protein is expressed in the 

eye-brain complex, from the L3 larval brain, through pupation, into adulthood. In the context 

of Drosophila, Mef2 is particularly known for its role in the mushroom body of the brain and 

has been shown to be required for maintaining robust circadian behaviour (Blanchard et al., 

2010; Crittenden et al., 2018), both processes of which have indirect communication with the 

Drosophila eye. In this chapter, I have shown that Mef2 is expressed in the L3 larval brain, but 

not the antennal-eye disc. During pupal development, Mef2 continues to be expressed in a 

population of cells in the central brain and appears in nuclei of neurons in the medulla (Figure 

5). Interestingly, the Mef2-GFP line used in this project did not appear to show Mef2 

expression in the mushroom body. However this was also previously reported by Blanchard 

and colleagues (2010) who stated that Mef2Gal4 driving UAS-LacZ expression did not detect 

Mef2 in mushroom body, attributing this to a more distal Mef2 enhancer being responsible of 

expression in this brain region (Blanchard et al., 2010). Even more interestingly, using the 

Mef2-GFP line, I was unable to detect Mef2 in the PRs, which three papers have reported 

previously (Blanchard et al., 2010; Crittenden et al., 2018; Hall et al., 2017). Both Blanchard et 

al., (2010) and Crittenden et al. (2018) reported seeing Mef2 protein expression in the PR 

however, neither produced images to show this, and did not discuss the statement further. 

Hall and colleagues (2017) identified Mef2 as an up-regulated gene in the aging PR 

transcriptome, which may indicate its’ presence in the aging adult fly (Hall et al., 2017). Unlike 

other reports that use antibodies to detect Mef2 expression, the Mef2-GFP fly line used in this 

project includes a GFP tag on the C-terminal end of the endogenous Mef2 protein which 

allows visualisation of endogenous protein in the live Drosophila system. Therefore, we can 

be sure that the expression is not impacted by autofluorescence and additional artifacts from 

imaging. As alluded to in the previous section, it may be that Mef2 expression in the medulla 

of the optic lobe, has an indirect impact on the PRs and subsequent degeneration in the mHTT 

model.  

 

3.4.7 Mef2 may restore mHTT-affected synapses 
Previous research has reported that pan-neuronal expression of mHTT in a Drosophila model 

of HD, abolishes synaptic transmission in response to light, and that PR depolarisation is 
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reduced (Rosas-Arellano et al., 2018). mHTT expression in these flies also leads to increased 

cell death in the central brain and optic lobes, as well as reduced axonal connectivity (Rosas-

Arellano et al., 2018). The lamina of the optic lobe receives input from the outer PRs, R1-6, 

and serve as the main input to the motion vision circuitry (Kind et al., 2021). The medulla 

receives inputs from the inner PRs, R7-8, and the five Lamina Monopolar Cells (LMC) of the 

lamina (Courgeon & Desplan, 2019). These inner PRs form synaptic contacts with downstream 

neurons in the medulla, which in turn, influences behaviours such as phototaxis and 

navigation (Currier et al., 2023). These optic lobe regions are essential components for the 

visual processing system and disruption to these regions can lead to PR degeneration (Kind et 

al., 2021; Zheng et al., 2006). One such way that this may occur is through synaptic disruption. 

Studies have shown that information from outer PRs are transmitted via histaminergic 

synapses to two classes of interneuron within the lamina; LMCs and amacrine cells (AC) 

(Figure 3.24). (Zheng et al., 2006). Subsequently, PR axons receive feedback from the AC 

interneurons, providing direct communication to PR terminals (Figure 3.26). Studies have also 

shown that silencing lamina neurons affects basic visual behaviour and motion circuits (Tuthill 

et al., 2013). This may suggest that prolonged disruption of synaptic connections and 

subsequent abnormal signalling may lead to PR degeneration over time. Taking these 

observations together, it may be that reducing Mef2 in my experiments, is able to slow down 

these processes, keeping synapses in-tact, and normalising PR depolarisation, which in turn, 

will keep PRs healthy.  
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Figure 3.26. Schematic diagram of the Drosophila eye and photoreceptor connections to the optic 
lobe of the brain.  
Schematic diagram of the rhabdomeres R1-R8, showing that outer photoreceptors, R1-R6, project 

photoreceptor axons to the lamina (black), and synapse with either laminar monopolar cells (blue) 

that synapse in the medulla, or amacrine cells (pink) that provide feedback to the photoreceptors. 

Inner photoreceptors R7 and R8 project photoreceptor axons (red) directly to the medulla. LA: Lamina, 

ME: Medulla. This schematic was made using biorender. Based on (Sahin & Çelik, 2013; Zheng et al., 

2006). 

 

When considering synapse vulnerability in the mammal, both Mef2 and HTT are involved in 

the striatal neuronal function and survival (M. Lisek et al., 2023; Schulte & Littleton, 2011). 

Another protein involved in this process, is BDNF (West & Greenberg, 2011). BDNF has 

significant roles in differentiation, maturation and survival of neurons, and plays an active role 

in neurogenesis (Bathina & Das, 2015). It is also an important factor in HD, as it aids in survival 

of striatal neurons, and is known to be decreased in HD patients (Gauthier et al., 2004). One 

paper reported that downregulation of Mef2D in rat cortical neurons increased activity-

dependent expression of BDNF (Avarlaid et al., 2024). It is important to note that Avarlaid and 

colleagues also showed that silencing of Mef2D reduced the activity-dependent induction of 

BDNF in rat hippocampal neurons (Avarlaid et al., 2024). The Drosophila ortholog of BDNF is 

a highly conserved Neurotophin (DNT1) (Lim et al., 2015). If this were reduced in the HD fly 

model, it might be restored by knocking down Mef2. However, it appears that Mef2 can have 

brain-region specific effects, that would need to be addressed in both mouse and Drosophila 

models of HD. In future experiments, immunostaining of the Drosophila eye-brain complex, 
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should include DNT1, Mef2, and mHTT, to investigate their relative expression and to pave the 

way for studies of potential functional interactions.   

 

3.4.8 Mef2C physically interacts with wild-type and mHTT  
 
The Y2H assays conducted in this chapter confirmed that Mef2C 1-350aa physically interacts 

with WT and mHTT (1-450aa). Whilst the physical interaction between Drosophila Mef2 and 

mHTT was not investigated, due to the conserved nature of the MADS and Mef2 domains in 

the protein, it is likely that Mef2 and mHTT will physically interact. Notably, it would be 

valuable to test for physical interactions between the Drosophila Mef2 protein and HTT to 

confirm this. Using the Mef2GFP line, Mef2 expression was not observed in the PRs, and 

therefore, it is unlikely that a physical interaction in the PRs is responsible for the suppression 

of rhabdomere loss. However, it might be that Mef2 and mHTT physically interact in Mef2-

positive cells of the medulla, impacting the surrounding cells. For example, and as mentioned 

above, PR axons can receive feedback from AC interneurons, that synapse with LMCs in the 

medulla (Figure 3.23) (Tuthill et al., 2013). If Mef2 were present in the AC interneurons, and 

physically interacted with mHTT, it may be disruptive to cells, leading to PR degeneration. This 

would mean that downregulating Mef2 would reduce this happening. Further experiments 

should include defining the Mef2-positive cells that are in the medulla. 

 

Interestingly, further Y2H assays in this chapter indicated that there is no physical interaction 

between the shorted Mef2C fragment (1-134aa) with either wild-type or mHTT. As well as the 

Mef2 and MADS domains, an additional 30aa region is conserved across the Mef2A, Mef2C 

and Mef2D mammalian proteins, the HJURP-C domain (Chaudhary et al., 2021; Wenwu Wu et 

al., 2011). This domain has been implicated in the assembly of centromere-specific 

nucleosomes and might suggest a role in PPIs or binding of DNA (Zasadzińska et al., 2013). 

Interestingly, reports have shown that the transcriptional activation domains of the C-

terminus, TAD I and TAD II, complement the HJURP-C domain and are required for the 

activation of multiple transcriptional processes (Chaudhary et al., 2021). Therefore, it might 

mean that the presence of TAD I and/or TAD II are required with HJURP-C to bind. Next steps 

in this process could be to generate a plasmid containing the HJURP-C and TAD I/TAD II 

domains (for example, 86-174aa) and test for physical interactions with wild-type and mHTT.  
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3.4.9 Limitations and next steps 
 
This chapter has provided insight into the role of Mef2 in progression of mHTT-induced 

degeneration and lays the foundation for further experimentation in the future.  

 

3.4.9.1 Expanding on the GAL80tsGal4/UAS system  
 
Using the GAL80tsGal4/UAS system was a valuable method for investigating the potential 

neurodevelopmental contribution of mHTT expression in later degeneration. One limiting 

factor of the GAL80ts system was the inability to investigate the effect of lifespan on pre-

exposure to mHTT, and the presence of Mef2 in this system, as 30°C is a temperature that flies 

tend not to survive well in. A recent publication described a collection of drug stabilising 

GAL80 lines as an alternative way to control gene expression (Kogenaru et al., 2024). Using a 

destabilising domain, fused to the GAL80 protein, gene expression can be controlled by the 

presence or absence of Trimethoprim (TMP) in normal food. In this method, the presence of 

TMP induces binding of the destabilising domain to the GAL80 protein, inhibiting Gal4 

expression. In the absence of TMP, the destabilising domain unbinds, inducing Gal4 inducing 

expression of the transgene by UAS (Kogenaru et al., 2024). Methods such as this would 

provide an effective way to achieve conditional control of mHTT gene expression and provide 

an opportunity to investigate lifespan and motor function assays, without additional 

confounding variables.  

 

3.4.9.2 Understanding how much Mef2 is downregulated using Mef2RNAi lines 
 
As mentioned in section 3.4.4, downregulating Mef2 using different RNAi lines had subtle but 

different effects on mHTT-induced degeneration. It would be valuable to understand the 

degree of Mef2 downregulation using these RNAi lines. This could be achieved using the 

Mef2GFP line. By pan-neuronally downregulating Mef2 in the Mef2GFP flies (Elav; 

Mef2GFP>UAS-Mef2RNAi), the progeny could be taken, eye-brain complexes stained for Mef2 

using anti-GFP, and confocal images taken to quantify the levels of Mef2. Additionally, protein 

could be extracted from the flies and Western Blot conducted. 
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3.5 Conclusion  
 
In this chapter, I have shown that Drosophila can be used to model mHTT-induced 

degeneration and investigate the effects of genetic modifiers on this process. I have also used 

the Drosophila model of mHTT-induced degeneration to investigate how the pre-exposure of 

neurons to mHTT can lead to neuronal vulnerability and significant development of 

rhabdomeres in the adult fly eye. Additionally, I have shown that Mef2 downregulation can 

suppress a mHTT-induced degenerative phenotype in a whole-eye and pan-neuronal model 

of HD and that downregulation Mef2 can also prolong fly survival.   

 

Further experiments are required to investigate the full extent of mHTT pre-exposure in the 

developing and adult eye, which may include the use of the drug inducible GAL80. 

Additionally, immunostaining for mHTT, alongside markers of PR development and 

maintenance such as Rhodopsin, might provide additional insight into mHTT roles in 

degeneration, and the role of Mef2 in suppressing degeneration.   
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Chapter 4: Striatal knockout of Mef2C in a mouse model of HD 
reduces the presence of mHTT  

 

 

4.1 Introduction 
The Drosophila work performed in chapter 3 has shown that downregulation of the single 

Drosophila Mef2 gene is able to suppress disease progression in a whole-eye and pan-

neuronal HD model (Figure 3.8/3.9). However, there is a lack of investigation of this 

phenomenon in a mammalian system. Global knockout of the mammalian Mef2C gene is 

embryonic lethal due to the severe cardiac complications during development, and therefore, 

investigations of Mef2C impacting the brain must be investigated by brain-specific knockout 

(Lin et al., 1997).  

 

In the late 1990’s, Eric Olson’s laboratory in Texas reported that Mef2 gene expression appears 

to follow gradients of neuronal maturation, with distinct, but overlapping patterns of 

expression in the regions of the frontal cortex, thalamus, hippocampus, and hindbrain (Lyons 

et al., 1995). In situ hybridisation of mouse embryonic tissue, with RNA probes for each Mef 

gene transcript detected Mef2C expression in the intermediate zone of the preoptic area of 

the telencephalon from 11.5 days post conception (dpc) (Lyons et al., 1995). The preoptic area 

of the telencephalon is reported to be one of the first regions of the embryonic brain in which 

neurons begin to differentiate. Mef2C mRNA expression is detected from 13.5 dpc in cells of 

the intermediate zone of the frontal cortex,  regions of which contain differentiated neurons 

(Lyons et al., 1995). Due to the onset of Mef2 gene expression and the initiation of neuronal 

differentiation in the associated brain regions, it was proposed that Mef2 factors play a critical 

role in these processes. In the early 2000s, laboratories continued to study the role of Mef2 

isoforms in the developing brain, reporting roles in synapse formation and activity, neuronal 

cell fate, differentiation and apoptosis (A. C. Barbosa et al., 2008; Flavell et al., 2006; Leifer et 

al., 1993). In 2008, Olson’s lab engineered a conditional knockout model to knockout Mef2C 

in neural stem/progenitor cells using the nestin-cre promoter (Hao Li et al., 2008). Only 60% 

of these n-Cre+/Mef2Cloxp/Δ2-null mutant mice survived to adulthood, and in those that 

survived, researchers reported reduced brain size, reduced cortical thickness, and lower body 
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weight (H. Li et al., 2008)Behaviourally, these mice demonstrated abnormal anxiety-like 

behaviours and impaired cognitive function, as evidenced by behavioural changes in the 

elevated plus maze and the novel object recognition task (H. Li et al., 2008). Together, this 

research provided further evidence of Mef2Cs role in neuronal differentiation. 

 

A large body of research has successfully characterised the expression profile of Mef2C and 

its potential functional role in the cortex, hippocampus, and cerebellum (Kamath & Chen, 

2019; Leifer et al., 1994b; Leifer et al., 1993; M. Lisek et al., 2023; Lyons et al., 1995). However, 

until recently, its role in the developing and adult mouse striatum has been largely unexplored. 

A microarray analysis performed in the host laboratory, identified Mef2C as a major up-

regulated gene in embryonic striatal development (Precious et al., 2016) and as a result, a 

previous PhD student, Dr Heba Ali, produced a Mef2C gene expression profile in the mouse 

LGE, developing striatum, and adult striatum, and reported that mRNA expression levels 

varied across ages (Ali, 2022). mRNA levels of Mef2C were minimal at E12 but became evident 

at E14, and further increased by E16. There was a significant peak of Mef2C mRNA expression 

in the P0 striatum that gradually reduced, with minimal expression observed in the adult 

striatum (P21). Protein expression followed a similar pattern, although delayed, compared 

with that of mRNA in the early developing striatum, with detectable levels at E16. In the early 

postnatal striatum, Mef2C was found to be expressed more medially, with the most prominent 

expression found in the ventral-lateral aspect of the striatum, with minimal expression levels 

seen in the rostro-caudal regions. As with mRNA levels, protein expression was almost 

undetectable by P14 and into adulthood (Ali, 2022). Taken together, research in the wild-type 

striatum clearly implicates Mef2C in striatal development. 

 

Using the Gsx2-driven Cre LoxP (Kessaris et al., 2006; Qin et al., 2016) to conditionally 

knockout Mef2C in the striatum, work in the host laboratory also confirmed significantly 

reduced striatal volume, MSN and total neuron cell count in a Mef2C striatal-knockout mouse 

(Ali, 2022), implicating Mef2C in MSN development. Other research has demonstrated that 

Mef2C co-localises with Ctip2, a transcription factor central to striatal development and MSN 

differentiation (Arlotta et al., 2008). Furthermore, Mef2C was shown to associate more 

prominently with the matrix compartment of the striatum which makes up roughly 80% of the 

total mammalian striatum (Morigaki & Goto, 2017).  
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Dr Ali’s work is of particular interest to this project since MSNs are the neuronal subtype most 

vulnerable in HD  (Ehrlich, 2012). Research has shown that MSNs in the striatum of mouse 

models of HD express lower levels of key markers of MSN identity compared with healthy 

MSNs (Matsushima et al., 2023). Additionally, imbalances in the activity of these neurons may 

be indicative of disease progression, associated with mHTT-related neurotoxicity and with 

motor and behavioural dysfunction (Morigaki & Goto, 2017). Further research using 

transcriptomic analysis in grade 1 human HD striata, and early stage R6/2 and zQ175 brains 

showed that striosome and matrix MSNs are differentially susceptible to degeneration 

through disease progression, with severe degeneration first in striosome MSNs that express 

D2Rs, followed by striosome MSNs expressing D1Rs, before degeneration of D2R-expressing 

matrix MSNs (Matsushima et al., 2023).  

 

Since previous research in the laboratory has shown that Mef2C plays a role in development 

of striatal MSNs, and that subtypes of MSNs are more susceptible than others, it would be 

interesting to manipulate Mef2C in this brain region and determine whether this can 

manipulate neuronal phenotypes and subsequent disease progression. This work will also 

provide a step forward from the results outlined in chapter 3 that showed that downregulation 

of Mef2 in a Drosophila model of HD is capable of significantly suppressing disease 

progression. Work in chapter 3 also identified a physical interaction between wild-type and 

mHTT with the N-terminal Mef2C protein fragment, which may indicate a potential 

mechanistic pathway of Mef2 and mammalian Mef2C in HD disease progression. Therefore, it 

is important to know whether this phenomenon is translatable to the mammalian brain. 

 

In this chapter, the R6/1 mouse model has been used to model the HD phenotype. The R6/1 

mouse is a well-established transgenic line, with behavioural deficits such as hyperactivity and 

impulsive-like behaviour being reported from as young as 4-weeks of age (Bolivar et al., 2004; 

Rodríguez-Urgellés et al., 2022). By 16 weeks of age, additional motor and cognitive deficits 

have been reported using the balance beam and rotarod assays and automated activity boxes 

(Bolivar et al., 2004; Brooks, Janghra, et al., 2012; Brooks, Jones, et al., 2012). These 

behavioural phenotypes have been associated with the presence of neuronal inclusions and 

HTT aggregates in the striatum, decreased FoxP1 protein – which will be explained in more 
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detail in chapter 5 - and mRNA in the striatum, increased Iba1 in the hippocampus, and 

reduced Ctip2 and Darpp32+ MSNs (Brooks, Jones, et al., 2012; Louis Sam Titus et al., 2017; 

Naver, Stub, Moller, et al., 2003). For a detailed discussion of HD mouse models, please refer 

to section 1.3.2.3 of the introduction. 

 

The aim of this chapter is to investigate whether striatal knockout of Mef2C in a mammalian 

model of HD can rescue phenotypic deficits observed in the HD mouse, and whether there 

are any changes to HD-associated pathology. To do this, I will generate a HD mouse model 

with striatal knockout of Mef2C and characterise the behavioural changes in these mice, 

before performing histological analysis. It is hypothesised that knockdown of Mef2C in the HD 

striatum will result in reduced HTT pathology, and increase MSN cell number, which may be 

implicated behaviourally by improvement on cognitive and behavioural tasks. 

 

 

4.2 Methods  
 

4.2.1 Experimental design 
 
The four experimental groups used in this study were wild-type, Cre+Mef2Cfl/fl, R6/1, and 

R6/1Cre+Mef2Cfl/fl. To obtain mice in all experimental groups, Cre-Mef2Cfl/flR6/1+ males were 

crossed with Cre+Mef2Cfl/flR6/1- females to avoid the presence of Mef2C deletion in the 

germline at testes level (Ali, 2022) (see section 4.2.2 for full breeding strategy). Table 4.1 

outlines the full genotype of mice in each experimental group. 53 mice were tested on a 

battery of behavioural tasks at 6-, 8-, 12- and 16-weeks. The behavioural tasks included vertical 

pole, inverted grip strength, rotarod, balance beam, and open field (Ethovision). Following 

behavioural experiments at 16 weeks, mice were culled by transcardial perfusion. The brain 

tissue was harvested and IHC analyses of total neurons (NeuN), MSNs (DARPP-32), and mHTT 

inclusions (MW8) were conducted.  
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4.2.2 Generation of the R6/1Gsx2-Cre+Mef2Cfl/fl mouse line 
 
The Mef2C striatal-knockout mouse line was generated by a previous PhD student in the host 

laboratory (Ali, 2022). In brief, Mef2C knockout is driven by the Gsx2 promoter, formally Gsh2, 

which is expressed along the anterior-posterior axis of the CNS, and is critical for establishing 

identity of the LGE (Deacon et al., 1994; Qin et al., 2016). To generate a new mouse line by 

which R6/1 HD mice also have striatal knockout of Mef2C, Gsx2-Cre- Mef2Cfl/fl females were 

crossed with males positive for the R6/1 transgene (Figure 4.1 F0). The resulting litter 

contained mice heterozygous for the Mef2C floxed allele, Mef2Cfl/+, that were either positive 

or negative for the R6/1 transgene. A Gsx2-Cre- Mef2Cfl/+ male that was positive for the R6/1 

transgene, was crossed to a Gsx2-Cre+ Mef2Cfl/fl female (Figure 4.1 F1) to generate litters with 

varying combinations of Gsx2-Cre presence, Mef2Cfl/fl, Mef2Cfl/+ alleles, positive or negative 

for the R6/1 transgene (Table 4.1 F1). To maintain the colony, Gsx2-Cre- Mef2Cfl/fl R6/1 or Gsx2-

Cre- Mef2Cfl/+ R6/1 male mice were crossed with Gsx2-Cre+ Mef2Cfl/fl or Gsx2-Cre+ Mef2Cfl/+ 

female mice, negative for the R6/1 transgene. 

 

 

Figure 4.1. Breeding scheme to generate R6/1 Cre+Mef2C fl/fl mouse line. 
Gsx2-Cre-Mef2Cfl/fl females were crossed with males, positive for the R6/1 transgene (Figure 1 F0) to 

generate litters that were heterozygous for the Mef2C floxed allele (Mef2Cfl/+), that were either positive 

or negative for R6/1. A Gsx2-Cre- Mef2Cfl/+ male, positive for the R6/1 transgene was crossed to a Gsx2-

Cre+ Mef2Cfl/fl female to generate a combination of genotypes that would be used for the experiment 

(Table 1).  
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Table 4.1 Experimental groups  

fl/+ = heterozygous for Mef2C LoxP sites. fl/fl = homozygous for Mef2C LoxP sites. 

Experimental 

Group 

Presence 

of Gsx2-

Cre 

Presence of R6/1 

transgene 

Presence of Mef2C LoxP 

sites 

N in group 

Wild type - - fl/fl or fl/+ 20 

Cre+Mef2Cfl/fl + - fl/fl 9 

R6/1 - + fl/fl or fl/+ 11 

R6/1Cre+Mef2Cfl/fl + + fl/fl 13 

 

 

4.2.3 Behavioural analysis 
 
In the following experiment, there were four experimental groups: wild-type, Cre+Mef2Cfl/fl, 

R6/1, and Cre+Mef2Cfl/flR6/1. All mice in the experiment were littermates, and behavioural 

testing of all genotypes were conducted at the same time. Mice were run on the behavioural 

apparatus at 6-, 8-, 12- and 16-weeks. Data from the 16-week timepoint are presented here 

for analysis since the phenotype in the R6/1 mice at earlier timepoints was subtle, making it 

challenging to assess the impact of knocking down Mef2C. The first question addressed in this 

chapter is whether the R6/1 colony produce the expected behavioural phenotype, and show 

significant deficits compared with the wild-type mice. Following, behavioural data was 

analysed to determine whether striatal knockout of Mef2C in the R6/1 influenced behaviour 

of the mice. It should be noted that the R6/1 data presented in sections 4.3 through 4.4 are 

the same. For weight data, repeated measures statistical analysis was used, with sex and 

weight as factors. For data obtained from all other behavioural tests, univariate ANOVA was 

used, with Genotype as a factor and Weight as a co-variate. For these analyses, both male and 

female data were pooled. Correcting for multiple comparisons was conducted using 

Bonferroni. Significance was reported is p<0.05. 

 

4.2.4 Histological analysis 
 
Following completion of behavioural experiments at 16-weeks-of-age, mice were culled, 

transcardially perfused and the whole brain stored until ready for histology. Brain tissue was 

cut coronally in 30m sections, and antigen retrieval performed prior to histological staining. 
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Anti-NeuN was used to stain neuronal nuclei to determine the total number of neurons in the 

striatum. Using this stain, it was also possible to outline and measure the area of all striatal 

sections per sample, to determine brain volume. DARPP-32 was used as a marker for MSNs 

and MW8 used to observe the presence of mHTT inclusions. Images were taken using a light 

microscope, and ImageJ used to evaluate density of staining, total cell counts, and presence 

of mHTT inclusions. See section 2.3.5 of the methods for a full explanation of image analysis. 

As with behavioural tests, the R6/1 data presented next to wild-type and R6/1Cre+Mef2Cfl/fl 

data in section 4.4 is the same. Independent t-tests were used to determine differences 

between 16-week-old wild-type and R6/1 mouse brains, prior to investigating differences 

between R6/1 mouse brains, and R6/1 brains with striatal knockout of Mef2C. Bonferroni was 

used to correct for multiple comparisons and statistical significance was reached if p<0.05.  

 

4.3 Behavioural Results 
 

4.3.1 R6/1 mice have reduced body weight compared with wildtype littermates. 
 
Mice were weighed at the end of each experimental week, and the data revealed that the 

R6/1 mice had significantly reduced body weight compared with wild-type controls (Effect of 

Genotype: F1,90 = 6.299, p=0.019) (Figure 4.2). Further analysis showed that there was no 

effect of Sex (Genotype*Sex: F1,90 = 0.463, p=0.502) (Figure 4.2). As there was no significant 

interaction between Genotype and Sex, post-hoc analysis was not run. 

 

Figure 4.2. R6/1 mice show reduced weight compared with wild-type littermates.  
A line graph representing the average weight data at each experimental timepoint for the R6/1 (red) 

and wild-type (blue) mice. Data points represent the average weight for each timepoint for the 

genotype, split by sex. Dotted lines represent male data, and dashed lines represent female data. R6/1 
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mice had reduced body weight compared with wild-type controls (Effect of Genotype: F1,90 = 6.299, 

p=0.019). There was no effect of Sex (Genotype*Sex: F1,90 = 0.463, p=0.502). Error bars = SEM.  

 

4.3.2 R6/1 mice take significantly more time to descend the vertical pole compared with 
wild type littermates. 
 
The vertical pole is used to assess motor coordination and spatial orientation in mice and is a 

proven evaluator of movement in conjunction with striatal abnormalities (Matsuura et al., 

1997). The time taken for mice to descend the vertical pole was measured. At 16 weeks, R6/1 

mice were slower to descend the vertical pole, compared with wild-type littermates (wild-

type: 5.4s +/- 0.46 (mean +/- SEM); R6/1: 11.1s +/- 0.95; Effect of Genotype: F1,28 = 36.613, 

p<0.001) (Figure 4.3).  

 

 

Figure 4.3. R6/1 mice are significantly slower to descend a vertical pole compared with wild-type 
littermates.  
Graph to show that at 16-weeks, R6/1 mice take significantly longer to descend the vertical pole 

compared with wild-type littermates (wild-type 5.4s +/- 0.46, R6/1 11.1s +/- 0.95, Effect of Genotype: 

F1,28 = 36.613, p<0.001). ***p<0.001.  

 

 

4.3.3 R6/1 mice do not show significant deficits in the inverted grip strength compared with 
wild type mice. 
 
A test of inverted grip strength indicates strength of the mice, and any potential abnormalities 

in the ability to hold on to a given object  (Deacon, 2013). The time the mouse spent grasping 

the grid without falling, in a 60 second period, was recorded as the latency to fall. There was 
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no significant difference in the latency to fall in a 60-second period between R6/1 and wild-

type littermates, at 16 weeks of age (wild-type: 48s +/- 4.7, R6/1: 52s +/- 3.8, Effect of 

Genotype:  F1,20 = 0.026, p=0.874) (Figure 4.4). 

 

 

Figure 4.4. R6/1 mice do not show any deficits in the inverted grip strength test compared with wild 
type mice.  
A graph to show that at 16 week of age, R6/1 mice do not show any genotype differences in the latency 

for mice to fall from the metal grid (wild-type: 48s +/- 4.7, R6/1: 52s +/- 3.8, F1,20 = 0.026, p=0.874). 

 

 

4.3.4 R6/1 mice fall much sooner, and fall more times per trial on the rotarod, compared 
with wild-type mice.  
 
The rotarod can also reveal deficits in motor coordination and balance and is often used when 

testing models of degeneration (Hamm et al., 1994; Wagner et al., 2008). The accelerating 

rotarod tests the ability to stay on a rod of gradually increasing speed, whilst the fixed rotarod 

tests the ability of mice to stay on a rod at a constant speed of, for example, 12rpm. At 16 

weeks of age, R6/1 mice fell from the accelerating rotarod faster compared with wild-type 

mice (wild-type: 159s +/- 10.8, R6/1 79s +/0 10.5, Effect of Genotype: F1,28 = 36.292, p<0.001) 

(Figure 4.5A). In addition, R6/1 mice fell faster from the fixed rotarod, compared with wild-

type littermates (wild-type: 57s +/- 1.4, R6/1: 22s +/- 4.1, Effect of Genotype: F1,28 = 59.797, 

p<0.001) (Figure 4.5Bi). On the fixed rotarod, an additional measure of total falls, was 

calculated. At 16 weeks, R6/1 mice fell on average, more times across the three trials from the 

fixed rotarod compared with wild-type littermates (wild-type: 1 +/- 0.4, R6/1: 12 +/- 1.6, Effect 

of Genotype: F1,29 = 50.503, p<0.001). 
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Figure 4.5. R6/1 mice show deficits in accelerating and fixed rotarod.  
A). Graph to show that at 16-weeks of age, R6/1 mice fall from the accelerating rotarod much sooner 

than wild-type littermates wild-type: 159s +/- 10.8, R6/1 79s +/0 10.5, Effect of Genotype: F1,28 = 

36.292, p<0.001). Bi). At 16-weeks, R6/1 mice fall from the fixed rotarod much sooner than wild-type 

littermates (wild-type: 57s +/- 1.4, R6/1: 22s +/- 4.1, Effect of Genotype: F1,28  = 59.797, p<0.001). Bii). 

Similarly, at 16-weeks, R6/1 mice fell from the fixed rotarod, on average, more times per trial, 

compared with wild-type mice (wild-type: 1 +/- 0.4, R6/1: 12 +/- 1.6, Effect of Genotype: F1,28 = 50.503, 

p<0.001). ***p<0.001.  

 

4.3.5 R6/1 mice take longer to turn and traverse the beam, and travel less up the beam, 
compared with wild-type littermates. 
 
The balance beam tests mice fine motor coordination and balance (Luong et al., 2011). The 

time taken for the mice to turn 180 and face the beam and the time taken to traverse the 

beam were recorded. An average of three test trials were taken and reported here. At 16 

weeks, R6/1 mice took longer to turn 180 and face the beam compared with wild-type 

littermates (wild-type: 6.7s +/- 3.9, R6/1: 35.1s +/- 7.6. Effect of Genotype: F1,28 = 14.052, 

p<0.001) (Figure 4.6A). The R6/1 mice also took longer to traverse the beam compared with 

wild-type littermates (wild-type: 46.6s +/- 10.0, R6/1: 107.6s +/- 9.7. Effect of Genotype: F1,28 

= 14.257, p<0.001) (Figure 4.6B). However, upon visualisation of the experiment, it was 

noticed that whilst some mice don’t reach the top of the beam in the allotted 2 minutes, they 
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do travel some distance. Therefore, the average distance travelled up the beam across the 

three trials was calculated. R6/1 mice travel significantly less up the beam compared with the 

wild-type littermates (wild-type 90cm +/- 5, R6/1 12cm +/- 8, F1,28 = 49.544, p<0.001) (Figure 

4.6C).  

 

 

Figure 4.6. R6/1 mice take significantly longer to turn, longer to traverse the balance beam and do 
not travel as far up the beam, compared with wild type.  

A). Graph to show that at 16 weeks, R6/1 mice take longer to turn 180 and face the beam, compared 

with wild-type littermates (wild-type: 6.7s +/- 3.9, R6/1: 35.1s +/- 7.6. Effect of Genotype: F1,28 = 

14.052, p<0.001). B). Additionally, 16-week-old R6/1 mice take significantly longer to traverse the 

balance beam, compared with wild-type littermates (wild-type: 46.6s +/- 10.0, R6/1: 107.6s +/- 9.7. 

Effect of Genotype: F1,28 = 14.247 p<0.001). C) R6/1 mice travel significantly less up the balance beam 

compared with wild-type littermates (wild-type 90cm +/- 5, R6/1 12cm +/- 8, F1,28 = 49.544, p<0.001). 

 

4.3.6 R6/1 mice move more slowly, moved a lesser distance, and reared less frequently, 
compared with wild-type littermates. 
 
The open field activity boxes were used to assess locomotor activity in an open arena. The 

Ethovision software recorded several exploratory parameters over a 5-minute period and data 

was automatically collected for subsequent analysis. Parameters analysed include total 

distance moved (cm), mean velocity (cm/s), total duration of movement (s), and frequency of 

rearing. The 16-week-old R6/1 mice moved less in the 5-minute period, moved more slowly, 
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moved a lesser distance, and reared less frequently, compared with wild-type littermates 

(Total distance moved: wild-type 3736cm +/- 309, R6/1 1481cm +/- 330, Effect of Genotype: 

F1,28 = 19.967, p<0.001. Mean velocity: wild-type 16.1cm/s +/- 2.2, R6/1 5.5cm/s +/- 1.2, Effect 

of Genotype: F1,28 =9.751, p<0.004. Total duration of movement: wild-type 260s +/- 6.5, R6/1 

171s +/- 16.8, Effect of Genotype: F1,28 = 26.462, p<0.001. Frequency of rearing: wild-type 57 

+/- 5, R6/1 24 +/- 4, Effect of Genotype: F1 = 19.223, p<0.001) (Figure 4.7). 

 

Figure 4.7. R6/1 mice move more slowly, moved a lesser distance, and reared less frequently, 
compared with wild-type littermates.  
Graphical representation of open field parameters in the 16-week-old R6/1 mouse compared with 

wild-type littermates. The 16-week-old R6/1 mice moved less in the 5-minute period (A), moved more 

slowly, (B) moved a lesser distance (C), and reared less frequently, (D) compared with wild-type 

littermates (Total distance moved: wild-type 3736cm +/- 309, R6/1 1481cm +/- 330, Effect of Genotype: 

F1,28 = 19.967, p<0.001. Mean velocity: wild-type 16.1cm/s +/- 2.2, R6/1 5.5cm/s +/- 1.2, Effect of 

Genotype: F1,28 =9.751, p<0.004. Total duration of movement: wild-type 260s +/- 6.5, R6/1 171s +/- 

16.8, Effect of Genotype: F1,28 = 26.462, p<0.001. Frequency of rearing: wild-type 57 +/- 5, R6/1 24 +/- 

4, Effect of Genotype: F1,28 = 19.223, p<0.001). **p<0.01, ***p<0.001. 

 

 
The previous section has shown that the R6/1 colony used in this experiment have the 

expected behavioural phenotype compared with that which has been reported in the 
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literature (Naver, Stub, Moller, et al., 2003). The next question to address was whether striatal 

knockout of Mef2C influenced any of these behavioural phenotypes. As mentioned above, 

behavioural testing of all genotypes was run together, and the R6/1 data presented in section 

4.2 is the same as the data presented in section 4.1. Weight was analysed using a repeated 

measures analysis with Genotype and Sex as factors. Behavioural data was analysed using a 

univariate ANOVA, with Sex and Genotype as factors. Significance was achieved if p<0.05 and 

correcting for multiple comparisons was conducted using Bonferroni.  

 

4.3.7 Striatal knockout of Mef2C in R6/1 mice does not influence body weight  
 
The weight of mice at 6-, 8-, 12- and 16-weeks of age were recorded. There was no overall 

effect of genotype in the weights of R6/1 mice and R6/1 mice with striatal knockout of Mef2C 

across the timepoints recorded (Effect of Genotype: F1,80 = 0.663, p=0.436) (Figure 4.8). Since 

there were no effects, further post-hoc analyses were not run.  

 

Figure 4.8. Striatal knockout of Mef2C in the R6/1 mouse does not influence body weight. 
Line graph to represent the change of weight across time, of R6/1 mouse (red) and R6/1 mouse with 

striatal knockout of Mef2C (orange). Data points represent the average weight for each timepoint for 

the genotype, split by sex. Data points represent the average weight for each timepoint for the 

genotype, split by sex. Dotted lines represent male data, and dashed lines represent female data. There 

was no overall difference in weight between R6/1 mice and R6/1 mice with striatal knockout of the 

same sex (Effect of Genotype: F1,80 = 0.663, p=0.436). R6/1 data presented here is the same as data 

presented in Figure 4.2 
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4.3.8 There is no difference on vertical pole performance in R6/1 mice with striatal knockout 
of Mef2C compared with R6/1 
 

The time taken to descend a vertical pole was measured at 16-weeks of age. At 16-weeks, 

there was no difference in time taken to descend the pole between the R6/1 mice with striatal 

knockout of Mef2C and the R6/1 mice (R6/1: 11.1s +/- 0.9, R6/1 Cre+ Mef2Cfl/fl: 12.5s +/- 2, 

Effect of Genotype: F1,20 = 0.813, p=0.378) (Figure 4.9). 

 

 

Figure 4.9. Striatal knockout of Mef2C in an R6/1 model does not influence ability to perform vertical 
pole.  
Graphical representation of time taken to descend a vertical pole. At 16-weeks, there was no difference 

between genotypes: R6/1: 11.1s +/- 0.9, R6/1 Cre+ Mef2Cfl/fl: 12.5s +/- 2, Effect of Genotype: F1,20 = 

0.813, p=0.378). Dotted line indicates the average wild-type data. R6/1 data presented here is the 

same as data presented in Figure 4.3. 

 

 

4.3.9 R6/1 mice with striatal knockout of Mef2C fall faster in the inverted grip strength test, 
compared with the R6/1 mice, alone. 
 
Mice were put on a metal grid, which was inverted, and the latency to fall from the grid was 

recorded. At 16 weeks, R6/1 mice with striatal knockout of Mef2C held on to the grid for less 

time than the R6/1 mice (R6/1: 51.6s +/- 3.8, R6/1 Cre+Mef2Cfl/fl: 32.9s +/- 7.0, Effect of 

Genotype: F1,20 = 6.881, p=0.016) (Figure 4.10).  

 



 140 

 

Figure 4.10. Striatal knockout of Mef2C significantly reduces ability for mice to hold on to a metal 
grid.  
Graphical representation of data to show that the 16-week-old R6/1 mice with striatal knockout of 

Mef2C, fall faster in the inverted grip strength test, compared with R6/1 mice, alone (R6/1: 51.6s +/- 

3.8, R6/1 Cre+Mef2Cfl/fl: 32.9s +/- 7.0, Effect of Genotype: F1,20 = 6.881, p=0.016). Dotted line indicates 

the average wild-type data. R6/1 data presented here is the same as data presented in Figure 4.4. 

 

4.3.10 Striatal knockout of Mef2C in R6/1 mice does not influence latency to fall from the 
rotarod or number of falls per trial.  
 
R6/1 mice are unable to stay on an accelerating or fixed speed rotarod compared with wild-

type littermates and fall significantly more from the fixed rotarod (Figure 4.5A-C). Striatal 

knockout of Mef2C in the R6/1 model did not influence the latency to fall from the accelerating 

or fixed rotarod (Accelerating Rotarod: R6/1 79s +/- 10.5, R6/1 Cre+Mef2Cfl/fl 69s +/- 10.0, 

Effect of Genotype: F1,20 = 0.730, p=0.403). Fixed Rotarod: R6/1 21.9s +/- 4.1, R6/1 

Cre+Mef2Cfl/fl 30.5s +/- 4.9, Effect of Genotype: F1,20 = 1.371, p=0.255) (Figure 4.11 A, B). 

Regarding average total falls per trial on the fixed rotarod, 16-week R6/1 mice with striatal 

knockout of Mef2C fall a similar number of times to R6/1 mice (R6/1 12 +/- 2, R6/1 

Cre+Mef2Cfl/fl 14 +/- 2, Effect of Genotype: F1,20 = 0.051, p=0.823) (Figure 4.11C).  
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Figure 4.11. Striatal knockout of Mef2C in R6/1 mice does not significantly influence rotarod 
parameters.  
Graphical representation of 16-week-old rotarod data to show that striatal knockout of Mef2C in the 

R6/1 mice does not lead to changes in latency to fall from an (A) accelerating rotarod (R6/1 79s +/- 

10.5, R6/1 Cre+Mef2Cfl/fl 69s +/- 10.0, Effect of Genotype: F1,20 = 0.730, p=0.403), (B) latency to fall from 

a fixed rotarod (R6/1 21.9s +/- 4.1, R6/1 Cre+Mef2Cfl/fl 30.5s +/- 4.9, Effect of Genotype: F1,20 = 1.371, 

p=0.255), or (C) average falls per fixed rotarod trial (R6/1 12 +/- 2, R6/1 Cre+Mef2Cfl/fl 14 +/- 2, Effect 

of Genotype, F1,20 = 0.051, p=0.823). Dotted line indicates the average wild-type data. R6/1 data 

presented here is the same as data presented in Figure 4.5. 

 

 

4.3.11 R6/1 mice with striatal knockout of Mef2C travel further on the balance beam 
compared with R6/1 mice.   
 

16-week-old R6/1 with striatal knockout of Mef2C do not turn 180 faster on the beam prior 

to traversing it (R6/1 35s +/- 7.6, R6/1 Cre+Mef2Cfl/fl 19.2s +/- 4.9, Effect of Genotype: F1,20 

=0.673, p=0.422) (Figure 4.12A). There was no difference between the two genotypes 

regarding time to traverse the balance beam (R6/1 107.6s +/- 9.7, R6/1 Cre+Mef2Cfl/fl 85.2s 

+/- 12.8, Effect of Genotype: F1,20 = 1.209, p=0.285) (Figure 4.12B). However, when running 

the beam, it was noticed, that whilst most of these mice did not reach the top, the R6/1 mice 

with striatal knockout of Mef2C were getting further toward the end point. Therefore, videos 

were analysed and the distance travelled up the beam was recorded. At 16-weeks of age, R6/1 

mice with striatal knockout of Mef2C travelled considerably further up the beam compared 
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with R6/1 only littermates (R6/1 12cm +/- 8, R6/1 Cre+Mef2Cfl/fl 73cm +/- 10, Effect of 

Genotype: F1,20 = 22.592, p<0.001) (Figure 4.12C). 

 

 

Figure 4.12. R6/1 mice with striatal knockout of Mef2C travel further up the beam compared 
with R6/1 mice.  
Graphical representation of 16-week-old R6/1 and R6/1 Cre+Mef2Cfl/fl balance beam parameters. A) 

R6/1 mice with striatal knockout of Mef2C do not turn faster on the balance beam, compared with 

R6/1 mice (R6/1 35s +/- 7.6, R6/1 Cre+Mef2Cfl/fl 19.2s +/- 4.9, Effect of Genotype: F1,20 =0.673, p=0.422). 

B) There is no difference between genotypes when comparing time taken to traverse the beam (R6/1 

107.6s +/- 9.7, R6/1 Cre+Mef2Cfl/fl 85.2s +/- 12.8, Effect of Genotype: F1,20 = 1.209, p=0.285). C) R6.1 

mice with striatal knockout of Mef2C travel further up the balance beam compared with R6/1 

littermates (R6/1 12cm +/- 8, R6/1 Cre+Mef2Cfl/fl 73cm +/- 10, Effect of Genotype: F1,20 = 22.592, 

p<0.001). ***p<0.001. Dotted line indicates the average wild-type data. R6/1 data presented here is 

the same as data presented in Figure 4.6. 

 

 

4.3.12 Striatal knockout of Mef2C in R6/1 mice does not impact total distance moved, 
duration of movement, mean velocity or rearing in the open field. 

  
Mice were placed in the open field arena for 5 minutes and Ethovision software used to report 

total distance moved, mean velocity of movement, total duration of movement, and 

frequency of rearing. The 16-week-old R6/1 mice with striatal knockout of Mef2C did not show 

any behavioural differences when in the open field area, and there were no changes in total 

distance moved (R6/1 1481cm +/- 330, R6/1 Cre+Mef2Cfl/fl 1595cm +/- 303, Effect of 
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Genotype: F1,20 = 0.006, p=0.940), mean velocity (R6/1 5.5cm/s +/0 1.2, R6/1 Cre+Mef2Cfl/fl 

4.3cm/s +/- 0.9, Effect of Genotype: F1,20 =1.251, p=0.277), total duration of movement (R6/1 

171s +/- 16.8, R6/1 Cre+Mef2Cfl/fl 173s +/- 18.1, Effect of Genotype: F1,20 = 0.013,, p=0.911), 

or frequency of rearing (R6/1 24 +/- 4, R6/1 Cre+Mef2Cfl/fl 27 +/- 7, Effect of Genotype: F1,20 = 

0.033, p=0.857) when compared with R6/1 mice, alone (Figure 4.13). 

 

 

Figure 4.13. R6/1 mice with striatal knockout of Mef2C show no changes in distance moved, velocity, 
duration of movement or rearing in open-field arena.  
Graphical representation of 16-week-old open field data, comparing R6/1 mice and R6/1 mice with 

striatal knockout of Mef2C. R6/1 with striatal knockout of Mef2C show no changes in total distance 

moved (R6/1 1481cm +/- 330, R6/1 Cre+Mef2Cfl/fl 1595cm +/- 303, Effect of Genotype: F1,20 = 0.006, 

p=0.940) (A), mean velocity (R6/1 5.5cm/s +/0 1.2, R6/1 Cre+Mef2Cfl/fl 4.3cm/s +/- 0.9, Effect of 

Genotype: F1,20 = 1.251, p=0.277) (B), total duration of movement (R6/1 171s +/- 16.8, R6/1 

Cre+Mef2Cfl/fl 173s +/- 18.1, Effect of Genotype: F1,20 = 0.013,, p=0.911) (C), or frequency of rearing 

(R6/1 24 +/- 4, R6/1 Cre+Mef2Cfl/fl 27 +/- 7, Effect of Genotype: F1,20 = 0.033, p=0.857) (D) when 

compared with R6/1 mice, alone (Figure 4.13). Dotted line indicates the average wild-type data. R6/1 

data presented here is the same as data presented in Figure 4.7. 
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4.4 Histological analysis  
 

4.4.1 R6/1 mice have significantly reduced striatal volume and total NeuN+ nuclei compared 
with wild-type littermates.  
 
The total volume of the striatum was calculated in the 16-week-old wild-type and R6/1 brain 

tissue to determine differences between these two genotypes. At 16 weeks, the R6/1 striatum 

is significantly smaller than wild-type littermates (wild-type: 3.8 mm3 +/- 0.06, R6/1: 3.1 mm3 

+/- 0.1, t28= 5.757, p<0.001) (Figure 4.14B). The number of NeuN-positive cells were also 

calculated per mm3, and analysis showed that there is no difference in the number of NeuN-

positive cells per mm3 in the R6/1 striatum compared with the wild-type striatum (wild-type 

16,444 cells/mm3 +/- 516, R6/1 18,538 cells/mm3 +/- 1,370, Effect of Genotype: t29 = -1.429, 

p=0.087) (figure 4.14A/C). Neither was there a difference between the total number of NeuN-

positive cells in the whole striatum of the wild-type and R6/1 brain (wild-type: 64,996 cells +/- 

2,625, R6/1: 58,583 cells +/= 4984, t29= 1.25, p=0.111) (Figure 4.14D).  
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Figure 4.14. R6/1 mice have a smaller striatum and fewer NeuN+ cells compared with the wild-type 
striatum.   
A) Representative images of wild-type and R6/1 striatum showing NeuN-positive cells under light 

microscopy, at 10x magnification. B) Graphical representation of the 16-week striatal volume in the 

R6/1 mouse, compared with wild-type littermates. The R6/1 striatum is significantly smaller than the 

wild-type striatum at this timepoint (wild-type: 3.8 mm3 +/- 0.1, R6/1: 3.1mm3 +/- 0.1, t28= 5.757, 

p<0.001). B) At 16 weeks, there is no difference in the number of NeuN+ cells per mm3 (wild-type 

16,444 cells/mm3 +/- 516, R6/1 18,538 cells/mm3 +/- 1,370, Effect of Genotype: t29 = -1.429, p=0.087). 

D) There was no difference in the total NeuN count per striatum in the wild-type versus R6/1 brain 

(wild-type: 64,996 cells +/- 2,625, R6/1: 58,583 cells +/= 4984, t29= 1.25, p=0.111). ***p<0.001. Scale 

bar = 100m. 
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4.4.2 The R6/1 striatum has significantly fewer DARPP32-positive cells than wild-type 
littermates. 
 
DARPP32 is known as a gold standard marker of striatal MSNs and is a common marker used 

to investigate changes in model of HD since MSNs are the vulnerable neuronal subtype in this 

disease (Ehrlich, 2012). There was no difference between the number DARPP32+ cells per 

mm3in the 16-week-old R6/1 striatum, compared with the wild-type striatum (wild-type 

16,996 cells per mm3 +/- 520, R6/1 15,704 cells per mm3 +/- 718, Effect of Genotype: t25 = 

1.481, p=0.076) (Figure 4.15A/B). When calculating the number of DARPP32+ cells in the 

whole striatum there were significantly fewer DARPP32+ cells in the R6/1 striatum compared 

with the wild-type striatum (wild-type 64,842 cells +/- 1,571, R6/1 48,505 cells +/-1,528, Effect 

of Genotype: t26 =6.795, p<0.001) (Figure 4.15C). 

 

 

Figure 4.15. The R6/1 striatum has fewer DARPP32+ cells compared with the wild-type striatum.  
A) Images of DARPP32-positive staining in the 16-week-old wild-type and R6/1 striatum. Images taken 

at 10x magnification. B) Graphical representation of the number of DARPP32-positive cells, calculated 

per mm3. Whilst there is a trend toward fewer cells in the R6/1 striatum, there is no difference between 

genotypes (wild-type 16,996 cells per mm3 +/- 520, R6/1 15,704 cells per mm3 +/- 718, Effect of 

Genotype: t25 = 1.481, p=0.076). C) Graphical representation of the total number of DARPP32+ cells in 

the whole striatum. R6/1 striatum has significantly fewer DARPP32+ cells compared with the whole 

wild-type striatum (wild-type 64,842 cells +/- 1,571, R6/1 48,505 cells +/-1,528, Effect of Genotype: t26 

=6.795, p<0.001). Scale bar = 100m. ***p<0.001.  
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4.4.3 Striatal knockdown of Mef2C in the R6/1 mouse does not impact striatal volume or 
total cell count.  
 
Histological analysis in section 4.4.1 and 4.4.2, showed that the 16-week-old R6/1 striatum 

was considerably smaller and had fewer DARPP32-positive MSNs, compared with the wild-

type striatum. The next question to address was whether striatal knockdown of Mef2C in the 

R6/1 striatum impacts striatal volume or the presence of cells within the striatum. As with the 

behavioural experiments, the R6/1 data presented here is the same data reported in section 

4.4.1 and 4.4.2. Statistical analysis was conducted using independent t-tests.  

 

Striatal knockdown of Mef2C in the R6/1 mouse did not significantly impact the total striatal 

volume compared with the R6/1 mouse striatum (R6/1 3.1 mm3 +/- 0.1, R6/1 Cre+Mef2Cfl/fl: 

3.2 mm3 +/- 0.5, t21= 0.632, p=0.261) (Figure 4.16A). There was also no difference in the 

number of NeuN+ cells per mm3 (R6/1 18,538 cells per mm3 +/- 1,370 , R6/1 Cre+Mef2Cfl/fl 

18,440 cells per mm3+/- 990, Effect of Genotype: t21 = -0.054, p=0.479) (Figure 4.16B) or in 

the whole-striatum (R6/1 58,583 cells +/- 4,984, R6/1 Cre+Mef2Cfl/fl 60,955 cells +/- 3,677, 

Effect of Genotype: t19 = 0.360, p=0.362) (Figure 4.16C) between the two genotypes.  

 

 

Figure 4.16. Striatal knockout of Mef2C does not impact R6/1 striatal volume or cell count.  
A) Graphical representation of striatal volume (A), NeuN cell count per mm2 (B) and total NeuN cell 

count (C) in the 16-week-old of R6/1 striatum, and R6/1 striatum with striatal knockdown of Mef2C. 

A) There is no difference between the striatal volume of R6/1 mice and the R6/1 mice with striatal 
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knockdown of Mef2C (R6/1 3.1 mm3 +/- 0.1, R6/1 Cre+Mef2Cfl/fl: 3.2 mm3 +/- 0.5, t21= 0.632, p=0.261). 

B). The NeuN cell count per mm3 is not different between the R6/1 striatum and the R6/1 striatum 

with striatal knockdown of Mef2C (R6/1 18,538 cells per mm3 +/- 1,370, R6/1 Cre+Mef2Cfl/fl 18,440 

cells per mm3+/- 990, Effect of Genotype: t21 = -0.054, p=0.479). C) Neither is there a difference in the 

total NeuN cell count (R6/1 58,583 cells +/- 4,984, R6/1 Cre+Mef2Cfl/fl 60,955 cells +/- 3,677, Effect of 

Genotype: t19 = 0.360, p=0.362). Dotted line indicates the average wild-type data. R6/1 data presented 

here is the same as data presented in Figure 4.14. 

 

 

4.4.4 Striatal knockout of Mef2C in the R6/1 mouse does not influence the presence of 
DARPP32+ MSNs 
 
Striatal knockdown of Mef2C in the R6/1 striatum at 16 weeks does not influence the number 

of DARPP32+ cells per mm3 (R6/1 15,704 cells per mm3 +/- 718 , R6/1 R6/1 Cre+Mef2Cfl/fl 

15,537 cells per mm3 +/- 1,220, Effect of Genotype: t17 = -0.122, p=0.452) (Figure 4.17A) or in 

the total striatum (R6/1 48,505 cells +/- 1529, R6/1 Cre+Mef2Cfl/fl 48,813 +/-4,171, Effect of 

Genotype: t10.131 = 0.069, p=0.473) (Figure 4.17B), compared with the 16-week R6/1 striatum.  

 

 

 

Figure 4.17. Striatal knockout of Me2C in the R6/1 striatum does not influence presence of MSNs. 
A) Graphical representation of the number of DARPP32+ cells per mm3in the 16-week-old R6/1 

striatum with striatal knockdown of Mef2C, compared with the R6/1 striatum, alone (R6/1 15,704 cells 

per mm3 +/- 718, R6/1 R6/1 Cre+Mef2Cfl/fl 15,537 cells per mm3 +/- 1,220, Effect of Genotype: t17 = -

0.122, p=0.452). B) The total number of DARPP32+ cells in the striatum does not differ between the 

two genotypes (R6/1 58,583 cells +/- 4,984, R6/1 Cre+Mef2Cfl/fl 60,955 cells +/- 3,677, Effect of 

Genotype: t19 = 0.360, p=0.362). Dotted line indicates the average wild-type data. R6/1 data presented 

here is the same as data presented in Figure 4.15. 
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4.4.5 Striatal knockout of Mef2C significantly reduces presence of mHTT inclusions in R6/1 
mouse 
 
The presence of mHTT inclusions is a pathological hallmark of HD and is present throughout 

the brain in the R6/1 mouse using the MW8 antibody (Bayram-Weston et al., 2016). Using the 

MW8 antibody to detect the presence of mHTT inclusions, 3x 20x magnification images were 

taken to represent the lateral, medial and ventral portions of the striatum to determine an 

average number of mHTT inclusions per mm3 (Figure 4.18). mHTT inclusions were present 

throughout the striatum of the 16-week-old R6/1 striatum (Figure 4.18Ai-Aiii). mHTT 

inclusions were also present throughout the striatum of the 16-week-old R6/1 striatum with 

striatal knockdown of Mef2C (Figure 4.18Bi-iii). The number of mHTT inclusions across all 9 

images were used to calculate an average number of mHTT inclusions per mm3, and an 

independent t-test used to determine any difference between the presence of mHTT 

inclusions in the brains of these two genotypes. There were significantly fewer mHTT 

inclusions per mm3 in the R6/1 striatum with striatal knockdown of Mef2C, compared with the 

R6/1 striatum (R6/1 34,821 cells per mm3 +/- 1,045, R6/1 Cre+Mef2Cfl/fl 27,208 cells per mm3 

+/- 2,672, Effect of Genotypes: t21 = -2.741, p=0.006) (Figure 4.19A). 
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Figure 4.18. Striatal knockout of Mef2C in an R6/1 model significantly reduces presence of mHTT 
inclusions.  
Figure to show the presence of mHTT inclusions via anti-MW8 immunohistochemistry in the lateral, 

medial and ventral striatum. mHTT inclusions are not present in the wild-type striatum but are present 

throughout the 16-week R6/1 striatum (Ai-Aiii) and R6/1 striatum with striatal knockout of Mef2C (Bi-

Biii). Red arrows indicate mHTT inclusions. Scale bar = 50m. 
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Figure 4.19. Striatal knockout of Mef2C in an R6/1 model leads to fewer mHTT inclusions.  
Graphical representation of the number of mHTT inclusions per mm3 in the R6/1 striatum, compared 

with the R6/1 striatum with striatal knockout of Mef2C. There are fewer mHTT inclusions in the R6/1 

striatum with Mef2C knockout, compared with the R6/1 striatum, alone (R6/1 6.3 cells per mm3+/- 

0.1, R6/1 Cre+Mef2Cfl/fl 4.9 cells per mm3 +/- 0.5, Effect of Genotypes: t21 = 2.741, p=0.006). **p<0.01.  

 

Since there were significantly fewer mHTT inclusions per mm3 in the R6/1 striatum with 

knockdown of Mef2C, and the data collected was representative of the medial, lateral, and 

ventral regions, further analysis was done to determine whether the mHTT inclusions were 

present in a specific region and if the loss was specific to a particular region. Multivariate 

analysis with correction of multiple comparisons with Bonferroni, showed that the medial 

region of R6/1 striatum with striatal knockout of Mef2C had significantly fewer mHTT 

inclusions compared with the medial region of the R6/1 striatum (R6/1 5.6 inclusions per mm3 

+/- 0.2, R6/1 Cre+Mef2Cfl/fl 4.4 inclusions per mm3 +/- 0.5, Effect of Genotype: F1,22 = 5.266, 

p=0.032) (Figure 4.20). Whilst there was a trend toward fewer mHTT inclusions in the lateral 

and ventral regions of the striatum, these did not reach significance (Lateral striatum: R6/1 

6.5 inclusions per mm3 +/- 0.2, R6/1 Cre+Mef2Cfl/fl 5.6 inclusions per mm3 +/- 0.4, Effect of 

Genotype: F1,22 = 2.944, p=0.100. Ventral striatum: R6/1 6.5 inclusions per mm3 +/- 0.2, R6/1 

Cre+Mef2Cfl/fl 6.1 inclusions per mm3 +/- 0.1, Effect of Genotype: F1,22 = 1.797, p=0.194) (Figure 

4.20). 
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Figure 4.20 There are fewer mHTT inclusions in the medial striatum of an R6/1 mouse with striatal 
knockout of Mef2C.  
Graphical representation of the average number of mHTT inclusions (as stained for with MW8) per 

mm2 in the medial, lateral, and ventral striatum. There is significantly reduced mHTT in the medial 

striatum of R6/1 brains with striatal knockout of Mef2C, which is not seen in the lateral or ventral 

region (Medial striatum: R6/1 5.6 inclusions per mm3 +/- 0.2, R6/1 Cre+Mef2Cfl/fl 4.4 inclusions per mm3 

+/- 0.5, Effect of Genotype: F1,22 = 5.266, p=0.032. Lateral striatum: R6/1 6.5 inclusions per mm3 +/- 

0.2, R6/1 Cre+Mef2Cfl/fl 5.6 inclusions per mm3 +/- 0.4, Effect of Genotype: F1,22 = 2.944, p=0.100. 

Ventral striatum: R6/1 6.5 inclusions per mm3 +/- 0.2, R6/1 Cre+Mef2Cfl/fl 6.1 inclusions per mm3 +/- 

0.3, Effect of Genotype: F1,22 = 1.797, p=0.194). *p<0.05 

 

 

4.5 Discussion 
The experiments in this chapter aimed to investigate whether striatal knockout of Mef2C in a 

mouse model of HD could influence phenotypic deficits and pathology of the HD mouse, as 

an extension of work in chapter 3 which showed that Mef2 downregulation in a mHTT-induced 

Drosophila model could suppress degeneration. In this chapter, I have generated a new mouse 

model in which Mef2C was knocked down in the striatum of an R6/1 mouse model of HD. To 

summarise the findings in this chapter, I found that R6/1 mice with striatal knockout of Mef2C 

had significantly fewer striatal mHTT inclusions compared with the R6/1 striatum, but no 

differences in striatal volume, numbers of neurons or numbers of MSNs. These mice 

performed less well on the inverted grip strength test compared to R6/1 mice; but they 

travelled further on the balance beam, compared with R6/1 mice and all other behavioural 

outcomes were not significantly different to R6/1 alone.  
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4.5.1 R6/1 mice show the anticipated phenotype compared with literature reports  
 
The first section of this chapter aimed to address whether the R6/1 colony produce the 

expected behavioural phenotype and pathology as reported in the literature. Behaviourally, 

the R6/1 colony used in this experiment were significantly lighter than the wild-type 

littermates which has been previously reported from 14 weeks of age, and as late as 24 weeks 

(Bolivar et al., 2004; García-Lara, 2018; Naver, Stub, Moller, et al., 2003; Rattray et al., 2013). 

Some studies have reported sex differences, however this does not appear to be a commonly 

reported observation (Brooks, Janghra, et al., 2012). 16-weeks of age was the timepoint 

reported for all behavioural tasks tested during this study. At 16-weeks, R6/1 mice took longer 

to descend a vertical pole, showed general reduced locomotor activity from open field data, 

and showed deficits on balance beam and rotarod, compared with wild-type littermates. R6/1 

mice did not show any deficits on the inverted grip strength test compared with wild-type 

littermates at 16-weeks. Previous experiments have reported deficits on balance beam and 

rotarod from as young as 8-weeks and 12-weeks, respectively, with reports of hypoactivity 

from as young as 6 weeks (Bolivar et al., 2004; Brooks, Janghra, et al., 2012). These reports 

suggest that behaviourally, the R6/1 colony used in this experiment show the anticipated 

phenotype when compared to the literature.   

 

From analysis of the brains at 16-weeks, the R6/1 colony used in the experiment showed 

reduced whole-striatal volume compared with the striatum of wild-type littermates. The R6/1 

striatum also had fewer NeuN and DARPP-32-positive cells per mm3. A longitudinal MRI study 

showed that whole-volume of the R6/1 brain was reduced from 9-weeks of age, with 

significant striatal volume decrease at 17 weeks (Rattray et al., 2013). Neuronal numbers and 

DARPP-32-positive cells have been reportedly reduced from 19-weeks and 16-weeks, 

respectively, however other studies have reported no changes to NeuN-positive staining by 

30-weeks (Naver, Stub, Moller, et al., 2003; Rattray et al., 2013). The R6/1 mouse striatum also 

showed presence of mHTT inclusions which is consistent with previous studies that have 

reported the presence of mHTT inclusions in the striatum from 8-weeks of age (Gatto et al., 

2021; Naver, Stub, Moller, et al., 2003). Overall, the histological results seen in the R6/1 colony 

used for this experiment appear to be consistent with previous reports. Subtle changes in 
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results may be due to somatic CAG expansion which has been reported in the R6/1 model 

(Møllersen et al., 2010; Vatsavayai et al., 2007). 

 

4.5.2 Striatal knockout of Mef2C in HD mice leads to fewer striatal mHTT inclusions  
 
In the R6/1 mice with striatal knockout of Mef2C, there were significantly fewer striatal mHTT 

inclusions compared with the R6/1 striatum (Figure 4.18-20). This is important because mHTT 

aggregates/inclusions are a pathological hallmark of HD and are associated with death of 

MSNs (Arrasate et al., 2004). mHTT aggregates form from the cleavage of mHTT, which 

releases N-terminal fragments containing the expanded polyQ region (Aktar et al., 2019; 

Landles et al., 2010). The formation of these inclusions involves the complex interplay 

between mHTT and other small molecules such as ubiquitin and chaperones (Jimenez-

Sanchez et al., 2017). Although aggregates are strongly associated with disease progression, 

whether they are directly toxic to the cells or are protective, is not yet resolved. For example, 

studies of post-mortem HD brains revealed that mHTT is more prevalent in the cortex than in 

the striatum, despite striatal neuronal loss being much more significant (Arrasate & 

Finkbeiner, 2012; Gutekunst et al., 1999), which may be due to the rapid loss of MSNs prior to 

aggregate formation, or reflect that aggregates are protective. By contrast, inhibition of mHTT 

aggregation and the formation of inclusions via C2-8, a synthetic drug-like small molecule 

inhibitor of polyQ aggregation, was shown to suppress mHTT-induced degeneration in a 

Drosophila model of HD, as well as improving motor performance and neuronal atrophy in the 

R6/2 model (Chopra et al., 2007; Wang et al., 2013). Overall, it is likely that reducing the levels 

of mHTT is beneficial to the brain, and as a result, striatal knockout of Mef2C in the R6/1 model 

is protective.  

 

Reports have shown that in the post-natal brain, Mef2C is expressed more medially than 

laterally (Ali, 2022). Additionally, striatal Mef2C knockout using the same Cre+Mef2Cfl/fl mouse 

colony used in this experiment, showed a significant decrease in Mef2C immunoreactivity in 

the dorso-medial striatum compared with the dorso-lateral striatum (Ali, 2022). Therefore, I 

wanted to ask whether there were region-specific differences with regard to the loss of mHTT 

inclusions in the R6/1Cre+Mef2Cfl/fl striatum. Interestingly, there were significantly fewer 

mHTT inclusions in the medial compartment of the R6/1Cre+Mef2Cfl/fl striatum, while this 
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didn’t reach significance in the lateral and ventral regions (Figure 4.20). One explanation for 

why mHTT inclusions are reduced in the medial region of the striatum would be that Mef2C is 

more highly expressed in the medial striatum and could be more highly impacted by its’ 

knockdown.  

 

4.5.3 Striatal knockout of Mef2C in HD may influence motor function 
 
Given the reduced striatal inclusions in R6/1Cre+Mef2Cfl/fl compared with the R6/1, it is 

interesting to understand whether there were any functional correlates on behavioural 

testing. 16-week-old R6/1Cre+Mef2Cfl/fl mice travelled further up the balance beam compared 

with R6/1 mice, indicating an improvement in motor coordination and control. There were no 

apparent differences between the two genotypes on vertical pole and rotarod performance. 

Neither were there any differences in the parameters measured in open field testing. 

However, at 16-weeks, R6/1Cre+Mef2Cfl/fl mice spent less time holding onto an inverted metal 

grip compared with R6/1 mice.  

 

4.5.3.1 R6/1 mice with Striatal knockout of Mef2C perform better on the balance beam 
compared with R6/1 mice 
 
The 16-week-old R6/1Cre+Mef2Cfl/fl mice travelled further up the balance beam compared 

with R6/1 mice (Figure 4.12). Whilst not significant, Cre+Mef2Cfl/fl mice did appear to perform 

slightly less well on the balance beam compared with wild-type mice, indicating that there is 

positive interaction from Mef2C knockout in the presence of mHTT (Appendix 1C). The balance 

beam task is likely to target motor learning, cognitive processing and balance control with 

regard to functions of the striatum (Patel et al., 2019; Sipp et al., 2013). Dysfunction in specific 

areas of the striatum might be one such route for Mef2C knockout improving these outcomes. 

The striatum is defined by the topographic distribution of monoaminergic and glutamatergic 

projections to the dorsomedial, dorsolateral, and ventral regions (Stanley et al., 2021). The 

ventral striatum, known as the limbic domain, is involved in reward processing and 

motivational behaviour (Valjent & Gangarossa, 2021). The dorsolateral striatum is known as 

the sensorimotor domain and is involved in habit formation, whilst the dorsomedial striatum 

is known as the associative domain, and is involved in driving goal-directed behaviour 

(Brimblecombe & Cragg, 2017; Sturm et al., 2016; Valjent & Gangarossa, 2021).  
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Of particular interest is the function of the dorsomedial striatum since the significant 

reduction of mHTT aggregates was localised to this region (Figure 4.20). The dorsomedial 

striatum receives excitatory outputs from the prefrontal cortices in dominant early learning 

and associative phases, contributing to behavioural flexibility (Devan et al., 2011; Turner et 

al., 2022). Additionally, this region is a site of conjunction for neurons arriving from the limbic 

system, implicating the dorsomedial striatum in some aspects of cognitive processing (Devan 

et al., 2011). Therefore, the presence of mHTT and loss of neurons in the dorsomedial striatum 

would lead to deficits in cognitive processing, motor learning and behavioural flexibility, which 

may be seen by deficits in a task like the balance beam. Since Mef2C was shown to be more 

highly expressed in the medial striatum of post-natal mice (Ali, 2022), changes to Mef2C 

expression may play a role in these processes. Strikingly, a microarray analysis conducted in 

the host laboratory showed that Mef2C is highly up-regulated in the 4-month R6/1 striatum, 

but not in the 2- or 6-month striatum (Brooks et al., unpublished). This might suggest an 

imbalance in Mef2C expression throughout progression of the disease that leads to 

dysfunctional transcription of Mef2C-associated genes, and subsequent vulnerability of cells 

to mHTT aggregation and death. Striatal knockout of Mef2C might reduce any potential 

imbalance of the gene, protecting the neurons from further transcriptional dysregulation. In 

turn, this might lead to reduced mHTT inclusions and a less-diseased brain that could lead to 

improved cognitive processing and motor control, improving the mice’ ability to travel the 

balance beam (Figure 4.12). To confirm these findings, further research could include testing 

R6/1Cre+Mef2Cfl/fl mice on more complex behavioural tasks such as the T- or Y- maze. It would 

also be interesting to look at whole neurons and their projections to see whether axons and 

dendrites are affected by striatal Mef2C knockout, and how these might play a role in the 

regulation of striatal pathways. 

 

 

4.5.3.2 R6/1 mice with Striatal knockout of Mef2C perform worse on the inverted grip strength 
test compared with R6/1 mice 
 
At 16-weeks, R6/1 mice with striatal knockout of Mef2C spent less time holding onto an 

inverted metal grip compared with R6/1 mice (Figure 4.10). There was no difference between 

wild-type mice and Cre+Mef2Cfl/fl mice on this apparatus (see Appendix 1B), potentially 
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suggesting a genetic interaction occurring due to the loss of Mef2C in the R6/1 model. Mef2C 

is thought to be required for the development of matrix MSNs rather that striosome MSNs 

(Ali, 2022). The matrix compartment of the striatum receives preferential inputs from the 

primary motor and sensory cortices, whilst the striosome compartment comprise a higher 

percentage of neurons with axonal projections to structures of the limbic system and 

amygdala (Miyamoto et al., 2018; Prager & Plotkin, 2019). Due to the importance of Mef2C in 

the development of matrix neurons, loss of striatal Mef2C may contribute to altered GABA 

signalling and subsequent reduction of GABA neurotransmitter release. However, this would 

need to be tested to determine whether this related to any motor impairment. Interestingly, 

histological analysis of the 16-week brains in this experiment, did not show any changes in the 

presence of DARPP32- and NeuN-positive neurons. Mef2C loss may impact GABA receptor 

signalling, as opposed to physical loss of neurons. A previous study of conditional knockout of 

Mef2C in forebrain excitatory neurons was linked with increased inhibitory synaptic 

transmission (Harrington et al., 2016). Further studies could explore the presence of known 

striatal neurotransmitters such as GABA and dopamine, to investigate whether striatal 

knockout of Mef2C influences the presence of neurotransmitters in the striatum, which may 

implicate downstream pathways (Jamwal & Kumar, 2019).  

 

Since R6/1Cre+Mef2Cfl/fl mice show deficits on the inverted grip strength test, this may suggest 

an additional component that leads to the improvement on the balance beam, such as 

motivation or anxiety-driven behaviour. Elevated levels of striatal dopamine due to reduced 

dopamine transporter expression, has been attributed to higher motivation for food rewards 

(Cagniard et al., 2006; Palmiter, 2008). Additionally, dysregulation of GATA genes that are 

expressed highly in dopaminergic cells has been implicated in early development of a large 

selection of neurons including GABAergic midbrain and serotonergic hindbrain neurons, as 

well as increased anxiety-like behaviour (Chen et al., 2022; Lentjes et al., 2016; Tikker et al., 

2020). More specifically, previous reports have shown that in the absence of GATA-2, 

serotonergic neurons fail to differentiate, and that inactivation of co-factors of GATA-2 lead to 

abnormal development of serotonergic neurons and increased anxiety-like behavioural in the 

elevated plus maze, and novel object recognition task (Tikker et al., 2020). Mef2C may be 

involved in pathways associated with GATA-2 via serotonergic or dopaminergic neurons, 

influencing the downstream pathways that lead to motivational and anxiety-driven 
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behaviours.  To do this, further studies could involve additional behavioural tasks such as the 

elevated plus maze and novel object recognition to determine any changes in R6/1 mice with 

striatal knockout of Mef2C, compared with R6/1 mice.  

 

 

4.6 Conclusion 
 
In this chapter, I have generated an R6/1 mouse model of HD with striatal knockout of Mef2C 

to investigate how Mef2C might impact disease progression in the R6/1 HD mouse model. The 

brains of 16-week-old R6/1Cre+Mef2Cfl/fl mice have significantly fewer striatal mHTT inclusions 

compared with the R6/1 brain. There was little evidence to suggest that knockdown of Mef2C 

in the R6/1 HD mouse model has significant effects on behavioural changes, however, the 

R6/1Cre+Mef2Cfl/fl mice could travel further up a balance beam which may indicate a potential 

consequence of behavioural changes and the reduction of mHTT inclusions. Results indicate 

that there is a genetic interaction that occurs with striatal Mef2C knockout in the R6/1 model 

of HD, however, further experiments are required to unveil the full extent of differences.    
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Chapter 5: N-terminal FoxP1 can suppress mHTT-induced 
degeneration in Drosophila model of HD. 

 

 

5.1 Introduction 
 
Through a microarray study of genes expressed in the developing striatum, the host laboratory 

previously identified that FoxP1 was the most highly up-regulated gene between E12 and E16 

(Precious et al., 2016). Furthermore, FoxP1 was identified as being required to produce 

DARPP-32-expressing neurons from the developing striatum, cultured in vitro (Precious et al., 

2016). In 2006, Desplats and colleagues were the first to report downregulation of FoxP1 

mRNA in the 6-month R6/1 striatum (Desplats et al., 2006). Since then, further studies have 

shown reduced FoxP1 mRNA and protein levels in the striatum and cortex of knock-in and 

transgenic models of HD, as well as those of the human HD cortex and caudate, further linking 

FoxP1 to dysregulation in HD disease pathogenesis (Araujo et al., 2017; Hodges et al., 2008; 

Louis Sam Titus et al., 2017). Table 1.4 of the Introduction outlines the publications to date 

that have reported FoxP1 changes in HD disease models. Many of these publications refer to 

timepoints where FoxP1 is significantly reduced, however, they do not reference the fact that 

FoxP1 protein levels in the HD brain appear to be comparable to the wild-type brain prior to 

this decrease. For example, Louis Sam Titus and colleagues reported a reduction in FoxP1 

protein in the R6/2 striatum and cortex at 6 weeks, however there was no change at 2 weeks 

(Louis Sam Titus et al., 2017). This pattern of FoxP1 loss may indicate a role for FoxP1 in disease 

pathogenesis and should be explored further. 

 

Since FoxP1 is found to be reduced in mouse models of HD and in the human HD brain, the 

question was asked as to whether restoring FoxP1 expression levels in HD a therapeutic 

avenue could be to suppress symptom onset. Louis Sam Titus and colleagues showed that 

elevating FoxP1 levels by ectopic expression in mouse cortical neurons in culture, was able to 

protect these neurons from 2-Hydroxy-Docosahexaenoic Acid (HCA)-induced death and 

mHTT-induced neurotoxicity (Louis Sam Titus et al., 2017). Furthermore, Louis Sam Titus and 

colleagues also showed that over-expressing FoxP1 was able to suppress a degenerative eye 

phenotype in a specific Drosophila model with mHTT-expressed in the eye (ApplGal4; GMR-
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HttQ120 > UAS-FoxP1). Flies over-expressing FoxP1 also performed significantly better in the 

phototaxis behavioural assay, compared to mHTT-expressing flies (GMR-HttQ120), indicating 

a functional improvement. Using co-immunoprecipitation, Tang et al., (2012) reported a 

physical PPI between mHTT and FoxP1 in cortical homogenates from 6-month-old R6/1 mice 

(Tang et al., 2012). However, using these techniques, it isn’t possible to determine where 

within the protein, this interaction occurs. Neither was it reported whether wild-type HTT 

physically interacts with FoxP1, indicating whether this is expected.  

 

The current research suggests that FoxP1 plays an important role in MSN development and 

maturation. As mentioned above, FoxP1 mRNA and protein levels are reportedly reduced in 

several HD mouse models, however there isn’t much previous data about FoxP1 expression 

levels in the younger HD mice, where behavioural deficits are not so prominent. In the first 

part of this chapter, I wanted to establish whether these changes could be observed in the 

striatum of a ‘transgenic’ R6/1 HD mouse, whose phenotype is very progressive, and the 

knock-in HdhQ150 mouse model whose phenotype is much slower. Secondly, I wanted to 

extend the time-course to better characterise when FoxP1 protein is reduced in these HD 

models. Characterising this pattern of expression will provide insight into whether these 

changes have occurred over embryonic development, or whether they are associated with 

core disease pathogenesis. Additionally, it will be beneficial to determine whether these 

changes are comparable across different HD mouse models. 

 

In the second section of this chapter, I aim to explore the effects of over-expressing FoxP1 in 

a whole-eye and pan-neuronal Drosophila model of mHTT-induced degeneration. Louis Sam 

Titus and colleagues (2017) showed that elevating full-length FoxP1 using a weak pan-

neuronal driver, in a whole-eye Drosophila model of HD can suppress mHTT-induced 

degeneration (as shown by suppressed rhabdomere loss)(Louis Sam Titus et al., 2017). 

However, this has not been explored in mHTT-expressing neurons. Furthermore, whilst there 

is an indication of a physical interaction between mHTT and FoxP1, there is no evidence as to 

where this physical interaction may occur. Understanding this may indicate a potential 

mechanism for restoring HD-associated impairments by FoxP1 over-expression. 
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5.2 Methods 
 

5.2.1 Experimental design 
 
In the first experiment of this chapter, the presence of FoxP1-positive nuclei, and FoxP1 

protein expression was quantified in the 1-, 3-, 4- and 6-month R6/1 striatum and 10-, 18-, 

and 24-month HdhQ150 striatum, compared with the wild-type striatum. These timepoints 

were taken due to the availability of brain tissue in the lab, in addition to providing a range of 

timepoints that capture pre- and post-manifest ages of these models. R6/1 and HdhQ150 

brain tissue was taken from existing archives of HD time-course studies from the host 

laboratory to address the principles of the 3Rs (https://NC3RS.org.uk). Wild-type tissue was 

also taken from age-matched littermates of the HD mice, within existing archives. Tissue was 

stained with anti-FoxP1 to identify FoxP1 nuclei. Stereological counting in the Visiopharm 

software was used to count the number of FoxP1-positive nuclei, and 10x magnification 

images were taken for processing in ImageJ and calculation of protein expression per FoxP1-

positive nuclei via O.D. See section 2.3.5 for full methods.  

 

Following this, the Gal4/UAS system was used to investigate the effects of over-expressing 

FoxP1 in a whole-eye and pan-neuronal Drosophila model of HD. The whole-eye driver, GMR-

Gal4 was used to investigate any effects to whole-eye degeneration (GMR>UAS-hFoxP1; UAS-

hHTTex1.Q93), and the pan-neuronal driver ElavC155-Gal4 used to investigate the effects of 

mHTT-induced loss of rhabdomeres (Elav>UAS-hFoxP1; UAS-hHTTex1.Q93). The 

Gal80tsGal4/UAS system was then used to determine whether FoxP1 over-expression in these 

mHTT models at different timepoints during eye development, could influence mHTT-induced 

degeneration (See section 2.1.4-7). In addition to this work, using the GMR-hHTTex1.Q120 fly 

line could provide a way of independently expressing mHTT and FoxP1, to investigate whether 

over-expressing FoxP1 in the neurons, could influence mHTT-induced degeneration in all cells 

of the eye (Appl; GMR-hHTTex1.Q93>UAS-FoxP1). 

 

Finally, Y2H assays were used to investigate the domains of FoxP1 protein that are required 

for the physical interaction between wild-type HTT and mHTT.  

 

https://nc3rs.org.uk/
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5.2.2 Statistical analysis 
 
The work involving histological staining in mouse tissue were analysed using multivariate 

analysis. For all fly work, a multivariate analysis was used to determine any statistically 

significant changes in rhabdomere counts under different conditions. Bonferroni was used to 

test for multiple comparisons. For all analyses, statistical significance was reported when 

p<0.05.  

 

 

5.3 Results  
 

5.3.1 FoxP1 protein expression and FoxP1-positive nuclei are significantly reduced in the 3-
months R6/1 HD striatum. 
 
The first experiment aimed to investigate changes in FoxP1 protein expression and the 

presence of FoxP1-positive nuclei, across the time course of HD progression in the mouse. To 

do this, brain tissue from R6/1 transgenic mice and their wild-type littermates were taken at 

1-, 3-, 4- and 6-months of age. Tissue was stained for FoxP1 and O.D values were determined 

for striatal FoxP1-positive nuclei, where a higher O.D value was indicative of higher protein 

expression (Figure 5.1). ANOVA results show that there is a significant difference in the O.D 

values of FoxP1-positive nuclei between the R6/1 and wild-type striata at the different ages 

assessed (Figure 5.1A/B; Effect of Genotype*Time F1,43 = 21.277, p<0.001). Post-hoc analysis 

showed that at 1-month, FoxP1 protein expression levels were comparable between R6/1 and 

wild-type (p=0.618) but at 3-months, there was a small but significant decrease in the FoxP1 

protein expression per nuclei, in the R6/1 striatum, compared with the wild-type striatum 

(R6/1 71 +/- 9.9, wild-type 98 +/- 7.9, p=0.015). By 4-months, there was a further significant 

decrease in protein expression in the R6/1 striatum, compared to wild-type (wild-type 58 +/- 

7, R6/1 28 +/- 1.5, p>0.001), and FoxP1 protein expression was still decreased in the R6/1 

striatum compared with wild-type at 6-months (wild-type 91 +/- 4.5, R6/1 69 +/- 5.2, p<0.004) 

(Figure 5.1Ai). O.D is also presented as a percentage of wild-type protein levels to account for 

differences in the tissue, since tissue samples from each time point came from different tissue 

archives (Figure 5.1Aii).  
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Using stereological sampling, the total number of FoxP1-positive cells per mm3 was calculated 

in the R6/1 and wild-type striatum at 4 months. Due to time constraints, the 4-month 

timepoint was chosen since there was a significant difference in the protein expression per 

nuclei at this age. There were fewer FoxP1-positive cells in the 4-month R6/1 striatum 

compared with the wild-type striatum (wild-type 4911 cells +/- 429, R6/1 2984 cells +/- 818, 

Effect of Genotype: t19 =2.59, P=0.018) (Figure 5.1B). To conclude, FoxP1 protein expression is 

significantly reduced in the R6/1 striatum from 4-months, and at 4-months, there are 

significantly fewer FoxP1-positive cells compared with the wild-type striatum. 

 

 

Figure 5.1. FoxP1 protein expression and FoxP1-positive cell number are significantly reduced in the 
R6/1 4-month striatum.  
A). Graph to show the changes in striatal FoxP1 protein expression across the lifespan of the R6/1 

mouse, compared with wildtype (Effect of Genotype F1,43 = 21.277, p<0.001) (Ai). Optical density (O.D) 

of the analysed pixels was also measured as a percentage of wild-type protein levels to account for 

differences in the tissue, since tissue at each timepoint was an independent sample (Aii). B) Graph to 

show the total number of FoxP1-positive cell nuclei per striatum, in the 4-month R6/1 and wild-type 

brain (wild-type 4911 cells +/- 429, R6/1 2984 cells +/- 818, Effect of Genotype: t19 =2.59, p=0.018). 

*p<0.05, **p<0.01.  
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5.3.2 FoxP1 Protein expression and FoxP1-positive nuclei are significantly reduced in the 10-
month HdhQ150 HD striatum. 
 
In the next experiment, the number of FoxP1-positive nuclei and FoxP1 protein expression 

was quantified in the HdhQ150 knock-in mouse line compared with wild-type littermates. To 

do this, brain tissue was taken from the 10-, 18- and 24-month HdhQ150 mice and wild-type 

littermates, and stained with anti-FoxP1. 10x magnification images were taken to determine 

O.D of analysed pixels and stereological sampled used to calculate the total number of FoxP1-

positive nuclei. ANOVA analysis showed that there was a significant difference in the O.D 

values of FoxP1-positive nuclei between the HdhQ150 and wild-type striata at the different 

ages assessed (Effect of Genotype*Time F1,51 = 18.923, p<0.001). Post hoc analysis revealed 

that at 10 months, there was a reduction in the FoxP1 protein expression per nuclei, in the 

HdhQ150 mouse striatum compared with the wild-type striatum (HdhQ150 OD: 88 +/- 16, 

wild-type OD: 122 +/- 15, p=0.026). By 18 months, FoxP1 protein expression per nuclei in the 

R6/1 striatum was further reduced compared with the wild-type striatal nuclei (p=0.016) 

which was further reduced by 24 months (p=0.005) (Figure 5.2A). O.D is also presented as a 

percentage of wild-type protein levels to account for differences in the tissues from 

independent samples (Figure 5.2Aii). Using stereological sampling, the total number of FoxP1-

positive cell nuclei was calculated at 24 months (Figure 5.2B). Due to time constraints, the 24-

month timepoint was chosen due to the large reduction in FoxP1 protein expression in the 

HdhQ150 mouse striatum compared with the wild-type striatum. There were significantly 

fewer FoxP1-positive nuclei in the 24-month HdhQ150 striatum, compared with wildtype (t16 

=3.00, p=0.009) (Figure 5.2B). To conclude, FoxP1 protein expression is reduced in the 

HdhQ150 striatum compared with wild-type striatum from 18-months, and the total number 

FoxP1-positive nuclei is significantly fewer in the 24-month striatum.  
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Figure 5.2. FoxP1 protein expression and total FoxP1-positive cell number are significantly reduced 
in the HdhQ150 18- and 24-month striatum.  
A). FoxP1 protein expression measured across lifespan shows that there is a significant difference in 

protein expression (as presented by O.D) between the HdhQ150 mouse striatum and wild-type 

striatum (Effect of Genotype F1,51 = 18.923, p<0.001).  (Ai). Optical density (O.D) is presented as a 

percentage of wild-type protein levels to account for differences in the tissue, since tissue at each 

timepoint was an independent sample (Aii). B) At 24-months, there is a significantly reduced total 

FoxP1+ cell count, compared to wild-type (t16 = 3.00, p=0.009). 

 

 

5.3.3 Over-expression of the human FoxP1 N-terminal fragment suppresses mHTT-induced 
whole eye degeneration. 
 
The previous two sections confirmed previous findings that, in mouse models of HD, the 

number of FoxP1-positive nuclei and the expression of FoxP1 protein expression per cell, is 

significantly reduced. As a first step towards understanding whether loss of FoxP1 impacts HD 

pathology, I asked whether restoring FoxP1 levels might suppress a mHTT-induced 

degenerative phenotype. Louis Sam Titus and colleagues (2017) have provided evidence that 

over-expression of FoxP1 in a Drosophila whole-eye model of mHTT can suppress 

degeneration, as measured by loss of rhabdomeres (Louis Sam Titus et al., 2017). Therefore, I 

wanted to address this hypothesis in Drosophila models of HD used in this project. In this 

experiment, the UAS-FoxP1 construct from Bloomington was used, which expresses just the 

N-terminal fragment of human FoxP1 (referred to as hFoxP1). To do this, a Drosophila model 
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of mHTT-induced degeneration was used to test whether over-expression of hFoxP1 could 

suppress a whole-eye degenerative phenotype. Using the Gal4/UAS system, female flies 

expressing the whole-eye driver GMR-Gal4, were crossed with male flies expressing mHTT 

with 93 CAG repeats (Q93) and hFoxP1. The resulting progeny expressed both constructs, 

resulting in Q93 and hFoxP1 being driven in the whole-eye of the fly (GMR>UAS-hFoxP1; 

hHTTex1.Q93). As mentioned in section 3.3.1, by 15 days post-eclosion, flies expressing Q93 

show a degenerative phenotype compared with the wild-type eye (see section 3.1.1-2 for 

initial establishment of this model) (Figure 5.3A/B). Therefore, confocal images were taken of 

the whole-eye expressing Q93 and hFoxP1, at this timepoint. Whole-eye over-expression of 

hFoxP1 in Q93-expressing flies suppresses the whole-eye degeneration seen in Q93 flies, alone 

(Figure 5.3C). To conclude, whole-eye over-expression of hFoxP1 can suppress a mHTT-

induced whole-eye degenerative phenotype.  

 

 

Figure 5.3. N-terminal human FoxP1 (hFoxP1) suppresses mHTT-induced whole-eye 
degeneration. 
Representative confocal microscopy images of the whole eye showing (A) a control eye, (B) rough-eye 

phenotype in a Drosophila model of HD, and (C) suppression of mHTT-induced whole-eye degeneration 

by over-expression of hFoxP1.  

 

5.3.4 Pan-neuronal over-expression of human N-terminal FoxP1 shows small effect on 
mHTT-induced loss of rhabdomeres 
 
The next section aimed to investigate whether pan-neuronal over-expression of hFoxP1 could 

suppress mHTT-induced degeneration of rhabdomeres. To do this, the pan-neuronal driver, 

ELAVC155-Gal4 was used. Rhabdomeres were counted from 2 days prior to eclosion, to 12 days 
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post-eclosion. Prior to counting, images were taken under a light microscope at 15 days post-

eclosion, and flies expressing Q93 and hFoxP1 have visibly more rhabdomeres compared to 

the flies expressing Q93 (Figure 5.4A). Multivariate analysis showed that pan-neuronal over-

expression of hFoxP1 significantly suppressed the mHTT-induced degenerative phenotype, as 

quantified by pseudopupil analysis (Genotype*Time: F6,193 = 28.047, p<0.001) (Figure 5.4B). 

Post-hoc analysis revealed that there was no difference between the two genotypes upon 

eclosion (p=0.427), but by 5 days post-eclosion, Q93-expressing flies with over-expression of 

hFoxP1 had more rhabdomeres compared to the flies only expressing Q93 (Elav>UAS-

hHTTex1.Q93 4.29 rhabdomeres +/- 0.1, Elav>UAS-hFoxP1; hHTTex1.Q93 4.51 rhabdomeres 

+/- 0.1, p<0.001). This continued to 12 days post-eclosion which was the last timepoint 

analysed in this experiment (Elav>UAS-hHTex1.Q93 4.2 rhabdomeres +/- 0.1, Elav>UAS-

hFoxP1; hHTTex1.Q93 4.7 rhabdomeres +/- 0.05, p<0.001) (Figure 5.4B). An additional line 

was generated to control for the addition of a second UAS construct in the flies expressing 

Q93 and hFoxP1. This line had UAS-mCherry on the 2nd chromosome (Elav>UAS-mCherry; 

UAS-hHTTex1.Q93). Multivariate analysis using this line showed that there was a significant 

effect between flies expressing Q93 and hFoxP1 and those expressing Q93 and mCherry 

(Genotype*Day: F5,96 = 0.415, p=0.004). Post-hoc analysis revealed that on the day prior to 

eclosion, flies expressing hFoxP1 and Q93 had fewer rhabdomeres compared with flies 

expressing Q93 and mCherry (p<0.001), and at 7 days post-eclosion, flies expressing hFoxP1 

and Q93 had more rhabdomeres compared with flies expressing Q93 and mCherry (p=0.044). 

However, there were no other differences. Due to time constraints, the numbers counted at 

days -1, 5, 7, 10, and 12 are small in the Elav>UAS-mCherry; hHTTex1.Q93 group (day -1 (n=5), 

day 5 (n=2), day 7 (n= 4), day 10 (n=4), day 12 (n=3)), however, these results suggest that the 

presence of a second UAS construct may be responsible for the effect seen when UAS-hFoxP1 

is over-expressed in the Q93 fly model. To fully determine the effect of hFoxP1 over-expression 

in the Q93 line, further analysis is required. To conclude, pan-neuronal over-expression of 

hFoxP1 in a mHTT-induced degenerative model may suppress mHTT-induced loss of 

rhabdomeres.  
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Figure 5.4. Pan-neuronal over-expression of hFoxP1 has a small effect on mHTT-induced loss of 
rhabdomeres.  
A). Representative light microscopy images showing rhabdomeres in a control fly eye, and that pan-

neuronal over-expression of hFoxP1 in a Drosophila model of HD can suppress rhabdomere loss. B) 

Graphical representation of average rhabdomere counts from 2 days prior to eclosion, to 12 days post-

eclosion. Each datapoint represents an average rhabdomere count of each condition with SEM plotted 

as error bars. Scale bar = 10m. 

 

5.3.5 Pan-neuronal over-expression of human N-terminal FoxP1 in a mHTT-induced model 
can prolong survival 
 
 The next experiment aimed to investigate whether pan-neuronal over-expression of hFoxP1 

in a Drosophila model of mHTT could prolong survival. To do this, male flies carrying 

Elavc155Gal4 were crossed with females carrying UAS-mCherry; hHTTex1.Q93, and females 

carrying UAS-hFoxP1; hHTTx1.Q93, at 21C. Flies driving pan-neuronal expression of mCherry 

(Elav>UAS-mCherry) were used as controls. Upon eclosion, flies were placed in fresh food vials 

at 25C and placed in new food vials every two days. At this point, the number of surviving 

flies was recorded. Pan-neuronal over-expression of hFoxP1 in Q93-expressing flies 
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significantly increases fly survival, compared with Q93-expressing flies, alone (Log rank test: 

t414 = 5.366, p<0.001). To conclude, pan-neuronal over-expression of hFoxP1 in a mHTT-

induced model of HD can prolong survival, compared to mHTT expression, alone.  

 

 

Figure 5.5. Panneuronal overexpression of hFoxP1 significantly increases lifespan in a Drosophila 
model of HD.  
A Kaplan-Meier plot showing survival probability of Drosophila expressing mHTT in the neurons, with 

and without, pan-neuronal over-expression of hFoxP1. Pan-neuronal over-expression of hFoxP1 in the 

mHTT-induced model significantly increased the survival probability in these flies (Log rank test: t414 = 

5.366, p<0.001). 

 

5.3.6 Pan-neuronal over-expression of hFoxP1 rescues a whole-eye mHTT model 
 
The next experiment looked to investigate whether expressing hFoxP1 in the neurons of a 

Drosophila eye model of mHTT could rescue the whole-eye degenerative phenotype, which 

was the assay used by Louis Sam Titus and colleagues (Louis Sam Titus et al., 2017). To do this, 

the GMR-hHTTex1.Q120 line was used which expresses mHTT with 120 CAG repeats, in the 

whole eye, only. Appl-Gal4 was then used to over-express hFoxP1 to replicate the findings of 

Louis Sam Titus and colleagues (Appl; GMR-hHTTex1.Q120>UAS-hFoxP1) (Louis Sam Titus et 

al., 2017). At 7 days post-eclosion, flies were taken, heads cryosectioned and samples stained 

with phalloidin for visualising the rhabdomeres. Univariate analysis was used to compare the 

extent of rhabdomere loss in the GMR-hHTTex1.Q120 fly line compared with wild-type flies, 

and the extent of rescue when hFoxP1 was over-expressed in the GMR-hHTTex1.Q120 line. 
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There was a significant difference between the three genotypes (F2,15 = 8.978, p<0.001). Post-

hoc analysis revealed that there were significantly fewer rhabdomeres in the fly eyes 

expressing mHTT with 120 CAG repeats compared with the wild-type fly eye (wild-type: 6.9 

rhabdomeres +/- 0.001, GMR-hHTTex1.Q120: 4.41 +/- 0.3, p<0.001). This equates to a 37% 

reduction in the number of rhabdomeres (Figure 5.6B). Pan-neuronal over-expression of 

hFoxP1 in a whole-eye model of mHTT has significantly more rhabdomeres at 7 days post-

eclosion compared to flies expressing only mHTT (GMR-hHTTex1.Q120 4.4 rhabdomeres +/- 

0.28, Appl;GMR-hHTTex1.Q120>UAS-hFoxP1 5.6 rhabdomeres +/- 0.13, p<0.001). This 

equates to a 21% reduction in rhabdomeres compared with the wild-type fly eye, indicating a 

suppression in the extent of mHTT-induced degeneration of rhabdomeres (Figure 5.6A/B). To 

conclude, this experiment has shown that over-expressing hFoxP1 in the neurons can suppress 

a mHTT-induced degenerative phenotype where mHTT is expressed in all cells of the eye.  

 

 

Figure 5.6 Pan-neuronal over-expression of hFoxP1 in a whole-eye model of mHTT can suppress 
rhabdomere degeneration.  
A) Representative confocal microscopy images with phalloidin staining to show whole-eye mHTT-

induced degeneration using GMR-hHTTex1.Q120 (Ai) and pan-neuronal over-expression of hFoxP1 in 

this model, using Appl-Gal4 at 7 days post-eclosion (Aii). B) Representative bar graph of rhabdomere 
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counts of flies expressing mHTT with 120 CAG repeats in the whole-eye, with and without pan-

neuronal over-expression of hFoxP1, and compared with the wild-type fly. Scale bar in (A) = 10m.  

 

5.3.7 Over-expression of hFoxP1 in fully developed photoreceptors can significantly 
suppress mHTT-induced degeneration. 
 
As described in section 3.3.5, pre-exposure of neurons to mHTT during eye development 

results in increased loss of rhabdomeres compared with the neurons exposed to mHTT 

following completion of eye development (Figure 3.6-3.7). Therefore, the next experiment 

aimed to determine whether over-expressing hFoxP1 in the developed photoreceptor 

neurons could influence mHTT-induced degeneration. To do this, the GAL80tsGal4/UAS system 

was used to induce hFoxP1 over-expression and mHTT with 93 CAG repeats (Q93) on the day 

prior to eclosion (D-1) (Elav; Gal80ts>UAS-hFoxP1; hHTTex1.Q93). In this experiment, over-

expression of hFoxP1 in Q93-expressing flies led to reduced rhabdomere loss compared with 

flies expressing only Q93 (Effect of Genotype*Time: F6,246 = 4.166, p<0.001) (Figure 5.7). Upon 

eclosion, Q93-expressing flies with hFoxP1 over-expression had more rhabdomeres compared 

with Q93-expressing flies, alone (Elav; Gal80ts>UAS-hFoxP1; UAS-hHTTex1.Q93 6.7 +/- 0.1, 

Elav; Gal80ts>UAS-hHTTex1.Q93 6.5 rhabdomeres +/- 0.1, p=0.016). This difference was 

maintained throughout the experimental time course of 12 days (p=0.04) except at day 7, 

where the difference did not reach significance (p=0.189) (Figure 5.7). To conclude, pan-

neuronal over-expression of hFoxP1 in the developed PR can suppress the mHTT-induced loss 

of rhabdomeres.  

 

 

Figure 5.7. mHTT-induced degeneration in developed photoreceptors is suppressed by over-
expression of hFoxP1.  
Graphical representation of rhabdomere counts from 1 day prior to eclosion, to 12 days post eclosion. 

Each data point represents an average count for that condition with SEM plotted as error bars. Pan-
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neuronal over-expression of hFoxP1 with mHTT in the fully developed photoreceptors, can significantly 

suppress mHTT-induced degeneration in the adult fly (Effect of Genotype: F6,246 = 4.166, p<0.001). 

*p<0.05, *p<0.001 

 

5.3.8 Over-expression of full-length human FoxP1 (FoxP1-FL) in a Drosophila model of HD is 
lethal mid-pupation 
 
The results above demonstrate that over-expression of N-terminal hFoxP1 can suppress 

mHTT-induced degeneration. In accord with these findings, Louis Sam Titus and colleagues 

(2017) showed that full-length FoxP1 was able to rescue a mHTT-induced degenerative 

phenotype, when pan-neuronally expressed, using Appl-Gal4 (Louis Sam Titus et al., 2017). 

They also showed that FoxP1 lacking the Leucine Zipper and Forkhead domains of the C-

terminal region, was unable to protect against mHTT-induced toxicity in mammalian cortical 

cells in culture. Therefore, it is interesting that the N-terminal fragment of FoxP1 (which lacks 

the leucine zipper and forkhead domains, Figure 5.8) used in this thesis, can suppress a mHTT-

induced degenerative phenotype. The next experiment was to investigate whether full-length 

human FoxP1 (FoxP1-FL), including these important C-terminal fragments (Figure 5.5) could 

further suppress mHTT induced degenerative phenotype. To do this, I generated a UAS-FoxP1-

FL construct which was sent to BestGene (https://thebestgene.com) for microinjection into 

flies.  

 

5.3.8.1 Whole-eye overexpression of FoxP1-FL in a mHTT model using GMR-Gal4, is lethal 
 
The first question to ask was whether over-expressing FoxP1-FL in a whole-eye model of mHTT 

with 93 CAG repeats, could rescue a whole-eye degenerative phenotype. To do this, the GMR-

Gal4 driver was used (GMR>UAS-FoxP1-FL; UAS-hHTTex1.Q93). Whole-eye over-expression of 

FoxP1-FL in Q93-expressing flies was lethal midway through pupation precluding an 

assessment of any possible effect on the eye phenotype. To ensure that this was not down to 

over-expression of FoxP1-FL alone, GMR-Gal4 was used to drive expression of FoxP1-FL, only 

(GMR>FoxP1-FL). Whole-eye over-expression of FoxP1-FL alone did not produce any 

observable eye phenotype (Figure 5.9A). To conclude, whole-eye over-expression of FoxP1-FL 

in a mHTT model is lethal.  
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Figure 5.8. Schematic to show the differences between the full-length FoxP1 fragment and N-
terminal fragment present in the UAS-hFoxP1 fly line.  
A) Schematic to show the canonical full-length FoxP1 protein, and the important functional domains. 

B). The N-terminal fragment present in the UAS-hFoxP1 fly line. C) A schematic diagram of the 

Drosophila FoxP protein. PolyQ = polyglutamine, ZF = zinc finger domain, LZ, leucine zipper domain, 

FD = forkhead domain. Edited by work from (Johnson et al., 2018; B. Wang et al., 2003). 

 

 

5.3.8.2 Pan-neuronal over-expression of FoxP1-FL in a mHTT model using ELAVC155-Gal4, is 
lethal 
 
The previous sub-section showed that whole-eye over-expression of FoxP1-FL in a mHTT 

model was lethal. Therefore, the next question to address was whether this could be due to 

neuronal expression, or expression in other cells of the eye. To do this, the pan-neuronal driver 

ELAVC155-Gal4 was used. Pan-neuronal over-expression of FoxP1-FL in Q93-expressing flies was 

lethal midway through pupation, disabling the opportunity to assess any possible effect on 

the number of rhabdomeres. Pan-neuronal over-expression of FoxP1-FL alone, did not 

produce a rhabdomere phenotype (Figure 5.9B). To conclude, pan- neuronal over-expression 

of FoxP1-FL in a mHTT model is lethal.  
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Figure 5.9 Full length FoxP1 (FoxP1-FL) expression in the whole-eye and neurons does not produce 
any degeneration.  
A) Representative images of the fly with whole-eye expression of FoxP1-FL (GMR>UAS-FoxP1-FL) which 

is not different to control flies (GMR>UAs-mCherry). B) Representative rhabdomere counts from flies 

expressing FoxP1-FL (Elav>UAS-FoxP1-FL) in the neurons, versus control (Elav>UAS-mCherry). 

Rhabdomere counts taken from eclosion, to 12 days post-eclosion. 

 

 

5.3.8.3 Pan-neuronal over-expression of FoxP1-FL using Appl-Gal4 in a mHTT-induced 
Drosophila model is lethal. 
 
The next experiment looked to determine whether using a different, weaker pan-neuronal 

driver would lead to flies eclosing, making it possible to count rhabdomeres (Louis Sam Titus 

et al., 2017). To do this, the pan-neuronal driver Appl-Gal4 was used to drive expression of 

mHTT with 93 CAG repeats (Q93) with or without the presence of FoxP1-FL. In the Q93-

expressing flies, there was no degeneration of rhabdomeres by 12 days post-eclosion (Figure 
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5.10), and was comparable to that of wild-type rhabdomere counts (Appl>UAS-hHTTex1.Q93 

6.98 rhabdomeres +/- 0.001, Appl>UAS-mCherry 6.98 rhabdomeres +/- 0.01, Genotype*Time: 

F2,20 = 1.577, p=0.231). By contrast, pan-neuronal overexpressing of FoxP1-FL in the Q93-

expressing flies was lethal. To conclude, using a weaker pan-neuronal driver, Appl-Gal4, to 

induce Q93 leads to no mHTT-induced degeneration, and over-expressing FoxP1-FL in the 

mHTT-induced Drosophila model, is lethal.  

 

 

Figure 5.10 Pan-neuronal expression of mHTT with Appl-Gal4 does not induce rhabdomere 
degeneration.  
Graphical representation of rhabdomere counts from flies expressing Q93 in the neurons, using Appl-

Gal4, compared to control flies. Counts taken from eclosion, to 12 days post-eclosion. There was no 

difference in rhabdomere counts between flies expressing Q93 and control flies, (Genotype*Time: F2,20 

= 1.577, p=0.231). 

 

 

5.3.9 Rhabdomere-specific expression of FoxP1-FL may have an effect on mHTT-induced 
degeneration. 
 
In the previous experiments, it was shown that pan-neuronal over-expression of FoxP1-FL in 

a mHTT-induced model of degeneration, was lethal. Therefore, the next experiment aimed to 

investigate whether over-expressing FoxP1 specifically in the rhabdomeres, would lead to 

eclosion of flies, and if so, if this had an impact on mHTT-induced rhabdomere degeneration. 

To do this, the Rh1-Gal4 driver was used. Rh1-Gal4 drives transgene expression the outer PR, 

R1-R6, and does not drive expression in the larval eye imaginal disc (Escobedo et al., 2021). 

Using the Rh1-Gal4 driver, these flies did eclose and rhabdomeres were taken from the day of 

eclosion, to 12 days post-eclosion. Multivariate analysis showed that there was a significant 
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difference between flies expressing Q93 with FoxP1-FL, and those expressing Q93, alone 

(Genotype*Time: F4,45 = 0.347, p=0.001). Post-hoc analysis revealed that that there was no 

difference in the number of rhabdomeres upon eclosion, (Rh1>UAS-FoxP1-FL; hHTTex1.Q93 

6.4 rhabdomeres +/- 0.2, Rh1>UAS-hHTTex1.Q93 6.5 rhabdomeres +/- 0.2, p=0.472) or at 5 

days post-eclosion (Rh1<UAS-FoxP1-FL; hHTTex1.Q93, 6.5 rhabdomeres +/- 0.08, Rh1>UAS-

hHTTex1.Q93 6.7 rhabdomeres +/- 0.05, p=0.141). Interestingly, at 7 days post-eclosion flies 

expressing Q93 and FoxP1-FL have fewer rhabdomeres than those expressing Q93 (Rh1<UAS-

FoxP1-FL; hHTTex1.Q93, 6.4 rhabdomeres +/- 0.07, Rh1>UAS-hHTTex1.Q93, 6.7 rhabdomeres 

+/- 0.09,  p=0.03), but at 10 days post-eclosion, flies expressing Q93 and FoxP1-FL had more 

rhabdomeres than those expressing Q93 (Rh1<UAS-FoxP1-FL; hHTTex1.Q93 6.8 rhabdomeres 

+/- 0.07, Rh1>UAS-hHTTex1.Q93 6.2 rhabdomeres +/- 0.02, p=0.003). At 12 days post-

eclosion, there was no significant difference between the two genotypes, however there was 

a trend toward flies expressing Q93 and FoxP1-FL having more rhabdomeres than Q93-

expressing flies (p=0.077). To conclude, whilst there were statistically significant effects at 

various timepoints between the two genotypes which may indicate an interaction, it is not 

possible to conclude any specific effects that PR-specific over-expression of hFoxP1 has on 

Q93-expressing flies.  

 

 

Figure 5.11 PR-specific expression of full-length FoxP1 may influence mHTT-induced rhabdomere 
degeneration.  
Graph to show representative rhabdomere number from photoreceptor-specific expression of Q93 in 

the presence and absence of FoxP1-FL. Rhabdomere counts taken between eclosion and 12-days post 

eclosion and error bars indicate SEM.  *p<0.05, **p<0.01. 
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5.3.10 Pan-neuronal over-expression of Drosophila FoxP has no effect on mHTT-induced 
degeneration 
 
The next experiment aimed to investigate whether over-expressing Drosophila FoxP would 

influence mHTT-induced loss of rhabdomeres. The Drosophila FoxP protein does not include 

the same N-terminal region present in the mammalian protein but does include the conserved 

C-terminal region (Figure 5.8C) (Castells-Nobau et al., 2019). Based on the previous 

experiment using FoxP1-FL, it might be that Drosophila FoxP over-expression in a mHTT 

model, is also lethal. In this experiment the pan-neuronal driver, ELAVC155-Gal4, was used to 

over-express Drosophila FoxP in Q93-expressing flies. First, using the UAS Drosophila FoxP 

construct on the 2nd chromosome, the pan-neuronal expression was found to be lethal. 

Therefore, this UAS-FoxP construct was not used to over-express FoxP in Q93-expressing flies. 

Instead, the UAS-FoxP construct on the 3rd chromosome was used, which showed no 

degenerative phenotype when expressed in the neurons (Figure 5.11). This could then be 

crossed with flies expressing a mHTT construct with Q93 CAG repeats, on the 2nd chromosome 

(UAS-Q93-II; FoxP). Rhabdomere counts were taken from the day of eclosion, to 7 days post-

eclosion due to the small sample size (n=2 per timepoint). There was no difference between 

the flies expressing Q93-II and Drosophila FoxP compared to those expressing Q93-II, alone 

(Genotype*Time = F2,30 = 0.023, p=0.978) (Figure 5.11). To conclude, pan-neuronal over-

expression of Drosophila FoxP has no effect on mHTT-induced loss of rhabdomeres, in contrast 

to the results using human FoxP1.  
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Figure 5.11 Pan-neuronal over-expression of Drosophila FoxP has no effect on mHTT-induced loss of 
rhabdomeres.  
Graphical representation of rhabdomere counts from flies expressing mHTT with 93 CAG repeats (Q93-

II) and over-expression of Drosophila FoxP. Rhabdomere counts taken from the day of eclosion, to 7 

days post-eclosion. Error bars = SEM.  

 

 

5.3.11 C-terminal FoxP1 physically interacts with WT and mHTT. 
 
The results presented above show that FoxP1 is capable of suppressing mHTT-induced 

degeneration. However, the effects of the full-length protein and the N-terminal fragment, 

only show contrasting results. Tang and colleagues (2015) used co-immunoprecipitation to 

show that there is a physical interaction between mHTT and FoxP1. Therefore, as an additional 

step to understanding what might cause these genetic interactions, the next question to ask 

was which domains of the protein this physical interaction might require. To do this, primers 

were designed to fragment the FoxP1-FL protein, and cloned into bait (pP6) protein plasmids, 

with wild-type and mHTT fragments in prey (pB27) plasmids. These plasmids were then grown 

in yeast cells and plated on 90mm petri dishes to test for physical interactions in the yeast-2-

hybrid assay. Growth on these plates indicated a physical interaction, with lack of growth 

indicating, no interaction (see section 2.2 for detailed methodology). 

 

When testing for a physical interaction between the first 300aa of FoxP1 (FoxP1 1-300aa) with 

wild-type or mHTT, there was no growth observed after 72 hours incubation at 30C, indicating 
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that there is not a physical interaction between these proteins (Figure 5.12B). However, in 

contrast, there was a physical interaction between FoxP1 301-580aa fragment and both wild-

type and mHTT (Figure 5.12C).  The C-terminal 301-580aa fragment physically interacts with 

both wild-type and mHTT. To determine specifically, which part of the C-terminal fragment is 

involved in the physical interaction, primers were designed to fragment the C-terminus into 

the following fragments: 301-463aa, to include the leucine zipper and zinc finger domains; 

and 464-580aa, to include the forkhead domain (Figure 12A). There was a clear physical 

interaction between FoxP1 301-463aa fragment and wild-type HTT, but not with the FoxP1 

463-580aa fragment and wild-type HTT (Figure 5.13 B/C). However, the interaction with mHTT 

was different. There was just a weak physical interaction between the FoxP1 463-580aa 

fragment and mHTT, but not wild-type HTT (Figure 5.13B). To conclude, FoxP1 and HTT do 

physically interact, but there is a difference in the interaction sites of FoxP1 with wild-type and 

mHTT.  
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Figure 5.12 FoxP1 physically interacts with Wild-type (WT) and mHTT.  
A) Schematic diagram to show the important functional domains present in the FoxP1 protein, and 

indication of amino acid length (represented by small numbers above the schematic). B) Results from 

yeast-2-hybrid assay to show that there is no physical interaction (as shown by the lack of growth) 

between FoxP1 1-300aa fragment with wild-type and mHTT.  C) There was a physical interaction 

between FoxP1 301-580aa and wild-type and mHTT, as presented by growth on the plates. 
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Figure 5.13. FoxP1 464-580aa physically interacts with mutant, but not wild-type (WT) HTT.  
Yeast-2-hybrid results from testing physical interactions between the FoxP1 301-463aa and FoxP1 463-

580aa fragments, with wild-type and mHTT 1-4500aa. A) There is a physical interaction between the 

FoxP1 301-463aa fragment and wild-type HTT, which is not replicated in the mHTT protein. B) There is 

no physical interaction between wild-type HTT and FoxP1 464-580aa, however, there is a physical 

interaction between this FoxP1 fragment and mHTT. 

 

 

5.4 Discussion 
 
Over the past 20 years, mammalian FoxP1 has been widely implicated in the developing 

striatum, and also in several biological processes, such as the regulation and survival of 

neurons and maintenance of synaptic currents (Bacon et al., 2015; Desplats et al., 2006; Louis 

Sam Titus et al., 2017; Precious et al., 2016). Additionally, studies using disease models have 

implicated the mammalian FoxP1 gene in several neurological disorders such as ASD and HD 

(Chien et al., 2013; Li et al., 2019; Louis Sam Titus et al., 2017). In the context of Drosophila, 

the single FoxP gene has been found to co-localise with dopaminergic, GABAergic, and 



 182 

cholinergic neurons of the brain and its expression has been implicated in locomotion, operant 

learning and memory, and decision making (Castells-Nobau et al., 2019; DasGupta et al., 2014; 

Mendoza et al., 2014). Previous research has shown that FoxP1 is reduced in the HD brain and 

that FoxP1 elevation can protect neurons from mHTT-toxicity in cell culture. Studies have also 

used Drosophila models to show that over-expressing FoxP1 in a whole-eye model of mHTT 

can suppress a degenerative phenotype (Hodges et al., 2006; Louis Sam Titus et al., 2017). 

However, studies have not reported in detail, the change in the FoxP1 expression profile over-

time, and investigated the mechanisms by which FoxP1 might suppress a degenerative 

phenotype. In this chapter, experiments using mouse brain tissue from HD models, have 

shown that the FoxP1 protein expression and FoxP1-positive cell number is not affected during 

early pre-manifest stages, but is significantly reduced during progression of the disease. 

Specifically, in the R6/1 mouse, it was shown that FoxP1 protein expression and the number 

of FoxP1-positive nuclei were not affected at 1-month but were significantly reduced 

compared with the wild-type striatum, from 3-months of age. Additionally, this chapter has 

used a Drosophila model of mHTT-induced degeneration to further investigate the effects of 

over-expressing FoxP1 in the whole-eye and neurons in those expressing mHTT. Results have 

shown that FoxP1 over-expression can suppress a mHTT-induced degenerative model. 

Furthermore, it was shown that FoxP1 can physically interact with both wild-type and mHTT 

and may indicate a mechanism for disease suppression and progression.  

 

5.4.1 FoxP1 protein expression is reduced in striatum of HD mice from manifest stages 
 
The first question addressed in this chapter was how the expression profile of FoxP1 protein 

and the number of FoxP1-positive cells might change over the time-course of progression in 

two mouse models of HD. In the transgenic R6/1 model of HD, FoxP1 protein expression per 

cell and the number of FoxP1-positive cells in the striatum were comparable to that of the 

wild-type striatum at pre-manifest stages (1-month) but was significantly reduced in the 

striatum of manifest mice (from 3-months). In the knock-in HdhQ150 mouse model of HD, 

FoxP1 protein expression per cell was reduced in the striatum from 10-months which 

correlates with first reports of behavioural and cognitive deficits (Farshim & Bates, 2018). It 

has been postulated that the presence of mHTT inclusions is responsible for the 

downregulation of FoxP1, potentially via mHTT-mediated precipitation of FoxP1 (Pogoda et 
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al., 2021; Tang et al., 2012). One interpretation of this may be that the FoxP1 protein is able 

to function normally and is not affected by mHTT during striatal development. The absence of 

mHTT aggregates at this early timepoint might be a reason for that. However, during later life, 

mHTT aggregates are present in large numbers of cells, and may interact with FoxP1, reducing 

the levels seen in the HD mouse brains at manifest stages. One piece of evidence to support 

this is an experiment that looked at the co-localisation of mHTT and FoxP1, and showed that 

>98% of FoxP1-positive neurons in the striatum of 6-month R6/1 mice also contained large 

HTT aggregates (Tang et al., 2012). This questioned whether mHTT aggregation appears earlier 

in other brain regions of the HD mouse striatum which could be used to further understand 

the relationship between mHTT and FoxP1. One publication reported a significantly higher 

presence of mHTT aggregates in the CA1 region of the hippocampus compared to the CA2 and 

CA3 regions, and levels overall, were higher in the hippocampus than the striatum, of the 3-

month R6/1 brain (Cabanas et al., 2020). To further this experiment, it would be interesting to 

look at additional brain regions in these mice, such as the hippocampus, for the presence of 

mHTT inclusions. 

 

Research has shown that conditional knockout of FoxP1 in striatal MSNs, reduces PPP1R1B 

(also known as DARPP-32) (Anderson et al., 2020), a  ‘gold standard’ marker of striatal MSNs. 

Previous reports have shown DARPP-32 to be significantly reduced in the 16-week-old R6/1 

striatum, with no difference at 9 weeks of age (Naver, Stub, Møller, et al., 2003). This correlates 

well with the results of this chapter that show significantly reduced FoxP1 protein expression 

at 3-months (Figure 5.1). Naver and colleagues did not stain for FoxP1, and it is currently 

unknown as to whether reduced FoxP1 expression is responsible for the loss of DARPP-32 

expression, or vice versa. An immunofluorescent stain, co-labelling and quantification of 

DARPP32 and FoxP1, in HD brain tissue would be an effective way to determine a relationship 

between these two proteins, and a time-course analysis would indicate how these proteins 

might be responsible for loss of the other, and subsequent loss of MSNs. 

 

Another protein that may interact with FoxP1 and play a role in the mechanism for FoxP1 loss 

and disease progression, is NR2F1. NR2F1 (also known as COUP-TF1) is a transcriptional 

regulator of embryonic and postnatal neural cells, and a Bioluminescence resonance energy 

transfer (BRET) assay showed that NR2F1 may physically interact with FoxP1 via an NRF2 
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binding motif F/YSXXLXXL/Y. Additionally, Nr2F1 has been shown to co-localise with FoxP2-

positive cells in the mouse cerebral cortex (Estruch et al., 2018). The protein structure of 

NR2F1 includes a zinc finger DNA-binding domain, and a putative ligand-binding domain, 

necessary for binding of cofactors (Tocco et al., 2021). Additionally, whilst this protein has not 

been directly implicated in HD, NR2F1 has been found to bind with other transcription factors, 

such as Sp1, which is reportedly up-regulated in transgenic mouse models of HD, and may 

contribute to disease pathology (Qiu et al., 2006; Tocco et al., 2021). Drosophila has a highly 

conserved ortholog of NR2F1 (Nr2f) that has already been used in the study of 

neurodegenerative diseases (Guo et al., 2021). Investigating how Nr2f may be involved in 

mHTT-induced degeneration and the function of FoxP1, may further aid in understanding how 

FoxP1 is associated with mechanisms of degeneration. A starting point for this could include 

over-expressing and downregulating Nrf2 in a whole-eye and pan-neuronal Drosophila model 

of HD. 

 

5.4.2 Over-expression of FoxP1 in Drosophila can suppress a mHTT-induced degenerative 
phenotype 
 
As mentioned in the Introduction and indicated by immunostaining of the HD mouse brain 

which has shown reduced FoxP1 protein levels, restoring FoxP1 protein levels to near wild 

type in the HD brain, may suppress a neurodegenerative phenotype. Previously, it had been 

shown that pan-neuronal over-expression of full-length FoxP1 could suppress rhabdomere 

loss in a whole-eye Drosophila model of HD (Louis Sam Titus et al., 2017). In this publication, 

the pan-neuronal driver, Appl-Gal4, was used; a driver that expresses transgenes in the larval 

nervous system, and thus may not drive transgene expression directly in the eye.  Additionally, 

in this experiment, mHTT was present in the whole-eye which consists of PR neurons, non-

neuronal cone cells, pigment cells, and glia (Cagan, 2009). Therefore, over-expressing FoxP1 

in this way, may not be specific to mHTT-induced neurons.  Over-expression of FoxP1 in a pan-

neuronal model of mHTT-induced degeneration, and in the developing and adult Drosophila 

CNS had not been established; a gap that has been addressed in this chapter. To achieve this, 

the pan-neuronal driver Elavc155Gal4 was used to drive expression of mHTT with 93 CAG 

repeats together with the N-terminal fragment of human FoxP1 (Elav>UAS-hFoxP1; 

hHTTex1.Q93). Pan-neuronal over-expression of hFoxP1 was able to suppress rhabdomere loss 

in a mHTT-induced model of HD, and significantly prolonged survival of these flies (Figure 5.3-



 185 

5.4). This is interesting because the UAS-hFoxP1 construct used in these experiments does not 

include the functional domains thought to be required for normal FoxP1 transcriptional 

activity and function (Louis Sam Titus et al., 2017). There are multiple reports that have shown 

that other proteins with polyQ stretches can interact with the expanded CAG repeat of mHTT, 

and may be sequestered into HTT aggregates (Wanker et al., 2019). The N-terminal region of 

the FoxP1 protein does include a polyQ domain which stretches 37-40 residues, so may be a 

common protein-protein interacting motif (B. Wang et al., 2003) (Figure 5.8A). One paper 

reported that FoxP1 protein lacking the polyQ region is a stronger repressor than those 

expressing the full polyQ region, and suggested that a combination of alternative splicing and 

subunit-subunit interactions may be important depending on the individual needs of a cell (B. 

Wang et al., 2003). Based on the aberrant effects of mHTT, the over-expression of N-terminal 

FoxP1 may be beneficial in suppressing some of the abnormal interactions that occur due to 

mHTT presence. However, Y2H assays conducted in this chapter indicate that the N-terminal 

fragment of FoxP1 does not physically interact with mHTT (see Figure 5.10). It could be, that 

the N-terminal hFoxP1 genetically interacts with mHTT via a different mechanism, that in turn, 

can suppress the degenerative phenotype. Further experiments could include 

immunostaining of neurons in the Drosophila eye and brain, to determine where the protein 

localises and whether there is any relationship between FoxP1 and mHTT presence in cells.  

 

 

5.4.3 C-terminal FoxP1 interacts abnormally with mHTT  
 
The Y2H assays conducted in this chapter indicate that FoxP1 interacts with HTT in the C-

terminal region, and that there is an additional physical interaction between mHTT and the 

464-580aa fragment of FoxP1 that doesn’t occur with the wild-type HTT protein (Figure 5.11). 

There is a lot of information in the literature that the FOXP family of transcription factors are 

involved PPIs (Estruch et al., 2018; Li et al., 2004). The FOXP family of proteins is characterised 

by the presence of a zinc finger domain, leucine zipper motif, and forkhead domain, all within 

the C-terminus (see Figure 5.5). These regions have been implicated in transcriptional 

repression, and as sites of hetero- and homo-dimerisation (Li et al., 2004; Shirasaki et al., 

2012; W. Shu et al., 2001; B. Wang et al., 2003). Research has reported that mutations or 

deletions of the leucine zipper and forkhead domains severely diminished transcriptional 
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repression and can produce confirmational changes of the protein, leading to reduced 

numbers of protein-protein contacts (Han et al., 2019; Johnson et al., 2018; Louis Sam Titus 

et al., 2017). Additionally, in a review of de novo mutation in FOX genes, ~80% of missense 

mutations were in the forkhead domain, and correlated with intellectual delay and severe 

language delay (Han et al., 2019).  

 

It has also been well documented that HTT with an expanded CAG repeat can interact 

abnormally with proteins that ordinarily bind to wild-type HTT (Liu et al., 2023) and FoxP1 may 

be one of them. For example, HTT interacts with the transcription factor Sp1, which regulates 

the expression of genes involved in cell growth and differentiation, apoptosis, and immune 

responses (Liu et al., 2023; Vizcaíno et al., 2015). Experiments have shown that Sp1 binding to 

mHTT leads to reduced transcriptional activity of Sp1, and dysregulation TAFII130 (Dunah et 

al., 2002). There are examples where proteins binds more strongly to the mHTT protein 

compared with wild-type HTT protein, which may indicate a pathway for FoxP1 protein loss 

(Berger & Moller, 2002). For example, peroxisome-activated receptor delta (PPAR-) has been 

found to bind more strongly to mHTT compared to the wild-type HTT protein (Wanker et al., 

2019). PPAR- regulates the production of mitochondrial energy in skeletal muscle and brain, 

as well as regulating lipid metabolism (Berger & Moller, 2002). This additional binding has 

been thought to contribute to mitochondrial dysfunction in mouse models of HD and 

activation of PPAR- can restore this dysfunction, protecting MSNs from mHTT-induced 

neurotoxicity (Dickey et al., 2016). The additional interaction between mHTT and FoxP1 may 

be responsible for degradation of the FoxP1 protein and subsequent loss of MSNs. To further 

investigate this, PPI assays could be used to investigate the strength of FoxP1 and mHTT 

interaction with HTT proteins that have varying CAG repeat lengths.  

 

5.4.4 Pan-neuronal expression of full-length FoxP1 in a mHTT-induced model is lethal. 
 

The experiments conducted in this chapter show that pan-neuronal over-expression of FoxP1-

FL in a mHTT-induced model, using Elavc155Gal4 and Appl-Gal4, is lethal. The presence of the 

C-terminal region in the FoxP1-FL protein and the identified abnormal physical interaction 

with mHTT in the 464-580aa region, may indicate a potential pathway for further neuronal 

death and subsequent lethality in these flies. However, it should be noted that pan-neuronal 
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drivers express the transgenes in all neurons of the fly body, and FoxP1-FL interactions with 

mHTT throughout the CNS may be responsible for this death. This may also indicate why the 

results in this chapter contradict those seen in the Louis Sam Titus paper, that show pan-

neuronal over-expression of full-length FoxP1 to be beneficial in a whole-eye mHTT model 

(Louis Sam Titus et al., 2017). Additionally, over-expression of FoxP1-FL in mHTT-induced eye 

cells using the Rh1-Gal4 driver, did not lead to lethality and indicated a potential genetic 

interaction. This provides further evidence that over-expression of FoxP1-FL in other neurons 

of the fly might be responsible for early death. To over-come this, further experiments could 

include the use of the Gal80tsGal4/UAS system, whereby, flies could be kept at permissive 

temperatures during larval development, with mHTT and FoxP1-FL transgenes being 

expressed during pupation.  

 

Turning attention to mouse models, there is one publication that has over-expressed FoxP1 in 

a mouse model of HD (Tang et al., 2012). As mentioned briefly in the introduction to this 

chapter, Tang and colleagues bi-laterally expressed human FoxP1 via lentiviral administration 

to the striatum of 3-month-old YAC128 transgenic mice. This lentiviral administration led to 

an increase in endogenous FoxP1 as well as reduced levels of the astrocyte marker, GFAP, and 

increased levels of the potassium voltage-gated channel marker, KCNIP2 (Tang et al., 2012). 

These are promising results since increased GFAP levels have been associated with disease 

severity and clinical staging of the human disease (You et al., 2021) and potassium channel 

dysfunction has been shown to exacerbate MSN vulnerability (Zhang et al., 2018). 

Unfortunately, this paper did not explore changes to the presence of any HD-associated 

phenotype in these mice, a major avenue that should be explored in the future. Additionally, 

exploring this avenue in the presence of N-terminal FoxP1 only, versus full-length FoxP1 would 

be a valuable contribution.  

 

5.5 Conclusion 
 
In this chapter, I have shown that FoxP1 protein expression and the number of FoxP1-positive 

nuclei are reduced in a transgenic and knock-in model of HD, consistent with previously 

reported literature. I have also added to knowledge by investigating the time-course of FoxP1 

expression and shown that FoxP1 levels are comparable in the early mouse and decrease in 
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the HD mouse brain at symptomatic timepoints which may indicate a potential mechanism 

for FoxP1 loss in the presence of mHTT inclusions. Using a Drosophila model of HD, I showed 

that over-expressing the N-terminal fragment of human FoxP1 in a whole-eye and pan-

neuronal model of HD can suppress a mHTT-induced degenerative phenotype, however, over-

expressing the full-length FoxP1 fragment in these experiments proved lethal. Furthermore, 

whilst the N-terminal human FoxP1 fragment was shown to genetically interact with mHTT, 

there was no physical interaction between this fragment and wild-type or mHTT. However, I 

identified an additional physical interaction between the FoxP1 464-580aa fragment and 

mHTT which was not observed with wild-type HTT. Combined with the results shown from 

experiments in Drosophila, this may indicate that the N-terminal FoxP1 fragment genetically 

interacts via a different mechanism which in turn, is beneficial to the system, and can suppress 

mHTT-induced degeneration. By contrast, the additional interaction between the FoxP1 464-

580aa fragment and mHTT may induce an aberrant molecular pathway that implicates full-

length FoxP1 in death during pupal stages, when expressed in mHTT neurons. Further 

investigations should focus on untangling these differences and may aid in unpicking 

associated mechanisms for mHTT-induced degeneration.



 189 

 

Chapter 6: General Discussion 
 

 

6.1 Summary 
 
To date, there is no disease-modifying therapy available for the treatment of HD. A thorough 

understanding of how gene changes influence the complex molecular pathways that are 

dysregulated in HD progression and pathology may facilitate the development of more 

effective therapeutics. The focus of the research in this dissertation was to explore the 

potential effects that Mef2 and FoxP have on the pathological processes associated with HD. 

To do this, Drosophila and mouse models of HD were used to explore the outcomes of 

manipulating these genes in mHTT-induced models of degeneration, in an attempt to unpick 

potential mechanisms for suppressing disease progression.  

 

6.2 Importance of using different model systems to investigate disease progression. 
 
Using different animal models during the experiments of this thesis has been integral to 

understanding the effects of gene expression changes in the development and progression of 

mHTT-induced degeneration. The Drosophila provided a simple biological system that allows 

for easy genetic manipulation as a way of beginning to explore how potential genetic modifiers 

can influence mHTT-induced degeneration. In this thesis, I used the Drosophila eye to explore 

how FoxP1 and Mef2 might be implicated in this process. The Drosophila eye comprise 

neurons and glia as well as a pigmentation and compact structure that can be visually 

disrupted upon mHTT expression (Nitta & Sugie, 2022). Particularly, the Drosophila 

rhabdomeres that can be visualised by light microscopy, provide a means for quantitative 

analysis of the effects of mHTT and other genes on neuronal structure (Nitta & Sugie, 2022). 

In chapters 3 and 5, I utilised this model system to explore whether manipulating the single 

Drosophila Mef2 gene and the human FoxP1 gene could influence mHTT-induced 

degeneration. In chapter 3, I showed that downregulation of the single Drosophila Mef2 gene 

can suppress a mHTT-induced whole-eye and pan-neuronal degenerative phenotype, and that 

this could be replicated with different models of mHTT and Mef2 knockdown (Figure 3.8-9). It 
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was also shown that Mef2 downregulation in these models could prolong fly survival (Figure 

3.10). By contrast, in chapter 5, I showed that over-expression of the human N-terminal FoxP1 

fragment could suppress a whole-eye mHTT-induced degenerative phenotype and prolong fly 

survival (Figure 5.3-5). In this way, I was able to focus on the specific effects that these two 

genes play in the mHTT degenerative process and how manipulating these genes may 

modulate progression of mHTT-induced degeneration. However, a limitation of these 

Drosophila models are the physiological and biological differences compared with humans. As 

a result, mouse models provide an opportunity to expand on the knowledge gained from 

Drosophila models and start to dissect how these genes might play a role in the complex 

pathways of HD disease progression. In chapter 4, I generated a new HD mouse line with 

striatal knockout of Mef2C. I showed that striatal knockout of Mef2C in an R6/1 HD mouse 

model could influence motor deficits, and that striatal knockout of Mef2C in the R6/1 HD brain 

led to reduced striatal mHTT inclusions. In summary, I have shown that one can utilise the 

unique tools of different in vivo models to investigate different aspects of mHTT-induced 

degeneration, which will aid in understanding how different genes might play a role in disease 

progression. 

 

6.3 The neurodevelopmental impact of mHTT in disease progression  
 
An additional component of HD disease progression that was investigated in this dissertation 

was the potential interplay between development and degeneration. In chapters 3 and 5, a 

common observation across the Drosophila eye assays was that the number of rhabdomeres 

was already reduced at the time of eclosion. Two questions came out of these observations: 

1), in the context of Drosophila eye models of HD, do the normal number of PRs develop, and 

2), how important are the developmental changes known to take place in HD patients, 

important for subsequent disease pathogenesis?  

 

In chapter 3, I showed that the expressing mHTT during fly development, led to rhabdomeres 

that appeared structurally developed during pupation, but were vulnerable to degeneration 

in the adult fly (Figure 3.4). When restricting expression of mHTT to the adult fly, the extent 

of rhabdomere degeneration was very small compared with rhabdomere degeneration seen 

when mHTT expression was induced during development of the eye (Figure 3.6/3.7). This 
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indicated that pre-exposure of neurons to mHTT during development may lead to more 

vulnerable neurons, and that there are events in development that have implications in 

further progression of mHTT-induced degeneration. In the field of neurodegenerative 

diseases, the neurodevelopmental hypothesis stipulates that the disease-causing gene can 

affect developmental brain circuitry, which is initially compensated for in early life, and leads 

to no overt symptoms. However, the initial vulnerability of these cells then leads to toxic 

degeneration and cell death in adulthood (van der Plas et al., 2020). This may be happening 

in the Drosophila model of mHTT. A recent study recorded a loss of cortical excitatory synaptic 

transmission in the first postnatal week (P1-P6) of HdhQ111/Q7 mice, which correlated with 

downregulation of the AMPA receptor subunit GluA1 regulated in the P2, P5, and P8 HD 

mouse, compared to wild-type littermates (Braz et al., 2022; Ratié & Humbert, 2024). These 

alterations were transient, and self-corrected by P21. Behaviourally, these pups were less able 

to establish huddling behaviour, and delayed righting reflex, a test of sensorimotor 

development. What is striking is that by 6-months of age, these mice showed additional 

behavioural impairments in the Y-maze task, open field, horizontal ladder, and gap crossing 

(Braz et al., 2022). Interestingly, neonatal treatment with CX516, a drug that increases the 

responsiveness of AMPA receptors, restored sensorimotor function in the pups and prevented 

HD mice from developing behavioural deficits (Braz et al., 2022). The results of this thesis 

showed that when PRs were exposed to mHTT in the pan-neuronal model (Elav>UAS-

hHTTex1.Q93), the rhabdomeres looked structurally normally in the two days prior to 

eclosion, comparable to those in the wild-type Drosophila, despite there being a reduction in 

the number of rhabdomeres on the day of eclosion (Figure 3.4). However, based on Braz and 

colleagues (2022) report on postnatal loss of synaptic transmission, which was self-corrected, 

the PRs that have been exposed to mHTT may look structurally normal but may not be 

functioning normally. This thesis did not explore any expression changes for the genes that 

are important for the development of the photoreceptors. Further research could include 

expressing mHTT in the Drosophila PRs and exploring whether there are any changes to the 

expression profile of genes involved in the initiation and progression of eye development. This 

might include Rhodopsin, Hedgehog and EGFR signalling (Katz & Minke, 2009; Pappu et al., 

2003).  
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Another experiment that has investigated the expression of mHTT during development is one 

that generated a BACHD mouse colony with restricted expression of mHTT during neural 

development using a tamoxifen-inducible cre recombinase (Q97cre) (Molero et al., 2016). In 

this experiment, Molero and colleagues (2016) treated the offspring of these BACHD mice 

with tamoxifen at post-natal day 21 to stop further mHTT expression into adulthood, 

generating a model where mHTT was only expressed during development. Behaviourally, 

these mice produced HD-like progressive motor deficits and studies in the 9-month brain, and 

the striatal volume and the number of striatal NeuN-positive cells were reduced, which was 

comparable with the reductions seen in the Q97 model. This indicates that the presence of 

mHTT during neural development is sufficient to produce vulnerability of striatal cells to 

degeneration and cell death (Molero et al., 2016). The mHTT-induced degeneration observed 

in my Drosophila experiments may also indicate that exposure to mHTT during eye 

development is sufficient to produce a mHTT-induced degenerative phenotype in the adult 

fly. In further studies, the Gal80tsGal4/UAS system could be used to induce mHTT expression 

during eye development and halting mHTT expressing when the flies eclose, to see whether 

the rhabdomeres continue to degenerate in the adult fly.  

 

The results obtained in my Drosophila experiments have contributed to evidence showing that 

mHTT exposure during development does play a role in the onset of degeneration later in life. 

Further investigations may be able to unravel the interplay between early pathogenic 

abnormalities and compensatory mechanisms. 

 

6.4 FoxP1 and Mef2C transcriptional activation and repression 
 
Both Mef2C and FoxP1 are transcription factors that have both been implicated in neuronal 

differentiation and maturation, have been shown to be involved in striatal development, and 

have been linked to various neurodevelopmental disorders such as ASD intellectual ability and 

schizophrenia  (Ali, 2022; Kamath & Chen, 2019; Hao Li et al., 2008; Mitchell et al., 2018; 

Precious et al., 2016). Showing that both of these genes can be manipulated to suppress 

mHTT-induced degeneration questions whether it is just a co-incidence that both genes are 

involved in similar neurodevelopmental processes, and that both are implicated in HD 
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pathogenesis, or whether the pathways that these transcription factors are a part of is a 

general route to suppressing mHTT-induced degeneration.  

 

One of the interesting differences between these two proteins, is that FoxP1 is known as a 

transcriptional repressor, whilst Mef2C is predominantly an activator, albeit with the ability to 

act as a repressor (Ahmed et al., 2024; Di Giorgio et al., 2017). Interestingly, reports have 

shown that Mef2 can be converted from an activator to a repressor after binding to class IIa 

HDACs (Histone deacetylases), the interplay of which has been linked to the aggressiveness of 

leiomyosarcomas (Di Giorgio et al., 2017). This is an example of how Mef2C-regulated gene 

expression might be modified in response to certain cellular and developmental cues and 

might be a potential avenue for understanding how Mef2 downregulation suppresses mHTT-

induced degeneration in the Drosophila. 

 

Interestingly, Mef2C hypofunction in the brain has been associated with reduced excitability 

and inhibitory synaptic transmission in the mouse pre-frontal cortex (Cho et al., 2024). By 

contrast, FoxP1 regulates the development and maturation of excitatory glutamatergic inputs 

onto MSNs (Khandelwal et al., 2024). In the mammalian brain, this may indicate that FoxP1 

targets genes and subsequent excitatory pathways, that upon FoxP1 reduction in the HD brain 

would lead to reduced activation of downstream gene transcription. By contrast, Mef2C may 

be activating inhibitory pathways in the mammalian brain that are already affected by reduced 

excitatory input, and thus, downregulating Mef2C in this pathway, could be beneficial. Further 

investigations could include using markers for different neuronal sub-sets to co-label with 

Mef2C and FoxP1 in the mouse brain, to determine where these genes are expressed and 

hence, which downstream pathways might be implicated. This would provide additional 

insight into the interplay between complex pathways in the brain and how they are 

dysregulated in the diseased brain.  

 

6.5 A potential mechanism through direct PPIs 
 
As alluded to above, an important aspect of these experiments is understanding how Mef2C 

and FoxP1 mechanistically affect mHTT-induced degeneration. In this thesis, I have shown that 

both FoxP1 and Mef2 can impact mHTT-induced degeneration in a Drosophila model of mHTT, 
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and in the case of Mef2C, impacts a mouse model of HD. However, it is currently unknown as 

to what lies behind these genetic interactions. One possible route to consider is through direct 

PPIs. PPIs are required for a multitude of biological processes, with over 350,000 interactions 

thought to occur in the human cell (Wong et al., 2017). Since its development in the late 

1980s, Y2H has been one of the most widely used genetic systems for testing and identifying 

novel PPIs (Brückner et al., 2009; Fields & Song, 1989). The Y2H method is a cost-effective, 

versatile and scalable genetic approach that directly detects interacting proteins using living 

yeast cells, and has been used in various high-throughput genome-wide studies as well as 

protein studies for specific diseases, such as HD (Brückner et al., 2009; Formstecher et al., 

2005; Kaltenbach et al., 2007; Mehla et al., 2017). In this thesis, I showed that both FoxP1 and 

Mef2C physically interact with both wild-type and mHTT (Figure 3.19; Figure 5.12-13). 

Additionally, I showed that there is a physical interaction between the FoxP1 464-580aa 

fragment and mHTT that does not occur between FoxP1 464-580aa and wild-type HTT (Figure 

5.13). Using a full-length FoxP1 protein and an N-terminal FoxP1 fragment, I showed that the 

presence of these fragments appears to genetically interact with mHTT in the Drosophila 

model of mHTT-induced degeneration, and the presence of this additional physical interaction 

may provide insight into a mechanism for this. More in-depth analysis of how FoxP1-FL and 

hFoxP1 expression in a Drosophila model affect neurons, might contribute to further 

understanding as to the role FoxP1 plays in progression and pathology in HD.  

 

6.6 Concluding remarks  
 
The work of this thesis has contributed novel findings that downregulating the sole Drosophila 

Mef2 gene can suppress mHTT-induced degeneration, and added additional knowledge as to 

FoxP1 over-expression suppressing mHTT-induced degeneration, both in Drosophila models 

of HD. Further studies will enhance our understanding as to the mechanisms associated with 

this phenotypic suppression. Furthermore, the use of Drosophila models of HD has been 

instrumental in investigating potential pathways for how Mef2C knockout and FoxP1 over-

expression can protect neurons from mHTT-induced degeneration. Additionally, I have 

successfully translated the work from Drosophila models into a more complex mammalian 

system by generating a new mouse line to investigate striatal Mef2C knockout in the R6/1 HD 

mouse. Specifically, knocking down Mef2C in the R6/1 brain led to reduced mHTT inclusions, 
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which is a significant step toward understanding Mef2C’s role in HD pathogenesis. This has 

shown that combining model systems in research is fundamental for understanding disease 

development and progression. Finally, using the Drosophila eye as an in vivo test tube for 

modelling mHTT-induced degeneration has further indicated a neurodevelopmental aspect 

for progression of HD, which may be significant in the development of future therapeutics.  
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Appendix 

 

Appendix 1. Behavioural analysis of Gsx2Cre+Mef2C mice compared with wild-type mice. 
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Graphical representation to show the differences in behavioural parameters between wild-type mice, 

and those with striatal knockout of Mef2C (Gsx2Cre+Mef2C). A) Gsx2Cre+Mef2C mice take longer to 

descend the vertical pole compared with wild-type mice (Effect of Genotype: F1,23 = 7.321, p=0.013). 

There was no difference between Gsx2Cre+Mef2C mice and wild-type on the B) inverted grip strength 

test (Effect of Genotype: F1,24 = 0.012, p=0.915) or the C) balance beam (Latency to turn, Effect of 

Genotype: F1,24 = 2.043, p=0.166; Time to traverse, Effect of Genotype: F1,24 = 3.238, p=0.085; Distance 

travelled, Effect of Genotype: F1,24 = 1.484, p=0.235). Di) Gsx2Cre+Mef2C mice fall from the accelerating 

rotarod more quickly that wild-type mice (Effect of Genotype: F1,24 = 7.996, p=0.009), but do not show 

any differences on ii) latency to fall from the fixed rotarod (Effect of Genotype: F1,24 = 1.474, p=0.237) 

or iii) falls per trial (Effect of Genotype: F1,24 = 2.421, p=0.147). E) Gsx2Cre+Mef2C mice travel more 

slowly in an open arena compared to wild-type mice (Effect of Genotype: F1,24 = 3.122, p=0.009), but 

did not show any differences in F) duration of movement (Effect of Genotype: F1,24 = 2.021, p=0.168), 

G) frequency of rearing (Effect of Genotype: F1,24 = 0.516, p=0.480), or H) distance travelled (Effect of 

Genotype: F1,24 = 2.025, p=0.168). 

 
 
 

 
Appendix 2. Striatal volume, NeuN and MSN counts in Gsx2Cre+Mef2C mice compared with wild-type 
mice 
Graphical representation of A) striatal volume, and the number of B) NeuN-positive and C) DARPP-32-
positive cells per mm3 in the striatum of Gsx2Cre+Mef2C mice and wild-type littermates. There were 
no differences in striatal volume and NeuN counts per mm3 (Striatal volume, t24 = 0.634, p=0.266. 
NeuN, t21 = -0.255, p=0.412), however there were fewer DARPP-32-positive cells in the Gsx2Cre+Mef2C 
mice compared with wild-type mice (t19 = 2.335, p=0.015).  
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