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The aim of this project was to understand the molecular mechanisms underlying movement 

disorders and to identify new genes involved in neurodegeneration. By genetic crossing two 

mutations identified in the Shakin’ Stevens mouse, were separated into individual mouse strains. 

Both have provided important new insights into two pathways characteristic of neurodegeneration: 

The autophagy-lysosome pathway, a protein degradation pathway in the Nymphe mouse 

(nym/nym), and lipid metabolism defects in the Jabber mouse (jab/+).  

The nym homozygous mouse was identified as a novel mouse model of the lysosomal storage 

disorder mucolipidosis II (MLII) homozygous for a patient mutation in the GNPTAB gene. The 

novel mouse model of MLII more fully recapitulates the human pathology than the previously 

described Gnptab knock-out mouse. Histological analysis of the brain revealed for the first time 

progressive neurodegeneration in the cerebellum with severe Purkinje cell loss. In addition, based 

on similar features between Niemann-Pick type C disease and MLII, the nym homozygous mice 

were treated with 2-hydroxypropyl-β-cyclodextrin, a drug previously reported to rescue Purkinje 

cell death in a mouse model of NPC disease. No improvement in brain pathology was observed, 

demonstrating that cerebellar degeneration is not primarily triggered by loss of Npc2 function.  

The jab mouse model, harbouring a mutation in the small GTPase Arl1, was characterised as a 

novel model of chylomicron retention disease, a lipoprotein deficiency, and offered the opportunity 

to study a novel gene involved in the maintenance of lipid homeostasis and neurodegeneration, 

specifically demyelination in the peripheral nervous system. The jab mutation in Drosophila 

presented with characteristic features of the jab mouse, highlighting the functional conservation of 

Arl1 and validated the use of Drosophila for further studies. Interestingly, together with 

constitutively active and inactive mutants, pathology in lipid droplet formation and defective 

insulin signalling was associated with defective Arl1 function. Using Drosophila will enable 

further studies into Arl1’s role in tissue specific function and help elucidate molecular pathway 

leading to demyelination.  

Thus, this work has highlighted the value of a phenotype-driven approach to investigate novel 

neurodegenerative pathways and their amenability to therapy. 
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TRPC3: Transient receptor potential cation 

channel C3 

UAS: Upstream activated sequences 
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1. Introduction 

The prevalence of neurological diseases is growing at an alarming rate in aging populations. 

The World Health Organisation reported that the incidence of deaths in the world from 

Alzheimer’s disease (AD) and other dementias rose three-fold, and deaths from Parkinson’s 

disease (PD) rose two-fold in the last 20 years (Lozano et al. 2011). Not only the lives of 

patients and their families are affected, but also a huge burden is placed on society and the 

health care system. The costs of these diseases are staggering. The European Brain Council 

published that the total direct health care cost of diseases of the brain constituted 24% of the 

total healthcare expenditure in 2010 in Europe (Gustavsson et al. 2011), a 9% increase in 

comparison to the past study in 2005 (Andlin-Sobocki et al. 2005). To improve prevention, 

treatment and health care, it is crucial to intensify research efforts to more fully understand the 

pathogenesis and underlying molecular mechanisms of neurological diseases.  

1.1. Neurodegenerative diseases are caused by common mechanisms 
 

Neurodegenerative diseases are characterised by progressive loss of function and 

degeneration of a specific population of neurons. These pathologies lead to symptoms such as 

impairment in sensation, cognitive decline and motor coordination. The precise molecular 

mechanisms leading to neuronal cell death are still unknown. However, immense research 

efforts have made progress in deciphering the primary triggers of neurodegenerative diseases. 

Common mechanisms have emerged from these studies, providing insights into the genetic 

mechanisms and/or type of protein aggregate that cause cell death (Jellinger 2010, Ramanan 

and Saykin 2013). Specifically, processes important for cell homeostasis such as protein 

degradation pathways, mitochondrial, Golgi apparatus (Golgi from here onwards) and 

endoplasmic reticulum (ER) function, but also energy homeostasis including lipid metabolism 

need to be tightly controlled. Deregulation of these processes can contribute to neuronal 

dysfunction and cell death (Taylor et al. 2002, Forman et al. 2005, Ramanan and Saykin 2013, 

Jellinger 2010). Some of the main pathways associated with onset and progression of neuronal 

cell death are discussed below (Figure 1.1). 
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Figure 1.1. Molecular pathways leading to neurodegeneration 

Displayed are pathways influencing the balance of neuronal survival and degeneration within broader 

functional groups based on their major site or mode of action (Intracellular mechanisms, intra- and 

extracellular transport and trafficking disorder and systemic environment). The pathways in this model 

are highly related and can have overlapping or interacting components which can collectively modulate 

processes. Adapted from (Ramanan and Saykin 2013). 

1.1.1. Intracellular mechanisms 

1.1.1.1. Protein aggregation 

Post-mortem studies have identified aggregation of misfolded protein visualised as 

inclusions or plaques. These findings led to studying disease specific hallmarks in more detail 

such as α-synuclein in PD (Taylor et al. 2002), amyloid-β (Aβ) in AD (Hardy and Higgins 

1992, Karran et al. 2011), huntingtin protein in Huntington’s disease (HD) (McMurray 2001) 

and transactive response DNA-binding protein 43 (TDP-43) in frontotemporal dementia and 

amyotrophic lateral sclerosis (ALS) (Rademakers et al. 2012). Aberrant proteins can be 

generated due to production errors as, for example, mutations in the amyloid precursor protein 

(APP) gene, encoding for the Aβ peptide in AD, leading to more amyloidogenic species of Aβ. 

However, also cellular stress and overproduction of proteins have been implicated in the 

generation of aggregation prone proteins (Taylor et al. 2002). These aberrant proteins are also 

able to interact with other proteins and lipids resulting in abnormal deposition and aggregation 
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(Bauer and Nukina 2009). However, some controversies exist, as to what extent aggregation of 

proteins trigger cell death. In fact, inclusions have also been reported to act as a cellular 

protective mechanisms and therefore question the approach of targeting aggregated proteins or 

their synthesis for drug development (Ross and Poirier 2005). Yet, misfolded proteins can have 

deleterious effects on cellular health therefore quality control and repair systems are crucial to 

maintain cellular homeostasis. Molecular chaperones and intracellular proteases belong to the 

quality control system in the ER. These components assist in protein folding and correct 

potential stress induced misfolded proteins (Frydman 2001). Indeed, reduced activity of 

molecular chaperones and intracellular proteases have been identified in neurodegenerative 

diseases (Scheper and Hoozemans 2009). Therefore, to reduce protein aggregation the 

functioning of protein degradation pathways is crucial. 

1.1.1.2. Protein degradation pathways 

Two degradation pathways are currently known to remove damaged cellular 

components. Both of them control the quality of cellular components and maintain cell 

homeostasis. These are the ubiquitin-proteasome system (UPS) and the autophagy-lysosome 

pathway (ALP). 

 

The UPS is able to target proteins selectively for degradation through a defined cascade 

of enzymes that connect chains of ubiquitin onto the misfolded, aggregated or else abnormal 

protein (Glickman and Ciechanover 2002, Pickart and Fushman 2004, Kraft et al. 2010). The 

26S proteasome, a large catalytic protease complex, recognises the ubiquitin tag and enables the 

degradation of the protein into small peptides (Baumeister et al. 1998). Genes involved in the 

UPS system have already been implicated in neurodegenerative diseases, such as parkin 

(PARK2; a ubiquitin-protein ligase), leading to monogenetic forms of PD (Um et al. 2010). In 

modest quantities, protein degradation via the UPS may be neuroprotective as parkin 

overexpression was shown to increase Aβ clearance in AD cell culture models and ameliorate 
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levels of defective proteins and mitochondria in aging Drosophila brains (Khandelwal et al. 

2011, Rana et al. 2013). 

 

The ALP is a tightly regulated mechanism to degrade unwanted or dysfunctional 

cellular components (Krainc 2010). In macroautophagy (termed autophagy from this point) 

proteins or entire organelles are engulfed in a double membrane vesicle called an 

autophagosome and fuse with lysosomes which contain lysosomal enzymes and degrade waste 

material collected by the autophagosome. The lysosomes play a crucial role in the ALP and it 

has been suggested that dysfunction of lysosomal function may form part of the pathogenesis of 

neurodegenerative diseases such as PD, AD, ALS and HD (Nixon 2013, Tofaris 2012). 

Moreover, an increasing number of mutations in genes from the ALP have been identified in 

adult-onset neurodegeneration (Sidransky et al. 2009, Nixon 2013, Lesage and Brice 2009). 

Indeed, it has been shown that selective knock-out of autophagy genes in neurons of mice led to 

ubiquitinated intracellular inclusions and cell death (Hara et al. 2006, Komatsu et al. 2006, 

Komatsu et al. 2007). Heterozygosity for a single mutant β-glucocerebrosidase (GBA) allele, 

which is the gene that encodes a specific lysosomal hydrolase and when dysfunctional causes 

the lysosomal storage disease (LSD) Gaucher’s disease, is a significant risk factor for PD and 

for dementia with Lewy bodies (Goker-Alpan et al. 2004, Sidransky et al. 2009, Aharon-Peretz 

et al. 2004). LSDs are caused by loss of a lysosomal hydrolase and lead to accumulation of 

undegraded macromolecules, lysosomal and autophagic dysfunction and, ultimately, cell death. 

Conversely, patients with Gauchers’s disease, despite presenting symptoms different to PD, 

may show PD pathology such as tremor, bradykinesia, rigidity, α-synuclein-immunoreactive 

Lewy bodies and degeneration of dopaminergic neurons (Aharon-Peretz et al. 2004, Wong et al. 

2004). Disruption of the ALP in AD causes striking neuronal autophagy pathology similar to 

that in the LSDs. Inhibiting the ALP produces similar neuropathology in wild-type mice and 

exacerbates Aβ and autophagy pathology in mouse models of AD (Nixon and Yang 2011). 

Novel therapies are already being developed that enhance autophagy to foster the degradation 
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of protein aggregates (Rubinsztein et al. 2012, Rubinsztein et al. 2007). The study of chapter 4 

highlights the need to better understand the ALP leading to neurodegeneration. 

1.1.1.3. Oxidative stress 

Oxidative stress (OS) refers to an increase in toxic reactive oxygen species and reduced 

antioxidant capacity which in turn leads to the inability to protect from reactive oxygen species-

induced cellular damage (Lin and Beal 2006, Turner et al. 2009, Keller et al. 2005). 

Dysfunctional mitochondria and/or glutamate excitotoxicity can lead to the generation of OS. 

OS has been found to precede symptoms associated with neurodegenerative disease and may 

damage DNA, protein and lipid peroxidation (Reed 2011, Wang and Michaelis 2010, Xie et al. 

2013). Proteins which have been damaged can oxidise reduced glutathione, making glutathione 

reactive, and cause imbalances in calcium homeostasis, a characteristic of many 

neurodegenerative diseases (Ballatori et al. 2009). The link between OS and cell death is still 

unclear, although there is some debate as to whether reactive oxygen species are the main cause 

or simply a result of neurodegeneration (Halliwell 2006). However, studies have shown that OS 

can affect α-synuclein and Aβ’s cellular localisation and aggregation (Henchcliffe and Beal 

2008, Squier 2001). Furthermore, PARK2, PARK7, and PINK1, genes associated with PD, have 

shown to be involved in the regulation of OS. For example, mouse and Drosophila brains have 

shown increased sensitivity to OS in response to PARK7 knockdown (Kim et al. 2005) and, 

interestingly, to ameliorate the loss of PARK7, reactive oxygen species scavengers, PINK1 and 

PARK2 overexpression were effective (Irrcher et al. 2010). Especially due to OS being a pre-

symptomatic biomarker of neurodegeneration, increased research has focused on potential 

genetic modulators of OS and how these might affect susceptibility to neurodegeneration. 

1.1.1.4. Mitochondrial dysfunction 

Mitochondria are the energy power houses for the cell. In addition, to being the major 

producer of reactive oxygen species in the cell, mitochondria also play important roles in 

endocytic and cell death pathways. Interestingly, many AD and PD disease proteins are located 

to the mitochondria. Therefore, the resulting divergence of multiple disease pathways to the 
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mitochondria makes the mitochondria an interesting target to understand and combat 

neurodegeneration (De Strooper and Scorrano 2012). Mitochondrial fission and fusion defects 

have already been linked to neurodegeneration (Chen and Chan 2009) and the disruption in 

mitochondrial function and mitochondrial DNA damage are pathologies detected in many 

neurodegenerative diseases (Mancuso et al. 2008). For example, the classic PD model, induced 

by the chemical neurotoxin MPTP, highlights the role of mitochondria and OS. MPTP inhibits 

the mitochondrial complex I leading to parkinsonism (Langston et al. 1983, Nistico et al. 2011). 

In addition, α-synuclein overexpression models of PD lead to surplus α-synuclein localising to 

the mitochondria and causing cytochrome c release and OS (Henchcliffe and Beal 2008).  

1.1.2. Intra- and extracellular trafficking mechanisms 

1.1.2.1. Fragmentation of the Golgi apparatus 

The Golgi is part of the endomembrane system and responsible for packaging proteins 

into vesicles for their travel to the cell membrane, to other vesicles for secretion or to a different 

final destination.  Newly synthesised proteins travel from the ER to the Golgi and then through 

the Golgi, encountering multiple modifications and packaging processes that need to be tightly 

regulated. This is a very dynamic process including multiple membrane fusion and fission 

events. Due to the Golgi’s important role in protein handling it has been of interest to more fully 

understand the Golgi’s role in neurodegenerative diseases. Interestingly Golgi fragmentation 

has already been associated with ALS, AD and PD (Fan et al. 2008). For example, Golgi 

fragmentation has been shown to be an early hallmark of neurodegeneration in nigral neurons 

associated with α-synuclein aggregation in PD. This is most probably brought about by α-

synuclein and other misfolded proteins causing defective ER to Golgi trafficking (Fujita et al. 

2006). Multiple neurodegenerative diseases that present with Golgi fragmentation also present 

with defective axonal transport. The trans-Golgi network (trans-Golgi), the exit site of the 

Golgi, is important for protein sorting, membrane trafficking and ultimately determines the final 

destination or secretion of a protein. Therefore a defect in the Golgi, especially the trans-Golgi, 



Chapter 1. Introduction 

 

7 

 

could lead to serious perturbations in axonal transport and presynaptic function (Fan et al. 

2008). 

1.1.2.2. Cellular/axonal transport 

Defective neuronal and axonal transport has been shown to play a crucial role in disease 

mechanisms in neurodegenerative diseases (Vickers et al. 2009, De Vos et al. 2008, Morfini et 

al. 2009). For example in ALS, early axonal degeneration in Cu,Zn-superoxide dismutase 

(SOD1) mouse models has been linked to axonal transport and neurofillament defects (Pun et 

al. 2006). Furthermore, in AD abnormal proteins such as tau and APP, have shown to cause 

axonopathy prior to hallmark pathologies of neurofibrillary tangles and Aβ plaques (Gotz et al. 

2006). However, further studies are needed to define if defective cellular/axonal transport is a 

consequence of neurodegeneration or actually causes neurodegeneration. 

1.1.2.3. Neurotransmission 

Neurotransmitters are endogenous chemicals that release signals from neuron to neuron 

into the synaptic cleft. Current therapies for AD and PD are indeed based on perturbations of 

neurotransmitter transmission in these diseases. For example, cholinergic modulation, leading 

to increased acetylcholine neurotransmission, is one form of therapy for AD because of the 

finding that selective loss of cholinergic signalling neurons in the brain, important for learning 

and memory, is causative for disease (Davies and Maloney 1976, Corbett et al. 2012). 

Similarly, dopaminergic modulation, leading to an increase in the neurotransmitter dopamine, is 

a current therapy for PD because of the main pathology found in PD of loss of dopaminergic 

neurons from the substantia nigra, important for motor function (Hoehn and Yahr 1967, 

Antonini and Albin 2013). 
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1.1.3. Systemic environment 

1.1.3.1. Lipid metabolism deregulation 

Lipid deregulation and therefore loss of lipid homeostasis has been shown to have a 

pivotal effect in the pathophysiology of multiple neurodegenerative diseases, including motor 

neuron disease, AD, PD and HD (Adibhatla and Hatcher 2008, Schmitt et al. 2014). For 

example, apolipoprotein (APO) E ε4 which transports lipoproteins, fat-soluble vitamins and 

cholesterol into the circulatory system has been shown to increase the risk of AD (Martins et al. 

2006). Interestingly, the use of statins to lower circulating cholesterol, has been proposed to 

have a modest reduction in AD and PD risk (Sparks 2011, Gao et al. 2012). Lipids are crucial as 

building blocks for neuronal membranes, but are also involved in signalling cascades and 

therefore disruption of lipid pathways may have detrimental effects on synaptic signalling, 

neuronal plasticity and degeneration (Karasinska and Hayden 2011, Proitsi et al. 2015, Anchisi 

et al. 2013, Wood 2012). Altered levels of lipids, as for example in obesity, can alter disease 

progression and cause increased inflammation and exacerbate neurodegeneration, and thereby, 

promote cognitive decline and increase vulnerability to brain injury (Awada et al. 2013, Bruce-

Keller et al. 2009). However, lipids and nutrients are also needed to maintain health state and 

improve prognosis. For example in ALS patients, it has been highlighted that there is an 

imbalance between food intake and energy (Braun et al. 2012). They often present with reduced 

body mass and increased resting energy expenditure (Desport et al. 2001, Dupuis et al. 2011). 

Energetic alterations are similarly found in transgenic animal models of ALS, the SOD1 mice. 

These mice are leaner than controls, show an increased metabolic rate, a reduced lipid profile 

and present increased fatty acid uptake in muscles (Dupuis et al. 2004, Fergani et al. 2007). 

Therefore, it is crucial to maintain lipid homeostasis; too much or too little can lead to disease.  

Lipid metabolism is crucial, not only, in regards to maintaining lipid homeostasis as a 

source of energy but also in signalling cascades and building blocks for the structure of cells 

(Wymann and Schneiter 2008, Schmitt et al. 2014). Interestingly, a link between diabetes, a 

major metabolic disease, and AD has been evolving. Type 2 diabetes patients have double the 
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risk of also being affected by AD in their lifetime (Kroner 2009). Indeed, also in early AD 

metabolic dysfunction can be detected including loss of insulin signalling detected in the 

phosphoinositide-3 kinase (PI3K) and protein kinase B (AKT) pathways (Liu et al. 2011). 

Furthermore, in support of this new relationship, insulin resistance or deficiency mouse models 

present with Aβ plaques in the brain whereas Aβ toxicity mouse models present with reduced 

levels of insulin signalling activity (Vignini et al. 2013). Therefore, both diseases, diabetes and 

AD, may share common signalling pathways and hence also therapies. For example, medicines 

for diabetes may be effective in AD, including insulin and insulin-like growth factor (IGF) 

stimulation (de la Monte 2012) and glycogen synthase kinase 3 (GSK3) inhibition (Gao et al. 

2011). This relationship is supported by the secondary pathology of diabetes, peripheral diabetic 

neuropathy. Symptoms of diabetic neuropathy have been suggested to result from sensory axon 

degeneration and metabolic changes, such as abnormal nutrients and lipid metabolism, in 

Schwann cells (Said 2007, Chowdhury et al. 2013).  The study of Chapter 5 highlights the need 

for a better understanding of lipid deregulation leading to neurodegeneration. 

1.1.3.2. Neuroinflammatory process 

Neuroinflammatory processes have been implicated in many neurodegenerative 

diseases, from commonly found pathologies, such as glial cell activation, T-cell infiltration and 

blood-brain barrier dysfunction (Stolp and Dziegielewska 2009). For example, activated 

microglia in AD and PD brains have been detected in post-mortem tissue, but also in in-vivo 

PET imaging of patients (Prinz et al. 2011). In support of this finding, Aβ and α-synuclein 

pathologies in AD and PD have shown to activate microglia. In turn, these activated microglia 

release inflammatory cytokines and activating inflammatory-mediating enzymes leading to an 

increased inflammatory response and resulting cell damage (Prinz et al. 2011, Lucin and Wyss-

Coray 2009, Lee et al. 2010). Furthermore, activated microglia and astrocytes have shown to 

contribute to ALS motor degeneration (Ilieva et al. 2009, Ferraiuolo et al. 2011, Bowerman et 

al. 2013). Interestingly, the transplantation of ALS diseased glial progenitors into spinal cord of 

wild-type rats caused astrogliosis, microgliosis as well as abnormal motor function and motor 
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neuron degeneration (Papadeas et al. 2011). Finally, also metabolic diseases such as obesity and 

type 2 diabetes have been linked to the onset of inflammation in the brain (Cai 2013). 

 

In response to these potential neurodegenerative pathways, neurons undergo cell death 

via one of three major mechanisms: apoptosis (gene-directed programmed cell death), necrosis 

(passive killing of the cell) or cell death with autophagy (Jellinger 2010).  

Whereas neurodegenerative diseases are very heterogenous, it is still clearly apparent 

that there are common pathways. However, major questions remain in neurodegenerative 

disease research. For example, it is specifically of interest why only a subset of neurons - 

different subsets of neurons in different diseases - are affected, despite ubiquitous expression of 

the disease protein. Furthermore, a long pre-clinical phase exists in many neurodegenerative 

diseases despite mutations being present from birth. Therefore, it is of interest to understand 

which pathologies occur during these early phases and identify early biomarkers that can help 

us to intervene at the earliest time point in disease. Finally, the starting trigger of 

neurodegenerative diseases, fundamental for early therapeutic intervention, is in many cases 

still unknown (Ribe et al. 2008, Gorman 2008).   

Consequently, to help the understanding of individual roles of genes in neurodegeneration, 

cell and animal models are frequently used. These models allow for the investigation of disease 

mechanisms and can reveal much needed insights into disease pathogenesis which is crucial for 

the development of novel treatment options. 

1.2. Model systems in the study of neurodegenerative diseases 

Post-mortem brain tissue cultures yield insights into end-stage disease pathology. Humans 

can be used to study disease progression with other technologies such as MRI and Positron 

Emission Tomography studies but are  rather costly. Therefore, human stem cell technology has 

been employed to derive neuronal cells from embryonic stem cells into which mutations can be 

engineered (Aubry et al. 2008, Cooper et al. 2010, Reinhardt et al. 2013). These, however, do 

not carry disease-associated genetic variants in addition to a specific mutation. A new 
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technology has been developed by Takahashi and Yamanaka in 2006 in which patient 

fibroblasts could be reprogrammed into patient-specific induced pluripotent stem (iPS) cells 

(Takahashi and Yamanaka 2006). This technology shows important progress towards modelling 

neurodegenerative diseases using human cell-based systems (Soldner et al. 2011, Hargus et al. 

2014). Currently, huge variations are still present in the differentiation protocols and need to be 

adapted to reduce variability. Cellular studies still need to be interpreted with caution, despite 

iPS cells promising to be a “human disease model in a dish”, since they can be prone to 

experimental artefacts. For instance, some cellular processes can be specific to a given cell 

line/type or a certain condition of culture and cellular stress. In addition, a given stage of cell 

differentiation or the number of passages can lead to artefacts and may affect experimental 

conclusion (Badger et al. 2014, Devine et al. 2011, Hargus et al. 2014). Therefore, when 

modelling diseases that rely on functional neuronal networks or behaviour, cellular processes 

should be complemented by studies in a whole organism (Dawson et al. 2010). 

Drug discovery studies are highly dependent on animal models that recapitulate human 

disease to investigate potential therapeutic strategies and allow for the investigation of disease 

progression. These studies are not possible in humans. Unfortunately, animal models 

recapitulating human disease are needed for most neurodegenerative diseases - even those 

diseases with a known genetic cause. Possible model organisms with nervous systems that can 

be used and genetically manipulated have included worms (Caenorhabditis elegans) (Xu and 

Kim 2011), flies (Drosophila melanogaster) (Jaiswal et al. 2012, Bellen et al. 2010), zebrafish 

(Danio rerio) (Cheng et al. 2011) and mice (Mus musculus) (Heintz and Zoghbi 2000, Gama 

Sosa et al. 2012, Beckers et al. 2009). 

1.2.1. Invertebrate model organisms 

The arthropod fruit fly Drosophila melanogaster (Drosophila from here onwards) and 

the nematode worm, Caenorhabditis elegans, have belonged to the most popular invertebrate 

systems (Jeibmann and Paulus 2009, Lu and Vogel 2009, Thompson and Marsh 2003, Wang et 

al. 2009, Hamamichi et al. 2008).  The powerful genetic toolset available for invertebrate 
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models has been of great advantage. For example, forward genetic screens can be conducted to 

analyse genes that modulate disease progression. In addition, their small size and short 

generation time allows fast and cheap production facilitating investigation of multiple disease-

associated transgenic lines at the same time in comparison to the mammalian system (Link 

2001). Drosophila is used as a model organism in Chapter 5. 

Drosophila has been investigated by Thomas Hunt Morgan in his seminal genetic 

experiments in 1908 leading to the chromosome theory of inheritance and since then used in 

biological and medical research (Morgan 1915). Huge impact was made by studies using 

Drosophila in many areas of biology ranging from developmental biology, genetics, cell 

biology to neuroscience, biochemistry and, specifically, as human disease models. Indeed, 

Drosophila is an ideal model organism for human disease not only because 60% of genes are 

conserved between Drosophila and human genes, but more importantly, 77% of human disease 

genes have orthologues in Drosophila (Adams et al. 2000, Reiter et al. 2001).   

Drosophila offers lots of advantages as a model organism. Importantly, they are of 

small size, allowing a large number of individual cultures to be stored in a small space, and due 

to their fast generation time experiments can be conducted in a very short time frame – all in all 

making this a very cost effective model. More importantly, a number of genetic tools have been 

generated to produce Drosophila models and maintain the stocks. Common tools include: 

balancer chromosomes (used to maintain heterozygous mutant Drosophila with detrimental 

mutations by abolishing homologous recombination), gene knock-down by RNA interference 

(RNAi), transposon mediated mutagenesis (Venken and Bellen 2012), and tissue-specific 

expression systems (for example using the UAS-GAL4 system, also allowing 

expression/knock-down of genes at different times of development). In addition, a large amount 

of resources are publically available such as stock centres (where specific genotypes are 

maintained and distributed), cDNA clones, cell lines and expression vectors. 

The GAL4/UAS system has really expanded the Drosophila’s tool box and raised 

attention to the most tractable metazoan organisms. The S. cerevisiae Gal4 gene encodes a 

transcriptional regulator that controls gene expression by binding upstream activated sequences 
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(UAS) (del Valle Rodriguez et al. 2011). This system has been incorporated in to Drosophila, in 

which GAL4 can also induce expression of genes including a UAS site within their promoters 

(Brand and Perrimon 1993) (Figure 1.2). The Gal4 gene randomly inserted in to the genome 

and often is coordinated by the endogenous enhancer, leading to cell- or tissue specific 

expression. In addition, the transcription of the target gene, located downstream of the UAS 

site, is restricted to the expression pattern of the Gal4 gene. The GAL4 driver and the target 

gene are kept as individual parental lines, allowing for spatial and temporal regulation by 

crossing the target transgene to distinct GAL4 drivers. The GAL4/UAS system is commonly 

employed to overexpress or knock-down target genes ubiquitously or in any tissue of choice 

using tissue-specific GAL4-driver. 

 

 
Figure 1.2. The Gal4/UAS (upstream activating sequence) system 

This GAL4/UAS system allows tissue-specific expression of transgenes. To achieve this, the enhancer 

trap GAL4 flies are crossed to the flies harbouring the UAS site in their promoter, upstream of the gene 

of interest (gene X). Binding of GAL4 to UAS will enable tissue-specific expression of the gene of 

interest. Taken from (Davies 2012). 

The Drosophila life cycle entails many discrete stages. After egg deposition (AED) the 

larvae hatch into the first of three larval moults or instars. During the larval stages, most time is 

spent on feeding and a rapid increase in size is observed. At this stage, the basic fly body plan is 
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established through the development of imaginal precursors (adult precursors). A crucial 

developmental stage at early third instar is called the “critical size” when larvae have acquired 

sufficient nutrients to complete development without further food source. Following this stage, 

larvae search for a pupariation site (De Moed et al. 1999, Beadle et al. 1938). The larvae 

pupariate 5-6 days after hatching (Figure 1.3) and during the pupal stage larval metamorphosis 

occurs. Larval metamorphosis incorporates tissue break-down and imaginal precursor 

differentiation into adult appendages. Four to five days later, the adult flies hatch from their 

pupal cases (called eclosion), have fully developed appendages and become sexually mature 

within 6-8 hours. The timing of these developmental stages is dependent on nutritional and 

environmental factors and coordinated by systemic signals such as steroid hormones (Mirth and 

Riddiford 2007, Tennessen and Thummel 2011, Gebhardt and Stearns 1993, Botella et al. 

1985). The entire life cycle takes around 10-12 days at optimum culturing conditions (25°C). 

 

Figure 1.3. The life cycle of Drosophila 

Fertilised females lay hundreds of eggs over several 

days. At 25°C embryonic development lasts for 

~21hr. The hatched larvae (1st instar) take 2 days to 

molt into 2nd then 3rd instar larvae. 3rd instar larvae 

continue feeding (foraging stage) before they leave 

their food source and migrate away searching for a 

pupariation site (wandering stage) and eventually 

pupariate (prepupa then pupa). 10-12 days after egg-

laying, adult flies hatch from the pupal case 

(eclosion). Taken from (Roote and Prokop 2013). 

 

 

 

The embryonic central nervous system (CNS) in Drosophila contains both neurons and 

glial cells. Despite not containing myelin, glial cells are crucial in the ensheathing of neurons, 

such as the wrapping glia in the peripheral nervous system (PNS). Glial cells of Drosophila are 

grouped into four main types: cortex, neuropil, surface and peripheral glia, which all carry out 
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similar functions to mammalian glial cells. Cortex glia function very similarly to astrocytes. 

Cortex glia extend their membrane around neuronal cell bodies providing trophic and structural 

support. Neuropil glia function very similarly to oligodendrocytes by extending their 

membranes and insulating neurons but also providing trophic support. Surface glia form the 

blood-brain-barrier of the Drosophila CNS. Finally, peripheral glia are made up of wrapping or 

ensheathing glia which extend their membranes around axonal profiles very much resembling 

non-myelinating Schwann cells in Remak bundles of vertebrates (Stork et al. 2012, Freeman 

and Doherty 2006). 

  One advantage of Drosophila lies in the possibility to dissect cellular signalling 

pathways by conducting large-scale unbiased genetic screens. Forward genetic screens (from 

mutant phenotype to causative gene) use chemical mutagenesis, insertional mutagenesis, or 

RNAi to dissect mutations associated with a specific pathology. For example, these screens can 

test for enhancers and suppressors of a larval lethal phenotype found in a Drosophila smn 

mutant (Chang et al. 2008). In addition, to help in the understanding of the molecular players 

involved in polyQ-induced degeneration, as in HD or spinocerebellar ataxia, modifier screens in 

Drosophila have revealed several UPS-related proteins, ultimately showing that ubiquitin 

mediated degradation is neuroprotective (Bilen and Bonini 2007, Fernandez-Funez et al. 2000, 

Mallik and Lakhotia 2010).  

Recently, Drosophila have also been used as a tool to provide key insights into 

conserved metabolic processes (Rajan and Perrimon 2013, Baker and Thummel 2007). The 

metabolism of Drosophila is carried out by a well-balanced network of organs, many of which 

are analogous to those of their vertebrate counterparts: the gut absorbs nutrients and the fat 

body, equivalent in function to white adipose tissue and liver in mammals, stores nutrients and 

is a primary regulator of energy metabolism. The study of Chapter 5 employs Drosophila to 

better understand lipid deregulation leading to neurodegeneration. 
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1.2.2. Vertebrate model organisms  

The low cost vertebrate system zebrafish Danio rerio has shown an increased use as an 

experimental organism because of its close evolutionary relationship with mammals, but also 

the ability to exploit the power of forward and reverse genetic screens otherwise only limited to 

invertebrates. In addition due to transparency of zebrafish, imaging during development is very 

easy. Furthermore zebrafish present with many advanced behaviours including memory, 

conditioned responses, and social behaviours like schooling (Lieschke and Currie 2007). 

Mus musculus (mouse from here onwards) is the most widely used organism to model 

human neurodegenerative disease and has helped reveal healthy and mutated gene function 

(Trancikova et al. 2011, Rosenthal and Brown 2007). The mouse is used as a model organism in 

Chapter 3 and 4. The mouse has proven itself as model organism due to its many advantages 

such as small size, relatively short generation time, large litter size, relatively short life span, 

85% conserved genes with human, similar development to humans and the ability to perform 

behavioural tasks, undertake drug treatment studies and the availability of genetic tools readily 

available (Muller and Grossniklaus 2010, Denny et al. 2001). Neurodegenerative diseases are 

late onset and therefore modelling these diseases in mice can be challenging due to different 

lifespan and development profile in mice compared to humans. Furthermore, aging studies in 

mice take up a large amount of time and are expensive. However, early markers of 

neurodegeneration are becoming more important and can be studied in mice. The ability to 

study pre-symptomatic markers in mice is a major advantage in comparison to humans in which 

more invasive studies may be more difficult.  

The majority of human neurodegenerative diseases are sporadic and of unknown 

etiology. Interestingly, most idiopathic AD, PD and ALS cases are clinically and 

neuropathologically very similar to their most common familial forms (Ryan and Rossor 2010, 

Turner and Talbot 2008, Gasser 2009). As idiopathic and genetic forms of neurodegenerative 

diseases are phenotypically very similar and taking into account, that naturally occurring mouse 

models of neurodegeneration are missing, the generation of transgenic mouse models has been 

driven by familial disease mutations. For example, the SOD1 overexpressing mutants, 
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modelling ALS, have been very successful in resembling key pathologies of the human disease 

(Turner and Talbot 2008, Gurney et al. 1994). However, limitations in this mouse model exist, 

as TDP43 inclusions, present in the idiopathic form of ALS and resembling the majority of ALS 

cases, are absent in the familial mouse mutants. This finding highlights the involvement of 

different disease mechanisms in familial ALS mouse mutants and the ALS patients. Therefore, 

it is questionable if treatments that prove successful in the familial mouse model are also 

promising for the idiopathic form. This touches upon a larger problem, in which it is unknown 

if a mouse model can ever “perfectly” model the complex human-specific neurodegenerative 

diseases. Indeed, a large amount of transgenic mouse models harbouring a single gene mutation 

have not yet fully recapitulated human neurodegenerative disease pathology. Hence, a diverse 

set of transgenic mice incorporating mutations in human genes or even a combination of human 

genes are needed to better understand the function of those genes in the complex pathology of 

neurodegenerative diseases (Dawson et al. 2010, Kokjohn and Roher 2009). More importantly, 

once transgenic models have shown to recapitulate the characteristics of neurodegenerative 

diseases, they can be employed to test potential genetic and pharmacological therapies.  

1.2.2.1. ENU mutant mice can model disease and elucidate novel gene function 

Gene knock-outs in mouse models have been a common strategy to understand 

physiological function of genes. While this aids in the understanding of gene function, most 

neurodegenerative diseases do not present as homozygous loss of function mutations. In 

addition, such strategies can cause more severe phenotypes leading to embryonic lethality in 

which the mutant cannot be studied or compensatory mechanisms step-in, which are not 

relevant to the disease in question (Elsea and Lucas 2002). Hence, to compensate for this 

‘phenotype-genotype gap’ caused by lethal gene knock-out mutants, several groups set-up 

random mutagenesis programmes in the late 1990s to generate large numbers of novel mouse 

mutants. Initial broad-based phenotyping screens, called SHIRPA (SmithKline Beecham, 

Harwell, Imperial College, Royal London Hospital, phenotype assessment) were conducted 

(Nolan et al. 2000, Brown and Balling 2001). SHIRPA includes three major screens which 
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increase in complexity. The first screen tests for general observational abnormalities in the 

mice. The second screen involves more complex behavioural tests and pathological 

investigations. The third screen focuses on specific tests for identifying neurological mouse 

models, such as movement disorders which display clearly observable phenotypes and are 

features of many neurodegenerative diseases (Nolan et al. 2000, Rogers et al. 1997, Rogers et 

al. 2001).  

The MRC Harwell initiated a mouse mutagenesis programme using the alkylating agent 

N-ethyl N-nitrosourea (ENU) to induce germ line single random point mutations in male mice. 

These males are then bred to wild-type females to generate offspring that are subsequently 

analysed directly for dominant mutations. Furthermore, the offspring can be used for a second 

or third generation of breeding to dissect an inherited recessive trait (Nolan et al. 2000). The 

offspring are screened to dissect neurological and behavioural phenotypes using the SHIRPA 

screen including parameters such as gait, motor control and coordination (Rogers et al. 1997). 

Next, Mendelian inheritance and penetrance of the trait of interest are determined followed by 

identification of the mutation using genetic mapping and sequencing of candidate genes 

(Acevedo-Arozena et al. 2008). A huge advantage of ENU mutagenesis is that the mutation 

generated by ENU, is located in the endogenous copy of the gene. Therefore, endogenous levels 

of the gene will be expressed being physiologically relevant and excluding any non-

physiological effects of protein expression levels. Finally, this strategy permits the 

identification of novel human disease-causing genes and offers invaluable insights into the 

molecular and pathogenic mechanisms of many neurodegenerative diseases (Oliver and Davies 

2005). One of the main disadvantages of the ENU strategy used to be the time consuming 

dissection of the causative mutation based on genetic mapping followed by sequencing of 

candidate genes. However, this can now be completed more efficiently with affordable next-

generation sequencing technology (Boles et al. 2009, Sheridan et al. 2011). Also, potentially, 

only severe, early onset and easily recognisable phenotypes will be identified using this 

strategy, therefore missing out more subtle or variable traits (Oliver and Davies 2012, Oliver et 

al. 2007, Acevedo-Arozena et al. 2008). Late-onset phenotypes, modelling human 
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neurodegenerative diseases better might also be missed. To tackle this problem, a small cohort 

of aging ENU mutants are tested at multiple time points up to 18 months (Johnson et al. 2005). 

These studies, despite being challenging and time consuming, will be able to dissect novel 

genes and pathways involved in age-related diseases.   

An advantage of ENU mutants is that a range of mutations can potentially be generated 

in a single gene allele, including hypomorphic (reduced amount of gene product), hypermorphic 

(increased amount of gene product) and neomorphic (altered function) alleles, in addition to 

loss of function mutations. Interestingly, as thousands of mutant mice are generated, multiple 

individual mice could harbour different mutations in the same gene, which will more likely 

provide insights into gene dosage. In addition, different mutations can help understand multiple 

functions of a gene, as identifying functionally important protein interacting domains, but also 

model human disease more closely (Oliver and Davies 2005, Keays et al. 2006, Oliver and 

Davies 2012). A growing number of potential genetic variants leading to disease susceptibility, 

including novel SNPs or de novo copy number variants as well as epigenetic and environmental 

factors will drive further mouse modelling experiments (Lewis 2012).  

The identification of new models of movement disorders has been the focus in the 

Davies’ group. To date the Davies’ laboratory has identified a new allelic series of mutants in 

peripheral myelin protein 22 (Pmp22), a constituent of the peripheral nerve myelin sheath, 

identified due to resting tremor (Isaacs et al. 2000, Isaacs et al. 2002, Oliver and Davies 2005). 

These mice modelled human peripheral neuropathy, leading to hypomyelination, caused by 

autosomal dominant mutations in Pmp22 and resulting in varying degrees of pathology. This 

allelic series of Pmp22 allowed dissection of genotype-phenotype correlations, such as  

modelling Dejerine-Sottas syndrome, which presents with a more severe phenotype, 

characterised by early onset pathology, than Charcot Marie Tooth disease type 1A  (Nelis et al. 

1999). Furthermore, a novel function for AF4 was elucidated. AF4 is a transcription factor and 

was only known to be implicated in leukaemia studying the AF4 knock-out. However, in the 

novel ENU mouse model, AF4 was associated with a novel role in Purkinje cell (PC) survival. 

The mutation led to accumulation of mutant protein in PCs being detrimental to PC survival 
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(Oliver et al. 2004). A gain-of-function mechanism was proposed, identifying AF4 as part of a 

large complex co-ordinating RNA polymerase II and chromatin remodelling via histone 

methylation (Bitoun et al. 2007). In addition, IGF1 was identified as a target of AF4 revealing 

the pathogenic mechanism in mutant cerebellum. Indeed, the IGF1 pathway is a recurrent 

finding in mouse and human ataxias and may be targeted for treatment (Bitoun et al. 2009, 

Croci et al. 2011). In addition, the Davies laboratory demonstrated that transient receptor 

potential cation channel C3 (TRPC3) is involved in ataxia. Mutation caused altered gating and 

increased activity of the channel as a gain of function mechanism. Trpc3 is expressed at high 

levels in PCs and was shown to be crucial for survival and development of PCs (Becker et al. 

2009). Insights were also gained from a mutant linking circadian rhythm disruptions (Pritchett 

et al. 2012, Oliver et al. 2012) and schizophrenia (Fanous et al. 2010, Thompson et al. 2003). It 

was shown that missense mutations in SNAP25, a component of the SNARE complex and 

essential for exocytosis, led to increased binding affinity to the SNARE complex and defective 

vesicle recycling in vivo during exocytosis. This malfunction limits neurotransmission under 

continued stimulation (Jeans et al. 2007) which is observed in schizophrenia. Limitations in the 

study of SNARE proteins exist, as knock-outs are lethal, therefore the ENU mouse model offers 

novel insights (Johnson et al. 2008). Finally, also novel insights were gained on a protein Oxr1, 

the exact mechanism of which is unknown, but loss caused neurodegeneration and showed the 

crucial role of Oxr1 in OS-related neurodegeneration (Oliver et al. 2011). Unexpectedly, the 

Oxr1 ENU mutant mouse was caused by a spontaneous deletion, uncertain if ENU related or 

not, but small deletions can occur occasionally (Shibuya and Morimoto 1993). These ENU 

mutants characterised by the Davies laboratory have highlighted the value of a phenotype-

driven approach to investigate novel neurodegenerative pathways. The work in this thesis 

focuses on two ENU mutant models of movement disorders derived from the ENU mutant 

Shakin’ Stevens in which two single base pair mutations were identified. 
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1.3. Novel mouse model of neurodegenerative disease: The Shakin’ Steven’s 

Mouse 

The Shakin’ Stevens mouse (Stevens (stv) mouse from here onwards) presents with 

growth retardation, tremor, hind limb clasping, reduced muscle strength, demyelination, 

neuromuscular junction disorganisation, muscle pathology, 2-3 fold increase in hydrolase 

activity in the blood sera and a normal lifespan. The stv mouse has a movement disorder, 

including tremor, and offered to elucidate novel pathways in neurodegeneration providing 

insights into mechanisms of neurodegeneration. This complex disease was inherited in a 

dominant fashion. The mutations were mapped by Dr Janet Kenyon using microsatellite 

markers. Further fine mapping was carried out to reduce the critical region to 6 Mb between 

SNPs 86559223 and 92592980 (NCBI build 37) on chromosome 10. PCR and direct 

sequencing of the coding and exon-intron boundaries of the 6Mb region led to the discovery of 

two single base pair mutations, each causing an amino acid change in their corresponding 

proteins. A mutation in the Gnptab gene, involved in lysosomal function, and a mutation in the 

Arl1 gene, a GTPase, which is involved in trafficking of proteins, were detected in the stv 

mouse. Both proteins are Golgi localised, the protein product of Gnptab at the cis-Golgi 

network (cis-Golgi) and Arl1 at the trans-Golgi. The Golgi is an immensely dynamic cellular 

organelle composed of cisternal stacks. Its organisation is maintained by a proteinaceous 

matrix, cytoskeletal components, and inositol phospholipids. The Golgi is structured in stacks 

as an interconnected network close to the nucleus and is made up of three main compartments, 

the cis-Golgi, which receives cargo from the ER, the medial cisterna, which is the path of travel 

for proteins to get to the trans-Golgi, which serves as a key sorting station, directing cargo to 

multiple intracellular and extracellular destinations (Farquhar and Palade 1998, Allan and Balch 

1999). Newly synthesised proteins and membrane components are processed and sorted at the 

Golgi arriving from the ER and directed to lysosomes, secretory vesicles or the cell surface for 

excretion or the cell membrane as crucial building components (Glick and Nakano 2009). 

Furthermore, post-translational modifications of proteins and lipids are also processes 

conducted by the Golgi. Finally, the Golgi has received increased attention for being a hub for 
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cellular signalling molecules and playing an important role in the physiological outcome of 

signal transduction due to its function in spatially organising signalling pathways (Baschieri and 

Farhan 2012, Goud and Gleeson 2010). Therefore, Golgi dysfunction could have significant 

functional implications.  

It was possible to separate out the individual gene mutations by genetic crossing, leading 

to two novel heterozygote mouse models the Nymphe (nym) mouse (nym/+) (harbouring a 

mutation in Gnptab) and the Jabber (jab) mouse (jab/+) (harbouring a mutation in Arl1).  

 

Therefore, the aims for the stv mouse were to: 

- Investigate which gene, Gnptab or Arl1, or both, caused the peripheral 

neuropathology observed in the stv mouse. The parameters investigated in the stv 

mouse, such as growth retardation, hind limb clasping, reduced muscle strength, 

demyelination, neuromuscular junction disorganisation, muscle pathology and 

hydrolase activity in the blood sera were investigated in the nym and jab mouse 

(Chapter 3). 
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1.3.1. The Nymphe mouse  

The gene mutated in the Nymphe (nym) mouse (nym/+) is Gnptab (GNPTAB in human) 

which contains 21 exons encoding for a 1256 amino acid precursor protein of a 144kDa 

molecular mass that is subsequently cleaved by the site-1 protease (Marschner et al. 2011) to 

form a mature α- and β- subunit (Kudo et al. 2005, Tiede et al. 2005). Together with the γ 

subunit that is encoded by GNPTG, α
2
-, β

2
- and γ

2
-subunits form the heterohexameric 

lysosomal enzyme N-acetylglucosamine-1-phosphotransferase (GNPTA) (Figure 1.4). It has 

been shown that the α- and β- subunits are sufficient for the activity of GNPTA and recognition 

of the substrate. However, the γ subunit facilitates this recognition. GNPTA catalyses the first 

step in the biosynthesis of the mannose 6-phosphate (M6P) recognition marker in lysosomal 

hydrolases in the cis-Golgi (Figure 1.4). This signal leads to recognition by the M6P receptors 

at the trans-Golgi and transport of hydrolases to the lysosomes where they can degrade waste 

material from the cell. Most lysosomal hydrolases are targeted to the lysosome via the M6P 

dependent pathway, but there are also M6P-independent pathways utilised by different cell 

types (Coutinho et al. 2012). 
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Figure 1.4.The N-acetyl-glucosamine-1-phosphotransferase enzyme is involved in the mannose -6-

phosphate targeting pathway 
The α and β subunits are encoded by GNPTAB and the γ subunit is encoded by GNPTG. Together with 

the γ subunit, α
2
-, β

2
- and γ

2
-subunits form the heterohexameric enzyme N-acetyl-glucosamine-1-

phosphotransferase (GNPTA). The mannose-6 phosphate (M6P) targeting pathway is a two-step pathway 

with GNPTA catalysing the first step (Step 1) that involves the transfer of GlcNAc-1-phosphate from 

UDP-GlcNAc to the C6 position of selected mannose of the hydrolase. The second step (Step 2) is 

catalysed by the uncovering enzyme that is encoded by the NAGPA gene and involves the removal of the 

glucosamine group (GlcNAc) to reveal the M6P recognition signal. Adapted from (Kang et al. 2010). 

Reproduced with permission from (Kang et al. 2010). Copyright Massachusetts Medical Society 

 

1.3.1.1. Lysosomal storage diseases 

Lysosomal storage diseases (LSDs) are inherited metabolic diseases that are caused by 

either loss of one of the 80 lysosomal hydrolases, the transporters that normally reside within 

the lysosomal compartment and are responsible for delivery of lysosomal hydrolases or even 

loss of the majority of all lysosomal enzymes (Ballabio and Gieselmann 2009, Coutinho et al. 

2015, Neufeld 1991, Platt et al. 2012). A reduction or loss of function of one or more of these 

enzymes leads to progressive accumulation of undegraded macromolecules, lysosomal and 

autophagic dysfunction and, ultimately, cell death. LSDs are heterogeneous and severity is 

dependent on the level of residual activity. The less active the affected enzyme is the more 

aggressive and severe will the disease be manifested. However, the exact mechanistic link 

between these altered biochemical and cellular states and disease pathophysiology and 

pathogenesis is unclear. These progressive diseases are characterised by various defects 

including craniofacial, skeletal and cardiac abnormalities, variable neurological deficits and 
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ocular problems, as described in table 1.1 (Platt et al. 2012). All these diseases combined have 

an incidence of approximately 1 per 7500 live births (Meikle et al. 1999, Poupětová et al. 2010). 

The lysosomes play a crucial role in the autophagic-lysosomal pathway (ALP) (see 

Section 1.1.1.2.) which has been shown to be involved in the majority of neurodegenerative 

diseases. Hence studying lysosomal function is very important as it can be applied to many 

other diseases. Insights into the ALP dysfunction in LSD can, in theory, shed light on the 

pathogenesis seen in more general neurodegenerative diseases. The ALP is investigated in 

many LSDs, as we will do in this study, and neurodegenerative diseases.  
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Table 1.1. The causes of lysosomal storage diseases, the organelles affected and major sites of 

pathology 

Mechanism of 

lysosomal storage 
Disease 

Lysosomal protein defect 

(gene symbol) 
Substrate(s) stored 

Major peripheral 

organ systems 

affected 

CNS 

pathology 

Lysosomal enzyme 

deficiencies 

Aspartylglucosamin-uria 
Aspartylglucosaminidase 

(glycosylasparaginase, AGA) 

Aspartylglucosamine (N-

acetylglucosaminyl-

asparigine) 

Skeleton, connective 

tissue 
+ 

Fabry α-Galactosidase (GLA) 
(Lyso-) 

Globotriaosylceramide 
Kidney, Heart - 

Gaucher types 1, 2, and 3 β-Glucocerebrosidase (GBA) 
Glucosylceramide, 

glucosylsphingosine 

Spleen/liver, bone 

marrow 
+

a,b
 

GM1-gangliosidosis β-Galactosidase (GLB1) 
GM1-ganglioside, 

oligosaccharides 
Skeleton, Heart +

b
 

Krabbe Galactocerebrosidase (GALC) Galactosylceramide Heart +
b
 

Mucopolysaccharidoses 

Enzymes involved in 

mucopolysaccharide 

catabolism 

Mucopolysaccharides 
Cartiladge, bone, 

heart, lungs 
+ 

Multiple sulfatase 

deficiency 

SUMF1 (Formylglycine 

generating enzyme needed to 

activate sulfatase) 

Multiple, including 

sulphated 

glycosaminoglycans 

Spleen/liver, bone, 

skin 
+

b
 

Pompe α-Glucosidase (GAA) Glycogen Skeletal muscle - 

Sandhoff 
β-Hexosaminidase A and B 

(HEXB) 
GM2-gangliosides  +

b
 

Trafficking defect 

of lysosomal 

enzymes 

Mucolipidosis type II (I-

cell disease) 

N-acetyl glucosamine 1-

phosphotransferase α/β 

(GNPTAB) 

Carbohydrates, lipids, 

proteins 
Skeleton, heart + 

Mucolipidosis type IIIA 

(pseudo-Hurler 

polydystrophy) 

N-acetyl glucosamine 1-

phosphotransferase α/β 

(GNPTAB) 

Carbohydrates, lipids, 

proteins 
Skeleton, heart +/- 

Defects in soluble 

non-enzymatic 

lysosomal proteins 

Niemann-Pick disease type 

C2 

NPC2 (soluble cholesterol 

binding protein) 

Cholesterol and 

sphingolipids 
Liver + 

Defects in 

lysosomal 

membrane proteins 

Cystinosis 
Cystonosin (cysteine 

transporter, CTNS) 
Cystine Kidney, eye +/- 

Free sialic acid storage 

disorder 

Sialin (sialic acid transporter, 

SLC 17A5) 
Free sialic acid 

Liver/spleen, 

skeleton 
+ 

Mucolipidosis IV Mucolipin-I (MCOLN1) 
Mucopolysaccharides and 

lipids 
Eye + 

Niemann-Pick disease type 

C1 

NPC1 (membrane protein 

involved in lipid transport) 

Cholesterol and 

sphingolipids 
Liver + 

aTypes 2 and 3, bincluding cerebellar ataxia (Cerebellar Disorders: A Practical Approach to Diagnosis and Management (Mario 
Ubaldo Manto)). Adapted from (Platt et al. 2012). 
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1.3.1.2. Mucolipidosis II 

Homozygous or compound heterozygous nonsense or frameshift mutations in GNPTAB 

are causative for mucolipidosis (ML) II, in which GNPTA enzymatic activity is completely lost, 

or MLIIIα/β, caused by missense mutations in which residual activity of GNPTA is still present. 

Both cases lead to defects in the biosynthesis of M6P residues, which is the recognition signal 

targeting soluble acid hydrolases to the lysosome (Reitman et al. 1981, Raas-Rothschild et al. 

2000, Cathey et al. 2010, Kornfeld 1987, Kudo et al. 2005).  MLII (the focus of this study) and 

MLIIIα/β are autosomal recessively inherited metabolic diseases that affect cellular homeostasis 

that is responsible for normal turnover of various materials within the cells. MLII (GNPTA 

deficiency, originally called I-cell disease) is a rare, debilitating paediatric LSD belonging to 

the group of inherited metabolic diseases. The prevalence of MLII is 0.16 in 100,000 (Poorthuis 

et al. 1999). In MLII, unlike many other LSDs in which only one specific hydrolase is 

defective, hydrolases are still produced but many are secreted into the extracellular space due to 

impaired lysosomal targeting (Kornfeld and Sly 2001).  

 Cellular and biochemical pathology of mucolipidosis II 

Patients affected by MLII exhibit defective lysosomal targeting of enzymes due to defects 

in the biosynthesis of the M6P marker. The disease is caused by the loss of multiple hydrolases 

in the lysosome, due to the transport defect. Lysosomal enzymes degrade and recycle waste 

material from the cell that is targeted to the lysosome via the endocytic or autophagic pathway 

and hence are important for the maintenance of cells and tissues (Cox and Cachon-Gonzalez 

2012). As a result, one of the most characteristic histological features is the presence of 

enlarged lysosomes filled with undigested compounds which result in dense inclusions that 

have been observed in patient fibroblasts and mesenchymal cells, also called inclusion- or I-

cells (Leroy and Demars 1967). High levels of acid hydrolases have been detected within the 

serum of patients, where they may have deleterious effects (Kornfeld and Sly 2001). Several 

cell types and tissues isolated from MLII patients appear to contain normal acid hydrolase 

levels despite complete loss of GNPTA activity (Kornfeld and Sly 2001, Martin et al. 1984). 
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This is not well understood, but may be the result of independent lysosomal targeting pathways 

or alternate routes to the lysosome, such as secretion and recapture at the plasma membrane 

(Fratantoni et al. 1968). These cells still contain dense inclusions and large cytoplasmic 

vacuoles and have been identified as lysosomal compartments. Studies have demonstrated the 

presence of lysosomal membrane proteins, acid hydrolases, and the storage of glycol-conjugates 

that have accumulated in significant quantities in these lysosomal compartments (Kornfeld and 

Sly 2001). Much of the MLII pathology appears to be cell and tissue specific, as evidenced by 

extensive vacuolisation and generation of autolysosomes in exocrine gland cells, but not in liver 

and muscle (Boonen et al. 2011). Despite extensive investigation into the molecular pathology 

of MLII, it is still not clear which characteristics of the disease are primary mechanisms of 

disease and which are secondary pathological phenotypes. 

Without the M6P marker, the lysosomal hydrolases accumulate in the blood sera of patients 

and are considerably reduced in cells. Enzymatic activity present in the tissues have been 

reported to be 60-100% in heterozygote carriers of the MLII mutation, 0-1% in MLII patients 

and 1-10% in MLIIIα/β patients. Heterozygote carriers of the disease gene have no symptoms 

(Kudo et al. 2005, Kudo and Canfield 2006). 

GNPTAB has otherwise also been found to play a role in persistent stuttering. In this case, 

missense mutations in highly conserved protein regions segregate with the disease. These 

mutations are inherited in a mostly heterozygote fashion although a few homozygote cases are 

reported (Kang et al. 2010). Interestingly, these stuttering mutations have a milder effect on 

enzymatic activity than that seen in MLII/MLIIIα/β mutations, reducing activity to ~50% in 

patients with persistent stuttering (Kang and Drayna 2012). 

 Clinical characteristics of mucolipidosis II 

Clinical symptoms can be observed from birth and patients show a fatal outcome in the first 

decade of life in MLII (Leroy and Spranger 1970) or present with a milder form of the disease 

in MLIII. Mucolipidoses refer to the clinically observed combination of symptoms of 
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mucopolysaccharidoses and sphingolipidoses (Spranger and Wiedemann 1970, Martin et al. 

1975). Patients are typically characterised by dwarfism, coarse facial features, stiffness of 

joints, skeletal abnormalities, cardio- and hepatomegaly, difficulties in motor movements and 

mental retardation (Figure 1.5). Birth weight is reported to be low to normal, and post-natal 

growth often plateaus in the second year of life (Kornfeld and Sly 2001, Leroy et al. 2008). All 

children are reported to have thickening of the mitral valve leading to cardiac complications, 

and thickening of airway mucosa and thoracic cage leading to respiratory insufficiency. Patients 

affected by MLII rarely live past the first decade often as a result of frequent respiratory tract 

infections or congestive heart failure (Patriquin et al. 1977). Autopsies have reported 

cytoplasmic lysosomal inclusions in myocardium, brain, and liver.  

MLII, like most LSDs, remains poorly understood, representing a barrier to therapeutic 

development. 

 

 

Figure 1.5. Clinical features of patients with MLII 

(A) A 6 year old MLII patient presents with severe bone 

dysplasia, developmental delay, stiffening of the joints, 

coarse facial features and gingival hypertrophy. (B) 

Furthermore, shallow orbits, thick skin, and a depressed 

nasal bridge are detected. (C) In addition, short, broad 

hands and contractures of knee and ankle joints are 

common features. Taken from (Cathey et al. 2010). 

Copyright agreement with BMJ. 

 

The only mouse model for MLII, a Gnptab knock-out mouse model, does not fully 

recapitulate human disease pathology and, intriguingly, does not present with CNS 

abnormalities. Therefore, there is a need for a novel mouse model of MLII that more fully 

recapitulates the human pathology.  



Chapter 1. Introduction 

 

30 

 

Therefore, the aims for the nym homozygous mouse (nym/nym) were to: 

- Investigate if the nym homozygote mouse was a novel mouse model of MLII that 

recapitulates the disease pathology more fully and could be used as a tool to 

investigate novel drug treatments. This was conducted by analysing known 

pathologies such as growth retardation, skeletal abnormalities, inclusion bodies in 

fibroblasts and increased hydrolase activity in blood sera. Furthermore, insights 

from this monogenetic LSD which is less complex than common 

neurodegenerative diseases, offers the opportunity to help dissect novel pathways 

in neurodegeneration (Chapter 4).  
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1.3.2. The Jabber mouse  

The gene mutated in the Jabber (jab) mouse (jab/+) is Arl1. ARL1/Arl1 contains 6 

exons and encodes for a small 181 amino acid protein of 20kDa molecular mass. ARL1 encodes 

for ADP-ribosylation factor (ARF) like 1 (ARL1) belonging to the ARF family of small 

GTPases. Small GTPases serve as molecular switches for a variety of cellular signalling events 

(Clark et al. 1993). The ARF family comprises ARF, SAR (secretion-associated and Ras-

related) and ARL proteins. The ARF GTPases are crucial regulators of vesicular transport and 

membrane trafficking. Vesicular transport is a tightly controlled process making sure that 

cellular components, including proteins and lipids, are correctly localised through transport 

among cellular compartments such as the ER, Golgi, endosomes, lysosomes/vacuoles, and the 

plasma membrane. This transport is dependent on transport vesicles that are formed from one 

membrane compartment and fuse with another to release associated protein and lipid molecules. 

Vesicular transport is regulated on several levels, including vesicle production, packaging of 

cargo within newly formed vesicles, and attachment of the vesicle with the specified target 

membrane (Derby and Gleeson 2007, Spang 2008, Beck et al. 2009). The identification of 

genes encoding ARF GTPases in early studies has exposed related proteins which have 

therefore been named ARF-like (ARL) GTPases (Tamkun et al. 1991, Clark et al. 1993). The 

ARF family proteins are ubiquitously expressed and the amino-acid sequences are highly 

conserved from yeast to humans, with remarkable consistency. 

ARF family GTPases share the same structural mechanism by which GDP and GTP binding is 

harnessed for signalling. ARL1 is one of the best conserved ARLs, which is present in protozoa, 

plants, yeasts and mammals and appears to play a major role in trans-Golgi function (Munro 

2005, Stefano et al. 2006, Torres et al. 2014). ARL1 is localised to the cytosol in its GDP bound 

state and translocates to the membrane of the trans-Golgi on GTP binding (Lu et al. 2001). In 

more detail, when GDP bound, the N-terminal helical domain of small GTPases is wrapped 

within the protein and is not exposed to bind to the membrane of the trans-Golgi. Once GTP 

bound, a conformational change occurs and the N-terminal helical domain is ejected and is able 

to bind the membrane of the trans-Golgi (Figure 1.6). This anchoring method is in contrast to 
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the C-terminal lipid anchor used by most other members of the Ras superfamily of small G 

proteins (Pasqualato et al. 2002). The activation of GDP-bound G proteins is a controlled 

process carried out by proteins termed guanine-nucleotide exchange factors (GEFs), which 

interact with GDP-bound G proteins to stimulate exchange of the bound GDP for GTP. The 

deactivation of G proteins by GTP hydrolysis is also a controlled process, mediated by GTPase-

activating proteins (GAPs). In general, G proteins have little intrinsic GTPase activity, so the 

actions of GAPs are critical for proper G-protein function. No specific GEFs and GAPs have 

been described for ARL1 but rather GAPs and GEFs that have multiple specificities, such as 

Gsc1, a GAP for both ARL1 and ARF1 (Benjamin et al. 2011, Liu et al. 2005). 

 

Figure 1.6. Channelling of Arl1 between its GDP bound – inactive - and GTP bound – active - state 

In the GDP bound state, the N-terminal helical domain (blue) inserts into a hydrophobic groove blocking 

attachment to the trans-Golgi. The interswitch (red) region of the protein connects the switch I and switch 

II (green and yellow, respectively) region, which are two anti-parallel β-strands. These three structures 

are the main components for nucleotide binding and involved in conformational changes when GTP 

bound leading to exposure of the N-terminal helical domain. In the Arl1-GDP structure, switch I forms a 

β-strand that is typical of Arf family GTPases preventing spontaneous GTP binding. Thus Arf-family 

GTPases require a guanine-nucleotide-exchange factor (GEF) to allow conformational changes necessary 

for GTP binding. Adapted from (Wu et al. 2004). 

 

1.3.2.1. Physiological function of Arl1 

Although ARL1/Arl1 has been studied in cell culture and single-celled eukaryotes, 

there has been little characterisation of its role in the context of the diverse tissues of a 

multicellular organisms, except that the Arl1 knock-out in Drosophila is embryonic lethal 

(Tamkun et al. 1991). Loss of ARL1 by gene deletion in yeast, or by small interfering RNA 
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(siRNA) in mammalian cells, resulted in abnormal trafficking between endosomes and the 

Golgi (Lee et al. 1997, Lu et al. 2001, Benjamin et al. 2011). ARL1 binds GRIP (golgin-97, 

RanBP2alpha, Imh1p and p230/golgin-245) domains present in four human golgins (golgin-97, 

RanBP2alpha, Imh1p and p230/golgin-245) at the trans-Golgi and ARL1 specifically binds 

golgin-97 and golgin-245 (Panic et al. 2003, Setty et al. 2003, Lu and Hong 2003). In both yeast 

and mammalian cells, ARL1 has been found to bind directly to particular long coiled-coil 

proteins through their C-terminal GRIP domains (Van Valkenburgh et al. 2001, Setty et al. 

2003, Lu and Hong 2003, Panic et al. 2003). Golgins have been hypothesised to collect 

incoming vesicles from endosomes and maintain the Golgi structure and function, although 

their precise role is unclear (Chia and Gleeson 2011, Lu et al. 2004, Yoshino et al. 2005, Munro 

2011). From work conducted so far, ARL1 has been proposed to regulate retrograde trafficking 

within the Golgi (transport from later compartments to earlier compartments) by recruiting 

vesicle tetherers. However, recent tissue specific knock-downs of Arl1 in Drosophila have also 

highlighted Arl1’s role in secretory granule formation, negative regulation of ER to Golgi 

trafficking and ER quality control (Torres et al. 2014, Lee et al. 2011). 

Interestingly, recent studies have proposed linked functions between ARL1 and 

ARFRP1, a related GTPase. Activated, GTP-bound ARFRP1 binds to the trans-Golgi (Zahn et 

al. 2006, Zahn et al. 2008) and recruits ARL1 and its effector golgin-245 to the trans-Golgi 

(Zahn et al. 2006, Panic et al. 2003, Setty et al. 2003). Golgins exact function is unknown, but 

with their coiled-coil domain they can interact with many GTPases of the Rab family that are 

regulators of membrane trafficking (Sinka et al. 2008). Rab GTPases function in delivering 

vesicle loads to correct destinations and regulate vesicle budding, uncoating and mobility 

(Subramani and Alahari 2010). Recent work by Jaschke et al. (2012) reported that the ARFRP1-

ARL1-Golgin-245-Rab2 pathway plays a role in vesicular trafficking in the intestinal 

epithelium (Figure 1.7). Investigations of this new pathway revealed a link between ARF 

GTPases and lipid metabolism (Jaschke et al. 2012), specifically in the formation of lipid 

droplets (LDs) and chylomicrons (Figure 1.7). Lipids are stored in the cytosol in LDs. LDs were 

assumed to be static organelles simply serving as lipid storage depots. Recently, with an 
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increasing number of studies, LDs have been described as dynamic organelles to maintain lipid 

homeostasis, generate energy and regulate cell signalling (Soni et al. 2009, Murphy et al. 2009, 

Paar et al. 2012, Murphy 2012). Dysfunction of LDs can be detrimental and lead to many 

metabolic diseases, such as obesity, diabetes and arteriosclerosis (Greenberg et al. 2011, 

Walther and Farese 2012), but also neurodegenerative diseases, although less studied (Liu et al. 

2015, Ilieva et al. 2009, Turner et al. 2009). LDs store neutral lipids (triacylglyceride (TAG) 

and cholesteryl esters) and are surrounded by a monolayer of phospholipids and cholesterol 

(Wilfling et al. 2014, Hesse et al. 2013). Many coat-proteins associate with the monolayer and 

control the turnover of lipids, in which TAG biosynthesis and breakdown occurs at the LDs. In 

addition, coat-proteins are also involved in the fusion and expansion of LDs, as well as 

trafficking of the LDs (Kuerschner et al. 2008, Bostrom et al. 2009). A large amount of 

evidence has proposed that LDs originate from the ER where enzymes such as MGAT 

(monoacylglycerol acyltransferase) and DGAT (diacylglycerol acyltransferase) catalyse the 

synthesis of TAG (Wu et al., 2000). The size and number of LDs can differ significantly from 

cell type to cell-type and the metabolic state of a cell plays a crucial role as well. For example, 

surplus of fatty acids or induction of adipogenesis leads to rapid growth of LDs, whereas LDs 

shrink during starvation of cells (Walther and Farese 2012). 

  Enterocytes in the intestine synthesise and secrete chylomicrons in the postprandial 

state after nutrient uptake. Synthesis of these lipid storage vesicles is defective in lipoprotein 

deficiencies such as abetalipoproteinaemia and chylomicron retention disease (Levy 1996, 

Tarugi and Averna 2011). Chylomicrons are heterogeneous, lipid-rich particles and consist, like 

LDs, of a core of TAG and cholesteryl ester surrounded by a monolayer of lipids to which 

specialised proteins (apolipoproteins) bind. Due to the similarity in structure and protein 

components of chylomicrons and LDs the generation, of both, is likely to be very similar 

(Figure 1.7). 
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Figure 1.7. The ARFRP1–ARL1–Golgin–Rab cascade in lipid droplet formation and chylomicron 

maturation 

ARFRP1 recruit ARL1 to the Golgi and ARL1 binds to the scaffolding protein Golgin-245, which itself 

interacts with Rab proteins. The Left part of the figure shows the stages for lipid droplet (LD) fusion and 

the regulation of lipases in adipocytes. Small lipid-carrying particles are transported from the ER to the 

Golgi where additional triacylglycerides (TAGs) are incorporated and additional proteins are attached. 

LDs then fuse with larger cytosolic LDs by SNARE-mediated processes. LD fusion and degradation by 

lipolysis is regulated by the localisation and phosphorylation of LD-coating proteins (e.g. 

perilipin/PLIN1, ADRP/PLIN2) and lipases (e.g. HSL, ATGL). The Right part of the figure shows the 

chylomicron formation in the ER and the Golgi in enterocytes in the intestine. Fatty acids (FA) and 

monoacyglyceride (MAG) from micelles or liposomes are taken up from the intestinal lumen by diffusion 

or transporters. In the ER resynthesised TAGs (generated by subsequent enzymatic esterification and 

transfer: MGAT/DGAT) are incorporated into ApoB48-containing pre-chylomicrons (pCM). 

Subsequently, pCMs are released to the cis-Golgi and transported through the Golgi, released on the 

trans-site and finally secreted into the lymph. The ARFRP1–ARL1–Golgin–Rab cascade is needed for an 

appropriate chylomicron assembly and its transport through the Golgi. The role of the cascade for 

regulating sorting of proteins to the LD required for their fusion and for inhibiting lipolysis needs to be 

clarified. Adapted from (Hesse et al. 2013). Copyright holder: Biosciences Report, Hesse et al. 2013 

 

 

1.3.2.2. The Jabber mouse, a model of chylomicron retention disease 

Drawing from the results of Chapter 3, the jab mutation in Arl1 caused most of the stv 

phenotype. The jab mouse presented with growth retardation, progressive tremor, hind limb 

clasping, reduced muscle strength, demyelination, neuromuscular junction disorganisation, 

muscle pathology and a normal lifespan.  
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First described in 1961 (Anderson et al. 1961), chylomicron retention disease (CRD, 

also called Anderson’s disease) is a rare metabolic disease presenting with symptoms such as 

lipid malabsorption with reduced levels of cholesterol, lethargy, chronic diarrhoea, lack of fat-

soluble vitamins and neurological abnormalities (Bouma et al. 1986, Dannoura et al. 1999, Roy 

et al. 1987). The only mutation known to cause CRD so far is SARA2 (protein SAR1b), located 

upstream of ARL1, (Figure 1.7) and with this identification, the molecular mechanisms in 

chylomicron transport was confirmed (Jones et al. 2003). The small intestine produces 

chylomicrons, which are lipoprotein particles that transport dietary lipids from the intestine to 

other locations in the body, after eating a meal. The incorporation of dietary fat and lipid-

soluble vitamins into large lipoprotein particles is critical for transport and absorption (Figure 

1.7). The study of monogenetic diseases such as CRD delivers more insights into the basic 

mechanisms of how lipid metabolism plays a role in neurodegeneration and provides important 

insights into more common diseases (Peltonen et al. 2006).  

The study of Arl1 was highly interesting as it promised to elucidate a novel gene involved 

in lipid biosynthesis and peripheral neuropathy. In addition to previously shown growth 

retardation, tremor, hind limb clasping, reduced muscle strength, demyelination, neuromuscular 

junction disorganisation, muscle pathology and a normal lifespan (presented in Chapter 3) 

further analysis was conducted by Dr Emmanuelle Bitoun and Dr Janet Kenyon to characterise 

the jab mouse as a novel mouse model of CRD. The transcript and protein (Figure 1.8A+B) 

expression levels of jab Arl1 were found to be 50% reduced in jab mouse embryonic fibroblasts 

(MEFs). Localisation of Arl1 was not significantly disrupted in the jab MEFs and correctly 

localised to the trans-Golgi. The enzymatic function of jab Arl1 (L61P) showed a strong 

reduction in GTP binding, only retaining 55% of the wild-type activity. Jab Arl1 was compared 

to both Arl1-Q71L, which is a constitutively active form of Arl1 and binds GTP at similar 

levels to the wild-type, and Arl1-T31N, which is constitutively inactive and is almost 

completely unable to bind GTP (Figure 1.8C).  
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Figure 1.8. Molecular analysis of the ENU mutant Jabber (jab) mouse (jab/+) 
(A) Arl1 transcript expression was analysed by quantitative RT-PCR in wild-type (+/+) and jab (jab/+) 

mouse embryonic fibroblasts (MEFs). (B) Arl1 protein expression levels were analysed by western 

blotting in wild-type and jab MEFs. (C) Recombinant His-tagged wild-type (WT) and mutant (T31N, 

Q71L, jab mutant (L61P)) Arl1 proteins (top panel) were tested for binding of [
35

S] GTPγS (bottom 

panel). (D) ECHO-MRI analysis of 3 month old wild-type and jab mice body fat (n=6). (E) 

Quantification of lipid droplet (LD) surface area in brown adipose tissue from wild-type and jab mice. 

(F) Triacyglyceride (TAG) levels were measured in blood serum from wild-type and jab mice at 3 

months of age (n=6). (G) Myelin basic protein (MBP) levels were analysed by western blotting in protein 

extracts from wild-type and jab sciatic nerve. GAPDH was used a as a loading control (n=3). (H) Nerve 

conductance velocity was measured in wild type (n=6) and jab (n=4) mice. Data are expressed as mean ± 

SEM. Mann-Whitney U test, **P<0.01. Data were generated by Dr Emmanuelle Bitoun, Dr Janet 

Kenyon and Mr Benjamin Edwards. 

The jab mice presented with reduced weight compared to their wild-type littermates. 

Body fat was significantly reduced compared to controls (Figure 1.8D) and histological analysis 

of adipose tissue showed reduced size of LDs while the overall number was not affected (Figure 

1.8E). Proper lipid storage is vital for maintaining energy homeostasis in most, if not all, 

eukaryotic species. The LD, long thought of as an inert organelle, is important not only for lipid 

storage inside cells but also metabolic regulation (Farese and Walther 2009, Wilfling et al. 
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2014, Martin and Parton 2006). Lipid storage in LDs is affected by seemingly unrelated cellular 

events, including autophagy, inflammatory processes and SNARE-dependent intracellular 

vesicle transport (Bostrom et al. 2007, Singh et al. 2009). In nutrient reduced conditions, lipases 

are recruited to LDs to initiate TAG lipolysis and release more fatty acids (Farese and Walther 

2009, Wilfling et al. 2014, Zimmermann et al. 2009). However, regulation of LD dynamics 

under physiological and diseased conditions is still not fully understood. TAG levels, the main 

component of LDs, were reduced in jab blood serum in comparison to controls (Figure 1.8F). 

These data show impaired growth of LDs in the jab mouse and reduced lipid levels. Levels of 

myelin basic protein, the main component of myelin, are reduced in the jab mouse sciatic nerve 

(Figure 1.8G). Due to a defective myelin sheath, nerve conductance velocity is significantly 

reduced in the jab mouse (Figure 1.8H). These findings are classic illustrations of the 

neuromyotonia seen in dysmyelinated fibres (Zielasek and Toyka 1999) and this explains why 

the jab mutant develops tremors.  Interestingly, histology of the jab intestine showed a marked 

increase of lipid staining. These data show impaired fat absorption in the intestine of the jab 

mouse and this is very characteristic of the metabolic disease CRD. 

Lipid homeostasis linked to neurodegenerative disease has been receiving more 

attention, however the exact mechanisms are unclear (see 1.1.3.1) (Adibhatla and Hatcher 2008, 

Schmitt et al. 2014, Krahmer et al. 2013). Specifically, LDs have only been documented in a 

few model organisms of neurodegeneration. However, a recent study has shown LD generation 

caused by increased oxidative stress and highlighted the role of LDs as a pre-symptomatic 

pathology of neurodegenerative disease in glial cells of Drosophila (Liu et al. 2015, Hulshagen 

et al. 2008, Wang et al. 2002). Furthermore, lipid homeostatic defects are associated with ALS 

and growing research efforts are focusing on understanding the link between lipid metabolism 

defects and neurodegeneration (Ilieva et al. 2009, Turner et al. 2009). Hence, the study of genes 

involved in this pathology is very important, as they could potentially provide insights into 

molecular mechanisms also occurring in many other diseases. CRD also presents with 

neuropathy, but no study has focused on elucidating the mechanism of pathology. Therefore, 
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the jab mouse model offers to study lipid homeostatic defects in relation to CRD, but could 

potentially also be translated to more common neurodegenerative diseases.  

It was, however, unknown if the pathology was caused by a specific cell type, such as 

the adipose tissue and/or the glial cells as these seemed to present with the most severe 

pathology, or if a global loss of Arl1 was necessary to cause the jab pathology. Consequently, 

Drosophila was chosen for further studies due to its diverse genetic tool set, allowing for tissue 

specific knock-outs and overexpression systems, in addition to its suppressor and enhancer 

screens, fast generation time and conserved function between mammals and Drosophila.  

 

Therefore, the aims for the analysis of the jab mutation were to: 

- Generate and validate the Arl1 mutant flies, including the L61P (L60P in 

Drosophila) mutant, but also mutant forms of Arl1 that exist either preferentially 

in the GDP or GTP restricted bound form therefore constitutively inactive (T30N 

in Drosophila) or active (Q70L in Drosophila) to understand the jab mouse 

mutation in the context of GTPase constitutive inactivity and activity within a 

whole organism as Drosophila (Chapter 5).  

-  Test if Arl1 mutant flies can be used as a platform to investigate the importance of 

lipid metabolism and signalling leading to neurodegeneration (Chapter 5). 
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2. Material and methods 

2.1. Materials 

2.1.1. Constructs and primers 

Some constructs were already provided from the laboratory and others were made as 

detailed in section 2.2. Primers for construct amplification, genotyping and sequencing are 

listed throughout the text and qPCR primers can be found in table 2.1. 

2.1.2. Antibodies 

Primary antibodies are listed throughout the text. The secondary HRP antibodies anti-rabbit, 

anti-goat, and anti-mouse were from GE Healthcare and anti-rat was from Invitrogen and were 

used at a 1:2,000 dilution for western blotting. Alexa Fluor
®
 secondary antibodies used for 

immunofluorescence were purchased from Invitrogen and used at a 1:400 dilution. A full list of 

antibodies can be found in the appendix table 3. 

2.1.3. Restriction enzymes 

Restriction enzymes were purchased from New England Biolabs (NEB) and used following 

the manufacturer’s instructions. 

2.1.4. Culture medium and chemicals 

All culture media (L-glutamine, Dulbecco’s Modified Eagle’s Medium (DMEM) medium, 

Phosphate-buffered saline (PBS)) were supplied by Gibco
®
 Invitrogen. Grace’s insect medium 

was purchased from Sigma Aldrich. All chemicals used for buffers were purchased from Sigma 

Aldrich if not mentioned otherwise. 
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2.2. Cloning 

2.2.1. Gnptab 

2.2.1.1. Generation of tagged Gnpta expression constructs 

2.2.1.1.1. Preparation of vectors and inserts 

Full length cDNA sequence of mouse Gnptab (NM_001004164) was sub-cloned into 

pCR2.1-TOPO
®
 (Invitrogen). Tagged constructs were cloned for analysis of cell localisation. 

Wild-type Gnpta constructs were made with a C-terminal myc-tag. Forward primers included a 

BamHI restriction site at the 5’ end (5’-GGATCCATGCTGCTTAAGCTCCTGCAGAGA-3’) 

and reverse primers included a myc-tag sequence and a NotI restriction site at the 3’ end (5’-

GCGGCCGCCTACAGATCCTCTTCTGAGATGAGTTTCTGCTCCACCCTGATTCGGTCT

GGACTAGC-3’). Primers were adapted to mouse cDNA. The myc-tag was moved in front of 

the nym mutation that caused a stop codon within the sequence (nym Gnpta). The same forward 

primer sequence was used as for the wild-type Gnpta construct, but the reverse primer was as 

follows:5’GCGGCCGCCTACAGATCCTCTTCTGAGATGAGTTTCTGCTCATTCTGCTGC

AACCGTCTGCCAGG-3’). 

The mouse wild-type and nym Gnpta cell localisation constructs were amplified via 

polymerase chain reaction (PCR; see Section 2.5.1.), run on an agarose gel (see Section 2.6.) 

and gel purified using a gel extraction kit (Qiagen). Gel purified products were A-tagged (see 

Section 2.5.3.) and sub-cloned into vector pCR2.1-TOPO
®
 (Invitrogen) using the 

manufacturer’s instructions. 

2.2.1.1.2. Transformation 

Wild-type Gnpta, nym Gnpta and pCR2.1-TOPO® ligation products were transformed into 

competent E.coli (TOP10
®
; Invitrogen). Two µl of ligation product was added to 50 µl 

competent cells and incubated for 30 minutes on ice. The cells were heat-shocked at 42°C for 

45 seconds followed by a 2 minute recovery on ice before the addition of 1ml Luria-Bertani 

(LB) broth media (Invitrogen). Cells were incubated at 37°C, shaking, for 1 hour. Bacteria were 

spun down at 8000rpm for 5 minutes and resuspended in 200 µl of LB. 200 µl of transformed 
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cells were then plated on selective LB plates containing 50 µg/ml ampicillin (Sigma Aldrich), 

40mg/ml X-gal in dimethylformamide (Sigma Aldrich) and 100mM Isopropyl-β-D-

thiogalactopyranosid (IPTG; Sigma Aldrich) and incubated overnight at 37°C. Only bacterial 

colonies successfully transformed with pCR2.1-TOPO
®
 vector containing the insert will present 

as white colonies. 

2.2.1.1.3. Identification of recombinant plasmids 

Several colonies from each transformation plate were screened for the correct insert and correct 

orientation using appropriate restriction site and colony PCR using the primers used for initial 

amplification (see Section 2.5.2.). The confirmed constructs with the correct insert were picked 

to inoculate ampicillin containing liquid LB media and grown at 37°C. Plasmids were extracted 

the next day using the Qiagen Plasmid Miniprep Kit
®
 and clones containing wild-type Gnpta or 

nym Gnpta inserts were verified by sequencing using M13 Forward (5’- 

CAGTGCAGGGGAAAGAATAGTAGAC-3’) and Reverse (5’- 

AGCGGATAACAATTTCACACAGGA-3’) primers located upstream and downstream of the 

multiple cloning site of pCR2.1-TOPO
®
, and specific Gnptab primers dependent on construct 

length. 

2.2.1.1.4. Restriction digest and ligation 

5-10 µg plasmid DNA was digested with the appropriate enzymes and run on agarose gels. 

Product bands were then cut out and purified using a gel extraction kit (Qiagen) according to 

the manufacturer’s instructions. 5’ phosphate groups were removed using the calf intestinal 

alkaline phosphatase (CIP; NEB) to prevent the DNA plasmid from re-ligating to itself. 

Typically, 10 U were added to the restriction digest mixture once digestion was complete. For 

cloning of digested insert DNA into digested plasmids with complementary overhangs, 400 U 

of T4 DNA ligase (NEB) was used in a 15 µl reaction volume. Molar ratio of vector to insert 

was usually 1xinsert:1xvector (insert size = vector size) or 3xinsert:1xvector (insert size < 

vector size), and 50 ng vector was used. The complete construct in pCR2.1-TOPO
®
 was then 

cut using the enzymes BamHI and NotI and ligated into PcDNA
TM

3 (Invitrogen). At all 
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individual steps plasmids were transformed and plasmids extracted as described in Sections 

2.2.1.1.2. and 2.2.1.1.3.. Constructs were sequenced in PcDNA
TM

3. 

2.2.2. Arl1 

2.2.2.1. Generation of Arl1 expression constructs and production of 

transgenic Drosophila 

Drosophila wild type, mutant T30N, mutant Q70L and mutant L60P cDNA constructs 

were cloned into the pOT2 vector by Dr Janet Kenyon. These constructs were used to clone the 

consensus sequence for a HA-tag in frame with the various Arl1 inserts at the 3’end. A SpeI site 

was engineered at the 5’ end (Forward primer: 5’- GAGCTACTAGTATGGGTGGGGTGCT-

3’) and an HA-tag, stop codon and EcoRI site were added at the 3’ end (Reverse primer: 5’- 

GTCAGGAATTCCTAAGCATAATCTGGAACATCATATGGATACTTGCGACTCTGCAG

GGTG-3’). These restriction sites were necessary to move the constructs into the mENTRY
®
 

Gateway
®
 vector (Invitrogen). Wild-type Arl1 HA-tagged constructs and non-HA-tagged 

constructs were generated to analyse viability with and without the C-terminal HA-tag. The 

forward primers for the non HA-tagged construct were identical to HA-tagged construct, 

however the reverse primer was as follows: 5’-

GTCAGGAATTCCTACTTGCGACTCTGCAGGGG-3’. Basic cloning principles were used as 

described in Section 2.2.1.1. The constructs were cut out of vector pOT2
®
 using enzymes SpeI 

and EcoRI and were ligated into mENTRY
®
 Gateway

® 
vector which had also been digested 

with the equivalent enzymes. The constructs in mENTRY
® 

were transferred to the destination 

Gateway
®
 vector  pBID-UASC-G via the enzyme LR clonase II (Invitrogen) using 

manufacturer’s instructions. Constructs in pBID-UASC-G Gateway® vector (Arl1-wild-type 

(WT), Arl1-WT::HA, Arl1-Jab::HA, Arl1-Q70L::HA and Arl1-T30N::HA) were sent for 

PhiC31 integrase-mediated site specific transgenesis using the VK37: (2L) 22A3 docking site. 

This service was conducted by GenetiVision. 
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2.3. DNA sequencing 

The concentrations of all DNA samples were measured using the NanoDrop
TM

 ND-1000 

spectrophotometer (Thermo Scientific) at spectrophotometric absorbance at 260 nm. Sample 

purity was determined from the ratio of the readings at A260 nm and A280 nm. An A260/A280 

ratio of 1.8 or greater for DNA and 2.0 or greater for RNA was taken to indicate an acceptable 

level of purity. All sequencing reactions were performed by Beckman Coulter Genomics Inc. or 

the University of Oxford, Department of Biochemistry Sequencing Facility.  

2.4. RNA extraction and cDNA synthesis 

Whole brains were dissected with Rnase-free instruments. Whole brains were stored in 

RNAlater
®
 (Qiagen) at -20°C until RNA extraction. RNA was extracted by homogenising (Bio-

Gen, Pro 200 Homogeniser) half a brain in RLT lysis buffer provided in the RNeasy
®
 Mini kit 

(Qiagen) including β-mercaptoethanol (β-ME) according to the manufacturer’s instructions. 

After washing with wash-buffer provided, RNA was eluted in DEPC-treated water at a final 

volume of 20µl and the yield of approximately 1µg/mg tissue. 

Adult Drosophila were stored at -80°C until RNA extraction. RNA was extracted by first 

disrupting adult Drosophila using a pestle in QIAzol
®
 lysis reagent provided in the miRNeasy

®
 

Mini kit (Qiagen) according to the manufacturer’s instructions. Then tissue was homogenising 

using a QIAshredder (Qiagen) spin column. Homogenate was treated with chloroform and after 

spinning the upper phase was collected which was subsequently mixed with 100% ethanol. 

Solute was applied to the miRNeasy
®
 Mini spin column. After washing with wash-buffer 

provided, RNA was eluted in DEPC-treated water at a final volume of 20µl and the yield of 

approximately 500ng/mg tissue. 

Total RNA for both mouse and Drosophila tissue was reverse transcribed using Expand 

reverse transcriptase (Roche) according to the manufacturer’s instructions. Briefly, 1.0 µg of 

RNA, RT buffer (1x), DTT (10mM), dNTPs (1mM each), expand reverse transcriptase (50U) 
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and RNasin
®
 (20U) were used per reaction and incubated for 1hour at 42°C. Oligo dts 

(100pmoles) were used for amplification. 1 µl product was used in subsequent PCR reactions. 

2.5. Polymerase chain reaction (PCR) 

2.5.1. PCR for cloning 

Standard PCR reactions were conducted using the Expand High Fidelity PCR System 

(Roche). For a 50 µl reaction 2.6U of Expand High Fidelity enzyme mix and appropriate buffer 

1x, 300nM of each primer, 200µM each dNTP (Roche) and approximately 100 ng of DNA 

template were added. Cycling conditions were as follow: 2 minutes denaturation at 94
o
C, 35 

cycles of 15 seconds at 94
o
C, 30 seconds annealing and 30seconds - 4minutes extension at 72 

o
C (depending on size of amplification product), and then a final extension at 72

o
C for 10 

minutes, followed by 10 minutes at 4
o
C. The annealing temperature was adapted to the primers 

used but started at 55
o
C initially and was optimised to 60

o
C for most primers. The extension 

time varied depending upon the size of the PCR product and was typically 1min/kb DNA. The 

products were mixed with DNA loading buffer and analysed using gel electrophoresis.  

2.5.2. PCR for bacterial colony screening and genotyping 

Colony PCR and genotyping PCR was conducted using MegaMix-Blue (Microzone 

Limited) which already contained all components except for primers and DNA. 300nM of each 

primer were added and a single bacterial colony or 1-2µl of extracted DNA. 

2.5.3. PCR for A-tagging 

A tagging for TA-cloning strategies was conducted using Taq DNA polymerase 

(Invitrogen) and following manufacturer’s instructions. Only 200µM dATPs were included. 

2.5.4. Semiquantative PCR 

1µg of total cDNA was used per reaction with 29 cycles for Gnptab PCR and 16 cycles for 

18S PCR. Cycling conditions were optimised in order to remain below saturation. Primers were 

used at 200nM after optimisation of concentration to minimise primer-dimer formation. 
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Samples were run in duplicates and sample loading was normalised to the 18S loading control. 

Blots were analysed using Image J and bands were quantified. 

2.5.5. Quantitative RT-PCR (qPCR) 

mRNA levels were analysed by qPCR using 1 μl of a 1/10 dilution of Drosophila cDNA in 

20 μl reactions using SYBR
®
 Green (Applied Biosystems) and a StepOnePlus

TM 
real-time PCR 

machine (Applied Biosystems). Details of the primers used for qPCR can be found in appendix 

2. Cycling conditions: 95˚C 10 minutes, 40 x [95˚C 15 seconds, 60˚C 1 minute], 95˚C 15 

seconds. Three technical replicates per reaction were performed. Primers were used at 200 nm, 

after optimisation of concentration to minimise primer-dimer formation and yield low Ct 

values. Primer efficiencies were estimated by performing qPCR on serial dilutions of at least 

two independent cDNA samples. Ribosomal protein 49 (RP49) was used as reference genes for 

Drosophila samples. Relative gene expression was calculated using the comparative Ct (ΔΔCt) 

method: ΔCt = Ct gene of interest ‒ Ct RP49, and ΔΔCt = ΔCt experimental sample ‒ ΔCt 

control sample, with relative expression given using the formula 2-ΔΔCt.  

Table 2.1. Primers used for qPCR 

Target Organism Forward (5’-3’) Reverse (5’-3’) 

Gnptab Mouse GGCCTCAGAGTCAGAAAG CAACGCAAGCATAAAACAGC 

18S Mouse GCGGCTTGGTGACTCTAGAT CCCTCTCCGGAATCGAAC 

Arl1 Drosophila CGGACGCAATCATCTATGTG CGCCAATAAGGTCTAATACTTGTC 

ILP2 Drosophila CGACAGCGATCTGGACGCCC AGGGCACTTCGCAGCGGTTC 

ILP3 Drosophila GGCCGCAAACTGCCCGAAAC ACGGGGTCCAAAGTTCTCTTGGT 

RP49 Drosophila TACAGGCCCAAGATCGTGAA TCTCCTTGCGCTTCTTGGA 

 

2.6. Gel electrophoresis 

DNA was mixed with a 6 X DNA loading buffer (0.25% bromphenol blue, 0.25% xylene 

cyanol, 15% Ficoll) and separated on agarose gels including 1 in 20,000 10 µg/ml ethidium 

bromide to allow visualisation of DNA under UV light (Typically, 0.8% (w/v) agarose (Sigma) 

was used for PCR products over one kb and 2% agarose (Sigma) for 500 bp and lower). 
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Agarose was dissolved in 0.5 X TBE (0.09 M Tris, 0.09 M boric acid, 2 mM EDTA) and a 100 

bp or 1 kb ladder (NEB) was run alongside the DNA samples to allow size determination. Gels 

were run in 0.5 X TBE at 90-120 volts for 1 hour. Images were visualised and recorded on the 

Gel Doc
TM

 digital imaging system (Bio-Rad). 

2.7. Cell culture and transfections 

Human embryonic kidney (HEK) 293 cells were maintained in a 37C incubator humidified 

with 5% CO2. Cells were grown in DMEM supplemented with 10% foetal calf serum (FCS; 

PAA Laboratories), 2 mM glutamine and 0.1 mg/ml penicillin and streptomycin (Invitrogen). 

For immunofluorescence, HEK 293 cells were seeded onto poly-L-lysin-coated glass coverslips 

in 6-well plates at a density of approximately 0.5 x 10
5
 cells per ml 24 hours prior to 

transfection. For protein extraction, HEK 293 cells were seeded in 6-well plates at a density of 

approximately 2.5 x 10
5
 cells per ml 24 hours prior to transfection. Cells were transfected with 

2 g DNA and FuGENE
®
-6 (Roche) as a ratio of 1:3 (DNA:FuGENE

®
) for 24 hours; for co-

transfections 1 g of each construct was used. 

12.5 day old embryos were dissected out of the uterus under sterile conditions. The heart 

and liver were removed and the remainder of the tissue was minced and trypsinised for 10 

minutes at 37°C. DMEM containing 10% FCS (PAA Laboratories) was added to cells and cell 

debris was removed by centrifugation. Cells were resuspended in fresh medium and plated. The 

media was changed after 24 hours. Mouse embryonic fibroblasts (MEFs) were cultured in 

DMEM supplemented with 10% FCS and penicillin/streptomycin. 

2.8. Protein extraction 

Whole brain was dissected and half was homogenised using a rotor in cold lysis buffer 

(10mM Tris-HCL pH8, 10mM NaCl, 1mM EDTA pH8, 1%Triton
TM

 X-100) and protease 

inhibitors (Roche Molecular Biochemicals).  

HEK cells and MEFs were washed with phosphate buffered saline (PBS) and lysed in lysis 

buffer supplemented with protease inhibitors (Complete, Roche Molecular Biochemicals). 
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Ten adult Drosophila were homogenised using a pestle in 200µl cold lysis buffer or RIPA 

buffer (50 mM Tris-Cl, pH 8.0, 150 mM NaCl, 0.1% SDS, 1% sodium deoxycholate, 1% 

TritonTM X-100) and protease and phosphatase inhibitors (Cell signalling).  

All detergent extracts were incubated at 4°C for 1 hour and clarified by centrifugation at 14,000 

rpm for 30 minutes. Protein concentration of the lysates was determined by BCA assay (Pierce 

Biotechnology) following manufacturer’s instructions. Equal amounts of protein were loaded 

on polyacrylamide gels and analysed by western blot as described below. 

2.9. Western blot 

Protein lysates were boiled for 5 minutes at 95°C with an equal volume of 2 × SDS sample 

buffer (0.125 M Tris, pH 6.8/4% SDS/5% β-mercaptoethanol/60 µM bromophenol blue/20% 

glycerol) before separation on acrylamide gel (for 10 ml of 10% resolving gel: 4 ml H2O, 3.3 ml 

30% acrylamide mix, 2.5 ml 1.5 M Tris pH=8.8, 0.1 ml 10% SDS, 0.01 ml 10% ammonium 

persulphate [APS], 0.001 ml tetramethylethylenediamine [TEMED; Severn Biotech Ltd]. For 3 

ml stacking gel: 2.1 ml H2O, 0.5 ml 30% acrylamide mix, 0.38 ml 1 M Tris pH=6.8, 0.03 ml 

10% SDS, 0.01 ml 10% APS, 0.01 ml TEMED). It was run at 100 V for 20 minutes and then at 

120 V for ~1 hour. All samples were transferred onto PVDF membranes (Amersham) overnight 

at 4°C at 50V. Membranes were blocked for 1 hour at room temperature (RT) in 5% powdered 

milk in Tris-Buffered Saline (TBS, 50mM Tris, 150mM NaCl) containing 0.1% Tween 20 

(TBST). Membranes were incubated with primary antibodies for 1 hour at RT or overnight at 

4°C. Membranes were washed three times in TBST and then were incubated with a horseradish 

peroxidase-conjugated anti-mouse, anti-rabbit or anti-rat secondary antibody (Amersham 

Biosciences) at 1 in 5,000 dilution in TBST for 1 hour at RT. The membranes were washed 

three times for 15 minutes in TBST and the immunoreactive proteins were visualised using the 

ECL Western Blotting Detection Reagent kit (GE Healthcare) according to the manufacturer’s 

instructions, using Kodak X-OMAT AR film (Kodak, Rochester, NY) or ImageQuant LAS400 

(GE Healthcare). Band intensity relative to internal controls was carried out using ImageJ 

software. Primary antibodies used were as follow: rat anti-Lamp1 (Abcam, 1:200); rabbit 
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anti-Npc2 (Santa Cruz, 1:200); rabbit anti-HA (Roche, 1:1,000); mouse anti-β-tubulin 

(Sigma, 1:1,000); rabbit anti-kinesin (Cytoskeleton,Inc., 1:1,000); rabbit anti-Akt (Cell 

Signalling, 1:1,000) and rabbit anti-pAkt (Cell Signalling, 1:1,000). 

2.10. Immunocytochemistry 

Twenty-four hours post transfection, cells were washed with PBS solution at RT, fixed in 

4% paraformaldehyde (PFA) in PBS for 15 minutes, permeabilised in 0.2% Triton X-100 in 

PBS for a further 15 minutes and washed in PBS. Coverslips were blocked with 1% bovine 

serum albumin (BSA) for 30 minutes, followed by incubation with primary antibody diluted in 

1% BSA for 1 hour both at RT. The coverslips were washed in PBS and incubated with Alexa 

Fluor® conjugated secondary antibody diluted in PBS for 45 minutes at RT. Sections were 

mounted in DAPI containing fluorescent mounting media. Images were viewed on a Zeiss 

Axioskop 2 microscope, acquired using an AxioCam HR digital camera (Zeiss) and 

processed using AxioVision software (Zeiss) and Adobe Photoshop. Primary antibodies 

used were as follow: rabbit anti-myc (Abcam, 1:300); mouse anti-GM130 (Abcam, 1:250) 

and mouse anti-PDI (Abcam, 1:100). 

2.11. Immunohistochemistry and more general staining methods 

2.11.1. Immunofluorescence 

Brains were removed from PFA perfused mice and post-fixed in 4% PFA overnight 

followed by cryoprotection with 10% sucrose and 30% sucrose over-night. The sucrose 

protected brains were embedded in optimal cutting temperature (O.C.T.) compound and sagittal 

sections are cut at 15 µm using a cryostat. Perfused brain sections were re-hydrated followed by 

antigen retrieval by boiling in 10mM sodium citrate pH 6.0 for 20 minutes. Slides were blocked 

for 1 hour in PBS containing 5% BSA and 0.5% Tween-20, and incubated overnight (Sigma, 

anti-GFAP; 1:200) or two nights (Swant, anti-D28K; 1:10,000) at 4°C with primary antibodies. 

After washes in PBS, anti-D28K sections were processed using the VECTASTAIN
®
 ABC Elite 

(Vector Labs) kit and appropriate secondary antibodies. Slides were stained using the 
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ImmPACT
®
 DAB substrate kit (Vector Labs), de-hydrated and mounted in Histomount

®
. Anti-

GFAP sections were incubated with Alexa Fluor
®
 conjugated secondary antibody for 1 hour, 

washed with PBS and mounted in fluorescent mounting media. Slides were imaged as 

described above. Anti-GFAP staining was conducted by Dr Emmanuel Bitoun. 

Larval CNS, fat body and gut were dissected in Grace’s Insect Medium, fixed for 10 

minutes (20 minutes for the fat body) in 4% PFA in PBS and washed in PBS supplemented with 

5% Triton X-100 and 10% horse serum (PBT). Samples were incubated sequentially in primary 

and secondary antibodies overnight. Hoechst 33342 (Life technologies; 1:1,000) was used to 

label DNA. Samples were imaged using a Zeiss LSM 510 META confocal microscope. 

Primary antibody used was mouse anti-repo (Developmental Studies Hybridoma Bank, 

1:200). Secondary conjugated antibodies used were as follow: Alex Fluor 647 conjugated 

Phalloidin (Molecular Probes, 1:200) and TRITC conjugated HRP (Jackson, 1:200). After 

drying, clear nail polish was applied to the edges of the slides, and slides were stored at 4°C. 

2.11.2. Muscle histology 

For neuromuscular junction staining, fresh dissected muscles were teased apart, and placed 

in PBS/0.2 Triton X-100 with an appropriate dilution of Alexa Fluor
®
 488 conjugated α-

bungarotoxin (Invitrogen) overnight at 4°C. The teased muscle samples were subsequently 

washed in PBS three times, before being further teased apart, placed on a slide, and covered 

with Histomount
®
 (National Diagnostics) and a coverslip.  

All muscle histology experiments were conducted by Dr Janet Kenyon and Benjamin 

Edwards. 

For fibre composition analysis, fresh dissected muscles were placed in O.C.T., cut in 15μm 

sections on the cryostat, and stored at -80°C. Muscle sections were blocked in 5% 

BSA/PBS/0.3% Triton
TM

 X-100 at RT for 1 hour. Incubation with primary antibodies diluted in 

5% BSA/1X PBS/0.3% Triton
TM

 X-100 was conducted overnight at 4°C or for 2 hours at RT. 

Muscle sections were then washed in PBS, followed by incubation with appropriate Alexa 
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Fluor® secondary antibodies at appropriate dilutions for 1-3 hours at RT. Brain sections were 

subsequently washed with PBS, and covered with VECTASHIELD
®
 Mounting Medium with 

DAPI (Vector Lab) and a glass coverslip. After drying, clear nail polish was applied to the 

edges of the slides, and slides were stored at 4°C. Primary antibodies and dilutions used 

include: mouse anti-MYHC1 (1:200, B8-F8, German Collection of Microorganisms and 

Cell Cultures); mouse anti-MYHC2A (1:200; SC-71, German Collection of 

Microorganisms and Cell Cultures); and mouse IgM anti-MYHC2B (1:100, BF-F3, 

German Collection of Microorganisms and Cell Cultures). Slides were imaged as described 

above.   

2.11.3. p-Phenylenediamine staining 

p-Phylenediamine (PPD) staining was conducted by Dr Janet Kenyon. Sciatic nerves were 

dissected from 3 month old mice and fixed overnight in PBS with 4% PFA, cryoprotected in 

30% sucrose, embedded in O.C.T. compound (VWR chemicals), sectioned, and stained with 

2% PPD in 50% ethanol. Images were viewed on a Zeiss Axioskop 2 microscope, acquired 

using an AxioCam HR digital camera (Zeiss) and processed using AxioVision software 

(Zeiss) and Adobe Photoshop.   

2.11.4. Haematoxylin and Eosin (H&E) staining 

Peripheral tissue such as trachea and pancreas were dissected, fixed overnight in 4% PFA 

and cryoprotected in 30% sucrose. Tissue was then embedded in O.C.T. and sectioned at 10 

µm. Slide-mounted sections were air dried, fixed in 100% ethanol for 30 seconds. The tissue 

sections were stained with haematoxylin for 15 minutes followed by eosin for 2 minutes for 

histopathological examination. Sections were then rinsed in water, dehydrated through EtOH 

dilutions (70%, 90% and 100%), cleared in Histo-Clear
®
 II (National Diagnostics) and finally 

mounted in Histomount
®
. Slides were imaged as described above. 
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2.11.5. Luxol fast blue staining 

Fresh frozen brain sections were air dried and hydrated with 95% ethyl alcohol. Sections 

were incubated at 56 °C overnight in 0.1% luxol fast blue solution (Solvent blue 38, Sigma). 

Excess stain was rinsed off with 95% ethyl alcohol followed by distilled water. Slides were 

differentiated in 0.05% lithium carbonate solution for 2 minutes followed by 70% ethyl alcohol 

for 1 minute and rinsed in distilled water. This step was repeated three times until the gray 

matter was clear and the white matter sharply defined. The slides were rinsed in distilled water 

and differentiated in 95% ethyl alcohol for 5 minutes. Slides were de-hydrated through a series 

of EtOH (70%, 90% and 100%), cleared in Histo-Clear
®
 II and mounted in Histomount

®
. Slides 

were imaged as described above. 

2.11.6. Periodic acid Schiff stain and filipin staining 

Periodic acid-Schiff (PAS) staining was carried out using a PAS Kit (Sigma St. Louis, MO, 

USA) as instructed by the manufacturer. Filipin complex (Sigma, St. Louis, MO, USA) was 

used at a working concentration of 10 µg/ml.  Brain sections were incubated for 3 hours at RT 

in the dark. Slides were imaged as described above.   

2.11.7. Nile red staining 

Wandering third instar larvae were dissected in Grace’s Insect Medium, fixed for 20minutes 

in 4% PFA in PBS and washed in PBT. These were then stained with Nile red (0.5µg/ml, 

Sigma) for 30 minutes. After washing twice with PBT, the samples were imaged using a 

Zeiss LSM 510 META confocal microscope. The size of lipid droplets, adipocytes and the 

number of lipid droplets per cell were measured using Image J by measuring their boundaries 

by hand. The 6-10 largest lipid droplets in every fat body cell were quantified and their average 

size was counted as the lipid droplet size for each cell. A total of ten cells from 3 images were 

measured for each genotype.  



Chapter 2. Material and methods 

 

53 

 

2.12. Lysosomal enzyme assay 

Blood sera were collected from adult wild-type (n=8), nym (nym/+) (n=8) and nym 

homozygous (nym/nym) mice (n=6) at 12 weeks of age by severing the jugular vein after CO2 

narcosis. Blood sera was separated by centrifugation and stored at -20°C until assayed. Brain 

homogenates were prepared as described in section 2.8. Activities of ß-hexosaminidase were 

assayed with 5mM 4-Nitrophenyl N-acetyl- ß-D-glucosaminide (Sigma), ß-galactosidase with 

5mM p-Nitrophenyl-ß-D-galactopyranoside (Sigma), ß-glucuronidase with 5mM 4-Nitrophenyl 

ß-D-glucuronide (BioChemika), α-mannosidase with 5mM 4- Nitrophenyl α-D-

mannopyranoside (Sigma), β-mannosidase with 5mM 4- Nitrophenyl  β-D-mannopyranoside 

(Sigma), α-galactosidase with 5mM 4-Methylumbelliferyl-α-D-galactopyranoside (Sigma) and 

β-Glucocerebrosidase with 5mM 4-Methylumbelliferyl-β-glucoside. Blood sera and brain lysate 

were incubated with 5mM substrate at 37°C for 1 hour. Reactions were stopped by addition of 

0.1 M glycine NaOH solution (pH 10.3) and the fluorescence was read at 399nm. Activities 

were expressed as nanomoles of substrate cleaved (e.g. hydrolyzed nitrophenyl) per mg of 

protein per hour. 

2.13. Triacyglyceride assay 

To determine total triacylglycerides, ten 5-day old male flies were homogenised in 200µl 

lysis buffer (10mM Tris-HCL pH8, 10mM NaCl, 1mM EDTA pH8, 1%Triton
TM

 X-100), 

incubated at 70°C for 10 minutes and then centrifuged at 1200 rpm for 5 minutes. The 

supernatants were incubated with Infinity
TM

 Triglycerides liquid stable reagent (Thermo 

Scientific) at 37°C for 5 minutes and absorbance was measured at 500nm wavelength. 

Triglyceride levels were normalised to fly/larval wet weight. 

2.14. Animal husbandry 

2.14.1. Mice, genotyping and treatment 

Animal work was approved by the University of Oxford Ethics Panel and was carried out in 

accordance with UK Home Office regulations (PPL No 30/2792). Mice were weaned at 21 days 

and kept in same sex groups in controlled conditions (12 h light–dark cycle, at 21–22 °C with 
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food and water ad libitum). For the investigations in Chapter 3 and 4 only male mice were used. 

Females were valuable as they were used for breeding purposes and the literature had not 

highlighted any gender differences in Mucolipidosis II. 

The Shakin Steven’s (stv) mouse mutant was identified from a phenotype driven screen of 

the progeny from Balb/cAnNHsd N-ethyl-N-nitrosurea (ENU) mutagenised mice crossed to 

female C3H/HeNHsd produced at the MRC Harwell. The colony was maintained by back 

crossing against C3H/HeNHsd. The stv mouse mutant harboured two mutations. These two 

mutations were separated out through genetic crossing by Dr Janet Kenyon. Two mice named 

Jabber (jab) mouse (jab/+) and Nymphe (nym) mouse (nym/+) were generated. For genotyping, 

DNA was extracted from a mouse ear biopsy. The ear notch was incubated in 50 µl of solution 

A (25mM NaOH, 0.2mM EDTA) at 95°C for 30 minutes and the reaction stopped by addition 

of 50 µl of solution B (40mM Tris-HCl). The genotype of nym individual animals was 

confirmed by amplifying a 553 base-pair region of Gnptab exon 13 from genomic DNA (see 

Section 2.5.2) followed by digestion with MseI. Genotyping for the presence of the nym 

mutation was carried out using the following primers: nym Forward, 5’-

GGAGACGGTGACATACAAAAATCT-3’ and nym Reverse 5’-

CACTGGATGCTCTAAGGAAGATAT-3’. The jab mutation was identified by PCR and direct 

sequencing. The heterozygotes were bred together to generate homozygotes. The jab 

homozygote mice were embryonic lethal and the nym homozygotes (nym/nym) are described in 

chapter 4 as a novel model of mucolipidosis II. The jab mouse was characterised in detail by Dr 

Janet Kenyon and Dr Emmanuelle Bitoun.  

No obvious difference between genders was observed in the stv, jab, nym and nym 

homozygote mice therefore equal cohorts of male and females were used in all studies 

presented in this thesis. 

For the 2-hydroxypropyl-β-cyclodextrin drug trial, two groups of 15 nym homozygote mice 

(C3H background) were injected weekly intraperitoneal with either PBS (10µl 1xPBS) or 2-

hydroxypropyl-β-cyclodextrin diluted in PBS (4000mg/kg), starting at postnatal day 7 (P7). 
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After 3 months and 7 months of weekly treatment, motor coordination of the mice was assessed 

using a rotarod (see Section 2.15.1) (Ugo Basile, Italy) and inverted screen (see Section 

2.15.2.). 

2.14.2. Drosophila stocks, husbandry and genotyping 

Stocks were maintained at 25°C under controlled conditions (12 hour light–dark cycle with 

food and water ad libitum) on standard medium (80g/l maize, 18g/l dried yeast, 10g/l soya 

flour, 80g/l malt extract, 40g/l molasses, 8g/l agar, 6.6ml acid mix). w
1118

 obtained from the 

Bloomington Stock Centre, was used as the control strain unless otherwise stated. The Arl1 

RNAi line was obtained from the Bloomington Stock Centre (Arf72A,TRiP.JF02378 

Bloomington). Tissue and behavioural analysis was conducted on Arl1 mutants and Arl1 RNAi 

crossed to the ubiquitious actin-GAL4 driver. Other stocks were actin-GAL4 (Bloomington), 

Cg-GAL4 and Arl1
1
 (Tamkun et al., 1991). For genotyping, DNA was extracted from a whole 

fly which was homogenised with a pestel in 50 µl squishing buffer (10mM Tris-Cl pH8.2, 1mM 

EDTA, 25mM NaCl and 200ug/ml Proteinase K). This was followed by an incubation period at 

37°C for 30 minutes and at 95°C for 2 minutes to inactivate the proteinase K. Transgenic 

mutant DNA was sequenced using primers amplifying a 540bp region of the Drosophila Arl1 

gene. Genotyping for the presence of the Arl1 mutations was carried out using the following 

primers: Arl1 Forward, 5’-ATGACTAGTATGGGTGGGGTGCTCAGCTAC-3’ and Arl1 

Reverse 5’-CATGAATTCCTACTTGCGACTCTGCAGGGT-3’. DNA was PCR purified 

(Qiagen) and sent for sequencing. 

2.15. Mouse behaviour 

2.15.1. Accelerating rotarod test 

A commercial rotarod device (Accelerating model, Ugo Basile, Biological Research 

Apparatus, Varese Italy) consisting of a grooved plastic beam 5 cm in diameter was used. Mice 

were placed on the beam (revolving at the default 5 rpm) facing in the opposite orientation to 

rotation. After 1 minute the rod speed was gradually accelerated to a maximum of 30 rpm over 

4 minutes by electronic control of the motor. Mice were subjected to an acclimatisation trial one 
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day before the test trial. The acclimatisation trial and the test trial were in format identical. Mice 

ran three individual trial runs on the rotarod apparatus with 10 minutes rest in between each 

trial. The maximum trial length was 4 minutes. Latency to fall in each trial was recorded, and 

overall performance of each mouse was expressed as a mean of the 3 scores. 

2.15.2. Inverted screen test 

A 90cm
2
 screen of wire mesh consisting of 12mm

2
 of 1mm diameter wire surrounded by a 

10 cm deep wooden frame was used. The mouse was placed in the centre of the wire mesh 

screen and the stopwatch started. Immediately the screen was rotated to the inverted position 

over 2 seconds, with the mouse’s head declining first. The screen was maintained 27 cm above 

a padded surface. In between each trial the mice had a resting time of 10 minutes. Latency of 

how long the mice remained upside down on the screen was measured; with a maximum score 

of 180 seconds. Overall performance of each mouse was expressed as a mean of the 3 scores. 

The mice were pre-trained the day before with three trials identical to the test trials in design.  

2.15.3. Spontaneous alternation Y-Maze 

Maze testing was carried out as previously described (Barkus et al. 2012). Briefly, a Y-

maze that had 3 arms with glass persplex walls was employed (Figure 2.1). Mice were 

habituated to the Y-maze for 5min but only allowed to enter two of the arms, the third one 

being closed off. After 5 minutes, the mice were placed back into the home cage for 5 minutes. 

After this period the mice were placed back into the Y-maze with all arms open. The mice were 

placed into the same start arm as for the habituation period and left to explore the three arms for 

2 minutes and the time spent by each mouse in each arm was measured. Percentage of 

alternation was calculated by using the equation in figure 2.1. Entrances into the start arm were 

ignored. To control for any bias in arm preference, a different start, novel and familiar arm was 

chosen for each mouse.  
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Figure 2.1. Diagram of the Y-Maze set-up 

Left side: Diagram of the Y-Maze set-up. Habitation was conducted in two of the arms and a different 

start arm was chosen to control for any arm preference. Right side: Equation to calculate % Alternation. 

2.15.4. CatWalk
TM

 automated quantitative gait analysis  

The Noldus CatWalk
TM

 System (Hamers et al. 2001) was employed to analyse the gait of 

the nym homozygous mice. A CCD camera recorded the mice from below traversing a glass 

floor in a dark room. The corridor walkway contains a sheet of glass encased with a fluorescent 

light. The optical properties of the glass result in internal reflectance of the light unless an 

external contact is made with the glass. When the paw is placed on the glass and applies 

pressure, the light changes the dynamic property of the glass and allows the light to escape 

internal reflectance. This illuminates the source of pressure with luminescence proportional to 

the intensity of pressure (Hamers et al. 2006). Wild-type littermates, nym and nym homozygous 

mice were placed in the corridor 10 cm wide by 90 cm long and allowed to freely move 

(movable wire gates prohibited the mice from exiting the walkway). As the mouse enters the 

field of view, a run is recorded and saved on a computer attached to the camera. If the mouse 

exited the field of view within 25 seconds and there was less than a 60% variation in speed, the 

run was compliant. Furthermore, runs were only considered if the mouse did not stop, change 

direction, or in any other way did not satisfactorily cross the field of view. Three compliant runs 

by the animals were needed for analysis and termed a trial. Between each trial, the walkway 
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barrier was removed and the glass was cleaned to remove any excrement or smell from the 

preceding trial. After each trial, the acquired data was classified. Classification is characterised 

by the semi-automated process of entering which limb (RH _ Right Hind, LH _ Left Hind, RF _ 

Right Front, LF _ Left Front) induced the recorded print and, if necessary, the print size was 

adjusted. 

The following parameters were analysed: (i) The regularity index acts as a measure of 

generalised coordination (Hamers et al. 2006) by computing whether the mouse footfalls fall 

within regular step patterns. As the animal becomes less coordinated, there becomes an increase 

in missteps which results in a lower regularity index (Hamers et al. 2001). Gait regularity tests 

how consistently the mouse takes “normal strides” compared to “abnormal strides.” Normal 

strides are considered to occur when either the right front paw is paired with the left hind paw 

or when the left front paw is paired with the right hind paw. Abnormal strides consist of any 

other configuration and is broken down into various “support categories” such as “one” where 

one paw is the only base of support, “three,” “four,” “lateral,”, “diagonal” or “zero” with the 

later counting when the mouse is no longer supporting its weight through its limbs. These 

support subcategories were also analysed. Figure 2.2 graphically depicts step cycle, stand and 

swing. (ii) Stand is the duration of contact with the glass plate of the print. (iii) Single stance is 

the duration (in seconds) of ground contact for a single paw (Coulthard et al. 2003). (iv) The 

stand index is a measure for the speed at which the paw loses contact with the glass plate. (v) 

Swing is the duration in seconds of no contact of a paw with the glass plate. 

 

Figure 2.2. Step Cycle, Stand and Swing diagram 

RH: Right hind. (Adapted from Noldus CatWalk
TM

 9.1. Manual). 

Step cycle

Stand

RH

RH

Swing
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(vi) The phase dispersions parameter describes the temporal relationship between placement of 

two paws within a step cycle. It is used as a measure of inter-paw coordination. In wild-type 

animals, for the diagonal paw pairs (RF-LH, LF-RH) the target paw typically moves 

synchronously with the anchor so the initial contacts occur simultaneously resulting in a phase 

dispersions value of  0%. Girdle pairs (RF-LF, RH-LH) usually yield a phase dispersions value 

of 50% when walking at a moderate speed (Kloos et al. 2005). (vii) The base of support (BOS) 

is the average width between either the front paws or the hind paws. (viii) Stride length 

measures the distance from the previous position of a hind limb to the current position of the 

forelimb on the same side. (ix) The body speed of a step cycle of a specific paw is calculated by 

dividing the distance that the animal’s body travelled from one initial contact of that paw to the 

next by the time to travel that distance. (x) Body speed variation (%) is calculated by dividing 

the absolute difference between the body speed and the average speed of a run by the average 

speed. 

2.16. Drosophila behaviour 

2.16.1. Rescue experiment null  

Rescue experiments were conducted by Dr Stuart Grice. Rescues were performed to 

confirm the functionality of the wild-type UAS-Arl1 and UAS-Arl1::HA fly stocks. Ubiquitous 

expression was generated using the 1032-GAL4 driver. To create the stocks the double balancer 

stock w
1118

; sp/cyo; mkrs/Tm6B was also used. Ultimately, 1032-GAL4/1032-GAL4;+/+; 

Arl1
1
/Tm6B flies were crossed to w

1118
; UAS-Arl1/UAS-Arl1; Arl11/Tm6B and w

1118
; UAS-

Arl1::HA/UAS-Arl1:HA; Arl11/Tm6B to test the wild-type Arl1 and Arl1::HA stocks 

respectively.  The number of larvae that reached pupation, and eclosed, were scored for each 

construct and compared to w
1118

; Arl1
1
/ Arl1

1
 flies. 

2.16.2. Developmental analysis 

All stocks were cultured on standard molasses/maize meal and agar medium in plastic vials 

or bottles at 25˚C under a 12 hour light/dark cycle. Adult viability assays were conducted by 

crossing 20 female actin-GAL4 driver stocks (a ubiquitous driver) to 10 males harbouring Arl1 
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mutant overexpression, Arl1-RNAi or to w
1118

 for controls for 4 hours on apple juice plates with 

yeast to ensure similar ages. Twenty embryos per plate were then counted and lined on apple 

juice plates with yeast and the development of the larvae and pupae was quantified daily until 

hatching of flies. Number of flies hatched was quantified for each genotype. 

Pupal cases were scored 4 days post-eclosion (latest 16 days after egg laying) on how many 

cases presented with complete hatching, incomplete hatching or an inability to hatch at all. 

2.16.3. Survival assays adult flies and larvae 

All stocks were cultured on standard molasses/maize meal and agar medium in plastic vials 

or bottles at 25˚C under a 12 hour light/dark cycle. Breedings were set up using 20 female 

actin-GAL4 virgins and 10 male Arl1 mutant, Arl1-RNAi or w
1118 

for controls. They were left 

to lay eggs for 4 hours on apple juice plates with yeast to ensure similar larvae development. 

Once flies hatched, female and males were separated into new plastic vials and survival was 

analysed. Flies were flipped every 3-4 days and the number of dead flies quantified.  

2.16.4. Weight and length measurements 

Weight of 10 flies batched in an Eppendorf tube was weighed on an Analytical Balance 

AB104-S (Mettler Toledo). Six batches for each genotype and gender was quantified. Images of 

30 flies per genotype and gender were captured using a standard canon camera. Measurements 

from head to bottom were quantified to describe the length and mid-body width described as 

width. Measurements were quantified using Image J. 

2.16.5. Locomotor function assay 

Age-matched (1-5 day old) male flies were placed individually in a 5 mm glass activity tube 

containing a food source (5% sucrose (Sigma) and 2% Bacto agar (BD) in distilled water) at 

one side and a plastic cover with an air hole at the other. The individual glass tubes were placed 

into the activity monitor (Trikinetics monitors DAM2, Trikinetics Inc.) and supported with 

rubber bands to hold them in place. Locomotor activity was recorded when the flies crossed the 

infrared light beam at the middle of the glass tubes. Thirty flies were used per genotype and 
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kept under controlled conditions (12 hour light–dark cycle at 25°C) for 4 days, day one being 

excluded for habituation. Data was collected by the DAM System collection software. The raw 

binary data is processed using DAM Filescan102X (Trikinetics, Inc.) and summed into 1 hour 

bins. 

2.17. Statistics 

Data sets were statistically analysed using either a two-tailed Student’s test or a 1-way 

ANOVA with Dunnett’s multiple comparison test. Normal distribution is assumed for these 

tests and was confirmed using the Shapiro-Wilk test. The two-tailed Student’s test was used 

when comparing two data sets whereas the 1-way ANOVA was used when comparing three 

data sets or more. In the rare case that the data was not normally distributed as shown in the 

Inverted screen test comparing two samples (Figure 4.7 B), the Mann-Whitney U test was used 

and in the Inverted screen test comparing more than two samples (Figure 3.6), the Kuskal-

Wallis 1-way ANOVA was used, which both have more statistical power for not normally 

distributed data. GraphPad Prism 5 software was used for all statistical analyses. Means±SEM 

are plotted for all graphs unless otherwise stated. 
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3. Analysis of the disease causing mutation in the Shakin’ Stevens 

mouse 

3.1. Introduction 

The Davies group is exploiting the MRC Harwell ENU mutagenesis programme to uncover 

novel genes and pathways involved in neurological disease. As described in Section 1.2.2.1 of 

Chapter 1, ENU mutagenesis is a powerful approach to identify novel genes through the 

screening of mutants for movement disorders. The Davies group select mutant mice that have 

shown abnormal gait or behavioural phenotype in the SHIRPA assay undertaken at MRC 

Harwell. The mutants are then further examined for brain abnormalities or muscle pathology. 

When this work began, the Shakin’ Stevens mouse (Stevens (stv) mouse from here 

onwards) was identified through the SHIRPA test by its smaller size and tremor. The MRC 

Harwell had also shown that there were abnormalities at the neuromuscular junction (NMJ), 

which was confirmed by Dr Janet Kenyon and Benjamin Edwards. The stv mouse also 

presented with hind limb clasping, reduced muscle strength, demyelination, muscle pathology, a 

2-3 fold increase in hydrolase activity in the blood sera and a normal lifespan. Interestingly, the 

stv mouse presented with two protein coding mutations, the chances of this being very rare 

(Keays et al. 2006). Haplotype analysis localised the stv mutations to a genetic interval of 6 Mb 

on mouse chromosome 10, between markers D10Mit42 and D10Mit178. PCR and direct 

sequencing of all 28 protein-coding genes within the interval, including exonic regions and 

exon-intron boundaries, revealed two non-synonymous heterozygote point mutations in exon 13 

of the Gnptab gene and exon 5 of the Arl1 gene. 

Using genetic crossing the two mutations were separated into individual mouse strains. 

Firstly, the Jabber (jab) mouse (jab/+), which harbours a missense mutation in the Arl1 gene 

encoding for a small GTPase, as of yet not studied in a mammalian organism. Arl1 has been 

implicated in the regulation of vesicular transport and membrane trafficking but also recently in 

production of lipid droplets and chylomicrons, key players in lipid homeostasis (Hesse et al. 

2013). Therefore it was of interest to elucidate the function of Arl1 in linking lipid trafficking 
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and neurodegeneration. Secondly, the Nymphe (nym) mouse (nym/+), which harbours a 

truncation mutation in the Gnptab gene important for correct targeting of lysosomal hydrolases 

to the lysosome and implicated in the autosomal recessive disorder mucolipidosis (ML) II 

(Kudo et al. 2005). Lysosomes are crucial components of the autophagic-lysosomal degradation 

pathway, which has been shown to be involved in the majority of neurodegenerative diseases 

(Nixon 2013). Both genes have been reviewed in Section 1.3.1 and 1.3.2 of Chapter 1 and are 

very interesting to study further in order to elucidate novel pathways in neurodegeneration. 

Based on knowledge of the genes of interest, it is anticipated that the jab mutation might be 

causing the dominant phenotype in the stv mouse since it has been shown to be lethal in 

Drosophila when knocked out. The Gnptab gene has been implicated in MLII due to 

homozygous or compound heterozygous nonsense or frameshift mutations, showing the 

necessity of both alleles to be defective. Therefore, a potential recessive phenotype is 

anticipated in this mutant and hypothesised not to cause the dominant phenotype in the stv 

mouse. 
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3.1.1. Aims of the chapter 

The aim of this chapter was to determine which mutation, the jab or the nym mutation (or 

both), is responsible for the phenotype seen in the stv mouse (jab/+;nym/+). To this end, the two 

newly generated mouse lines were studied individually and their phenotypes compared to that 

of the stv mouse. These results may help elucidate which pathway is involved in causing the 

neurodegenerative phenotype observed in the stv mouse, and are therefore of interest in the 

context of neurodegenerative disease. This part of the thesis was carried out together with Dr 

Janet Kenyon. 

The mouse phenotypes will be characterised in the following ways: 

- Analysis of the individual mutations by DNA sequencing 

- Size and behavioural defects of the nym and jab mice will be assessed through 

measurements of: weight to assess growth retardation, extension by the tail to assess 

hind limb clasping and inverted screen performance to assess muscle strength. 

- Myelination, NMJs and muscle pathology will be assessed in the nym and jab mice. 

Hind limb clasping and tremor are parameters that indicate pathology of the nervous 

system, hence the peripheral nervous system (PNS) was analysed for any defects that 

could lead to the tremor. 

- Analysis of lysosomal hydrolase activity in blood sera in the nym and jab mice will 

be assessed as the stv mouse presented with a 2-3 fold increase in lysosomal activity in 

the blood sera.  
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3.2. Results 

3.2.1. The stv mouse has a truncation mutation in the Gnptab gene and a 

missense mutation in the Arl1 gene 

Genotyping of the jab mouse was conducted by amplifying a 347bp region of exon 5 

and PCR products were sent for sequencing. The Arl1 point mutation causes a base pair change 

from T to C in exon 5. This affects the open reading frame, mutating leucine 61 to a proline 

residue (Figure 3.1A). The jab mutation is located in the interswitch (white arrow, Figure 3.1B) 

region of the protein that connects the switch I and switch II region, which are two anti-parallel 

β-strands. The alignment of Arl1 peptide sequence shows that the amino acid leucine at position 

61 is highly conserved (Figure 3.1C). The transcript and protein expression levels of jab Arl1 

were found to be 50% reduced in jab mouse embryonic fibroblasts (MEFs) (Bitoun et al., 

unpublished data; Chapter 1, Figure 1.8A+B). The homozygote jab mouse is not viable, thus 

confirming a dominant mutation. 

 

Figure 3.1. Identification of the jab mutation in the Arl1 gene 

(A) Sequencing traces of wild-type (+/+) and jab mouse (jab/+) of PCR amplicon in exon 5 containing 

the jab mutation 182T→C. This affects the open reading frame, mutating leucine at position 61 to 

proline. (B) X-ray structure of human Arl1 at 2.3Å resolution (Panic et al. 2003). The position of L61, 

affected by the mutation, is located at the end of a loop connecting two anti-parallel β strands. (C) 

Alignment of amino acid sequences for Arl1 proteins from the indicated species. The leucine substituted 

for a proline at position 61 in the jab/+ mutant (L61P mutation) is highlighted in red. 
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The nym mutation was identified by amplifying a 553bp region of exon 13 and PCR 

products were sent for sequencing and analysed as shown in figure 3.2A. Due to the mutation 

being localised in a restriction site, the presence of the nym mutation was confirmed by 

amplification of the 553bp region and subsequent restriction digest using MseI. MseI only cuts 

when the mutation is present at the recognition site TTAA. A wild type mouse presents with a 

full uncut product of 553 bp, a nym mouse (nym/+) will show one band at 553bp and a cut 

product of one allele at 352bp and 201bp, and a homozygous nym mouse (nym/nym) will only 

present with 352bp and 201bp bands as the mutation is present in both alleles. For diagnostic 

purposes the 201bp band, which is very faint in detection, was not used to identify the mutants 

(Figure 3.2B). The nym mutation introduces a T to A substitution at nucleotide 2601 of the 

cDNA sequence (T2601→A) that changes the tyrosine into a premature stop codon at position 

867 of the protein sequence (Y867X). This mutation is located within an evolutionarily 

conserved spacer region, 40 residues upstream of the cleavage signal between the α- and ß-

subunits (Figure 3.2C). This is predicted to result in the production of a slightly truncated α- 

subunit (~ 95% of full-length) and the complete lack of the ß-subunit. In agreement with the 

loss of a functional N-acetylglucosamine-1-phosphotransferase (Gnpta) enzyme, encoded by 

Gnptab, the counterpart nym mutation in the human protein sequence (Y888X) has, in fact, 

recently been identified in a MLII patient (Cathey et al. 2010). The nym homozygote mouse 

(nym/nym) is viable and is further described in Chapter 4.  
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Figure 3.2. Identification of the nym mutation in the Gnptab gene 

(A) Sequencing of the Gnptab locus identified a single-nucleotide change resulting in a coding change 

from a tyrosine residue (TAT) in the wild-type (+/+) to a premature stop codon (TAA) in the nym 

(nym/+) and nym homozygote (nym/nym) mutants. (B) Genotyping strategy which after MseI digest 

shows a 553bp band for the wild-type, a 553bp, 352bp and 201bp (very faint) band for the nym mouse 

and only a 352bp and very faint 201 bp band for the nym homozygous mouse. (C) Schematic of human 

GlcNAc-1-phosphotransferase (GNPTA) α/β subunits presenting the location of the nym mutation and its 

conservation from mouse to human, including the human nym counterpart mutation Y888X (truncation 

mutation indicated by an asterisk). The precursor protein is cleaved between K928 and D929 by the site-

1-protease to produce two catalytically active α and β subunits. The bacterial capsule biosynthesis 

proteins, also called Stealth domains, are similar to bacterial genes which are important for synthesis of 

cell wall polysaccharides and sugar-phosphate transferases. The Stealth domains harbour the catalytic 

sites. The NOTCH modules found in NOTCH receptor family members have been shown to recognise 

lysosomal hydrolases. The DMAP interaction domain is a component of DNA methyltransferase and 

plays a role in lysosomal hydrolase recognition. TM: Transmembrane domain; aa: amino acid. Adapted 

from (Qian et al. 2015). 

In the nym mouse, Gnptab mRNA levels were analysed to investigate whether the nym 

mutation, causing a truncation mutation at the end of the α-subunit, affects the nonsense 

mediated mRNA decay pathway leading to elimination of mRNA transcripts that contain 

premature stop codons (Brogna and Wen 2009). This was conducted using semiquantative RT-
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PCR. Gnptab transcript levels were reduced by 50% in nym mice compared to wild-type mice 

(Figure 3.3). 

 

 

Figure 3.3. Semiquantative RT-

PCR analysis of Gnptab mRNA 

reveals a reduction of 50% 

(Top) Representative semi-

quantative RT-PCR analysis of 

Gnptab mRNA in whole brain 

extracts. (Bottom) The amount of 

Gnptab mRNA, expressed as the 

ratio of densitometric measurement 

of the sample to the corresponding 

internal standard (18S), is shown in 

the lower panel. Values are 

expressed as mean ±SEM (n=4; 

two-tailed Student’s t- test, 

*P<0.05). 

 

3.2.2. Growth retardation, hind limb clasping and reduced muscle strength 

segregates with the jab mouse 

The stv mouse presented with growth retardation, resulting in a 25% reduction in weight 

compared to wild-type controls from 3 months of age (Figure 3.4A). The jab and nym mice 

were therefore weighed in order to assess which mutant presented with growth retardation, 

similarly to the stv mouse. The jab mice presented with reduced size, as shown in the picture 

panel and in the weight chart (Figure 3.4B). The jab mice are about 25% lighter than the wild-

type control from 3 months of age. In contrast, the nym mice have a similar size to the wild-type 

controls, as seen in the picture panel in figure 3.4C, and there is no significant difference 

observed in weight between wild-type and nym mice. Therefore, the weight reduction seen in 

the stv mouse is most likely to be attributed to the jab mutation. 
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Figure 3.4. Growth retardation present in the jab but not in the nym mouse 

Three-month old (A) stv (jab/+;nym/+) and (B) jab mice (jab/+) show significantly reduced body size and 

weight in comparison to their wild-type (+/+) littermates. (C) The nym mouse (nym/+) shows no 

significant body size or weight difference to the wild-type. Values are expressed as mean±SEM (n=10; 

two-tailed Student’s t- test, *P<0.05; **P<0.01, ***P<0.001, ****P<0.0001). 

  



Chapter 3. Analysis of the disease causing mutation in the Shakin’ Stevens mouse 

 

70 

 

Hind limb clasping is a marker of disease progression in a number of mouse models of 

neurodegeneration, including certain cerebellar ataxias (Chou et al., 2008). The stv mouse 

shows hind limb clasping at 3 months, therefore both jab and nym mice were assessed on this 

parameter. Hind limb clasping is assessed by hanging the mouse by its tail for 10 seconds. In 

the wild-type mice it can be observed that they balance their body by spreading their hind paws 

apart. This is the normal expected response and is also observed in the nym mice (Figure 3.5). 

However, both the jab and stv mice presented with hind limb clasping (Figure 3.5). Therefore, 

this phenotype of the stv mouse can also be attributed to the jab mutation. 

 

 

Figure 3.5. The jab mouse presents with hind limb clasping similar to the stv mouse 

At 3 months, male wild-type (+/+) mouse extends its hind paws to balance its body posture. In contrast 

the male stv (jab/+; nym/+) and jab mouse are unable to balance their body with their hind limbs and 

clasps them into their body and even attempts to hold on to them with their front paws. In contrast, the 

nym mouse responds similarly to the wild-type control (n=8). 
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As the stv mouse presented with reduced muscle strength (tested on the inverted screen at 3 

months of age), both jab and nym mice were assessed on the inverted screen. Mice were placed 

on a wired mesh screen and time was measured until the mice dropped off up to a maximum 

time of 3 minutes. The jab mice showed a significantly reduced performance in comparison to 

the wild-type controls (Figure 3.6). These findings are almost identical to the performance of 

the stv mice. The nym mice presented with similar performance to the wild-type controls 

(Figure 3.6). Therefore, the reduced muscle strength of the stv mouse can be attributed to the 

jab mutation. 
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Figure 3.6. The jab mice showed reduced muscle strength as tested on the inverted screen almost 

identical to the stv mouse at 3 months of age 

The jab mice present with reduced muscle strength (measured on the inverted screen) in comparison to 

their wild-type (+/+) littermates. The performance of the jab mice was very similar to the stv mice. 

Values are expressed as mean±SEM (n=10; Kruskal-Wallis 1-way ANOVA, ***P<0.001). 

 

3.2.3. The jab mice present with demyelination of the sciatic nerve, 

neuromuscular junction disorganisation and resulting muscle pathology 

The phenotypic features of the stv mouse, including hind limb clasping and reduced muscle 

strength, strongly suggest dysfunction of the nervous system. Therefore, potential defects in the 

peripheral nervous system, particularly peripheral nerve damage and muscle pathology, were 

investigated in both the stv mouse, as well as the separated mutants. Given the involvement of 

both Arl1 and Gnpta in lipid metabolism, as well as the tremor observed in the stv mice, 

myelination of the sciatic nerve was assessed. Staining of sciatic nerve sections for myelin 
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sheath lipids using P-Phenylene Diamine (PPD) was much weaker in stv mice compared to 

wild-type controls (Figure 3.7). In addition, increased white space was present in the stv sciatic 

nerve sections, indicating a potential loss of nerve fibres. Therefore, this pathology was 

analysed in the jab and nym mutants. The nym mice present with very similar strong myelin 

sheath lipid staining as wild-type mice. The jab mice (similarly to the stv mice) present with 

weaker staining for myelin sheath lipids and potential loss of nerve fibres (Figure 3.7). 

 

Figure 3.7. The jab mouse confirms the demyelination observed in the sciatic nerve in the stv mouse 

Representative images of cross sections of sciatic nerve from wild-type (+/+), stv (jab/+; nym/+), jab and 

nym mice at 3 months of age (n=4) stained with PPD to visualize the myelin sheath. Scale bar: 20µm. 

(Data provided by Dr Janet Kenyon and Ben Edwards).  

 

Morphological analysis of the NMJs from the stv mice revealed (by α-bungarotoxin 

staining) a significant change from the characteristic complex branched pretzel-like structure 

observed in wild-type mice. The NMJs of the stv mice appeared fragmented and distended, with 
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membrane edges less well defined (Figure 3.8). This pathology was therefore analysed in the 

jab and nym mutants. The jab mice also presented with fragmented and distended membrane 

edges in the NMJ morphology, whereas the nym mice had a defined characteristic complex 

branched pretzel-like structure similar to the wild-type. 

 

Figure 3.8. The jab mouse confirms the neuromuscular junction pathology seen in the stv mouse 

Structural analysis of neuromuscular junctions in soleus muscle from wild-type (+/+), stv (jab/+; nym/+), 

jab and nym mice at 3 months of age (n=6) stained with α-bungarotoxin. Scale bar: 10µm. (Data 

generated together with Dr Janet Kenyon.) 

 

From other disease models, it is know that nerve demyelination and disorganisation of the 

NMJs leads to muscle atrophy, which was also detected in the stv mice. Typically skeletal 

muscle is characterised by certain properties including, the number, type, and size of muscle 

fibres. Different muscle fibre types exist and they can be of different size and function. For 

example, contractile power and resistance to fatigue can vary in different muscle fibre types 

(Bottinelli and Reggiani 2000). A mixture of fibre types are present in human skeletal muscles 

and are mainly made up of a mixture of type I, IIA, and IIX muscle fibres (Schiaffino 2010). 

For this investigation the soleus muscle was chosen, as unlike most of the muscles in mouse, it 

is made up of type I and type IIA fibres (Timson et al. 1985). This composition is similar to the 

fibre types found in humans. In addition, a single cross-section can be taken from the soleus to 

provide a readout of the estimated abundance of muscle cell types, because all types of fibres 

pass through the belly of mouse soleus (Timson et al. 1985). Type I and type IIA fibres were 

differentiated through specific staining, and the number of each fibre type per cross-section was 

quantified. Healthy muscle presents with evenly distributes fibres as can be seen in the wild-

type mouse (Figure 3.9, top panel). The stv mice present with a change in distribution of muscle 
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fibres type I and IIA, which presented as fiber type grouping and grouped atrophy, in 

comparison to regular grouping in the wild-types (Figure 3.9).  Fiber type grouping and grouped 

atrophy are prominent features of long standing denervation-reinnervation-denervation. 

Therefore, this pathology was analysed in the jab and nym mutants. The jab mice also presented 

with abnormal grouping for type I and type IIA muscle fibres (Figure 3.9), in contrast to the 

regular distribution observed in wild-type and nym muscle. In conclusion, this pathology seems 

also to stem from the jab mutation. 
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Figure 3.9. The jab mouse confirms the muscle pathology as seen in the stv mouse 

Histological analysis of soleus muscle from wild-type (+/+), stv (jab/+;nym;+), jab (jab/+) and nym 

(nym/+) mouse. Type I and type IIA fibre typing was conducted and stv and jab mice present with an 

abnormal change of distribution of these in comparison to the wild-type mice (n = 4). Arrows (↑) are 

highlighting the grouped atrophy observed in the muscle sections of the stv and jab mouse. Scale bar: 

100µm. (Data provided by Benjamin Edwards) 
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3.2.4. Increased lysosomal hydrolase activity in the blood sera segregates with 

the nym mouse 

Mutations in GNPTAB are known to cause a defect in the synthesis of the mannose-6 phosphate 

(M6P) marker (Tiede et al., 2005). This marker is important in the delivery of lysosomal 

hydrolases to the lysosome in order to enable degradation of cellular waste material. If this 

marker is not present on lysosomal hydrolases, the hydrolases will not be directed to the 

lysosomes and therefore excreted into the blood sera. Hence, the enzymatic activity in the blood 

sera of the stv mice was analysed to gain knowledge to what extent the function of Gnpta is 

dysfunctional in the stv mice. The stv mice present with a 2-3 fold increase in enzymatic 

activities in the blood sera and therefore the enzymatic activities in the blood sera of both nym 

and jab mice were analysed. This was conducted using lysosomal hydrolase substrates that were 

linked to a fluorescent compound and once cleaved efficiently, fluorescence can be measured 

on the spectrometer. The jab blood sera presented with the same enzymatic activity found in the 

blood sera of wild-type animals, whereas the nym and stv mice both presented with a 2-3 fold 

increase in enzyme activities for β-hexosaminidase (Figure 3.10; nym/+: 1.7±0.1; jab/+;nym/+: 

2.1±0.4) and α-mannosidase (Figure 3.10; nym/+: 2.4±0.2; jab/+;nym/+: 2.3±0.2). In 

conclusion, the 2-3 fold increase in enzymatic activities in the blood sera appears to stem from 

the nym mutation. 
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Figure 3.10. Increased enzymatic activity is present in the nym and stv mouse 

The relative enzymatic activities of the lysosomal hydrolase: β-Hexosaminidase (β-Hex), β-Mannosidase 

(β-Man), α-Mannosidase (α-Man), β-Glucuronidase (β-Glu) and β-Galactosidase (β-Gal) were measured 

in blood sera of 3-month-old wild-type (+/+), stv (jab/+; nym/+), jab (jab/+) and nym (nym/+) mice. The 

specific activities of the wild-type were set to 1. Values are expressed as mean±SEM (n=8; 1-way 

ANOVA with Dunnett’s post-hoc test, **P<0.01, ****P<0.0001). 
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3.3. Discussion 

In summary, the jab mouse resembles the majority of pathological phenotypes observed in 

the stv mouse. In contrast, the nym mouse only presents with a 2-3 fold increase in hydrolase 

activity detected in the blood sera (Table 3.1). The truncation mutation in the Gnptab gene from 

the stv mouse corresponds to a MLII patient mutation (Cathey et al., 2010). Carriers of MLII, 

that are heterozygote for nonsense or frameshift mutations in GNPTAB, do not show any MLII 

pathology, despite a 2-3 fold increase in enzymatic activity. Therefore, it can be concluded that 

the mutation in Arl1 appears to cause the pathology observed in the stv mouse and not the 

Gnptab mutation. 

Table 3.1. Comparison of the double mutant stv to the separated out mouse mutants: jab and nym 

Pathology 
Stevens mouse 

(jab/+; nym/+) 

Jabber mouse 

(jab/+) 

Nymphe mouse 

(nym/+) 

Growth retardation   X 

Reduced muscle 

strength   X 

Hind limb clasping 
  X 

Muscle pathology 
  X 

NMJ disorganisation 
  X 

Demyelination 
  X 

Increased hydrolase 

activity 2-3 fold  X  

 

3.3.1. The nym mouse does not show an obvious phenotype 

The nym mouse only segregated with having a 2-3 fold increase in lysosomal hydrolases, 

detected in the blood sera, which is similar to what was seen in the stv mouse. Interestingly, the 

nym mutation has a counterpart mutation in the human protein sequence (Y888X) that has been 

identified in a MLII patient (Cathey et al. 2010). A 2-3 fold increase in lysosomal hydrolases in 

the blood sera has also been reported in carriers of MLII, but these do not present with any 
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pathology of MLII and appear healthy (Cathey et al. 2010), which is very similar to the nym 

mouse. Therefore, the stv mouse neurological dominant phenotype was caused by the jab 

mutation and not the nym mutation. It will be very interesting to characterise the homozygote 

nym mutant, as this mouse should present as a novel mouse model of MLII, which mimics the 

human mutation. Current animal models of MLII do not fully recapitulate the human disease. 

Hence, a mouse model of a human patient mutation that more fully models the human 

pathology, will be of immense value to gain a greater understanding of the disease mechanism 

and help when testing novel drugs for MLII. 

3.3.2. The jab mutation causes the phenotype observed in the stv mouse 

The mutated L→P in the jab mouse, presumably causes a kink in the interswitch region and 

alters the structural features. Further investigations are necessary to investigate the effect of the 

mutation on cell localisation, its ability to bind GTP and Arl1’s binding partners. The 

homozygote jab mouse is not viable, which is consistent with the findings in which an Ar11 

knock-out in Drosophila is embryonic lethal (Tamkun et al. 1991). This suggests that Arl has a 

crucial role in development. 

Recent work by Jaschke et al. (2012) implicated Arl1 in a pathway that leads to the 

formation of lipid droplets and chylomicrons reviewed in Section 1.3.2.1 of Chapter 1. The 

implicated defect in lipid metabolism by the recruitment of Arl1 by Arfrp1 (Hommel et al. 

2010) is most possibly also implicated in the disease phenotype of the jab mouse. The 

conditional adipose tissue-specific Arfrp1 knock-out mouse presents with growth retardation 

similar to the jab mouse. It would be of interest to follow up those observations and analyse the 

similarity of the phenotype in the jab mouse and the tissue specific knock-outs of Arfrp1, which 

were also generated in liver and intestine (Hesse et al. 2012, Jaschke et al. 2012, Hommel et al. 

2010). For example, the conditional adipocyte-specific Arfrp1 knock-out mouse showed 

markedly reduced amounts of brown adipose tissue, nearly absent white adipose tissue and 

smaller size of lipid droplets in brown adipose tissue (Hommel et al. 2010). Furthermore, the 

conditional enterocyte-specific Arfrp1 knock-out mouse presented with defective lipidation of 
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chylomicrons and retention of these in the gut. Finally, the conditional hepatocyte-specific 

Arfrp1 knock-out mouse presented with defective insulin-like growth factor (IGF) 1 secretion (a 

ligand for the insulin receptor) and glucose transporter (GLUT) 2 sorting, enabling glucose 

movement across the membrane (Hesse et al. 2012, Jaschke et al. 2012). It would be of value to 

analyse similar parameters in the jab mouse to understand to what extent these pathologies 

overlap and ultimately gain a better understanding of Arl1’s signalling pathways. 

The phenotype of the jab mouse seems to be driven by peripheral demyelination, leading to 

nerve loss, NMJ disorganisation and muscle myopathy. The type of muscle damage seen in the 

jab mouse is characteristic of denervation, and explains the muscle weakness observed in the 

jab mouse on the inverted screen test. More in depth analysis is required to fully understand this 

pathology, as Arl1 is expressed ubiquitously and it is surprising to cause a specifically 

neurological phenotype for a gene that is so widely expressed. It would also be of interest to 

fully confirm that the pathology arises from peripheral demyelination and not from neuronal 

loss in the central nervous system (CNS). 

Interestingly, no report of demyelination and resulting NMJ disorganisation and muscle 

myopathy has been reported in the tissue specific knock-outs of Arfrp1, which recruits Arl1 

(Hesse et al. 2013, Hesse et al. 2012, Hommel et al. 2010, Jaschke et al. 2012). Therefore, Arl1 

is potentially involved in alternative pathways that lead to demyelination but are not involved 

with the formation of lipid droplets and chylomicrons. 

3.3.3. ENU mutagenesis 

 

Mutagenesis screens using ENU accelerate forward genetics, i.e. moving from trait to 

identified gene, and generate valuable alleles for uncovering the diversity of gene function. 

ENU can induce point mutations in DNA, leading to a variety of genetic lesions that are 

expressed as complete loss of function, partial loss of function, or gain of function alleles. This 

will reveal a more complete range of gene activity than knock-outs (Oliver et al. 2007). 

Haplotype analysis localised the stv mutations to a genetic interval of 6 Mb on mouse 
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chromosome 10. The chance of more than one coding mutation in a linkage to 5Mb region is 

very rare (Keays et al. 2006). Therefore, two mutations in a coding region, as detected in the stv 

mouse, is a very rare occurrence. However, the analysis by Keays and co-workers did mention a 

bias in relying on phenotypic observations and may have biased observed rates of mutation, 

with some genes seeming to be more prone to mutations than others. Therefore, the authors 

conclude that many more genes will need to be screened using genotypic methods before 

conclusions can be made on the uniformity of gene mutability. Furthermore, it was assumed 

that coding DNA is uniformly spread throughout the genome, which is unrealistic, as shown by 

evidence of gene clustering (Waterston et al. 2002; Wu et al. 2001). 

 

Furthermore, introns were not sequenced for mutations in the stv mouse. Non-protein-

coding sequences have shown to have important functions in the CNS (Belgard et al. 2011). 

Advances in sequencing technology and data analysis generating a genome wide database of 

mutants would increase the potential of ENU mutagenesis. Interestingly, ENU mutants with 

mutations in non-coding regions, such as the ENU-induced mutation of miR-96 linked to 

progressive hearing loss, have already been described (Lewis et al. 2009). In conclusion, two 

mutations, as detected in the stv mouse, is a rare occurrence in ENU mutagenesis. However, to 

investigate the exact probability of mutations, the full ENU mutagenesis archive would need to 

be sequenced fully. 
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3.3.4. Future work 

3.3.4.1. The nym mouse 

This chapter confirmed that the nym mutation has a counterpart mutation in the human 

protein sequence (Y888X) that has been identified in a MLII patient (Cathey et al., 2010). The 

heterozygote nym mouse was bred to homozygosity in order to investigate if the expected MLII 

pathology was observed in the nym homozygote mouse. The current animal models of MLII do 

not recapitulate the human pathology of MLII very well, which not only limits the research into 

the underlying disease mechanism but also the immense need to test novel drugs for MLII. 

Therefore, the homozygote nym mouse was characterised as a novel mouse model of MLII and 

used as a tool to test a novel therapy for MLII. This work is presented in Chapter 4. 

3.3.4.2. The jab mouse  

The study of the jab mouse has been further characterised by Dr Janet Kenyon and Dr 

Emmanulle Bitoun in the Davies laboratory. Based on their work in the jab mouse, the 

demyelinating phenotype in the mouse causes the disease pathology in the jab mouse. However, 

it is uncertain if a global defect of Arl1 function is causative or if a specific tissue is driving the 

phenotype. Consequently, Drosophila was chosen for further studies due to its diverse genetic 

tool set allowing for tissue specific knock-outs and overexpression systems, in addition to its 

suppressor and enhancer screens, fast generation time and conserved function between 

mammals and Drosophila (reviewed in Chapter 1, Section 1.2.1). This work is presented in 

Chapter 5. 
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4. Study of a novel mouse model of mucolipidosis II 
 

This research was originally published in the Journal of Biological Chemistry. Leigh Paton, 

Emmanuelle Bitoun, Janet Kenyon, David A Priestman, Peter L Oliver, Benjamin Edwards, 

Frances M Platt and Kay E Davies. 2014. A Novel Mouse Model of a Patient Mucolipidosis II 

Mutation recapitulates Disease Pathology. J Biol Chem 289(39): 26709-21 © the American 

Society for Biochemistry and Molecular Biology. The text and figures in this chapter are 

adapted or taken from the published article. As the first author of the above publication, I took 

the lead on writing the sections that are included in this thesis (Appendix) 

4.1. Introduction 

Following up on our study of the Nymphe (nym) mouse (nym/+) in Chapter 3 which carries 

the previously reported patient mutation Y888X (Cathey et al. 2010), the nym homozygote 

mouse (nym/nym) was characterised to assess if it modelled the human disease mucolipidosis II 

(MLII). MLII is an autosomal, recessive and fatal lysosomal storage disease (LSD) that thus far 

has no cure (reviewed in Chapter 1, Section 1.3.1.), therefore making mouse models that 

recapitulate the human disease very valuable.  

4.1.1. Existing models of mucolipidosis II 

Efforts to determine the underlying pathological mechanisms behind MLII have been 

hindered by the lack of animal models. A few animal models have been described, but so far, 

only the feline model of MLII, a spontaneous mutation found in a colony of cats, recapitulates 

the human disease most closely showing coarse facial features, behavioural dullness, ataxia, 

reduced lifespan and impaired lysosomal targeting (Bosshard et al. 1996, Mazrier et al. 2003). 

However, the feline genome is incomplete and not well annotated. In addition, the feline’s large 

size limits research. Gnptab-depleted zebrafish embryos have also been engineered using 

morpholinos and showed skeletal abnormalities, craniofacial defects and reduced motility. 

Furthermore, developmental studies were more accessible with this model and changes in the 

protein expression pattern of chondrogenic factors were shown (Flanagan-Steet et al. 2009, 

Petrey et al. 2012). A Gnptab gene trap mouse model (producing non-functional N-

acetylglucosamine-1-phosphotransferase (Gnpta), the protein product of the Gnptab gene and 

therefore modelling a knock-out, Gnptab knock-out from here onwards) has also been described 
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and is characterised by impaired growth, retinal degeneration, lesions in secretory epithelial 

cells of exocrine glands and elevated levels of serum acid hydrolases (Gelfman et al. 2007, 

Vogel et al. 2009). This mutant presented with a relatively normal lifespan and did not develop 

characteristic disease features such as skeletal and facial abnormalities. The existing models of 

MLII are compared in table 4.1. 

Table 4.1. Comparison of the existing model organisms of mucolipidosis II 

MLII model Feline Zebrafish Murine knock-out 

Mutation 

c.2655C>T leading to a 

truncation mutation 

(Mazrier et al. 2003) 

Morpholino-based knock 

down strategy (Flanagan-

Steet et al. 2009) 

Gnptab Gene trap mouse 

(Gelfman et al. 2007) 

Phenotype 

Reduced life span Reduced life span Normal life span 

Growth retardation Growth retardation Growth retardation 

Skeletal abnormalities Skeletal abnormalities No skeletal abnormalities 

Craniofacial defects Craniofacial defects No Craniofacial defects 

Poor muscle tone and 

developed hind limb 

ataxia 

Impaired motility No report of ataxic gate 

Behaviourally dull and 

less playful 

No report of behavioural 

dullness 

No report of behavioural 

dullness 

Inclusion bodies present 

in fibroblasts 

Impaired cartilage 

development 

Inclusion bodies present 

in secretory organs 

(Pancreas) and connective 

tissue (Cartilage) 

Retinal clouding Abnormal otolith Retinal impairments 
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4.1.2. Treatments for lysosomal storage diseases and mucolipidosis II 

Enzyme replacement therapy has been tested for an increasing number of LSDs (Brady 

2006, Desnick and Schuchman 2012). This ability of lysosomal enzymes to cross-correct cells 

is facilitated by the cation-independent mannose 6-phosphate (M6P) receptor that is present, 

albeit in different abundances, on the surface of virtually all cells (Pohlmann et al. 1995, 

Achord et al. 1978). As lysosomal enzymes are invariably decorated with oligosaccharide side 

chains that bear M6P residues or can be modified to expose the core mannose structures, 

systemic delivery of recombinant enzymes has been shown to confer widespread 

complementation and subsequent reversal of tissue pathology in several LSDs (Desnick and 

Schuchman 2012, Brady 2006). However, enzyme replacement therapy fails in patients with 

CNS involvement due to the inability of an intravenously administered enzyme to cross the 

blood–brain barrier (Zirzow et al. 1999). The protein affected in MLII, GNPTA, is a membrane-

bound enzyme complex localised to the Golgi apparatus and therefore enzyme replacement 

therapy, effective for LSDs caused by loss of soluble lysosomal hydrolases, are not likely to be 

successful. 

Bone marrow transplantation studies (Hoogerbrugge and Valerio 1998), like enzyme 

replacement therapy, have shown no neurologic or intellectual improvements for LSDs. These 

studies highlight the limitations of bone marrow transplantation for the treatment of LSDs with 

CNS involvement and emphasise the need to develop novel treatments for LSDs whose primary 

site of pathology is the CNS. However, studies with a limited number of MLII patients have 

been described for bone marrow transplantation as beneficial with regard to improving 

neurodevelopment and cardiopulmonary complications (Grewal et al. 2003), but there is no 

evidence that the bone marrow transplantation improved skeletal abnormalities, which are 

prominent in MLII. Chondroblasts and osteoblasts in bone seem to be relatively insulated from 

the beneficial effects of bone marrow transplantation. The exact mechanism of bone marrow 

transplantation benefit remains unclear (Grewal et al. 2003, Imaizumi et al. 1994). 
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 Experiments using retroviral transduction to deliver gene therapy have shown that gene 

therapy might be an interesting approach (Tiede et al. 2005). Thereby, the GNPTAB gene was 

successfully expressed in fibroblasts from an MLII patient, which led to GNPTA localising to 

the Golgi. Furthermore, the increased secretion of lysosomal hydrolases into the blood sera was 

ameliorated (Dierks et al. 2009). Interestingly, only 20-30% of remaining active enzyme was 

shown to lead to a reduction in disease severity and an increase in life expectancy into the third 

decade, therefore expression of the GNPTA enzyme would not need to be that high. But more 

importantly, carriers of MLII, depending on the mutation, only have a 60-80% enzymatic 

activity and are phenotypically normal. Hence restoring 50% of enzymatic activity would have 

a huge impact on patient quality of life and life-expectancy, but that is still a challenging task in 

the field. The amount of enzyme expression will vary with each disease, but may be less than 

10% of normal levels based on observed enzyme levels in patients with attenuated forms of 

LSDs. Hence, the level of gene expression that is necessary for therapeutic efficacy for this 

group of diseases may be relatively modest. 

As mentioned before there is strong evidence that lysosomal dysfunction may represent 

the underlying basis for many synucleinopathies (Manzoni and Lewis 2013). Therefore, there is 

the potential to repurpose drugs that were initially developed for LSDs for these more common 

neurodegenerative diseases and vice versa (Sardi et al. 2013). Moreover, studies of apparently 

different diseases that are presumably linked through shared metabolic pathways are likely to 

provide greater insights into the biology of LSDs and more common neurodegenerative 

diseases. 

 There is a need for novel therapies and to test these drugs it is especially important to 

have models of disease that recapitulate the human disease closely. This chapter describes the 

novel MLII mouse model, the nym homozygote mouse, which has been used to test a novel 

drug for MLII. 

  



Chapter 4. Study of a novel mouse model of mucolipidosis II 

 

87 

 

4.1.3. Aims of the chapter 

 

- Characterise the nym homozygote mouse (nym/nym) by assessing any behavioural 

defects using behavioural tests and histological and biochemical characterisation that 

confirms the diagnosis of MLII. 

 

- Analyse the potential neurodegenerative phenotype of the nym homozygote mouse 

that would underlie the ataxic gait in the feline model of MLII and psychomotor 

retardation in the MLII patients. 

 

- Test whether the drug 2-hydroxypropyl-β-cyclodextrin can delay progressive 

neurodegeneration in the nym homozygote mouse. 
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4.2. Results  

4.2.1. Reduction in Gnptab mRNA levels in the nym homozygote mouse 

Gnptab mRNA levels were analysed to investigate whether the nym mutation, causing a 

truncation mutation, affects the nonsense mediated mRNA decay pathway leading to 

elimination of mRNA transcripts that contain premature stop codons. This was conducted using 

semiquantative RT-PCR. Gnptab transcript levels were reduced by 75% in nym homozygote 

mice compared to wild-type mice (Figure 4.1), which is consistent with nonsense mediated 

decay (Brogna and Wen 2009). 

 

 

Figure 4.1. Semiquantative RT-PCR analysis 

of Gnptab mRNA reveals a reduction in brain 

of 75% 

Semiquatative RT-PCR analysis of Gnptab 

mRNA in whole brain extracts of nym 

homozygote (nym/nym) and wild-type (+/+) 

mice. The amount of Gnptab mRNA, expressed 

as the ratio of densitometric measurement of the 

sample to the corresponding internal standard 

(18S), is shown in the lower panel. Values are 

expressed as mean SEM (n=4; two-tailed 

Student’s t- test; **P<0.01). 

 

 

4.2.2. Mislocalisation of the nym Gnpta protein 

The endoplasmic reticulum (ER) export signal is deleted in the nym mutation and the 

remaining truncated protein would be expected to remain in the ER, thus the cellular 

localisation of the mutant protein was investigated. The cytoplasmic domain of the ß-subunit 

contains the [RK]X[RK]-type ER export signal and a C-terminal valine which are both required 

for cargo-receptor-mediated packaging into coat protein II (COPII) vesicles, and trafficking of 

the Gnpta precursor protein to the Golgi where it gets cleaved (Nufer et al. 2002, Bonifacino 

and Glick 2004). Sub-cellular localisation of nym Gnpta was monitored in transfected HEK 293 
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cells. As expected, the wild type Gnpta protein colocalised with the cis-Golgi marker GM130 

(Figure 4.2, top panel) whereas the nym Gnpta protein did not (Figure 4.2, middle panel). The 

nym Gnpta protein remained trapped in the ER, as demonstrated by colocalisation with protein 

disulphide isomerase (PDI, Figure 4.2, bottom panel), an ER marker. These results confirm that 

the nym mutation leads to a dysfunctional Gnpta enzyme and implies that the nym homozygote 

mouse is a novel model of MLII. These findings support that truncation mutations present in 

Gnptab inhibit ER exit (De Pace et al. 2014). 

 

Figure 4.2. Nym Gnpta does not localise correctly to the Golgi 

HEK 293 cells were transfected with cDNA encoding the wild-type and nym construct. Cells were fixed 

and stained with monoclonal antibodies against the myc-tag (green), the cis-Golgi marker protein GM130 

(red) or the ER marker protein PDI (red). In merged images, yellow indicates colocalisation (n=4, scale 

bars: 15 μm).  

 

4.2.3. Reduced size, facial and skeletal abnormalities are part of the 

pathological features of MLII in the nym homozygote mutant 

Prominent features of MLII are growth retardation and facial and skeletal abnormalities 

(Cathey et al. 2010) therefore defects in these parameters were investigated in the nym 

homozygote mice. Indeed, nym homozygote mice remained significantly smaller than wild-type 

littermates (~40%) throughout life (Figure 4.3A+B). Facial and skeletal abnormalities were 
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evident from birth, including thickened eyelids and a flat profile with reduced nasal bridge 

(Figure 4.3A+C). In addition, the nym homozygote mice had unusually stiff and thick skin, as 

seen in MLII patients. Nym homozygote mice also displayed increased mortality compared to 

wild-types and survival fell below 50% by ~40 weeks of age (Figure 4.3D).  

 

Figure 4.3. The nym homozygote mouse presents with growth retardation, facial dysmorphism and 

reduced life span 

(A) One-month old nym homozygote mice (nym/nym) show reduced body size and skeletal abnormalities 

e.g. facial dysmorphism and curvature of the spine in male and females. (B) Body weight progression of 

nym homozygote mice is reduced compared to wild-type (+/+) littermates (n = 8; two-tailed Student’s t-

test;*P<0.05, ***P<0.001, ****P<0.0001). (C) Facial phenotype progresses with age. Particularly 

evident are the thickening of the eyelids. (D) Kaplan–Meier log rank test for survival showing reduced 

median survival of nym homozygote mice in comparison to wild-types (+/+: n = 52 and nym/nym: n = 

33). Survival curves were significantly different by Mantel-Cox test, p<0.0001 (χ
2
 

= 30.69). Values are 

expressed as mean±SEM. 

 

Similar to MLII patients, skeletal abnormalities are particularly prominent in the back 

of the nym homozygote mouse, and are pronounced in the X-ray image of the mutants with 

notable abnormalities seen in the spinal cord (Figure 4.4). A normal spine should appear 

without curves in the frontal plane whereas the nym homozygote mouse presents with a thoracic 

curve, identified as kyphosis (Figure 4.4A). Dorsal curvature of the spine is described as 
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kyphosis and is common in neurodegenerative disease in mouse models. This curvature is 

caused by a loss of muscle tone in the spinal muscles secondary to neurodegeneration (Thomas 

et al. 2006). Furthermore, on a lateral view the nym homozygote spine shows a hunched back 

(Figure 4.4B). Thus, these X-ray images confirm a defect in spine curvature as seen in patients. 

 

Figure 4.4. Severe skeletal abnormalities is a characteristic of the nym homozygote mouse 

(A) Whole body exotic dorso-ventral view of the 12 month old nym homozygote mouse (nym/nym). 

White arrows highlight abnormal curvature. (B) Whole body exotic lateral view of the 12 month old nym 

homozygote mouse. White arrows highlight a hunched back. 

 

Mating of nym homozygote mutants was only successful in 9% of breeding pairs (1 out of 11 

nym/nym inter-crosses lead to offspring) indicating infertility or incapacity of females to carry 

pups to term. Furthermore nym homozygote mutants were born with a reduced frequency of 

15% (nym/+ inter-cross offspring from a total of 498 offspring: wild-type = 122 mice, 24.5%; 

nym/+ = 303 mice, 60.8%; nym/nym mice = 73 mice, 14.7%) instead of the expected 25% 

Mendelian frequency which implies reduced survival in utero. An increased frequency of nym 

homozygote males also presented with penile prolapse from 3 months of age (Figure 4.6). 
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4.2.4. Inclusion bodies and accumulation of polysaccharides are present in 

fibroblasts, connective and secretory tissue of the nym homozygote 

mouse  

 Characteristic features of the pathology of MLII, used for the diagnosis of patients, are 

increased activities of lysosomal hydrolases found in the blood sera and intracellular 

accumulation of inclusion bodies (Kornfeld and Sly 2001). Blood serum of nym homozygote 

and wild-type mice was therefore assayed to also test the activity of lysosomal hydrolases. In 

the serum of nym homozygote mice, activities of the lysosomal hydrolases ß-hexosaminidase 

(nym/nym fold increase to wild-type: 12.1±0.8), ß-mannosidase (nym/nym fold increase to wild-

type: 2.7±0.2), α-mannosidase (nym/nym fold increase to wild-type: 28.5±2.9), β-glucuronidase 

(nym/nym fold increase to wild-type: 4.1±0.9) and ß-galactosidase (nym/nym fold increase to 

wild-type: 7.8±0.9) were increased by 2.5- to 30-fold compared to wild-type controls (Figure 

4.5A). These trends in fold changes are consistent with observations in the Gnptab knock-out 

mouse mice and human patients (Kollmann et al. 2012, Gelfman et al. 2007, Cathey et al. 

2010). Lysosomal enzyme activities for blood sera in nmol/min/ml can be found in appendix 

table 1. 

 Fibroblasts, secretory organs, and connective tissue have all been shown to be severely 

affected by inclusion bodies in MLII. Cytoplasmic inclusions were therefore analysed by 

staining mouse embryonic fibroblasts (MEFs), pancreatic acinar cells as a sample for secretory 

tissue, and chondrocytes in the cartilage of the trachea as a sample for connective tissue. The 

characteristic inclusion bodies (indicative of lysosomal storage) were clearly present in MEFs 

from nym homozygote mice (Figure 4.5B). Chondrocytes were enlarged with the cytoplasm 

filled by inclusion bodies and abundant microvacuoles (Figure 4.5C, upper panels). In contrast, 

wild-type chondrocytes had low basic cytoplasm containing a single clear vacuole. In addition, 

nym homozygote chondrocytes were not affected by fixation-dependent shrinkage, as much as 

wild-type chondrocytes (Figure 4.5C, upper panels). Pancreatic sections from nym homozygote 

mice showed disorganisation of tissue structure, including enlargement of acinar cells likely 

caused by the presence of large vacuoles containing faint granular material (Figure 4.5C, lower 
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panels). Similar findings have previously been reported in the Gnptab knock-out mouse 

(Gelfman et al. 2007). Thus far, results from the nym homozygote mouse present very similar 

molecular and cellular features to the human form of MLII and therefore it was investigated 

next, whether the nym homozygote mice could also mimic the behavioural features.  

 

Figure 4.5. Increased lysosomal enzyme activity in blood sera and inclusion bodies present in nym 

homozygote mouse fibroblasts, secretory and connective tissue 

(A) The relative enzymatic activities of the lysosomal hydrolase: β-Hexosaminidase (β-Hex), β-

Mannosidase (β-Man), α-Mannosidase (α-Man), β-Glucuronidase (β-Glu), β-Galactosidase (β-Gal), α-

Galactosidase (α-Gal) and β-Glucocerebrosidase (β-GCase) were measured in blood sera of 3-month-old 

wild-type (+/+) and nym homozygote (nym/nym) mice. The specific activities of the wild-type were set to 

1. Values are expressed as mean±SEM (n=8; two-tailed Student’s t-test; *P<0.05, ****P<0.0001). (B) 

Light microscopy imaging of MEFs isolated from wild-type and nym homozygote embryos (E12.5). 

Accumulation of inclusion bodies present in the nym homozygote MEFs can be clearly seen when 

compared to wild type controls (n=6, scale bar, 40µm). (C) Haematoxylin and Eosin (H&E) staining of 

chondrocytes of the trachea and acinar cells of the pancreas. Upper panel: The cytoplasm of 

hypertrophic chondrocytes is distended by microvacuoles in the nym homozygote mouse. These 

inclusions are aggregates of polysaccharides which increase in storage material with age. Lower panel: 

Marked disorganisation of the pancreas in the nym homozygote mouse with tightly packed cells distended 

by large vacuoles (n=6, scale bar, 50µm). 
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4.2.5. Hind limb clasping present in the nym homozygote mouse 

Nym homozygote mice developed progressive abnormality of gait and showed limb-

clasping reflexes from 5 months (Figure 4.6). Hind limb clasping is an indication of motor 

imbalance and has been shown to occur in various neurodegenerative disease mouse models 

(Guyenet et al. 2010, Fernagut et al. 2004). The nym homozygote mouse starts clasping its hind 

limbs from 5 months of age. At this age, clasping occurs after a few seconds of free hanging 

and they can revert for a short while into extending their hind limbs slightly. However, with 

progressive age the clasping behaviour of the hind limbs occurs more rapidly. In addition, from 

10 months the nym homozygote mice clasp their hind limbs immediately once lifted up by the 

tail, and go so far, to use their front paws to wrap around the hind limbs to receive more 

support.  

 

Figure 4.6. Hind limb clasping is present 

from 5 months in the nym homozygote 

mouse 

The male wild-type (+/+) mouse extends 

its hind paws to balance its body posture. 

In contrast the male nym homozygote 

(nym/nym) mouse is unable to balance its 

body with its hind limbs and clasps them 

into its body and even attempts to hold on 

to them with its front paws. Furthermore a 

prolapse penis is present in the nym 

homozygote mouse (n=8). 

 

 

4.2.6. Reduced motor strength and ataxia are characteristics of the nym 

homozygote mouse 

Psychomotor retardation is impaired in MLII patients and a direct consequence is often 

slowness in mental activity and locomotion. To test these parameters, the rotarod and inverted 

screen tests were used to investigate specific differences in motor coordination and strength, 

respectively. Indeed, the nym homozygote mouse showed reduced muscle strength on the 
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inverted screen test and reduced motor balance and coordination on the rotarod at 3, 6 and 12 

months (Figure 4.7A+B). The rotarod and inverted screen performances also worsened with age 

as seen at 6 and 12 months (Figure 4.7A+B).  

 

Figure 4.7. The nym homozygote mouse presents with impaired motor function 

(A) Reduced motor co-ordination on the rotarod is present in the nym homozygote (nym/nym) mice in 

comparison to wild-type mice (+/+) and is significant at all ages from 3 to 12 months. The performance 

on the rotarod progressively worsens from 3 to 12 months. (B) Nym homozygote mice present with 

reduced muscle strength when measured on the inverted screen. The performance also worsens 

progressively with age. Values are expressed as mean±SEM (n=8; A: two-tailed Student’s t-test; B: 

Mann Whitney U test; *P<0.05, ***P<0.001, ****P<0.0001). 

 

As impaired motor strength and coordination was shown using the rotarod and inverted 

screen, locomotion was subsequently analysed in more detail by using the Noldus CatWalk
TM

 

automated gait analysis (Hamers et al. 2001), to confirm an ataxic gait. There are three main 

independent analytic categories of the CatWalk
TM

 system (including subcategory used): 

coordination parameters (regularity index and phase dispersion), static paw parameters (stride 

length and single stance) and dynamic paw parameters (swing) (Koopmans et al. 2007). The 

results will be presented starting with the basic coordination defects in the nym homozygote 

mouse, then focusing specifically on the front paw movement abnormalities and finally ending 

with the dynamic parameters of body speed. Progression of the movement defects were 

analysed with age and any early indicators of movement defects found in mice, that were 

present at 3 months of age. 

In healthy, fully coordinated animals the gait regularity value is ~100%. The wild-type 

mice consistently had a regularity index of around 80-100%, whereas the nym homozygote mice 
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progressively decreased in regularity index from 80% to 50-60% (Figure 4.8A). At 3 months 

there was no significant difference in the regularity index, hence more specific parameters were 

investigated to define where the reduced regularity index originates. The base of support 

parameter measures a larger front paw distance between the nym homozygote mice than 

between wild-type mice and this is already significant at 3 months (Figure 4.8B). This indicates 

an imbalance at early age and this parameter progressively worsens from 6 to 12 months 

implying that the nym homozygote mouse becomes more and more imbalanced.  

 
Figure 4.8. Reduced regularity index and increased front paw base of support contribute towards 

abnormal gait 

(A) Regularity index is expressed as percentage (%) of normal step relative to the total number of paw 

placements of the nym homozygote (nym/nym) and wild-type (+/+) mice. (B) Front paw base of support 

(BOS) is expressed as the distance between the front paws in cm. Values are expressed as mean±SEM 

(n=8; two-tailed Student’s t-test; *P<0.05; **P<0.01, ***P<0.001, ****P<0.0001). 

 

To break down the regularity index and base of support in more detail, a closer look at 

inter limb phase dispersion was taken. In wild-type mice, in the diagonal paw pairs (left hind 

(LH) (anchor) - right front (RF) (target), left front (LF) (anchor) – right hind (RH) (target)) the 

target paw typically moves synchronously with the anchor so the initial contacts occur 

simultaneously resulting in a phase dispersions value of 0%. This is represented by the wild-

types in this study by ~10%. However the nym homozygote mouse shows progressive 

increasing values from 3 to 12 months up to 30-40%. This means the target and anchor paw 

move more asynchronously with age. There is a very similar trend in both LH-RF and LF-RH 

movement (Figure 4.9A+B). Girdle pairs (RF-LF, RH-LH) did not show any significant 

difference between wild-type and nym homozygote mice (Figure 4.9C+D). Lateral pairs (RF-
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RH, LF-LH) usually yield a phase dispersions value of 50%. This remains the same for wild-

type and nym homozygote mice at 3 months presenting with a value of ~60%. However, there is 

a dramatic reduction in this value at 6 months in which the phase dispersion value is only 15-

20% and progressively worsens at 12 months to 10%. An imbalance in gait is greatly noticed in 

the lateral pairs (Figure 4.9E+F). The nym homozygote mouse presents with an imbalanced gait 

due to abnormal performance specifically in the front paw parameters, base of support and 

diagonal and lateral paw pairs leading to a progressive, abnormal step cycle.  
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Figure 4.9. Phase dispersion, a measure of inter-paw coordination, is abnormal in diagonal and 

lateral paw pairs, but not in girdle paw pairs 

Diagonal paw pairs: (A) LH-RF phase dispersion (B) LF-RH phase dispersion; Girdle paw pairs: (C) LH-

RH phase dispersion (D) LF-RF; Lateral paw pairs: (E) RF-RH phase dispersion (F) LF-LH phase 

dispersion of nym homozygote (nym/nym) and wild-type (+/+) mice. Values are expressed as mean±SEM 

(n=8; two-tailed Student’s t-test; *P<0.05; **P<0.01, ***P<0.001, ****P<0.0001). 
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The front paw parameters are predominantly affected in the nym homozygote which has 

already been shown by the front paw base of support. To investigate this further, the individual 

front paw parameters within a step cycle were analysed. The nym homozygote mouse showed 

reduced swing (increased time of the front paws spent on the glass plate) (Figure 4.10A), 

reduced stride length (Figure 4.10B) and reduced single stance (duration of ground contact with 

a single paw) (Figure 4.10C). No significant alterations were observed in the hind paw 

parameters.  

 

Figure 4.10. Abnormal gait specifically for the front paw parameters is present at 3, 6 and 12 

months of age 

(A) Swing time in seconds of wild-type (+/+) and nym homozygote (nym/nym) mice. (B) Stride length in 

cm of wild-type and nym homozygote mice. (C) Single Stance in seconds of wild-type and nym 

homozygote mice. Values are expressed as mean±SEM (n=8; two-tailed Student’s t-test; *P<0.05, 

***P<0.001, ****P<0.0001). 

  

A B 

C 

F
ro

n
t 
p
a
w

 s
w

in
g
 (

s
e
c
o
n
d
s
)

3 months 6 months 12 months

0.00

0.05

0.10

****

****

+/+ nym/nym

F
ro

n
t 
p
a
w

 s
tr

id
e
 l
e
n
g
th

 (
c
m

)

3 months 6 months 12 months

0

2

4

6

*
***

F
ro

n
t 
p
a
w

 s
in

g
le

 s
ta

n
c
e
 (

s
e
c
o
n
d
s
)

3 months 6 months 12 months

0.00

0.05

0.10

****
****



Chapter 4. Study of a novel mouse model of mucolipidosis II 

 

100 

 

4.2.7. The nym homozygote mouse, like mucolipidosis II patients, present with 

mental retardation 

As MLII patients have prominent psychomotor retardation, cognitive deficits were 

investigated in this mouse model using a preliminary test. The Y-Maze spontaneous alternation 

task was employed and it gives a measure of working or short term memory (Sanderson and 

Bannerman 2012). The hippocampus and the frontal cortex have been proposed to be important 

for these functions (Goldman-Rakic 1987). In contrast to wild-type mice, which show a high 

level of performance in this task, nym homozygote mice just about reached chance levels, which 

is defined as 50% alternation in choosing an arm by random (Figure 4.11). No progression of 

performance with age was observed. These results demonstrate, for the first time, behavioural 

deficits in psychomotor performance in a mouse model of MLII, which is a typical finding in 

MLII patients. 

 

 

Figure 4.11. Reduced 

performance in the 

spontaneous alternation 

task at all ages of the nym 

homozygote mouse 

Percentages (%) are shown of 

the spontaneous alternation in 

the Y-maze of nym 

homozygote (nym/nym) and 

wild-type (+/+) mice. Values 

are expressed as mean±SEM 

(n=18-25; two-tailed 

Student’s t-test; *P<0.05; 

**P<0.01). 

 

4.2.8. Progressive neurodegeneration detected in the nym homozygote mouse 

Ataxia typically results from dysfunction of the cerebellum, that controls balance and motor 

coordination, hence the cerebellum and brain were analysed for any gross pathology. The nym 

homozygote brain is about 30% smaller than the wild-type brain, including the cerebellum 

(Figure 4.12A). The cerebellum was further investigated to see whether the mutant had any 

specific defects in the overall structure and total cell number. Immunohistochemical staining for 

%
 A

lt
e

rn
a

ti
o

n

3 months 6 months 12 months
0.0

0.2

0.4

0.6

0.8

*

*
**

+/+ nym/nym



Chapter 4. Study of a novel mouse model of mucolipidosis II 

 

101 

 

calbindin showed a substantial loss of Purkinje cells (PCs), the main cell output to the 

cerebellum, in 11-month-old nym homozygote mice with an onset from 7-months (Figure 

4.12B). The PC loss and atrophy of brain tissue worsened over time from 7 months, with about 

50% PC loss at 11 months (Figure 4.12B). At 3 months there was no PC loss present, however 

axonal spheroid formation and axonal torpedoes, typical of cell atrophy, was already observed 

(Figure 4.12C+D). The wild-type brain pathology did not worsen with aging and no PC loss 

was observed at 7 or 11 months. 

 

Figure 4.12. Reduced brain and cerebellum size, progressive Purkinje cell loss, axonal swelling and 

neuronal torpedoes is the nym homozygote brain 

(A) The nym homozygote (nym/nym) brain is about 30% smaller than the wild-type (+/+) brain (n = 6, 

scale bar: 3mm). (B) Parasagittal brain sections were immunostained for the Purkinje cell (PC) marker 

calbindin. Analysis of PC degeneration in the whole cerebellum in 3, 7 and 11 month old nym 

homozygote mice showed progressive PC loss (n = 6, scale bar: 300µm). (C) Lobe IV/V is shown as a 

representative lobe of the cerebellum. The majority of PCs in lobe IV/V are still present at 3 months, but 

only 75% remain at 7 months and only 40-50% remain at 11 months (n = 6, PCs were counted manually 

in lobe IV/V, scale bar: 100µm). (D) Higher-magnification images of the 3 month old nym homozygote 

brain revealed axonal spheroids/torpedoes proceed PC loss. Swelling of PC axons (arrow) and neuronal 

torpedoes (*) in the white matter are observed already at 3 months and increase in severity with age (n = 

6, scale bars: 50µm). 

 

Cell death is often accompanied by an inflammatory response and a defect in myelination. 

It is unclear if these processes are secondary or primary events to cell death (Minghetti et al. 
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2005). Hence to further investigate the pathology observed in the cerebellum, myelination and 

inflammation in the nym homozygote brain was investigated. Brain sections were stained for 

myelin using luxol fast blue stain and inflammation was investigated by staining the sections for 

glial fibrillary acid protein (GFAP). Luxol stains the lipoproteins in the white matter tracts 

highlighted by the spaced lines. Demyelination of the cerebellum occurred with thinning of the 

white matter tracts (Figure 4.13A). A reduced width of lipoprotein staining in the white matter 

tracts in midst of lobe IV/V and IX, which are presented as zoomed images (Gigure 4.13A 1-4), 

can be clearly observed in the nym homozygote mouse. Preliminary data of an inflammatory 

response was also present, as seen by an increase in GFAP immunoreactivity in the cerebellum. 

Astrogliosis appears to be present in the white matter, granular and PC layer (Figure 4.13B). 

However, further experiments are needed to confirm exact localisation and conduct 

quantifications. 
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Figure 4.13. Demyelination and inflammation is present at 12 months 

(A) Luxol fast blue staining of the cerebellar sections indicates decreased myelination and degeneration 

of the subcortical white matter in the nym homozygote (nym/nym) mouse in comparison to the wild-type 

(+/+) control. The lower panels are zoomed images from the numbered boxes in the top panels. Boxes 1 

and 2 present a zoomed image of lobe IV/V of the +/+ and nym/nym, respectively. Boxes 3 and 4 present 

zoomed images of lobe IX of the +/+ and nym/nym, respectively. It can clearly be seen that the white 

matter tracts, which contain the myelin, are thinned in the nym/nym mouse. (n = 4; Top panel scale bar: 

200 µm; Bottom panel scale bar: 100 µm.) (B) Preliminary data of strong immunoreactivity for glial 

fibrillary acidic protein (GFAP)(green) throughout the nym homozygote mouse brain and nuclei with 

DAPI (blue) (n = 4, scale bar: 50 µm). The DAPI stain can be discounted for in this instance as the 

staining has not been successful in the +/+. Spaced lines outline the white matter tracts, the arrow (↑) 

highlights potential granule layer inflammation and the star (*) highlights potential Purkinje cell 

inflammation. Further experiments are however needed to confirm exact localisation of the inflammatory 

response. Data produced by Dr Emmanuelle Bitoun. 

The autophagy-lysosome pathway (ALP) is responsible for the degradation of waste 

material in the cell. The lysosomes do not have functioning hydrolases in MLII and it is 

expected that the process of autophagy might be deregulated as autophagosomes filled with 

waste material cannot fuse with lysosomes (Nixon et al. 2008). Therefore, the amount of 
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lysosomes present in brain homogenate was analysed as an indication of functioning of the 

ALP. Western blot analysis indicated a non-significant increased amount of the lysosomal-

associated membrane marker 1 (Lamp1) in the nym homozygote brain homogenate (Figure 

4.14). 

 

Figure 4.14. Increased Lamp1 as a marker of increased presence of lysosomes in brain homogenate 

at 4 months 

Representative western blot showing levels of Lamp1 in wild-type (+/+) and nym homozygote (nym/nym) 

mice. β-tubulin was used as a loading control. The amount of Lamp1, expressed as the ratio of 

densitometric measurement of the Lamp1 to the corresponding internal standard (β-tubulin), is shown in 

the right panel (n = 4; two-tailed Student’s t-test). 

 

4.2.9. Deregulation of lysosomal enzymes and loss of Npc2 protein in the nym 

homozygote brain 

The nym homozygote mouse presents with a severe brain pathology, as detailed above, 

leading to lysosomal activity being investigated for any deregulation in the cells of the brain. 

The lysosomal activity was assayed in brain homogenates of wild-type and nym homozygote 

mice. The lysosomal activity in the nym homozygote brain was deregulated in comparison to 

the wild-type. β- hexosaminidase, α-mannosidase and β-glucoronidase were increased by 1.5 

fold, whereas β-galactosidase was significantly decreased by 30% (Figure 4.15A). Lysosomal 

enzyme activities for brain homogenate in nmol/mg/h can be seen in appendix table 2. 

The cerebellar pathology in the nym homozygote mouse presents many similarities to 

another LSD called Niemann-Pick disease type C (NPC) disease. The loss of either the 
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membrane protein NPC1 or the soluble protein NPC2, which is trafficked by the M6P pathway 

to the lysosomes, can cause this disease. Hence, brain homogenate was stained for the protein 

Npc2 by western blotting and indeed a loss in Npc2 in the nym homozygote brain was observed 

(Figure 4.15B). 

 

Figure 4.15. Biochemical pathological alterations in the nym homozygote brain 

(A) The relative enzyme activities of the lysosomal hydrolases β-Hexosaminidase (β-Hex), β-

Mannosidase (β-Man), α-Mannosidase (α-Man), β-Glucuronidase (β-Glu), β-Galactosidase (β-Gal), α-

Galactosidase (α-Gal) and β-Glucocerebrosidase (β-GCase) were measured in whole brain homogenates 

of wild-type (+/+) and nym homozygote (nym/nym) mice (4 months of age). The specific activities of the 

wild-type were set to 1. Values are expressed as mean±SEM (n=8; two-tailed Student’s t-test; **P<0.01, 

***P<0.001, ****P<0.0001). (B) Representative western blot showing levels of Npc2 in two wild-type 

and two nym homozygote mice. β-tubulin was used as a loading control (n=4). 
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4.2.10. Increased glycolipid and cholesterol storage in the nym homozygote 

brain 

 

Due to the deregulation of lysosomal enzymes, it was of interest to analyse which 

substrates accumulate in the nym homozygote brain. Periodic acid Schiff, a stain used to detect 

polysaccharides, such as glycolipids, and filipin, a highly fluorescent compound that binds to 

cholesterol, were used to stain brain section for accumulation. Stained brain sections revealed 

increased glycolipid and cholesterol storage in the cerebellum, cortex and hippocampus (Figure 

4.16A+B). Specifically, the cerebellar molecular layer had increased storage of glycolipids in 

comparison to the granular layer (Figure 4.16B, upper panel). Large amounts of stored 

glycolipids were present in cortical layers 3-5 (less so in layers 1-2) (Figure 4.16B, middle 

panel) and in layers CA1 (cornu ammonis 1) and CA3 (cornu ammonis 3) of the hippocampus 

(Figure 4.16B, lower panel). These findings agree with what is observed in NPC mouse models 

and α-mannosidosis causing GM2 (ganglioside monosialic 2) accumulation (Gondré-Lewis et 

al. 2003, Goodman et al. 1991). 
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Figure 4.16. Biochemical pathological alterations in the nym homozygote brain 

(A) Nym homozygote (nym/nym) and wild-type (+/+) brain sections were stained with filipin for detection 

of cholesterol. The molecular layer of the nym cerebellum showed increased storage in comparison to the 

wild-type control (n=4, scale bar: 50 µm). (B) Nym homozygote and wild-type brain sections were 

stained with Periodic acid-Schiff for detection of glycolipids. Increased storage was detected in the 

cerebellum, specifically in the molecular layer, the cortex, specifically layers 3-5 and the hippocampus, 

specifically layers CA1 and CA3 (n=4, scale bar: 50 µm). 
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4.2.11. Purkinje cell loss could not be delayed by cyclodextrin treatment 

Finding a loss of Npc2 protein was intriguing as the PC degeneration in our mouse model 

of MLII was very similar to what is described in NPC disease. NPC disease is an autosomal-

recessive LSD that leads to the accumulation of cholesterol and sphingolipids. Furthermore an 

increase of cholesterol in the brain of the nym homozygote mouse was observed which is 

another major hallmark of the NPC disease, suggesting that loss of Npc2 function may be a 

factor driving this aspect of pathogenesis. To test whether dysfunction of the Npc2 pathway is 

also implicated in the brain pathogenesis of the nym homozygote mouse, this mutant was 

treated with 2-hydroxypropyl-β-cyclodextrin (cyclodextrin) for 7 months when PC loss is 

observed. In addition, this study might help provide a potential new therapeutic strategy for 

MLII. Cyclodextrin has shown to delay PC death and improve the life span of NPC mouse 

models (Davidson et al. 2009). This drug is now in clinical trials for NPC. Hence nym 

homozygote mice were treated weekly with the drug cyclodextrin (4000mg/kg) from postnatal 

day 7 (P7) up to 7 months. The vehicle for this drug was PBS. This regime was chosen based on 

the successful trial in a NPC mouse model (Davidson et al. 2009). Mice were tested on their 

motor behaviour at 3 and 7 months. In addition, the brains were collected at these ages to 

investigate the drugs effect on cerebellar pathology. These ages were chosen as already at 3 

months motor impairment and cerebellar pathology were observed and at 7 months PC loss 

becomes a prominent feature of the cerebellar pathology. 
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To investigate a delay in PC loss, the mice were assessed on their motor behaviour on the 

rotarod and inverted screen. However, no improvement in rotarod or inverted screen 

performance was observed at 3 and at 7 months (Figure 4.17 A-D). 

 

Figure 4.17. Cyclodextrin treatment does not improve motor function at 3 or 7 months of age 

Three and seven month old cyclodextrin (CD) treated nym homozygote (nym/nym) mice perform the 

same as PBS and untreated nym homozygote mice on the inverted screen (3 months:A and 7 months:C) 

and rotarod (3 months:B and 7 months:D). Values are expressed as mean±SEM (n=8-10; 1-way 

ANOVA, with Dunnett’s post-hoc test). 
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Furthermore, PC loss using calbinin was assessed. At three months the same level of 

swellings, axonal torpedoes and spheroids were observed in the cyclodextrin treated nym 

homozygote mice as in the vehicle treated control nym homozygote mice (Figure 4.18A+B). 

 

Figure 4.18. Cyclodextrin does not delay formation of axonal swellings and torpedoes at 3 months 

P7 nym homozygote (nym/nym) mice were injected weekly for 7 months with cyclodextrin (CD) at 4000 

mg/kg or the vehicle PBS (n=8 in each group). (A) No Purkinje cell (PC) loss was observed at 3 months 

as can be seen in lobe IV/V as a representative lobe of the cerebellum. Scale bar: 100µm (B) Typical 

signs of PC degeneration including swelling of PC dendrites (arrow) and axonal torpedoes (*) can be 

observed. Scale bars: 50µm. 
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At 7 months a similar level of PC loss was observed in the cyclodextrin treated nym 

homozygote mice as in the PBS treated control nym homozygote mice. Also, similar swellings, 

axonal torpedoes and spheroids were observed in the cyclodextrin treated nym homozygote 

mice as in the vehicle treated control nym homozygote mice (Figure 4.19 A+B). 

 

Figure 4.19. Cyclodextrin does not cause a delay of Purkinje cell loss, axonal swellings and 

torpedoes at 7 months 

P7 nym homozygote (nym/nym) mice were injected weekly for 7 months with cyclodextrin (CD) at 4000 

mg/kg or the vehicle PBS (n=8 in each group). (A) Purkinje cell (PC) loss was observed at 7 months in 

lobe IV/V as a representation of a lobe of the cerebellum in nym homozygote PBS and nym homozygote 

CD treated mice. Scale bar: 100µm (B) Typical signs of PC degeneration including swelling of PC 

dendrites (arrow) and axonal torpedoes (star) can be observed. Scale bars: 50µm. 
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4.3. Discussion 

In this chapter, a novel mouse model of MLII, homozygous for a mutation in the GNPTAB gene 

that has been reported in patients with this disease, was described (Cathey et al. 2010). The 

novel mouse model of MLII more fully recapitulates the human pathology showing growth 

retardation, skeletal and facial abnormalities, increased circulating lysosomal enzymatic 

activities, intracellular lysosomal storage and reduced life span. Importantly, the nym 

homozygote mouse also models typical MLII behavioural deficits, including impaired motor 

function and psychomotor retardation, which has been investigated in this study for the first 

time. Histological analysis of the brain revealed progressive neurodegeneration in the 

cerebellum with severe PC loss as the underlying cause of the ataxic gait. In addition, based on 

similar features between NPC and MLII, the nym homozygote mice were treated with 

cyclodextrin, a drug previously reported to rescue PC death in a mouse model of NPC disease. 

No improvement in brain pathology was observed, demonstrating that cerebellar degeneration is 

not primarily triggered by loss of Npc2 function. This study emphasizes the value of modelling 

patient GNPTAB mutations to generate clinically relevant mouse mutants to elucidate the 

pathogenic molecular pathways of MLII and address their amenability to therapy. 

4.3.1. The nym homozygote mouse presents as a novel mouse model of 

mucolipidosis II 

The novel mouse model of MLII carries a premature stop codon mutation previously 

reported in a patient (Cathey et al. 2010). Importantly, unlike the existing Gnptab knock-out 

mouse model, it more completely recapitulates the characteristic pathological features observed 

in patients including facial and skeletal abnormalities, deregulation of lysosomal enzyme 

activities, abnormal intracellular storage but also psychomotor retardation, motor dysfunction 

and reduced life span (Table 4.2) (Kornfeld and Sly 2001). The novel nym homozygote mouse 

resembles features present in the feline model of MLII, which had so far been the animal model 

most closely resembling MLII patient pathology. The facial and skeletal abnormalities reported 

in MLII patients were very prominent in this novel mouse model, features that had not been 
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reported in the Gnptab knock-out mouse. Furthermore, reduced survival was present in the nym 

homozygote mouse, which again was not confirmed in the Gnptab knock-out mouse. Similarly 

to the Gnptab knock-out, inclusion bodies found in secretory organs such as the pancreas and 

connective tissue cartilage in the trachea were confirmed. The nym homozygote also presents 

with inclusion bodies present in the fibroblasts which is a hallmark of MLII and has also been 

described in the Gnptab knock-out mouse. In this chapter the new mouse model has been 

validated, resembling the majority of MLII pathology. In addition, a detailed behavioural 

phenotypic description was conducted, which is the first of its kind in disease models of MLII. 

4.3.2. Reduced muscle strength, ataxic gait and mental retardation are 

present in the nym homozygote mouse 

MLII patients present with motor impairments such as daily difficulties, as for example just 

standing up by themselves (Cathey et al. 2010). Ataxic gaits had been observed in the feline 

models of MLII, but no behavioural tests had been conducted to quantify this ataxic gait. For 

drug trials and general phenotypic description a detailed behavioural analysis is important. In 

this chapter. the mice were tested on the rotarod for motor coordination, the inverted screen for 

muscle strength, the CatWalk
TM

 for detailed gait analysis and the spontaneous alternation task 

for cognition. The nym homozygote mouse showed an overall reduced performance on the 

rotarod and inverted screen test. The inverted screen test was only able to be conducted at 3 and 

6 months of age because the wild-type mice increased in weight so much that these dropped off 

due to their weight but not specifically their muscle strength. This limitation has also been 

observed by other groups, especially in mouse strains that gain weight more than others 

(Carlson et al. 2010). The difference in weight is a factor that can affect the performance of 

other behavioural assessments such as the rotarod and CatWalk
TM

, hence it is important to 

perform other tests to confirm the results. Due to the weight differences in the nym homozygote 

and the wild-type mice, parameters were excluded in the CatWalk
TM

 that depended on 

similarity of cohort’s weight. 
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The Noldus CatWalk
TM

 gait analysis is a very detailed method of investigating which paw 

set is specifically causing the defective gait and enables comparison between different disease 

models to draw on similarities and differences. A general defect in regular step pattern was 

observed in the nym homozygote mouse which is progressive with age. This is quite a severe 

observation and only occurs in severe disease models of ataxia. Furthermore, a specific deficit 

in gait in the front paw set was detected. More parameters were significantly different to the 

wild-type in the front paws than in the hind paws. This kind of pattern is typical for hind paw 

paralysis in which the front paws are compensating for a defect in the hind paws. This 

observation has already been observed in a mouse model of mutant Opa1 (optic atrophy 1). 

Opa1 encodes for a mitochondrial fusion protein and the mutant mouse presents with axonal 

and myelin degenerations, abnormal autophagy and mitophagy leading to ataxic gait, 

cardiomyopathy and deafness. These mice also showed reduced time spent on the glass plate by 

the front paws to compensate for hind paw paralysis (Sarzi et al. 2012). Concluding, the nym 

homozygote mouse is imbalanced, as it spends less time with one paw on the glass plate 

because it is compensating for hind limb paralysis with the front paws. 

4.3.3. The nym homozygote mouse confirms the neurodegenerative phenotype 

observed in the Gnptab
c.3145insC

  knock-in mouse 

The nym homozygote mouse resembles closely a recently described Gnptab
c.3145insC

 knock-

in mouse model of another MLII human mutation, the G1028X mouse equivalent (Table 4.2) 

(Kollmann et al. 2012). Both mutations lead to premature stop codons: The nym mutation 

Y867X leads to the production of a slightly truncated α-subunit retaining 95% of the wild-type 

equivalent, and the complete lack of the β-subunit; the Gnptab
c.3145insC

  knock-in mutation 

G1028X carries a complete α- and a truncated β-subunit. Both mutations lead to a loss of the C-

terminus of the β-subunit that contains a transmembrane domain and an ER-exit motif 

[RK]X[RK]. Without the ER-exit motif the protein will reside in the ER and not locate to the 

Golgi (Figure 4.2). This will ultimately lead to a non-functional Gnpta protein as the assembly 

of α- and β-subunit will not occur as the cleavage of the precursor protein occurs at the Golgi 

(Marschner et al. 2011), to which the protein will not locate.  
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Both mutants show several biochemical and clinical features of MLII including skeletal 

abnormalities and facial dysmorphisms. Phenotypic comparison of the different MLII mouse 

models are summarised in table 4.2. The nym homozygote spine presents with a thoracic curve 

in contrast to the wild-type, but also to the Gnptab
c.3145insC

 knock-in (Kollmann et al. 2012). This 

might be because the Gnptab
c.3145insC

 knock-in was analysed at 1 month in comparison to 12 

months for the nym homozygote mouse in which the phenotype might have progressed. Both 

mice present with reduced life span, however the nym homozygote mouse presents with a 

survival of ~30% at 60 weeks, whereas the Gnptab
c.3145insC

 knock-in presents with a 2% survival 

chance at 60 weeks. The reason for the differences is unknown, but it might be explained by a 

difference in background strain, husbandry effects, or n-numbers. On this occasion only 33 nym 

homozygote mice were analysed in terms of survival in comparison to 160 animals for the 

Gnptab
c.3145insC

 knock-in (Kollmann et al. 2012), therefore it is possible that testing more 

animals could lead to more comparative results.  

The neurodegenerative phenotype is very similar between the Gnptab
c.3145insC

 knock-in and 

the nym homozygote mice, including progressive PC loss, demyelination and inflammation. 

Due to the lysosomal enzymes not being localised to the lysosomes correctly, these are unable 

to breakdown waste material leading to excess storage of gangliosides and cholesterol in 

various brain regions. These findings have not been reported in the Gnptab knock-out. 

Furthermore, the Gnptab knock-out mice did not display all the clinical features and symptoms 

of MLII patients which are modelled in the feline MLII model, Gnptab
c.3145insC

 knock-in and 

nym homozygote mice (Gelfman et al. 2007, Vogel et al. 2009). However, recent studies 

reanalysed the brains of the Gnptab knock-out mice and revealed progressive 

neurodegeneration, PC loss, reactive microgliosis and hind limb-clasping at 4 to 6-months of 

age (Kollmann et al. 2012, Idol et al. 2014). Hence, the Gnptab knock-out brain does present 

with neurodegeneration as observed in the nym homozygote and Gnptab
c.3145insC

 knock-in mice, 

but did not mention any facial or skeletal abnormalities or a reduced life span. Therefore these 
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results still highlight the potential toxic role of the remaining truncated Gnpta protein product 

present in the nym homozygote and Gnptab
c.3145insC

 knock-in mice. 

Lysosomal enzyme activities in serum show very similar trends in the nym homozygote 

and Gnptab
c.3145insC

 knock-in mice, but also in the Gnptab knock-out mice despite the difference 

in phenotype. Therefore missorting of lysosomal enzymes is unlikely to be causing the 

differences in phenotype between the mice and perhaps differences can be attributed to the 

residual Gnpta protein in the Gnptab
c.3145insC

 knock-in and nym homozygote mice exerting a 

potential toxic gain of function. These results highlight the value of clinically relevant point 

mutants compared to null models, as the null does not present with patient relevant pathology of 

reduced life span, skeletal and facial abnormalities (Table 4.2).  

Psychomotor retardation is a common pathology in MLII patients, however 

neurodegeneration has so far not been reported in human MLII patients, except for minimal 

signs of neuronal and glial involvement (Martin et al. 1975). Patients die in their first decade of 

life in which PC death and early markers of neurodegeneration, e.g. inflammation, neuronal 

torpedoes and swelling of PC axons with formation of spheroids in the granular layer, would 

not be expected to be present. No investigations have been conducted so far in MLII patients, 

but the early markers might be cause for psychomotor retardation and should be investigated 

further.  

A well-established link between cerebellar pathology and motor dysfunction has 

already been made (Ito 2000) and is supported by many cerebellar mutant mice that have ataxic 

phenotypes namely Lurcher, hot-foot and staggerer (Lalonde and Strazielle 2001). In the past 

decade, the cerebellum has also emerged as an important brain region for the control of higher 

cognitive functions (Schmahmann 1991). Connections run from the prefrontal cortex to the 

cerebellum that confirm involvement to cognitive networks (Schmahmann and Pandya 1997). 

Indeed, reports of cerebellar ataxia and psychomotor retardation segregate in many studies as 

Cayman cerebellar ataxia (Nystuen et al. 1996), isolated cerebellar hypoplasia (Ventura et al. 
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2006) and LSDs such as Niemann-Pick type C disease (Turpin et al. 1991). The spontaneous 

alternation task, which was conducted in the nym homozygote mice, is a measure of working or 

short term memory (Sanderson and Bannerman 2012) and the hippocampus and the frontal 

cortex have been argued to be important for these functions (Goldman-Rakic 1987). Microglia 

activation was observed in the Gnptab
c.3145insC

 knock-in mouse in all brain regions. The 

strongest intensity was observed in the cerebellum, cerebral cortex, hippocampus and thalamus 

(Kollmann et al. 2012). This could explain why the nym homozygote mutant underperformed in 

the spontaneous alternation task. This is the first behavioural observation that these mice not 

only have motor slowness assessed by rotarod, CatWalk
TM

 and inverted screen, but also 

cognitive slowness challenged in the alternation task. Behavioural dullness is a hallmark of the 

human pathology and has been observed in the feline model of MLII, but so far in no other 

mouse model, which supports the nym homozygote being a human disease relevant model 

(Cathey et al. 2010, Mazrier et al. 2003). Interestingly, a recent report of parkinsonism in a 

MLIII patient has been characterised, broadening the link to more common neurodegenerative 

diseases (Hara et al. 2013). Further research will be necessary to confirm the exact brain region 

of dysfunction via measuring electrical activity in different brain regions to observe 

abnormalities in long-term potentiation which is known to be involved in memory formation 

(Matynia et al. 2002). 
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Table 4.2. Comparison of the nym homozygote mouse to Gnptab
c.3145insC

 knock-in and Gnptab 

knock-out mice 

MLII model 
Nym homozygote 

mouse 
Gnptab knock-out mouse 

Gnptab
c.3145insC

 knock-in 

mouse 

Mutation 

Patient mutation 

(c.2664C>G) in mouse: 

c.2601T>A leading to a 

truncation mutation 

Gnptab gene trap mouse 

(Gelfman et al. 2007, Idol 

et al. 2014) 

Patient mutation 

(c.3145insC) leading to a 

protein truncation G1028X 

(Kollmann et al. 2012) 

Phenotype 

Reduced life span Normal life span Reduced life span 

Growth retardation Growth retardation Growth retardation 

Skeletal abnormalities No skeletal abnormalities Skeletal abnormalities 

Craniofacial defects No Craniofacial defects Craniofacial defects 

Ataxic gait and reduced 

muscle strength and 

motor coordination 

analysed by CatWalk
TM

, 

rotarod and inverted 

screen 

Ataxic gate and reduced 

muscle strength and motor 

coordination 

Presented with ataxic gait 

Mental retardation 

shown by the 

spontaneous alternation 

task 

No report of behavioural 

dullness 

No report of behavioural 

dullness 

Progressive 

neurodegeneration 

Progressive 

neurodegeneration 

Progressive 

neurodegeneration 

Inclusion bodies present 

in fibroblasts 

Includion bodies present in 

secretory organs (Pancreas) 

and connective tissue 

(Cartilage) 

Inclusion bodies present in 

fibroblasts 

Not analysed Retinal impairments Retinal impairments 
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Targeting efficiency of lysosomal enzymes to the lysosome is cell-type- and tissue-

specific in human, and disease models of MLII (Owada and Neufeld 1982, Waheed et al. 1982, 

Boonen et al. 2011). Storage of glycolipids was observed in certain cell types of the nym 

homozygote brain. The M6P pathway is important in targeting the majority of lysosomal 

hydrolases to the lysosome, so high levels of storage would be anticipated. However, the 

storage of glycolipids and the pathology in general is not as severe as in single enzyme 

deficiency models such as Sandhoff disease in which greater glycolipid storage is observed and 

the mice have a greatly attenuated lifespan (Jeyakumar et al. 1999, Jeyakumar et al. 2003). This 

highlights the importance of alternative pathways that can deliver lysosomal hydrolases to the 

lysosomes and need to be further studied which is in agreement with Braulke and coworkers 

observations (Braulke and Bonifacino 2009, Kollmann et al. 2012).  

4.3.4. Cyclodextrin does not delay Purkinje cell loss in the nym homozygote 

mouse 

In this chapter it has been shown that loss of M6P residues in nym homozygote mice led 

to a loss of the Npc2 protein, that is involved in the lysosomal export of cholesterol and 

sphingolipids in the nym homozygote brain. Owing to the missorting of Npc2, a drug trial over 

7 months was conducted, the age when PC death is observed, with cyclodextrin. This drug has 

shown to increase the life span and delay PC loss in an NPC disease model (Davidson et al. 

2009). However, this treatment did not delay PC loss or motor impairment, suggesting that, the 

reduced levels of lysosomal Npc2 in MLII is not the primary mechanism that triggers PC 

degeneration. The pathology in the NPC mouse model, in which cyclodextrin was able to delay 

PC loss, has a more severe disease progression, with death around 3 months (Davidson et al. 

2009). Mice were treated in this study from P7 and an earlier time point for the slower 

progressing disease in the nym homozygote mouse could have potentially improved the drug 

regime. However, dose and frequency of drug injections should have been adequate, although it 

is possible that a higher dose may show different affects. It is not entirely known how the drug 

functions as it has been shown that the drug does not reach the brain compartment (Pontikis et 

al. 2013). However, it is known that cyclodextrin can sequester cholesterol and stimulates 
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cholesterol trafficking for removal from the lysosomal compartments in cell culture (Vance and 

Karten 2014, Yancey et al. 1996). Further investigations would be necessary to exactly 

determine if cyclodextrin reduced cholesterol in the brain of the nym homozygous mouse. In the 

nym homozygote mouse no measurements were made to analyse peripheral organs or CNS 

cholesterol levels to assess cyclodextrin efficacy of cholesterol reduction. Furthermore, in other 

cyclodextrin treatment studies in NPC disease, rescue of myelination and amelioration of 

impaired autophagic flux was observed (Liao et al. 2009, Tamura and Yui 2015, Song et al. 

2014). Demyelination of the cerebellum and impaired autophagy are present in the nym 

homozygote and Gnptab
c.3145insC

 knock-in mouse. Therefore, future studies should focus on the 

analysis of which effect the cyclodextrin treatment had in the nym homozygote mouse to help 

understand the mechanism of action of cyclodextrin.  

In MLII the majority of lysosomal enzymes are not delivered to the lysosomes and 

more heterogeneous substrates accumulate in the cells than in single enzyme deficient LSDs. 

Hence, analysis of cholesterol reduction in the brain needs to be investigated. If this was the 

case, it can be concluded that for the MLII CNS pathology reducing cholesterol is not sufficient 

to delay PC loss. If cholesterol was not removed in the CNS, then potentially, due to an 

increased load of accumulated substrates, the drug is unable to sequester cholesterol as it did in 

other mouse models of NPC disease. Further studies are necessary to draw conclusions why a 

delay in PC death was not observed in the nym homozygote mouse. 

Taken together, the findings of this novel mouse model of MLII, suggest it will be a 

useful system to better understand pathogenic mechanisms and evaluate modifying therapies of 

disease. Furthermore, it will provide a new platform for screening novel drugs against LSDs.  
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5. Generation of Arl1 mutants in Drosophila to investigate tissue-

specific pathology  

5.1. Introduction 

The Davies laboratory has characterised the novel ENU mutant, Jabber (jab) mouse, 

derived from the Stevens mouse (see Chapter 3), as a potential novel mouse model of 

chylomicron retention disease (CRD) as it presented with the typical symptoms including fat 

malabsorption, lethargy, and neurological deficits (Chapter 1, Section 1.3.2. and Chapter 3). In 

addition the only known gene mutated in this disease, SARA2 (protein Sar1b), is situated 

upstream of Arl1 involved in the process of chylomicron formation (reviewed in Chapter 1, 

Section 1.3.2.; Bitoun et al., unpublished; (Georges et al. 2011, Jones et al. 2003, Peretti et al. 

2010). The physiological function of the gene mutated in the jab mouse, Arl1, a small GTPase 

involved in vesicle membrane trafficking at the trans-Golgi, has so far not been very well 

understood (Munro 2005), reviewed in Chapter 1, Section 1.3.2.). For the first time Arl1 has 

been investigated in a mammalian organism derived from ENU mutagenesis and established the 

critical role for Arl1 in lipid transport, storage and axon myelination essential for the 

maintenance of lipid homeostasis and nervous system function. Arl1 is expressed ubiquitously 

in the mouse and Drosophila. It was however unknown if the pathology was affected by (i) a 

specific cell type, such as the adipose tissue, presenting with reduced LD size, or (ii) the glial 

cells, leading to demyelination in the jab mouse, or (iii) a systemic loss of Arl1 was responsible 

for the jab phenotype. Furthermore, the molecular pathways involved in lipid homeostasis are 

varied and a model that would enable the study of pathways involved in lipid homeostasis, 

potentially implicated in the jab pathology, would provide invaluable information to the 

functioning of Arl1 in health and disease. 

Consequently, Drosophila was chosen for further studies due to its diverse genetic tool 

set. This allowed for tissue specific knock-outs and overexpression systems, in addition to its 

suppressor and enhancer screens, fast generation time and conserved function between 

mammals and Drosophila (reviewed in Chapter 1, Section 1.2.1). The jab mouse mutation, 
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L61P (L60P in Drosophila), was generated but also mutant forms of Arl1 in the GDP 

(constitutively inactive (CI) (T30N in Drosophila)) or GTP (constitutively active (CA) (Q70L 

in Drosophila) restricted bound form (Table 5.1, Chapter 1). These additional mutants are well 

characterised in the family of small GTPases and within Arl1 studies in cell culture (Lu et al. 

2001) and enable further understanding of the jab mouse mutation in the context of CI and CA 

GTPase within a whole organism like Drosophila.  

Table 5.1. Mutant Arl1 constructs studied in Drosophila 

Constructs 
Physiological 

Models 
GTP binding activity Function References 

Arl1-Jab::HA 

(jab mutation;L60P) 

Mouse model 

(unpublished) 

Intermediate (Figure 

1.8C) 

Impaired GTP 

binding 
unpublished 

Arl1-Q70L::HA Cells and yeast Strong (Figure 1.8C) 
CA  GTP bound 

GTPase 
Lu et al., 2001 

Arl1-T30N::HA Cells and yeast 
Non existent (Figure 

1.8C) 

CI  GDP bound 

GTPase 
Lu et al., 2001 

Constitutively active = CA; Constitutively inactive = CI  

5.1.1. Studying lipid metabolism and metabolic dysfunction in Drosophila 

In addition to Drosophila’s large genetic tool set, Drosophila has already been used as 

a tool to provide key insights into conserved metabolic processes (Rajan and Perrimon 2013, 

Baker and Thummel 2007). The metabolism of Drosophila is carried out by a well-balanced 

network of organs, many of which are analogous to those of their mammalian counterparts: the 

gut absorbs nutrients (Figure 5.1A, Midgut: orange) and the fat body, equivalent in function to 

white adipose tissue and liver in mammals, stores nutrients and is a primary regulator of energy 

metabolism (Figure 5.1A, Fat body: yellow; (Colombani et al. 2003). Lipid droplets (LDs), in 

which triacyglycerides (TAG) and sterol esters are stored, are the main form of stored fat in the 

fat body but can also be found throughout the fly. However, the fat body is not simply a storage 

depot of fuel reserves. Instead, it remotely coordinates systemic larval growth with nutrient 

availability by integrating insulin and target of rapamycin (TOR) signalling (Baker and 

Thummel 2007). 

The insulin pathway is conserved and essential for cell growth in response to nutrient 

changes (Hietakangas and Cohen 2009, Geminard et al. 2009, Edgar 2006, Sousa-Nunes et al. 
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2011, Teleman 2009). The insulin signalling pathway is initiated by insulin receptor substrates, 

such as insulin or Drosophila insulin like peptides (Dilps) - counterparts to the mammalian 

insulin and insulin-like growth factors (IGFs) - binding the insulin receptor (InR). This then 

leads to a cascade of events starting with phosphatidylinositol 3-kinase (PI3K) catalysing the 

conversion of phosphatidylinositol 4,5-bisphosphate (PIP2) into phosphatidylinositol 3,4,5-

triphosphate (PIP3). PIP3 phosphorylates and activates protein kinase B (Akt). The 

phosphorylation of Akt leads to the activation of mammalian target of rapamycin (mTOR). 

mTOR has various downstream effectors, including ribosomal protein S6 kinase beta-1 (S6K) 

and eukaryotic initiation factor 4E (eIF-4E) binding protein-1 (4E-BP), contributing to 

increased cell growth and differentiation. Phosphatase and tensin homolog deleted on 

chromosome 10 (PTEN), a phosphoprotein phosphatase, acts as a negative regulator of this 

pathway converting PIP3 to PIP2 (active and negative regulators of the insulin pathway 

respectively, see figure 5.1B; (Britton et al. 2002, Goberdhan and Wilson 2003, Goberdhan et 

al. 1999). 

 

 

Figure 5.1. Schematic of the Drosophila metabolic network and the insulin receptor-TOR signalling 

pathway 

(A) Shown is a dorsolateral view of an anterior third-instar larva packed with fat. The fly insulin receptor 

(InR) mediates functions similar to those of insulin and IGF receptors. Absorbed dietary lipids are 

trafficked from the gut by lipophorins in the hemolymph as diacylglycerides (DAGs) and are stored in 

lipid droplets as triacylglycerides (TAGs). Adapated from (Padmanabha and Baker 2014). (B) Schematic 

illustrating the InR/PI3K/Akt signalling cascade in Drosophila. Details described in text except for 

forkhead box O (FOXO), a transcription factor. In its unphosphrylated state, FOXO, leads to transcription 

of genes e.g. glucose production, but also prevents transcription of peroxisome proliferator-activated 

receptor gamma (PPARγ) and therefore blocks adipogenesis. Adapted from (Vereshchagina and Wilson 

2006). 
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Studies in Drosophila have shown the close link between lipid homeostasis 

deregulation and neurodegeneration. Apolipoportein D (ApoD, a carrier protein of lipids), 

known as Glial Lazarillo (GLaz) in Drosophila, is conserved between human and Drosophila. 

Drosophila mutants of GLaz present with reduced resistance to oxidative stress and 

starvation, as well as impaired fat storage and shortened life spans (Sanchez et al. 2006). On 

the contrary, overexpressing GLaz as well as human ApoD, led to an extended life span and 

increased resistance to oxidative stress and starvation (Hull-Thompson et al. 2009, Muffat et 

al. 2008). Therefore, a protein facilitating the transport of lipids and ultimately lipids, are 

crucial to protect the organism from stress (Sanchez et al. 2006, Walker et al. 2006). Another 

example is Friedreich’s ataxia (FRDA), an autosomal recessive neurodegenerative disease, 

which causes degeneration in the central and peripheral nervous systems. FRDA has recently 

been modelled in Drosophila and has shown a connection between lipid metabolism defects 

and neurodegeneration (Navarro et al. 2010). The Drosophila model provided novel insights 

that frataxin is necessary for glial cells and the removal of frataxin from glial cells led to 

increased LD accumulation, increased sensitivity to oxidative insults, neurodegeneration and 

locomotor activity defects. Interestingly, GLaz overexpression rescued the pathology of 

frataxin removal and present with the opportunity that controlling lipid metabolism by 

apolipoproteins might offer a new strategy for the treatment of FRDA patients (Navarro et al. 

2010). These studies highlight the importance of a strict balance between fat storage and 

breakdown to maintain the energy homeostasis. 
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5.1.2. Aims of the chapter 

Based on the evidence that Drosophila has been successfully used to dissect the link 

between lipid metabolic deregulation and neurodegeneration, the strategy of studying Arl1 in 

Drosophila was very promising for the dissection of tissue specific function and the elucidation 

of the molecular pathway in the jab mouse.  

The aims of this chapter were to: 

- Create and validate physiological function of Arl1 constructs expressed in Drosophila by 

overexpressing wild-type Arl1 and wild-type Arl1::HA tagged versions in the Arl1 null 

background. 

- Characterise Arl1-Jab::HA, Arl1-Q70L::HA, Arl1-T30N::HA and Arl1-RNAi mutants 

overexpressed in a wild-type background by analysing the same parameters such as growth 

retardation, motor activity, LD morphology, TAG concentrations, lipid retention in the gut and 

glial cell morphology, studied in the jab mouse. 

- Characterise Arl1-Jab::HA, Arl1-Q70L::HA, Arl1-T30N::HA and Arl1-RNAi mutants 

overexpressed in the fat body and glial tissue specifically to understand if the pathology is 

driven by a global defect or a cell specific defect. 

-  Analyse the insulin signalling pathway in relation to deregulation of the major lipid 

metabolism pathway, specifically Drosophila insulin-like peptides (Dilps) by qPCR and 

phosphorylation of Akt.  

  



Chapter 5. Generation of Arl1 mutants in Drosophila to investigate tissue-specific pathology 

 

126 

 

5.2. Results 

5.2.1. Arl1-WT and Arl1-WT::HA constructs rescue the Arl1 null mutant 

To understand the functional defect of the jab Arl1 mutation, Arl1 mutant transgenics 

were generated in Drosophila. The gene has been referred to as Arl1 or Arflike at 72A (Arf72A, 

CG6025) in Drosophila (Tamkun et al. 1991, Lee et al. 2011, Torres et al. 2014). In this study 

the gene will be referred to as Arl1 for simplicity. Arl1 is highly conserved between species, 

presenting with more than 85% amino acid sequence similarity to mouse and human protein. 

Therefore, the use of Drosophila as a model organism was highly relevant and a similar 

phenotype to the jab mouse was anticipated (Figure 5.2).  

The mutant forms were constructed according to other reported mutants of small 

GTPases, such as Rabs and Arfs (Dascher and Balch 1994, Chavrier and Goud 1999). The two 

conserved GTPase motifs GXXXXGK(S/T) and DXXGQ, which are important for guanine 

nucleotide binding and hydrolysis, are located accordingly as shown in figure 5.2. The UAS-

Gal4 system was used for the expression of the different mutant constructs (Southall et al. 

2008). Arl1-T30N::HA was created by replacing the Thr residue at position 30 in GXXXXGKT 

motif with Asn. This mutant was expected to have much higher affinity towards GDP than GTP 

and to function as a dominant-negative mutant, CI, of Arl1, which is shown by an inability to 

bind GTP (reviewed in Chapter 1, Section 1.3.2.; Figure 1.8C). Arl1-Q70L::HA was created by 

replacing the Gln at position 70 in DXXGQ motif with Leu and this mutant is expected to be 

restricted mainly to the GTP-bound, CA form due to its impaired GTP hydrolysis activity (Lu et 

al. 2001). Wild-type constructs were also cloned and all constructs were HA tagged at the C-

terminus because the N-terminus is myristoylated and is essential for correct membrane 

localisation. A wild-type construct was also cloned without a HA tag to ensure that the tag was 

not interfering with the function of Arl1. 

To ensure equivalent expression levels between the mutant constructs, Drosophila 

ϕC31 transgenesis compatible vectors were used to allow specific and uniform transgene 

expression as they integrate into the same genomic location, specifically using the pBID-
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UASC-G plasmid (Figure 5.2; (Ji-Wu Wang et al. 2012)). Expression levels are validated in 

section 5.2.2. 

 

Figure 5.2. Cloning of Arl1 mutants into pBID-UASC-G showing high conservation of Arl1 

between human, mouse and Drosophila 
Above: pBID vector map. pBID includes a mini-white gene , a ϕC31 integrase compatible attB sequence 

(ϕC31 attB), a loxP site and an ampicillin resistance (ampR) gene. The multiple cloning site (MCS) is 

surrounded by gypsy insulator sequences to protect against genomic position effects. pBID-UASC-G has 

a Gateway cloning cassette. Below: Three transgenics were generated based on the T30N (CI), L60P (jab 

mouse mutation, denoted as Jab) and Q70L (CA) within the pBID-UASC-G vector (mutations 

highlighted in yellow). Boxes in blue show the conserved GTPase motifs that are necessary for GTP and 

GDP binding (adapted from(Ji-Wu Wang et al. 2012)).  

 

To understand if the HA tagged constructs functioned similarly to endogenous Arl1, the 

Arl1-WT and Arl1-WT::HA constructs were overexpressed in the Arl1
1
 homozygote larval 

lethal mutant. The Arl1
1 
mutant contains a point mutation causing a change from the amino acid 

glycine at position 2 to aspartate (Torres et al. 2014). Arl1 is N-terminally myristoylated, a post-

translational protein lipidation modification, which is important for membrane targeting, and 

T30N

L60P Q70L
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this modification requires a glycine at position 2 following the initiator methionine, with the 

latter being cleaved off prior to the addition of myristate (Lee et al. 1997, Farazi et al. 2001). 

Myristolation of Arl1 and other Arfs have been shown to be essential for membrane targeting 

and function, explaining the severity of the Arl1
1
 point mutation (Lu et al. 2001, Torres et al. 

2014). To confirm Arl1
1
 mutant larval lethality in this study, Arl1

1
 heterozygote mutants were 

crossed and homozygous offspring were counted daily until death. Arl1
1
 homozygote mutants 

presented with an elongated 2
nd

 instar phase, and death occurred (at the latest) after 6-8 days, 

which is consistent with previous studies (Figure 5.3A; (Tamkun et al. 1991)). Next, the rescue 

of ubiquitous expression of Arl1-WT and Arl1-WT::HA protein was analysed, to see if these 

behave as endogenous Arl1. Arl1 is expressed ubiquitously, therefore ubiquitous drivers are 

used in this study. Low ubiquitous expression of Arl1-WT and Arl1-WT::HA transgenic 

expression, driven by the ubiquitous driver 1032-GAL4 in the  Arl1
1
 homozygote background 

rescued their lethality (Figure 5.3B). The cloned constructs were able to rescue the larval lethal 

Arl1
1
 homozygote (called Arl1 null from here onwards), suggesting that the Arl1-WT and Arl1-

WT::HA constructs behave as the endogenous protein. Therefore, for future studies w
1118

, 

which is the background control stock in which the pBID-UASC-G plasmid was expressed, 

Arl1-WT and Arl1-WT::HA are used as controls.  
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Figure 5.3. Arl1
1
 homozygote mutant is larval lethal and is rescued by expression of Arl1-WT and 

Arl1-WT::HA 
(A) Kaplan–Meier log rank test for survival showing reduced median survival of Arl1 null in comparison 

to w
1118

 control (w
1118

: n = 120 and Arl1 null: n = 120). Survival curves were significantly different by 

Mantel-Cox test, p<0.0001 (χ
2
 

= 325.1). Survival of Arl1
1
 homozygote larvae was analysed from 4 

individual crosses choosing 30 larvae each (n=120). Survival was quantified daily. (B) Arl1-WT and 

Arl1-WT::HA rescued the Arl1 null. 

 

5.2.2. Developmental delay and reduced survival observed in Arl1-T30N::HA 

and Arl1 Q70L::HA Arl1 mutant flies 

To understand the function of Arl1, wild-type, mutants (Arl1-Jab::HA, Q70L::HA and 

Arl1-T30N::HA) and Arl1-RNAi were overexpressed using actin-Gal4 driver, a ubiquitous 

driver (Angelichio et al. 1991, Wilder 2000). Arl1 wild-type and mutants were detected in 

whole fly extracts (Figure 5.4A+B) whereas the Arl1-Jab::HA expresses at lower levels 

compared to Arl1-WT::HA, Arl1-T30N::HA and Arl1-Q70L::HA constructs. Similar findings 

were shown by previous work in the jab mouse embryonic fibroblasts in which Arl1 protein 

levels were reduced by 50% (Figure 1.8A, Bitoun et al., unpublished). No antibody was 

available for the endogenous Arl1 protein therefore the levels of endogenous Arl1 in the 

controls and RNAi line were not able to be measured. However the measurement of transcript 

levels of the Arl1 constructs, overexpressed by actin-Gal4, were analysed and a 2-3 fold higher 

expression than endogenous Arl1 mRNA levels was detected (Figure 5.4C). The Arl1-RNAi 

was found to only knock down 30% of the gene (72.4±9.2% remaining Arl1 mRNA) and there 

is no major larval lethality observed in the Arl1-RNAi mutant flies (Figure 5.4C). To 

Genotype Eclosion (% of pupae)

Control (w1118) 96 ± 1.5

Arl11/Y 0

Arl11/Y;;genomic Arl1 90 ± 1.8

Arl11/Y;;genomic Arl1::HA 92 ± 2.4

A genomic fragment including the Arl1 and Arl1::HA coding region and

promoter cloned into pBID and integrated into the attP2 landing site on

chromosome III can restore normal adult eclosion frequency when

introduced into Arl11 mutant.

Table 1. Arl1 null is rescued by transgenic Arl1 

and Arl1::HA generated with pBID.
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investigate the importance of Arl1 dose, the RNAi mutant was studied in parallel to the other 

mutants. 

 

Figure 5.4. Expression of pBID transgene is similar at mRNA level but shows reduced protein 

levels for Arl1-Jab::HA 
(A) Expression of wild-type Arl1 (Arl1-WT::HA)  and mutant Arl1 (Arl1-Jab::HA, Arl1-Q70L::HA and 

Arl1-T30N::HA) in whole fly from pBID-UASC-G inserts driven by actin –GAL4. The loading control 

was β-tubulin. (B) Quantification of protein expression levels using Image J (n=3) (C) mRNA expression 

of wild-type Arl1, mutant Arl1 and Arl1 knocked down by RNAi in whole fly from pBID-UASC-G 

inserts driven by actin –GAL4 detected by qRT-PCR. The amount of Arl1 mRNA is expressed as the fold 

increase to w
1118

, representing the endogenous Arl1 level. Rp49 was used as the internal control (n=3). 

Values are expressed as mean±SEM. 

Arl1 has been shown to be important in development as the jab homozygote and the 

Arl1 null mutant are larval lethal (Tamkun et al. 1991). Furthermore, lipid regulation in 

Drosophila development is crucial to advance to pupal stage and to reach a critical weight for 
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metamorphosis. Critical weight involves passing a size threshold that controls the regulation of 

metamorphic processes (Mirth and Riddiford 2007, Kühnlein 2012, Church and Robertson 

1966). Therefore, Drosophila developmental stages were analysed by scoring them daily. 

Drosophila development follows different stages: embryo, 1
st
 instar larval stage, 2

nd
 instar 

larval stage (L2), 3
rd

 instar larval stage (L3), prepupa, pupa and eclosion (Figure 1.3).  

Critical weight is reached during L3 stage and enables Drosophila to molt into pupa. If 

this weight is not sufficient, intermediate pupae are formed or smaller adult Drosophila are 

produced (Kühnlein 2012, Xie et al. 2010). Therefore time until L3 stage and pupariation was 

investigated to understand at which stage Arl1 is crucial for Drosophila development. At 4 days 

after egg deposition (AED) about 80% of all genotypes except for Arl1-Q70L::HA and Arl1-

T30N::HA mutant larvae reached L3 stage. Arl1-Q70L::HA mutant larvae only reached 

57.2±10.5% and Arl1-T30N::HA mutant larvae only 42.6±6.7% L3 stage at 4 days AED. In 

addition 100% L3 stage was only completed by day 7 AED for Arl1-Q70L::HA and Arl1-

T30N::HA mutant larvae in comparison to 6 days AED for the remainder of the genotypes 

(Figure 5.5A). Pupariation was completed by the wild-type control by day 7 AED; however the 

Arl1-Q70L::HA mutant larvae only reached 52.14±10.2% and Arl1-T30N::HA mutant larvae 

only reached 5.3±7.0% pupariation at day 7 AED. At day 9, 80% of pupariation (Arl1-

Q70L::HA: 85.2±7.6%; Arl1-T30N::HA: 86.7±2.5%) has been reached and by day 10 - three 

days delayed - complete pupariation can be observed for both Arl1-Q70L::HA and Arl1-

T30N::HA mutant larvae (Figure 5.5B). The controls w
1118

, Arl1-WT and Arl1-WT::HA, but 

also Arl1-Jab::HA mutant and Arl1-RNAi did not show a delay in development to L3 or pupal 

stage. Arl1-Q70L::HA and Arl1-T30N::HA mutant larvae presented with a one day delay  to 

reach L3 stage and needed two additional days to reach pupa, but ultimately reached L3 and 

pupal stages (Figure 5.5B). 
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Figure 5.5. Delay in development present in Arl1-T30N::HA and Arl1-Q70L::HA mutants being 

overexpressed using actin-Gal4 
Drosophila development from egg to eclosion was followed. (A) The time until third instar larval stage 

(L3) completed was measured. (B) The time until full pupariation was investigated in which L3 larvae 

have formed to pupae. Values are expressed as mean±SEM (n = 80-150; 1-way ANOVA with Dunnett’s 

post-hoc test *P<0.05; **P<0.01; ***P<0.001). 

Efficiency of metamorphosis and ability to eclose was also investigated. The time point 

when flies eclosed from the pupal case was monitored daily and the number of offspring were 

counted. A delay in eclosion and severe reduction in offspring was observed for the Arl1-

Q70L::HA and Arl1-T30N::HA mutants (Figure 5.6). Full eclosion is usually completed by day 

11 in wild-types. In contrast, the Arl1-Q70L::HA mutant flies had only reached 63±12.0% and 

the Arl1-T30N::HA mutant flies only 44±2.2% eclosion by 11 days. The maximum eclosion 

reached for both genotypes was 85% at day 14, three days delayed compared to control 

Drosophila development (Figure 5.6A). However, when accounting for prior delays in 
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development, metamorphosis does not seem to be occurring at a slower rate. The number of 

total Drosophila offspring in the F1 generation was quantified. The Arl1-Q70L::HA and Arl1-

T30N::HA mutants presented with 50% reduced offspring for male flies. The female flies 

showed 50% reduced offspring for the Arl1-T30N::HA mutant, but the Arl1-Q70L::HA mutant 

only presented with 25% reduced offspring (Figure 5.6B). In both genders the Arl1-RNAi 

mutant presented with about 25% reduced offspring. This however was not significant (Figure 

5.6B).  
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Figure 5.6. Delay in development and reduced offspring in the Arl1-T30N::HA and Arl1-

Q70L::HA mutants, being overexpressed using actin-Gal4 

(A) Time until eclosion was measured and Arl1-T30N::HA and Arl1-Q70L::HA mutants did not fully 

eclose. (B) Total number of Drosophila eclosed from seven different egg layings (n = 60-200) Values are 

expressed as mean±SEM (n = 80-150; 1-way ANOVA with Dunnett’s post-hoc test *P<0.05; **P<0.01, 

***P<0.001). 

Incomplete eclosion and a reduction in offspring was observed for the Arl1-T30N::HA 

and Arl1-Q70L::HA mutants (Figure 5.6B). Therefore eclosion defects were analysed by 

visualising the pupal cases after eclosion was completed. Analysis was conducted at day 16 

days AED and pupal case appearance was quantified. Pupal cases were separated into three 

phenotypes: full eclosion (Figure 5.7A, left panel), partial eclosion (Figure 5.7A, middle panel) 

and incomplete eclosion (Figure 5.7A, right panel). About 17.0±2.2% of pupae for both Arl1-

T30N::HA and Arl1-Q70L::HA were unable to separate from the puparial case, leading to 
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partial eclosion (Figure 5.7A, middle panel and B). In addition, 4.5±1.0% of mutants pupae did 

not eclose at all, leading to incomplete eclosion (Figure 5.7A, right panel and C). About 2% of 

Arl1-Jab::HA mutant and Arl1-RNAi pupae were unable to separate from the puparial case 

during eclosion which in this analysis is not significant (Figure 5.7B). The T30N::HA and Arl1-

Q70L::HA mutants have shown very similar phenotypes so far, which suggests that a balanced 

activity of Arl1 is important. Both the Arl1-Jab::HA and the Arl1-RNAi do not show a delay in 

development however they do show a minimal defect in eclosion.  

 

 

Figure 5.7. Incomplete eclosion is present in all Arl1 mutants 
(A) (left panel) Normal eclosion can be seen for w

1118
, Arl1-WT and Arl1-WT::HA constructs. Partial 

eclosion (middle panel) and incomplete eclosion (right panel) can be observed Arl1-Jab, Arl1-Q70L, 

Arl1-T30N mutants and Arl1-RNAi flies. (B) Quantification of the partial eclosion phenotype in all 

genotypes. (C) Quantification of the incomplete eclosion phenotype in all genotypes (n=80-150; Values 

are expressed as mean±SEM. 1-way ANOVA with Dunnett’s post-hoc test *P<0.05; **P<0.01, 

***P<0.001). 
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Incomplete eclosion of the Arl1-T30N::HA and Arl1-Q70L::HA mutants present part of 

the cause for the reduction in offspring, but it was also of interest how much larval lethality 

plays a role during development. Hatched larvae were therefore quantified daily as part of the 

earlier analysis. The Arl1-T30N::HA mutant showed the most severe larval attrition with only 

57.25±7.5% survival (Figure 5.8A). The Arl1-Q70L::HA mutant showed only 66.16±8.1% 

larval survival and the Arl1-RNAi only 70.1±13.3% survival (Figure 5.8A). It therefore seems 

that the Arl1-T30N::HA and Arl1-Q70L::HA mutants and the Arl1-RNAi specifically affect 

larval survival. The reduction in Drosophila offspring for Arl1-T30N::HA and Arl1-Q70L::HA 

is caused by both reduced larval survival and an inability to complete eclosion. Consistent with 

findings in the jab mouse, the Arl1-Jab::HA mutant flies do not present with any obvious 

developmental delay. 

A delay in development has been identified for the Arl1-T30N::HA and Arl1-

Q70L::HA mutants specifically at crucial stages in which lipid levels regulate further 

development. Lipid homeostasis is crucial for development in the adults and therefore the 

effects on survival were analysed. Flies were separated by gender and dead flies were counted 

every 3-4 days. Male flies survive for an average of 75 days whereas the females survive up to 

100 days. This data is similar to reports in the literature (Xie et al. 2010, Watson et al. 2008). 

Both Arl1-Q70L::HA and Arl1-T30N::HA mutants show 50% reduced survival in both male 

and female adults. The Arl1-RNAi fly line interestingly shows a reduced survival of about 30-

40% (Figure 5.8B). Consistent with findings from the jab mouse, the Arl1-Jab::HA mutants 

have a normal life span (Figure 5.8B). In conclusion Arl1 is crucial for development and 

survival in Drosophila. 
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Figure 5.8. Reduced larval attrition, F1 generation offspring and survival is present in the Arl1-

Q70l::HA, Arl1-T30N::HA and Arl1-RNAi overexpressing mutants using actin-Gal4 
(A) Percentage of larvae that completed all stages to pupariation were assessed (n = 180). (B) Kaplan–

Meier log rank test for survival showing reduced median survival of Arl1-Q70L::HA, Arl1-T30N::HA 

and Arl1-RNAi for both male and females in comparison to w
1118

, Arl1-WT, Arl1-WT::HA and Arl1-

Jab::HA (each genotype n=80-150). Survival curves were significantly different by Mantel-Cox test, 

p<0.0001 for both male (Arl1-Q70L::HA χ
2

 

= 143.4; Arl1-T30N::HA χ
2
 

= 216.5; Arl1-RNAi χ
2

 

= 102.0) 

and females (Arl1-Q70L::HA χ
2

 

= 133.4; Arl1-T30N::HA χ
2
 

= 125.0; Arl1-RNAi χ
2
 

= 81.2). Age matched 

flies were separated by gender and every 3-4 days transferred to new tubes. Survival was analysed every 

3-4 days (Values are expressed as mean±SEM; 1-way ANOVA with Dunnett’s post-hoc test *P<0.05; 

**P<0.01). 
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5.2.3. Growth retardation and reduced locomotor activity 

To investigate whether the Arl1-Jab::HA Drosophila model was a model of the jab 

mouse, various phenotypes were assessed including growth retardation, motor activity, LD 

morphology, TAG levels, retention of lipids in the gut and glial cell morphology. First of all, 

growth retardation was investigated in the Drosophila Arl1 mutants by weighing groups of 10 

flies and measuring their length for all genotypes. The Arl1 mutants are significantly smaller 

(Figure 5.9A), with the Arl1-Q70L::HA and Arl1-T30N::HA mutants approximately 25-30% 

reduced in weight, whereas the Arl1-Jab::HA mutant and Arl1-RNAi flies were only 10% 

lighter in weight (Figure 5.9B). The same trend was observed for fly length (Figure 5.9C). 

There are some mild gender differences in which the Arl1-RNAi male mutants were not 

significantly smaller in length or lighter in weight. The Arl1-Jab::HA male mutants were 

significantly smaller in length but not lighter in weight. These results might highlight the lipid 

metabolic differences between males and females that have been observed in previous studies 

(Scheitz et al. 2013, Parisi et al. 2011, Hoffman et al. 2014). 
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Figure 5.9. Arl1 mutants present with reduced size and weight 
(A) Five-day old flies were imaged and representative images are presented. Scale bar: 0.5mm. (B) Ten 

flies were batched together from each genotype and weighed (n=60). (C) Images were taken of a total of 

30 flies for which length measurements were taken. Values are expressed as mean±SEM (1-way ANOVA 

with Dunnett’s post-hoc test *P<0.05, ***P<0.001). 

 

The locomotor activity was measured next as the jab mouse presents with tremor and 

reduced motor coordination. Locomotor activity was measured at 7, 14 and 21 days. 

Locomotion was assessed by a commercially available locomotor activity monitoring system 

(Trikinetics Inc.) which measures movement of Drosophila. Similar to what was observed in 

the jab mouse, there is reduced motor activity in Arl1 mutant adult flies at all ages. Motor 
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activity was reduced significantly between 25-30%. Indeed, a motor phenotype was observed 

not only for the Arl1-Q70L::HA and Arl1-T30N::HA that had shown more defects in this study, 

but also for the Arl1-Jab::HA and Arl1-RNAi (Figure 5.10). No progression in motor activity 

was observed. The data suggests that Arl1 is also involved in locomotor activity in Drosophila, 

as in the mouse. 

 

Figure 5.10. Significant motor defects could be observed by the mutants being overexpressed using 

actin-Gal4 
Activity of flies was measured using the locomotor activity monitoring system (Trikinetics Inc.). Male 

and female flies (30 flies per genotype and sex) were kept at 25°C and entrained for 1 day in 12:12 LD 

(light:dark) cycles. The last 3 days were used for data analysis. For each fly line, the locomotor activity 

levels of individual flies (n=18-30) were measured in 60 min bins and then averaged to obtain a group 

profile representative for that line. Values are expressed as mean±SEM (1-way ANOVA with Dunnett’s 

post-hoc test *P<0.05; **P<0.01, ***P<0.001). 
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5.2.4. Changes in lipid droplet size in the Drosophila fat body 

As seen before the Arl1 adult fly mutants are significantly shorter and lighter. This 

hints towards a defect in differentiation and growth (Tennessen and Thummel 2011). LDs were 

present at reduced size in the jab mouse and therefore LDs were also analysed in the Arl1 

mutants. Lipid storage is an elementary feature of cell metabolism and must be tightly 

controlled (Beller et al. 2010). The fat body from male L3 larvae were dissected from age 

matched genotypes at 4 days AED as the fat body is easily accessible in the Drosophila larval 

system. Male larvae were analysed from this point to exclude any hormonal changes that occur 

in the female organism. The fat bodies were stained with the lipophilic stain Nile Red and 

imaged for LD morphology. Three parameters were assessed: (i) LD size to analyse defects in 

formation or fusion of LDs, (ii) number of LDs within a single adipocyte – the cells of the fat 

body - which gives insights on fusion ability and (iii) size of the adipocytes to highlight any 

growth defects. LD size of 100μm
2
 in the wild-type was consistent with previous studies (Bi et 

al. 2012). LD size was significantly reduced by about 20% in the Arl1-Jab::HA and by about 

40% in the Arl1-RNAi larvae (w
1118

 and Arl1-WT::HA: 110.5±9.8µm
2
; Arl1-Jab::HA: 

79.1±4.4µm
2
;. Arl1-RNAi: 60.3±5.2µm

2
). The LD size of the Arl1-RNAi larvae almost 

compared in size to the Arl1 null which presented with greater than 50% reduction in size 

compared to the wild-type controls (Arl1 null: 40.5±5.2µm
2
). In contrast, the LDs of the Arl1-

T30N::HA larvae were double in size compared to the wild-type controls. No difference in LD 

size was observed in the Arl1-Q70L::HA larvae (Figure 5.11 A+B).  The number of LDs per 

adipocyte were significantly reduced by 30% in the Arl1-Q70L::HA larvae and by 60% or more 

in the Arl1-T30N::HA and Arl1 null larvae respectively, in comparison to the wild-type control 

(w
1118

 and Arl1-WT::HA: 14.0±1.2 LDs/adipocyte; Arl1-Q70L::HA: 8.4±0.8 LDs/adipocyte; 

Arl1-T30N::HA: 5.8±0.6 LDs/adipocyte; Arl1 null: 4.0±0.3 LDs/adipocyte). No difference in 

the number of LDs per adipocyte was observed in the Arl1-Jab::HA and Arl1-RNAi larvae in 

comparison to the wild-type controls (Figure 5.11 A+C). Adipocyte cell size was significantly 

reduced by 25% in the Arl1-Jab::HA, by 50% in the Arl1-Q70L::HA and the Arl1-T30N::HA 

larvae, and by 90% in the Arl1 null larvae in comparison to the wild-type controls (w
1118

 and 
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Arl1-WT::HA: 3950.2±220.5µm
2
; Arl1-Jab::HA: 2981.5±251.7µm2; Arl1-Q70L::HA: 

1749.6±104.9µm
2
; Arl1-T30N::HA: 1473.3±128.0µm

2
; Arl1 null: 242.9±16.8µm

2
;). Adipocyte 

cell size did not differ in the Arl1-RNAi larvae compared to the wild-type controls (Figure 5.11 

A+D). Consistent with findings in the jab mouse, LDs were also of reduced size in the Arl1-

Jab::HA mutants. In conclusion, Arl1 plays an important role in LD biogenesis and growth of 

adipocytes in the male larval fat body.  
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LDs mainly contain TAG and in past reports it has been shown that Arl1 might play an 

important role in LD fusion and lipolysis (Hommel et al. 2010). Due to TAG levels being 

abnormal in the jab mouse, TAG levels were also investigated in the Arl1 mutants. TAG levels 
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Figure 5.11. Altered Arl1 expression and 

mutation in the fat body alters lipid droplet 

morphology 

(A) Representative images of Arl1 mutant fat 

body from third instar larvae of the indicated 

genotype. Lipid vesicles are stained with Nile 

Red (red), nuclei with Hoechst (blue) and 

Phalloidin (green) to visualise the cell 

membrane. Scale bar: 20µm. (B) Size of lipid 

droplets (LDs) were analysed from images as 

well as (C) number of LDs per cell and (D) size 

of the adipocytes. Values are expressed as 

mean±SEM (n=8; 1-way ANOVA with 

Dunnett’s post-hoc test *P<0.05; **P<0.01, 

***P<0.001). 
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were measured in whole male adult Drosophila homogenate. Larvae were used for the analysis 

of Arl1 null TAG levels as they do not reach adulthood. Interestingly, the Arl1-Jab::HA mutants 

also presented with reduced, but not significant, levels of TAGs as the jab mouse. Reductions in 

TAG levels were also observed in Arl1-Q70L::HA, although not significant, and in Arl1-

T30N::HA mutants and Arl1-RNAi flies, which were significant (Figure 5.12A). The Arl1 null 

larvae presented with significant reduction in TAG levels (Figure 5.12B). Therefore Arl1 seems 

to monitor the homeostasis of TAG levels in Drosophila. 

 

Figure 5.12. Altered Arl1 in expression and mutation in the fat body alters TAG content 
(A) TAG content of whole fly homogenate. (B) TAG content in whole larvae. TAG content was 

normalised to the amount of fly/larvae wet weight. Values are expressed as mean±SEM (n= 30 flies; 1-

way ANOVA with Dunnett’s post-hoc test or two-tailed Student’s t-test *P<0.05; **P<0.01). 

5.2.5. Lipid retention in the gut 

The jab mouse models CRD. A hallmark of CRD is retention of lipids in the gut, as 

seen in the jab mouse (Chapter 1, Section 1.3.2.). As Drosophila was being validated to study 

CRD, lipid retention in the Arl1 Drosophila mutants was analysed. Due to ease of accessibility, 

the larval gut was dissected from L3 larvae of age matched genotypes and stained with Nile 

Red, a lipophilic stain. The Nile Red stain quantification showed a 2-fold increase in lipid 

retention in the Arl1-Jab::HA mutant and the Arl1-Q70L::HA mutant, and a 3-4 fold increase 

for the Arl1-T30N::HA and Arl1-RNAi mutants (Figure 5.13A+B) in comparison to the wild-

type control. These results suggest the conserved function of Arl1 in Drosophila and mouse in 

the assembly of chylomicrons for lipid absorption (Jaschke et al. 2012).  
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Figure 5.13. Lipid retention increases in the gut by two-fold in the Arl1-Jab::HA and Arl1-

Q70L::HA mutants and 3-4 fold increase in the Arl1-T30N::HA and Arl1-RNAi mutants 

(A) Representative images of Arl1 Drosophila gut stained with Hoechst (white/blue in merge), Nile red 

(red) and Phalloidin (green). Scale bar: 100µm. (B) Nile red staining intensity was measured using Image 

J. Values are expressed as mean±SEM (n=3 L3; 1-way ANOVA with Dunnett’s post-hoc test *P<0.05, 

***P<0.001). 

 

5.2.6. No significant abnormalities were observed in glial cell morphology 

The jab mouse presented with demyelination in the PNS and CNS. Although myelin is 

not present in Drosophila, glial cells in Drosophila are similar to mammalian glial cells. 

Peripheral wrapping glial cells in Drosophila function similarly to mammalian non-myelinating 

Schwann cells in the PNS (Freeman and Doherty 2006). Due to ease of access the CNS from L3 

male larvae were dissected. Neurons exiting the CNS and ensheathed by glial cells were 

analysed by counting the number of glial nuclei and measuring the width of the phalloidin 

membrane stain, staining the glial membrane sheath. The number of glia nuclei was not 

significantly different between the wild-type and Arl1 mutant flies (Figure 5.14A+B). The 

width of the glial membrane stain was measured and a slight, but not significant, reduction in 

width was found between the wild-type and all Arl1 mutants (Figure 5.14A+C). In conclusion, 

no obvious defects in the glial morphology were observed in Drosophila harbouring Arl1 

defects. 
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Figure 5.14. Altered Arl1 in expression and mutation in glial cells does not significantly alter 

morphology 

(A) Representative images of Arl1 mutant CNS stained with Hoechst (white/blue in merge), Repo 

(green), HRP (red) and Phalloidin (yellow).Scale bar: 100µm. (B) Number of glial cells on a 200µm 

stretch were counted and no significant difference was found between the genotypes. Dotted white boxes 

illustrate an example of a neuron analysed. (C) Glia-neuron width was measured using Image J and a 

slight reduction can be observed, but is not significant, in the mutants versus wild-types. Values are 

expressed as mean±SEM (n= 3 L3; 1-way ANOVA with Dunnett’s post-hoc test). 
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5.2.7. Reduction in weight is not only governed by defective Arl1 in the fat 

body 

The most prominent pathology in the jab mouse is LD size reduction in adipose tissue 

and demyelination of the PNS, which suggests an important function of Arl1 in these tissues. 

As present in the jab mouse, a reduction in LD size was also observed in the fat body of Arl1 

mutant flies. Furthermore the fat body has been implicated in growth by sensing nutrients and 

responding to these and initiating growth in the organism (Mirth and Riddiford 2007). 

Therefore, in order to test the importance of Arl1 in this tissue, Arl1 mutants and Arl1 RNAi 

were overexpressed specifically in the fat body using the fat body Gal4 driver Cg (collagen type 

IV)-GAL4 (Asha et al. 2003, Sousa-Nunes et al. 2011). This driver also expresses in some glial 

cells. Weight of the mutant flies was used as a measure of lipid metabolic defect. However, no 

significant difference was observed in weight (Figure 5.15).  

 

 

Figure 5.15. Overexpression of 

Arl1 mutant constructs in the fat 

body does not lead to a weight loss 

as seen in ubiquitous expression 

Arl1 mutant constructs were crossed 

to fatbody-Gal4 driver and 10 flies 

were weighed per sample. Weight 

between the different genotypes was 

not altered significantly. Values are 

expressed as mean±SEM (n= 60; 1-

way ANOVA with Dunnett’s post-

hoc test). 

 

5.2.8. Impaired insulin signalling pathway 

In the Arl1 mutants and Arl1-RNAi lipids are retained in the gut, potentially leading to 

nutrient deprivation. The smaller size of flies suggests involvement of a growth pathway defect 

in which insulin plays a crucial role. Specifically, Dilps and the insulin receptor signalling 

pathway have been implicated in regulating nutrition-dependent growth rates (Oldham and 

Hafen 2003, Sousa-Nunes et al. 2011, Mirth and Riddiford 2007). The insulin Akt/PI3K 
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pathway is well characterised and therefore Arl1 was investigated if it could be part of the 

insulin pathway. Specifically, Dilp2 (Figure 5.16A) and Dilp3 (Figure 5.16B) have been shown 

to be reduced in the Drosophila mutants using qPCR. The dILPs activate the insulin Akt/PI3K 

pathway and lead to phosphorylation of Akt which then activates downstream signalling 

partners. The level of phosphorylation of Akt was measured by western blot and showed a 

slight reduction in phosphorylated Akt for the Drosophila mutants (Figure 5.16C). These data 

suggest that Arl1 defects lead to insulin pathway impairments. 

 

Figure 5.16. Reduced levels of Drosophila insulin-like peptides (Dilps) and insulin signalling in the 

Arl1 mutant Drosophila 
(A) mRNA expression of Dilp2 and (B) Dilp3 was detected by qRT-PCR (n = 3). (C) Western blot 

analysis of Akt and p-Akt in whole fly lysate from w
1118

, wild-type and mutant Arl1 overexpression by 

actin-Gal4 in Drosophila (n = 2). Values are expressed as mean±SEM (1-way ANOVA with Dunnett’s 

post-hoc test *P<0.05; **P<0.01). 
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5.3. Discussion 

In this chapter, novel Drosophila Arl1 mutants are described that are well suited for 

further studies of Arl1, dissecting molecular mechanisms linking lipid homeostatic defects to 

neurologic disease. The jab mouse model, a potential novel model of the lipid metabolism 

disease CRD, is the first report of Arl1’s involvement in lipid deregulation leading to 

neurodegeneration. It is not clear how changes in lipid homeostasis cause neurodegeneration 

therefore it is important to generate models that enable further investigation of the underlying 

molecular mechanisms. To investigate the role of Arl1 tissue specifically, Drosophila Arl1 

mutants were generated and validated. The Arl1 gene shows strong conservation between fly 

and mouse as the jab Drosophila mutant recapitulates the key phenotype observed in the jab 

mouse. The jab Drosophila mutant presents with normal life span (Figure 5.8), growth 

retardation (Figure 5.9), motor defects (Figure 5.10), reduced lipid droplet size (Figure 5.11), 

reduced TAG levels (Figure 5.12) and retention of lipids in the gut (Figure 5.13). This 

highlights the value and the validity of using Drosophila as a model organism to further 

investigate Arl1 function. Arl1 is one of the most conserved genes of this family, reflecting its 

fundamental role in eukaryotic cells (Pasqualato et al. 2002). 

Until now, only knock-out studies have been conducted to investigate Arl1 in vivo 

function (Tamkun et al. 1991, Torres et al. 2014, Lee et al. 2011). Previous studies of Arl1 in 

Drosophila have been conducted using the Arl1 null, which is a limited in vivo model organism 

as it only survives until larval stage. Studies using the Arl1 RNAi highlight Arl1’s role in 

secretory granule biogenesis (Torres et al. 2014), negative regulator of ER-Golgi traffic and 

acting in part in ER quality control (Lee et al. 2011) which supports Arl1’s importance in 

vesicle membrane trafficking at the trans-Golgi network (trans-Golgi) (Lowe et al. 1996, 

Behnia et al. 2004, Nishimoto-Morita et al. 2009, Chia and Gleeson 2011). In this chapter, the 

Arl1 RNAi line from the Bloomington Stock Centre was used and led to an Arl1 knock-down of 

only 30% (Figure 5.4C). Interestingly, knock-down of 30% Arl1 mRNA already led to 
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pathology in this chapter but it would be necessary to confirm this pathology with additional 

Arl1 RNAi lines to exclude off target effects of the specific RNAi used.   

5.3.1. Similarities in phenotype observed between the following pairs: Jab and 

RNAi as well as Q70L and T30N 

A lesson emerging from systemic knock-out studies has shown that by only employing loss 

of function mutations the understanding of gene functions will be limited (Prelich 2012). 

Constitutively active, inactive and jab Arl1 mutations were generated (Table 5.1) as well as the 

Arl1 RNAi and used to understand Arl1’s function. Point mutations or deletion mutations, that 

inactivate one function of a protein but still enable interaction with other proteins, have been 

commonly used. This approach has also been employed in the study of Arl1 and other small 

GTPases, and overexpression increases the likelihood of these mutants to cause a mutant 

phenotype (Lu et al. 2001, Zahn et al. 2006, Chen et al. 2010). In this chapter, the translation of 

this approach to a whole organism, as Drosophila, is presented and has already proven to be 

valuable for other small GTPases (Klemm et al. 2013). Phenotypes of Arl1 mutants compared 

to the Arl1-WT::HA control are presented in table 5.2 and discussed below. 

Overexpressing Arl1-WT::HA did not lead to any obvious pathology. These results confirm 

the observations made in a prior study in mammalian cells in which surplus Arl1 localises to the 

cytoplasm, suggesting that trans-Golgi localisation and activation of Arl1 is saturable (Lu et al. 

2001). Interestingly, the jab mutant flies are similar in phenotype to the Arl1-RNAi mutant flies 

showing no severe developmental delay, but slightly reduced size, reduced motor activity, 

reduced LD size and normal number of LDs within the fat body’s adipocytes. In contrast to the 

jab mutant flies, the Arl1-RNAi mutant flies also presented with reduced life span of 20-30% 

and retention of lipids by a 3-fold increase in the Drosophila gut versus a 2-fold increase in the 

jab mutant flies. Stainings were conducted using Nile Red, a common stain for lipophilic 

compounds. However, Oil Red O has also been used and argued to be a more specific staining 

method and could be used in future studies to confirm Nile Red staining in this study (O’Rourke 

et al. 2009, Mehlem et al. 2013, Gutierrez et al. 2007). A higher amount of lipid retention in the 

gut was also observed in the Arl1-T30N::HA mutants presenting with premature death; 
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however, the Arl1-Q70L::HA mutants only present with a 2-fold increase in lipid retention in 

the gut and also presents with premature death, whereas the jab mutants do not. Therefore, lipid 

retention levels might not be the leading cause of premature death in the mutants. Further 

studies are needed to confirm the cause of premature death. No studies have been conducted on 

cell death, which might be an effect secondary to lipid defects, and help to elucidate cause of 

premature death in the Arl1 mutants. Neurons are essential for signalling processes for critical 

organs. They are particularly sensitive to insults in homeostasis and rely on high energy levels. 

Therefore, deregulation in lipid metabolism might make them less stress resistant and lead to 

death. Due to the similarity between the RNAi and jab fly lines, one might hypothesise that the 

jab mutation sequesters wild-type protein and causes loss of wild-type function, or another toxic 

gain of function causing dysfunction of the wild-type protein. However, potentially something 

more complex is happening, as a more severe phenotype would be expected in the jab mouse 

which only contains 50% of endogenous Arl1 wild-type protein. Further analysis will be 

necessary to confirm these findings. 

5.3.1.1. The function of Arl1 in Drosophila development 

The T30N mutation, the CI form of Arl1, has shown to fragment the Golgi apparatus 

(Golgi) since Golgi proteins were not able to localise to the Golgi. The Q70L mutation, the 

constitutively active form of Arl1, has been shown to expand the Golgi in which Golgi proteins 

could still localise to the Golgi, but vesicle trafficking was dysfunctional (Lu et al. 2001). These 

experiments in cells already highlight similar signalling defects caused by oppositely 

functioning proteins. Indeed, Arl1-T30N::HA and Arl1-Q70L::HA mutants led to a similar 

phenotype in Drosophila. This highlights the importance of maintaining a strict level of Arl1 

activation. Too much activity or too little is both detrimental to the system. Arl1-T30N::HA and 

Arl1-Q70L::HA mutants present with severe developmental delay. Drosophila development is 

characterised by crucial changing levels of TAG synthesis and mobilisation, which cause a 

large increase of body fat content during larval development followed by a 3-fold reduction 

during metamorphosis (Church and Robertson 1966). The fat body in particular has an 
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important role in linking nutrient availability to growth. The Arl1 null mutant is lethal at a late 

L2 stage and suggests crucial involvement of Arl1 at this stage. Interestingly, an important 

factor for pupariation and metamorphosis is the critical weight that needs to be reached, which 

occurs during the transition from L2 to L3 stage. If nutrient deprivation occurs prior to reaching 

critical weight, then the larvae do not grow, are unable to initiate metamorphosis and die (Mirth 

and Riddiford 2007, Beadle et al. 1938). Therefore, the complete loss of Arl1function (as in the 

Arl1 null) most likely leads to inability to reach critical weight and early death at larval stage, 

due to Arl1’s involvement in lipid homeostasis. Interestingly, the Arl1-T30N::HA and Arl1-

Q70L::HA mutants both present with delays in development, specifically in reaching L3 and 

pupal stage. High larval lethality is observed for both the genotypes (30-40%), therefore 

suggesting nutrient deprivation prior to reaching critical weight. The remainder of larvae 

reached metamorphosis but 10-20% were unable to hatch or were not able to complete 

metamorphosis. The flies that hatched were severely growth retarded. Interestingly, studies 

have shown that when larvae were starved after reaching critical weight, larvae presented with 

reduced growth but metamorphosed into tiny adults (Mirth and Riddiford 2007, Beadle et al. 

1938). These results highlight Arl1’s involvement in lipid accumulation prior to L3 stage to 

advance to L3 and pupal stage. TAG levels were shown to be reduced in whole adult fly 

homogenate and it is highly likely that TAG levels are also reduced in larvae in comparison to 

wild-type controls (following previous results discussed) and lead to developmental delay. 

Future studies should confirm TAG levels during larval stages. Furthermore, it would be 

essential to ensure feeding ability and analysis of the gut content of larvae. Interestingly, lipid 

retention in the gut was observed and highlights the potential of impaired nutrient absorption as 

observed in the conditional enterocyte-specific Arfrp1 knock out mouse (Jaschke et al. 2012). 

Arfrp1 recruits Arl1 and suggests an overlap in pathology (See Chapter 1, Figure 1.7). This 

study has highlighted the role of Arl1 in growth, development and nutrient accumulation. 
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5.3.1.2. Arl1’s function in lipid droplet biogenesis 

A difference observed between Arl1-T30N::HA and Arl1-Q70L::HA mutants is the LD 

phenotype, in which the Arl1-T30N::HA mutant increases LD size to double the size of the 

wild-type control and has 60% reduced amount of LDs, and the Arl1-Q70L::HA mutant 

maintains the LD size but has only 30% reduced amount of LDs in comparison to the wild-type 

control. Both present with 50% reduced adipocyte size in comparison to the wild-type control, 

suggesting an involvement in differentiation and growth of adipocytes. Interestingly, the jab 

Drosophila mutant is similar to the jab mouse in that it also presents with a slightly reduced 

adipocyte cell size. Work on the jab mouse has confirmed a reduction in the adipose 

differentiation factors PPAR-γ and CCAAT/enhancer-binding protein alpha (C/EBP-α) (Bitoun 

et al., unpublished). 

Interestingly, the Arl1 null has a similar trend in phenotype to the Arl1-T30N::HA 

mutant with larger and fewer LDs, both ultimately harboring dysfunctional Arl1. It needs to be 

taken into consideration, that the Arl1 null is more severely developmentally delayed and hence 

smaller in size. LDs are formed at the ER and further processed at the Golgi, where Arl1 is 

located at the trans-Golgi. Interestingly, larger LDs have been associated with an inefficiency 

of lipolysis and an aggregation of lipid in the LDs (Guo et al. 2008). Proton-assisted amino acid 

transporters (PAT) family proteins perilipin, adipocyte differentiation-related protein (ADRP), 

and tail-interacting protein of 47 kDa (TIP47) attach to LDs and restrict the access of lipases or 

facilitate their enzymatic activity under appropriate metabolic conditions (Bickel et al. 2009). 

Arl1 recruits the Arf-GEF BIG1 and BIG2 and activates Arf1 (McDonold and Fromme 2014, 

Torres et al. 2014, Christis and Munro 2012). The Arf1-coat protein (COPI) machinery is 

required for the localisation of the major TAG lipase adipose triglyceride lipase (ATGL) (Beller 

et al. 2008, Soni et al. 2009, Ellong et al. 2011). Therefore further studies on localisation of 

PATs and associated lipases such as ATGL on LD surfaces would be crucial in the 

understanding of a lipolysis defect in the Arl1 mutants (Jambunathan et al. 2011, Cartwright et 

al. 2014, Guo et al. 2008, Hommel et al. 2010).  
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Arl1-Jab::HA mutant and Arl1-RNAi have much smaller LD and more LDs per cell. 

The mechanism behind this phenotype might be due to impaired fusion and growth (Klemm et 

al. 2013, Chao Wang et al. 2012). Boström and co-workers demonstrated that the soluble N-

ethylmaleimide-sensitive factor adaptor protein receptor (SNAP23) is necessary for fusion of 

LDs (Bostrom et al. 2007). Conditional adipocyte-specific Arfrp1 knock out mice presented 

with reduced amount of SNAP23 localised to LDs (Hommel et al. 2010). As Arfrp1 recruits 

Arl1, investigating SNAP23 localisation in the fat body of the Arl1 Drosophila mutants would 

be necessary to confirm this defect. Proteins localised at the LD are crucial for intracellular 

locomotion, efficient lipolysis when energy is needed and signalling mechanisms. From the 

results presented in this chapter, Arl1 might play an important role in further processing of LD 

at the trans-Golgi. 

Furthermore, levels of Arl1 defect seem to be crucial due to the differences seen 

between the low level of defect in Arl1-Jab::HA mutant and Arl1-RNAi (leading to smaller 

LDs) in contrast to the more severe defect in Arl1-Q70L::HA, Arl1-T30N::HA and Arl1 null 

(leading to fewer and larger LDs). Despite the exact mechanism for this being unknown, 

adipose cell sizes are also irregularly formed in the mutants and it could be concluded that Arl1 

plays an important role in LD formation, as suggested in studies by Hommel et al., 2010. 

Despite their implication in energy metabolism and disease, LDs have been grossly 

understudied. Lipid metabolism defects might cause defects in the most sensitive cells of the 

organism, for example neurons and glia which have been less studied. The jab mouse presents 

with neuropathy and it is crucial to understand Arl1’s role in this new pathogenic mechanism 

that can elucidate insights into lipid metabolism deregulation and neuropathy. Interestingly, a 

recent study has highlighted LD accumulation in glial cells as a promoter of neurodegenerative 

disease (Liu et al. 2015) and highlights the importance of understanding altered lipid 

metabolism leading to neurodegeneration. 

The jab mouse presents with pronounced peripheral demyelination which is cause for 

the neuromuscular junction (NMJ), muscle and locomotor defects (Bitoun et al., unpublished). 

Both the Arl1-Jab::HA and the Arl1-RNAi do not show a delay in development, however they 
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do show a defect in eclosion as well as the Arl1-T30N::HA and Arl1-Q70L::HA mutants. This 

phenotype is reminiscent of those observed in nip and Sod1 mutant flies, which are models of 

neuromuscular disease (Xie et al. 2010, Kirby et al. 2002). Incomplete eclosion, in which the fly 

is unable to separate from the puparial case during eclosion, has been associated with motor 

phenotypes such as ALS Drosophila models and implies a motor defect in the Arl1 mutants 

(Wang et al. 2011, Kirby et al. 2002). Ensheathing glia also play a crucial role in Drosophila 

and therefore mechanisms maintaining glial health that are important for myelination can be 

studied using Drosophila (Ghosh et al. 2013, Xie and Auld 2011, Navarro et al. 2010). 

Unfortunately, in order to visualize the glial membrane most studies expressed a membrane 

tagged GFP (UAS-mCD8-GFP) (Lee and Luo 1999, Ghosh et al. 2013) using the glial cell 

driver, repo-Gal4. A slight reduction in width of the glial membranes was detected, which 

might suggest there are defects occurring that potentially could lead to the locomotor phenotype 

observed in the flies. In particular, glial ensheathment at the NMJs should be analysed as well 

as the NMJs themselves as they were shown to be disorganised in the jab mouse (Chapter 3). 

The findings in this study are preliminary and further analysis is needed. 

Table 5.2. Comparison of phenotypes of the different Arl1 mutations to Arl1-WT::HA control 

 Development Survival Size 
Motor 

Activity 
Fat pathology Signalling 

Retention 

of lipids 

in the 

Gut 

Jab Normal Normal 
Slightly 

reduced 
Reduced 

LD size 

No. of LD≈ 

Dilps 

pAkt 
2-fold 

Q70L Delayed 
50% 

reduced 
Reduced Reduced 

LD size≈ 

No. of LD 

Dilps 

pAkt 
2-fold 

T30N delayed 
50% 

reduced 
Reduced Reduced 

LD size 

No. of LD 

Dilps 

pAkt 
4-fold 

RNAi Normal 
30-40% 

reduced 

Slightly 

reduced 
reduced 

LD size 

No. of LD≈ 

Dilps 

pAkt 

 

3-fold 

 

LD=Lipid droplets; “≈” = about equal to wild-type; Dilps = Drosophila insulin-like peptides; pAkt = 

phosphorylated Akt 
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A limitation to the study using CI and CA mutants of GTPases, is the potential aberrant 

localisation not characteristic of endogenous Arl1. Therefore it is crucial to confirm localisation 

of mutant Arl1 and investigate known Arl1 binding partners in order to assess the functionality 

of the overexpression. However, in support of the mutants exerting Arl1 specific pathology are 

the findings made in the Arl1-RNAi which affect the same tissue and mechanisms. 

Unfortunately, this chapter lacked an antibody for the endogenous Arl1 protein in Drosophila. 

Future efforts should focus on the production of such an antibody in order to compare 

overexpressed constructs with endogenous Arl1. For the first time, in vivo function of the CI 

and CA form of Arl1 has been characterised and elucidated that Arl1 is highly sensitive to a 

balanced level of activity, as both mutations lead to very similar pathology in Drosophila. 

Previous expression profiling studies indicate that Arl1 is likely to act in most tissues, 

but given the different membrane trafficking requirements of different cell types, the function of 

Arl1 varies. Higher expression is present in the salivary glands, accessory glands, malpighion 

tubules, fat body and gut, which all have important roles in secretion (Chintapalli et al. 2007). 

Due to strong defects observed in the fat body and higher expression levels of Arl1, it was 

questioned if this tissue might drive the pathology. Weight was analysed to provide as initial 

parameter, due to significant growth retardation in the mutants (Figure 5.9B). Preliminary 

results present no changes in weight, which highlights that Arl1 does not seem to play a role in 

fat body to increase weight. The need for additional tissues to be defective and a potential 

systemic defect in Arl1 is stressed. However expression levels and fat body pathology, as well 

as the use of additional fat body drivers, should be investigated in further studies to draw any 

conclusion. Interestingly, another gene, dSir2 (implicated in lipid metabolism), presented only a 

life span defect when diet, specifically yeast, was restricted (Banerjee et al. 2012). Therefore, it 

would be of interest to alter diet to potentially exert an effect when Arl1 is altered in the fat 

body.  
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5.3.2. Defects in the insulin signalling pathway are observed in the Arl1 mutants 

Growth defect, development delay and LD abnormalities present as an insulin defective 

phenotype. Indeed, the insulin signalling pathway is crucial for cell growth in response to 

nutrient conditions (Edgar 2006, Sousa-Nunes et al. 2011, Geminard et al. 2009, Hietakangas 

and Cohen 2009, Teleman 2009, Goberdhan and Wilson 2003). The Arl1 mutant flies presented 

with growth retardation and retention of lipids in the gut, consistent with findings in the jab 

mouse and most probably leading to nutrient deprivation in the organism. To confirm this, 

levels of amino and fatty acids will need to be measured in the haemolymph. Interestingly, it 

has been shown that nutritional stimuli, known to be excreted by the fat body (Britton and 

Edgar 1998), induce the expression of Dilps in a subset of glia. This pathway involving the 

insulin Receptor/PI3K pathway is required by neuroblasts to exit quiescence and differentiate 

(Sousa-Nunes et al. 2011). This is an interesting link especially as the jab mouse presents with 

lipid homeostatic defects and demyelination of the PNS, and suggests Arl1’s involvement in 

defective neuroblast proliferation potentially leading to immature glial cells. Indeed, on a whole 

organism level, reduction in Dilps were measured by qPCR which might be caused by reduction 

in nutrients sensed by the fat body. Furthermore, downstream Akt phosphorylation was 

impaired in all mutants and suggests involvement of Arl1 and the insulin signalling pathway. 

To support dysfunction of the insulin signalling pathway further, downstream proteins of Akt 

should be measured especially the activation of mTOR which subsequently phosphorylates S6K 

and 4E-BP, important for cell growth and differentiation. The findings from the study of the 

conditional hepatocyte-specific Arfrp1 knock-out mice supported Arl1’s involvement in the 

insulin signalling pathway, as it showed ineffective targeting of IGF1, a substrate of the insulin 

signalling pathway, for secretion. IGF1 has been associated with neuronal survival and 

promoting Schwann cell myelination (Wine et al. 2009, Liang et al. 2007, Ye et al. 2002, 

Fernandez and Torres-Aleman 2012, Carro et al. 2002). Interestingly, the insulin signalling 

pathway has also been implicated in Drosophila glia proliferation important for ensheathing 

neurons and providing protection from neurodegeneration (Callan et al. 2012, Chell and Brand 

2010, Sousa-Nunes et al. 2011, Avet-Rochex et al. 2012). In addition, dysfunctional Akt 
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signalling has also been implicated in HD presenting with locomotor defects, which were 

ameliorated by Akt in a Drosophila HD model (Lievens et al. 2008). Finally links have also 

been made between the insulin signalling pathway and LD biogenesis (Bostrom et al. 2009, 

Olofsson et al. 2011, Liu et al. 2014, Grahn et al. 2014). These results warrant further 

investigation of Arl1’s role in the insulin signalling pathway and how it leads to the pathology 

observed in the jab mouse. 

In summary, this chapter has confirmed the highly conserved function of Arl1 between 

mouse and Drosophila, thus validating the use of Drosophila for future studies to help elucidate 

the molecular mechanisms linking lipid homeostatic defects and neuropathy in the jab mouse. 

Furthermore, tissue specific studies can be conducted to understand which tissue is most 

dependent on the function of Arl1 and might be driving the jab pathology. Arl1, present at the 

trans-Golgi, functioning as a signalling hub, might act as a common regulator and is an exciting 

novel player linking lipid deregulation and neuropathy. It is still unknown exactly how lipid 

homeostatic defects lead to neurodegeneration and therefore tractable, model organisms, such 

as Drosophila, are crucial to elucidate novel pathways. The tractable model organism 

Drosophila, allows the use of diverse genetic tool sets in a short time frame, which is not 

possible in mouse. 
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6. Discussion  

The aim of this project was to understand the molecular mechanisms underlying movement 

disorders and to identify new genes involved in neurodegeneration. The Stevens mouse was 

identified from the Harwell N-ethyl-N-nitrosourea (ENU) mutagenesis screen by its smaller 

size and tremor. It harbours two mutations, a truncation mutation in the Gnptab gene and a 

missense mutation in the Arl1 gene. Genetic crossing into individual mouse strains, separated 

the two mutations. The Nymphe (nym/+) mouse harboured the mutation in the Gnptab gene and 

the Jabber (jab/+) mouse harboured the mutation in the Arl1 gene. In this thesis, both have 

provided important new insights into two pathways characteristic of neurodegeneration (Figure 

6.1): the autophagy-lysosome pathway, a protein degradation pathway in the nym homozygote 

mouse (Chapter 4; reviewed in Chapter 1 Section 1.1), and lipid metabolism defects in the jab 

mouse (Chapter 5; reviewed in Chapter 1 Section 1.1). This work has highlighted the value of a 

phenotype-driven approach to investigate novel neurodegenerative pathways.  

 

 

Figure 6.1. Molecular pathways leading to neurodegeneration 

Pathways of focus in this thesis are highlighted by red stars. Displayed are pathways influencing the 

balance of neuronal survival and degeneration within broader functional groups based on their major site 

or mode of action: intracellular mechanisms, intra- and extracellular transport and trafficking disorder, 

and systemic environment. (Adapted from Ramanan and Saykin 2013). 



Chapter 6. Discussion 

 

161 

 

6.1. The Nymphe mouse: link between lysosomal storage dysfunction 

and neurodegeneration 

The work in this thesis characterised a novel mouse model of the lysosomal storage 

disease mucolipidosis (MLII) homozygous for a patient mutation in the GNPTAB gene. This 

mouse model more fully recapitulates the human pathology showing growth retardation, 

skeletal and facial abnormalities, increased circulating lysosomal enzymatic activities, increased 

intracellular lysosomal storage and reduced life span. Importantly, MLII behavioural deficits 

were characterised for the first time, including impaired motor function and psychomotor 

retardation. Histological analysis of the brain revealed progressive neurodegeneration in the 

cerebellum with severe Purkinje cell loss as the underlying cause of the ataxic gait. In addition, 

based on the loss of Niemann Pick type C (Npc) 2 protein expression in the brain, the mice 

were treated with 2-hydroxypropyl-β-cyclodextrin, a drug previously reported to rescue 

Purkinje cell death in a mouse model of NPC disease. No improvement in brain pathology was 

observed and indicates that cerebellar degeneration is not primarily triggered by loss of Npc2 

function.  

This study has characterised a more disease relevant mouse model than the previously 

available Gnptab knock-out mouse model which lacks some of the characteristic features of 

MLII. This result emphasises the value of modelling MLII patient mutations to generate 

clinically relevant mouse mutants to elucidate the pathogenic molecular pathways of MLII and 

address their amenability to therapy. Furthermore, progressive neurodegeneration was 

characterised for one of the first times in MLII, confirming the initial findings made in the 

knock-in (Kollmann et al., 2012). MLII patients present with psychomotor retardation 

suggesting nervous system involvement. This study suggests that early markers of 

neurodegeneration might be cause for psychomotor retardation and should be investigated 

further in MLII patients.  

  



Chapter 6. Discussion 

 

162 

 

6.2. The Jabber mouse: Linking lipid metabolism defects and 

neurodegeneration 

The Jabber (jab) mouse, the first Arl1 mutant described in a mammalian organism, 

presents with growth retardation, lipodystrophy, lipid retention in the gut, tremor, hind limb 

clasping, reduced muscle strength, demyelination, neuromuscular junction disorganisation and 

muscle pathology (Bitoun et al., unpublished data). Arl1 is involved in the production of lipid 

droplets and chylomicrons, key players in lipid homeostasis (Hesse et al. 2013). The jab mouse 

model is a potential novel model of the lipid metabolism disease chylomicron retention disease 

(CRD) and is the first report of Arl1’s involvement in lipid deregulation leading to 

neurodegeneration (Bitoun et al., unpublished data). It was not clear how changes in lipid 

homeostasis cause neurodegeneration, therefore it was important to generate models that enable 

further investigation of the underlying molecular mechanisms. Drosophila is a tractable model 

to elucidate these specific molecular mechanisms and in support of this strategy, the Arl1 gene 

shows strong sequence conservation (over 80%) between Drosophila and mouse. A limiting 

factor in the use of Drosophila, modelling the demyelinating pathology in the jab mouse, is that 

Drosophila does not contain myelin as in mammals. However, Drosophila and mouse glial 

cells, which form the myelin sheath in mammals, show strong similarities. Peripheral wrapping 

glial cells in Drosophila and mammalian non-myelinating Schwann cells (SCs) both extend 

their membrane and ensheath axons crucial for insulation and function of neurons (Freeman et 

al., 2010). Drosophila Arl1 mutants were therefore generated to investigate the role of Arl1. 

Strong phenotypic conservation was observed as the jab Arl1 Drosophila mutant recapitulates 

the key phenotypes observed in the jab mouse. The jab Drosophila mutant presents with normal 

life span, growth retardation, motor defects, reduced lipid droplet size, reduced triacyglyceride 

levels and retention of lipids in the gut. In addition, the study of constitutively active and 

inactive mutants of Arl1 has highlighted the need for strict regulation of Arl1 activity. Finally, 

the insulin signalling pathway, an important metabolic signalling pathway, was shown to play a 

role in the jab pathology. 
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The phenotypic conservation between an Arl1 mutant, the jab mutation, in mouse and 

Drosophila was confirmed which is crucial for future studies of Arl1 in Drosophila. The 

generation of novel Arl1 Drosophila mutants now enable further analysis of the function of 

Arl1 in a tissue-specific manner and elucidation of the pathway involved between lipid 

metabolism defects and neurodegeneration in the jab mouse, which may also be relevant to 

CRD.  

This work raises many questions. The main pathology in the jab mouse is 

demyelination of the peripheral nervous system (PNS), causative of tremor, neuromuscular 

junction disorganisation and muscle myopathy. Therefore, future studies would focus on 

investigating how a defect in Arl1 leads to this demyelination. As highlighted before, the 

extension of glial membrane, an essential step of myelination in mammals, is also essential for 

the peripheral wrapping glial membrane in Drosophila, which conduct very similar functions to 

non-myelinating SCs. Importantly, the molecular mechanism within these tissues is highly 

conserved and therefore glial defects in the jab mouse leading to demyelination are likely to be 

conserved in Drosophila (Freeman and Doherty 2006, Barres 2008, Kretzschmar et al. 1997). 

6.2.1. Future work 

Therefore, future studies should focus on characterising the peripheral wrapping glial 

cells in Drosophila. In the jab mouse only myelin basic protein and conduction velocity was 

analysed but as Drosophila does not express myelin. Further analysis of the demyelination 

defect of the PNS in the jab mouse would advance the understanding of how the jab mutation 

leads to demyelination. Analysis of the PNS would require the analysis of: (i) myelin protein 

synthesis to understand if the myelin loss is due to defects in the protein synthesis; (ii) lipid 

composition as the myelin sheath is made up mainly of lipids; (iii) the number of SCs, 

percentage of proliferating SCs and apoptosis to highlight if a loss of SCs or dedifferentiated 

SCs were the cause of demyelination; (iv) axonal apoptosis that might have been caused due to 

glial cell apoptosis, (v) mitochondrial metabolism  and cytoskeletal deficits within the SCs 
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which have been shown to be implicated in myelination. The same analysis as in the jab mouse, 

detailed above, should be conducted in Drosophila.  

By using the diverse tool set of Drosophila, the molecular mechanisms involved in the 

demyelination defect of the jab mouse could be dissected in Drosophila. Arl1 is located at the 

trans-Golgi network which acts as a clustering site of proteins involved in multiple signalling 

pathways. Therefore Golgi dysfunction due to structure and loss of signalling partners can have 

significant effects on various signalling pathways. The following pathways might be further 

investigated in regards to causing a glial cell defect in the jab mouse and in the Drosophila 

models. 

Firstly, it would be of interest to test whether Arl1 leads to demyelination because of 

dysfunctional extension of glial membrane which is crucial for insulation of neurons (White and 

Kramer-Albers 2014). Arl1 plays an important role in vesicle formation/trafficking as 

highlighted by its importance in secretory granule formation in the salivary gland (Torres et al. 

2014). Interestingly, myelin biogenesis requires intricate membrane sorting and trafficking 

machinery in the glial cells for plasma membrane extension and similar processes are required 

for wrapping glia in Drosophila (Aggarwal et al. 2011a). Sorting the myelin component has 

been suggested to occur at the Golgi (Simons et al. 2000), by endocytic recycling (Winterstein 

et al. 2008), and at the level of the plasma membrane (Aggarwal et al. 2011b). Arl1 is a Golgi 

protein and suggests a potential role for Arl1 in membrane sorting and trafficking machinery of 

the glial cells to form membranes crucial for myelination. Interestingly, Arl1 has recently been 

implicated in membrane organisation, controlling the transfer of phospholipid molecules, such 

as phosphatidylserine, at membrane bilayers by a phospholipid flippase (Graham 2013). 

Phosphatidylserine is a major lipid in the plasma membrane and its concentration determines 

recruitment of peripheral membrane proteins and influences integral membrane protein function 

(Leventis and Grinstein 2010). In addition mutations in the phospholipid flippases have been 

associated with neurodegenerative phenotypes including axonal neurodegeneration (Onat et al. 

2013, Zhu et al. 2012). 
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Secondly, the question remains, whether Arl1 is important for glial cell differentiation, 

a crucial step for proper myelination. Preliminary data has been generated by the Davies lab in 

the jab mouse of defective SC differentiation. Arl1 has been shown in normal conditions to 

activate phospholipase D1 (PLD1), which in turn generates the bioactive signalling lipid 

phosphatidic acid (PA). PA has been shown to activate Akt/mTOR and ERK1/2 signalling 

pathways (Fang et al. 2001, Winter et al. 2010) which are important in SC differentiation in the 

PNS (Sherman et al. 2012, Newbern et al. 2011). Interestingly, reduced levels of PA were 

shown in the jab sciatic nerve. Furthermore reduced levels of phospho-ERK2 and expression of 

UDP galactosyltransferase 8A (Ugt8a), a key marker of SC terminal differentiation, to levels 

matching those of the Arl1 transcript, have been shown (Bitoun et al., unpublished data). 

Interestingly, reduced levels of phosphorylated Akt have been detected in the Arl1 Drosophila 

mutants and highlights converging signalling pathways between PA and the insulin signalling 

pathway, discussed in the next section. 

Finally, glial cells are sensitive to metabolic defects and therefore it was tested whether 

Arl1 might regulate any metabolic pathways. Nutrient decline potentially occurring due to 

lipids being retained in the gut in the jab Drosophila mutant might lead to signalling defects 

between the fat body and glial cells which leads to reduced Drosophila insulin-like peptides 

(Dilps) excretion (Sousa-Nunes et al. 2011). The insulin signalling pathway is highly implicated 

in metabolic sensing of nutrients and preliminary experiments have shown reduced levels of 

Dilps and phosphorylated Akt involved in the insulin signalling pathway of mutant Arl1 

Drosophila. Further experiments investigating dietary supply and altering diet in the Drosophila 

models should provide insights into how much this pathway is driving the jab pathology. 

Support of Arl1’s involvement in the insulin signalling pathway, stems from findings that 

Arfrp1, recruiting Arl1 to the Golgi, controls secretion of IGF1 in hepatocytes. The conditional 

hepatocyte-specific Arfrp1 knock-out mouse shows reduced levels of IGF1, a ligand of the 

insulin receptor, due to ineffective targeting of IGF1 to the membrane for secretion. Therefore, 

Arl1 defects could also lead to ineffective targeting of IGF1. IGF1 has been associated with 



Chapter 6. Discussion 

 

166 

 

neuronal survival and promoting SC myelination (Wine et al. 2009, Liang et al. 2007, Ye et al. 

2002, Fernandez and Torres-Aleman 2012).  

To understand the complexity of human disease a combination of model organisms is 

essential to understand disease pathology. Cross-species conservation has shown that the 

genetically tractable Drosophila system can complement studies in the mouse to conduct tissue-

specific genetic manipulations and decipher molecular mechanisms in disease. 

 

 

Figure 6.2 Illustration of future pathways to work on for Arl1 with a focus on myelination 

More details and explanations can be found in the text. 1. The first pathway would look to investigate if 

Arl1 plays a role in membrane sorting and trafficking which is important for membrane extension to form 

the myelin sheath. Similar processes are required for wrapping glia in Drosophila. 2. The second pathway 

to investigate is whether Arl1 plays a role in the differentiation process of glial cells. This is of interest as 

Arl1 has been shown to activate pholpholipase D1 (PLD1) which in turn generates bioactive signalling 

lipid phosphatidic acid (PA) from phosphatidic choline (PC). PA has been shown to activate Akt/mTOR 

and ERK signalling which are important in Schwann cell differentiation in the PNS. 3. Lastly, the third 

pathway the involvement of Arl1 in metabolic pathways such as the insulin signalling pathway should be 

investigated. In Drosophila it has been shown that amino acids (AA) are sensed by the fat body which in 

turn generates a fat body specific signal and signals to the CNS via a PI3K/mTOR pathway to release 

Drosophila insulin-like peptides (dILPs; equivalent to mammalian insulin and IGF1). These dILPs are 

ligands for the insulin receptor and activate the Akt/mTOR pathway which is important in glial cell 

differentiation. Further characterisation of the myelin defect in the jab mouse is necessary to translate 

potential pathways of Arl1 involved in myelination. Partly adapted from Jessen and Mirsky 2005. 
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6.3. Concluding statement 
 

In conclusion, the work in this thesis has highlighted the value of a phenotype-driven 

approach to investigate novel neurodegenerative pathways and demonstrates how mouse and 

Drosophila mutants can successfully be used to understand the function of new molecules and 

pathways involved in neurodegeneration and to test potential therapies for neurodegenerative 

diseases. In this thesis, a rare lysosomal storage disease and a novel gene involved in lipid 

homeostasis modelling CRD were studied to gain insights into the importance of maintaining 

cellular homeostasis through the maintenance of degradation pathways and lipid metabolism, 

respectively. In the future, it will remain crucial to use a range of cellular and animal models, 

each with their own experimental advantages, in order to one day make neurodegenerative 

diseases potentially preventable and curable. 
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Appendix 
 

Table 1. Lysosomal enzyme activities (nmol/min/ml) in blood sera of wild-type, heterozygote 

(nym/+) and nym (nym/nym) mouse 

Lysosomal enzyme 
wild-type (+/+) nym/+ nym/nym 

β-Hexosaminidase 

(nmol/min/ml) 
86.94±7.32 144.02±7.21 1094.69±68.90 

β-Mannosidase 

(nmol/min/ml) 
10.49±0.57 11.88±1.76 29.07±1.84 

α-Mannosidase 

(nmol/min/ml) 
50.30±4.12 119.13±7.23 1433.02±144.98 

β-Glucoronidase 

(nmol/min/ml) 
6.96±0.54 6.43±1.06 28.88±6.46 

β-Galactosidase 

(nmol/min/ml) 
8.13±1.24 6.98±0.93 63.58±7.30 

α-Galactosidase 

(nmol/min/ml) 
2.12±0.25 1.90±0.13 2.20±0.13 

Glucocerebrosidase 

(pmol/min/ml) 
3.31±0.4 3.36±0.45 3.47±0.28 

 

 

Table 2. Lysosomal enzyme activities (nmol/mg/h) in brain lysate of wild-type and nym (nym/nym) 

mouse 

Lysosomal enzyme wild-type (+/+) nym/nym 

β-Hexosaminidase 

(nmol/mg/h) 
1.39±0.19 2.24±0.22 

β-Mannosidase 

(nmol/mg/h) 
0.71±0.09 0.70±0.09 

α-Mannosidase 

(nmol/mg/h) 
0.47±0.07 0.70±0.02 

β-Glucoronidase 

(nmol/mg/h) 
0.54±0.07 0.87±0.05 

β-Galactosidase 

(nmol/mg/h) 
1.60±0.24 0.99±0.10 

α-Galactosidase 

(pmol/mg/h) 
42.42±11.57 45.34±3.41 

Glucocerebrosidase 

(pmol/mg/h) 
16.70±3.96 16.98±5.97 
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Table 3. List of antibodies 

 

Antibody manufacturer species WB IF 
Catalog 

No./clone 

Lamp1 Abcam rat 1:200 - ab25245 

Npc2 Santa Cruz rabbit 1:200 - H-125 

HA Roche rat 1:1,000 - CF10 

β-tubulin Sigma mouse 1:1,000 - T8328 

kinesin Cytoskeleton, Inc. rabbit 1:1,000 - AKIN01 

Akt Cell Signalling rabbit 1:1,000 - 4691 

pAkt Cell Signalling rabbit 1:1,000 - 4060 

Calbindin 

D28k 
Swant rabbit 1:10,000 - 300 

myc Abcam rabbit - 1:300 ab39688 

GM130 Abcam mouse - 1:250 ab52649 

PDI Abcam mouse - 1:100 ab2792 

GFAP Sigma mouse - 1:400 G3893 

repo 

Developmental 

Studies 

Hybridoma Bank 

mouse - 1:200 8D12 

MYHC1 

German 

Collection of 

Microorganisms 

and Cell Culture 

mouse - 1:200 B8-F8 

MYHC2A 

German 

Collection of 

Microorganisms 

and Cell Culture 

mouse - 1:200 SC-71 

MYHC2B 

German 

Collection of 

Microorganisms 

and Cell Culture 

mouse - 1:100 BF-F3 

WB: Westernblot, IF: Immunofluorescence 
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Background: Mucolipidosis II is a severe lysosomal storage disorder, fatal in childhood and lacking drug treatments.
Results: This novel mouse model of a mucolipidosis II patient mutation recapitulates the human pathology.
Conclusion: Mouse models based on patient mutations are more valuable to study mucolipidosis II than a knock-out of the gene.
Significance: This novel mouse model will be useful for future drug development.

Mucolipidosis II (MLII) is a lysosomal storage disorder caused
by loss of N-acetylglucosamine-1-phosphotransferase, which
tags lysosomal enzymes with a mannose 6-phosphate marker for
transport to the lysosome. In MLII, the loss of this marker leads
to deficiency of multiple enzymes and non-enzymatic proteins
in the lysosome, leading to the storage of multiple substrates.
Here we present a novel mouse model of MLII homozygous for a
patient mutation in the GNPTAB gene. Whereas the current
gene knock-out mouse model of MLII lacks some of the charac-
teristic features of the human disease, our novel mouse model
more fully recapitulates the human pathology, showing growth
retardation, skeletal and facial abnormalities, increased circu-
lating lysosomal enzymatic activities, intracellular lysosomal
storage, and reduced life span. Importantly, MLII behavioral
deficits are characterized for the first time, including impaired
motor function and psychomotor retardation. Histological analy-
sis of the brain revealed progressive neurodegeneration in the cer-
ebellum with severe Purkinje cell loss as the underlying cause of the
ataxic gait. In addition, based on the loss of Npc2 (Niemann-Pick
type C 2) protein expression in the brain, the mice were treated
with 2-hydroxypropyl-�-cyclodextrin, a drug previously reported
to rescue Purkinje cell death in a mouse model of Niemann-Pick
type C disease. No improvement in brain pathology was observed.
This indicates that cerebellar degeneration is not primarily trig-
gered by loss of Npc2 function. This study emphasizes the value of
modeling MLII patient mutations to generate clinically relevant
mouse mutants to elucidate the pathogenic molecular pathways of
MLII and address their amenability to therapy.

The rare autosomal recessive lysosomal storage disorder
MLII5 (originally called I-cell disease (1)) presents with delayed

motor milestones and cognitive impairments, severe skeletal
abnormalities, coarse facial features, thickened skin, and early
death in the first decade of life due to cardiac and pulmonary
failure (2, 3). The disease is caused by the loss of multiple hydro-
lases in the lysosome due to a defect in their targeting to lyso-
somes. Waste material in the cell is targeted to the lysosome by
the endocytic or autophagic pathways. Here lysosomal enzymes
degrade and recycle this waste material. Thus, this mechanism
is important for the maintenance of cells and tissues (4). The
majority of acid hydrolases are targeted for transport to lyso-
somes via the presence of a surface mannose 6-phosphate
(M6P) marker that is recognized by its cognate receptor (5–9).
The protein responsible for the synthesis of the M6P marker is
dysfunctional in MLII.

Both MLII-causing GNPTAB homozygous and compound
heterozygous nonsense and frameshift mutations, leading to
premature termination codons, have been described. These
result in the total loss of the hexameric (�2�2�2) GlcNAc-
1-phosphotransferase (GNPTA) enzyme activity (10 –12).
GNPTA catalyzes the first step in the synthesis of the M6P
marker. Its subunits are encoded by the genes GNPTAB and
GNPTG. GNPTAB encodes an initially enzymatic inactive
transmembrane precursor protein (13, 14), which is cleaved by
the site-1 protease to release catalytically active �- and �-sub-
units (15). GNPTG encodes the soluble �-subunits of the
GNPTA complex and has been shown to facilitate the recogni-
tion process (16).

Loss of GNPTA function leads to missorting and hypersecre-
tion of lysosomal enzymes into the circulation, making them
detectable in the blood sera of MLII patients (17). Due to the
lack of hydrolases in the lysosomes, their substrates accumu-
late, leading to lysosomal “storage.” Animal models of MLII
have been described with the feline model of MLII (18) recapit-
ulating the human disease most closely, including coarse facial
features, behavioral dullness, ataxia, and reduced life span (18,
19). Gnptab-depleted zebrafish embryos have been engineered
using morpholinos and showed skeletal abnormalities, cranio-
facial defects, and reduced motility. In addition, developmental
studies were more accessible with this model, and changes in
the expression pattern of chondrogenic factors were shown (20,
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21). A Gnptab gene trap mouse model has also been described
and is characterized by impaired growth, retinal degeneration,
lesions in secretory epithelial cells of exocrine glands, and ele-
vated levels of serum acid hydrolases (22, 23). This mutant pre-
sented with a relatively normal life span and did not develop
characteristic disease features, such as skeletal and facial abnor-
malities. Here, we describe a novel mouse model, which was
recovered from an N-ethyl-N-nitrosourea screen, termed
Nymphe (nym), which carries the previously reported patient
mutation Y888X (12). Importantly, the Nymphe mouse (nym/
nym) recapitulates the major features of the human disease and,
for the first time, enables a detailed behavioral characterization
of the motor dysfunction and psychomotor retardation. Histo-
logical analysis of the brain revealed progressive neurodegen-
eration of Purkinje neurons in the cerebellum, probably the
underlying cause of ataxia. Also, there was complete loss of
Npc2 protein expression. Purkinje cell pathology in the Nym-
phe mouse was treated with 2-hydroxypropyl-�-cyclodextrin, a
drug previously reported to delay Purkinje cell loss in a mouse
model of NPC disease. This approach did not rescue Purkinje
cell loss, indicating that the loss of Npc2 expression in the Nym-
phe mouse brain is not the primary molecular mechanism trig-
gering Purkinje cell degeneration.

EXPERIMENTAL PROCEDURES

Animals—Animal work was approved by the University of
Oxford Ethics Panel and was carried out in accordance with
United Kingdom Home Office regulations. The nym/nym mouse
was identified from a phenotype-driven screen of the progeny
from Balb/cAnNHsd N-ethyl-N-nitrosourea mutagenized mice
crossed to female C3H/HeNHsd engineered at MRC Harwell. The
colony was maintained by back-crossing against C3H/HeNHsd.

Genetic Mapping and Mutation Detection—Mutant mice
were initially screened for genome-wide SNP markers between
the parental C3H/HeH and BALB/c (N-ethyl-N-nitrosourea-
treated) strains, followed by mapping using additional micro-
satellite markers to an interval between D10Mit42 and
D10Mit178. Further fine mapping was carried out to reduce the
critical subchromosomal region to 6 Mb between SNPs
86559223 and 92592980 (NCBI build 37). The nym mutation
was identified by PCR and direct sequencing of all genes present
within this interval, including the coding regions and exon-
intron boundaries (primer sequences are available upon
request). Analysis of mutant mice was conducted after a mini-
mum of 15 back-crosses, ensuring only the subchromosomal
region being contained within the wild-type background.
Genotyping for the presence of the nym mutation was carried
out using the primers nym forward (5�-GGAGACGGTGA-
CATACAAAAATCT-3�) and nym reverse (5�-CACTGGAT-
GCTCTAAGGAAGATAT-3�) and subsequent digest with
MseI because this can cleave when the mutation is present.

RNA Extraction and RT-PCR—Whole brain was dissected
from 3-month-old wild type and nym/nym mice. RNA was
extracted using the RNeasy kit (Qiagen). Total RNA was reverse
transcribed using Expand reverse transcriptase (Roche Applied
Science). Total cDNA and genomic DNA were subjected to
semiquantitative analysis. Cycling conditions were as follows:
Gnptab, 1 �g of cDNA using 29 cycles; 18 S, 1 �g of cDNA using

16 cycles. Primers used were Gnptab forward (5�-GGCCT-
CAGAGTCAGAAAG-3�), Gnptab reverse (5�-CAACGCA-
AGCATAAAACAGC-3�), 18 S forward (5�-GCGGCTTGGT-
GACTCTAGAT-3�), and 18 S reverse (5�-CCCTCTCCG-
GAATCGAAC-3�). Samples were run in duplicates, and the
sample loading was normalized by using the 18 S loading
control. Blots were analyzed using ImageJ, and bands were
quantified.

Plasmid Construction—The full-length cDNA sequence of
mouse Gnptab (NM_001004164) was subcloned into pcDNA3
(Invitrogen) in frame with a C-terminal c-Myc tag for expres-
sion in mammalian cells. Mutant versions of this construct con-
taining the nym mutation were engineered by QuikChange site-
directed mutagenesis (Agilent Technologies) according to the
manufacturer’s instructions (primer sequences available upon
request).

Cell Culture, Transfection, and Immunofluorescence—HEK
293 cells and mouse embryonic fibroblasts (MEFs) were cul-
tured in DMEM supplemented with L-glutamine, 10% FBS, and
1% penicillin/streptomycin at 37 °C, 5% CO2. MEFs were iso-
lated at day 12.5 after terminated mating. Cells were seeded
onto poly-L-lysine-coated glass coverslips. pCDNA3-Gnptab
wild-type and nym/nym mutant constructs were transfected
into HEK 293 cells using Fugene 6 (Roche Applied Science).
pEGFP-N1 (Clontech) was used to control for transfection effi-
ciency. For immunocytochemistry, cells were fixed, blocked,
and stained for 1 h at room temperature each with primary
(Myc (1:200 dilution) from Sigma; GM130 (1:250) from Abcam;
protein-disulfide isomerase (1:150) from Abcam) and Alexa
Fluor-conjugated secondary antibodies (1:400; Invitrogen).
Slides were imaged under a phase-contrast microscope (Leica),
and images were captured using the Axiovision software
(Axiocam).

Western Blotting—Tissue extracts were prepared in 10 mM

Tris-HCl, pH 8, 10 mM NaCl, 1 mM EDTA, pH 8, 1% Triton X-100,
and protease inhibitors (Roche Applied Science). Protein concen-
tration of the lysates was determined by a BCA assay (Pierce). After
primary antibody (anti-�-tubulin-1 (1:1000) was obtained from
Sigma and anti-NPC2 (H-125) (1:100) from Santa Cruz Biotech-
nology, Inc.) and peroxidase-conjugated secondary antibody
(1:5000) incubation (Invitrogen), blots were developed with the
ECL kit (GE Healthcare). Band intensity relative to internal con-
trols was analyzed using ImageJ software.

Immunohistochemistry and Histology—For immunohisto-
chemical analysis, the trachea and pancreas were dissected,
fixed overnight in 4% paraformaldehyde, and cryoprotected in
30% sucrose, and tissue was embedded in OCT and sectioned.
The tissue sections were stained with H&E for histopathologi-
cal examination. To investigate CNS pathology, mice were tras-
cardially perfused with 4% paraformaldehyde, and brains were
dissected and postfixed overnight and cryoprotected in sucrose
before embedding in OCT. Slides were blocked for 1 h and
incubated overnight at 4 °C with primary antibodies (anti-
D28K calbindin (1:10,000) from Swant; anti-GFAP (1:400) from
Sigma). Primary antibody staining was visualized using the Vec-
tastain ABC Elite kit (Vector Labs) or Alexa Fluor 488 second-
ary antibodies (Invitrogen) for immunofluorescence. For luxol
fast blue staining, fresh frozen brain sections were incubated at
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56 °C overnight in 0.1% luxol fast blue solution (Solvent Blue 38,
Sigma). Excess stain was rinsed off with 95% ethyl alcohol fol-
lowed by distilled water. Slides were differentiated in 0.05% lith-
ium carbonate solution for 2 min, followed by 70% ethyl alcohol
for 1 min, and rinsed in distilled water. This step was repeated
three times until the gray matter was clear, and the white matter
was sharply defined. Periodic acid-Schiff staining was carried
out using a periodic acid-Schiff kit (Sigma) as instructed by the
manufacturer. Filipin complex (Sigma) was used at a working
concentration of 10 �g/ml. Brain sections were incubated for
3 h at room temperature in the dark. Slides were imaged as
described above.

Lysosomal Enzyme Assay—Blood sera were collected from
adult wild-type (n � 8), nym/� (n � 8), and nym/nym mice
(n � 6) at 12 weeks of age by severing the jugular vein after CO2
narcosis. Blood serum was separated by centrifugation and
stored at �20 °C until assayed. Activities of �-hexosaminidase
were assayed with 5 mM 4-nitrophenyl N-acetyl-�-D-gluco-
saminide (Sigma), �-galactosidase with 5 mM p-nitrophenyl-�-
D-galactopyranoside (Sigma), �-glucuronidase with 5 mM 4-ni-
trophenyl �-D-glucuronide (BioChemika), �-mannosidase with
5 mM 4-nitrophenyl �-D-mannopyranoside (Sigma), �-manno-
sidase with 5 mM 4- nitrophenyl �-D-mannopyranoside
(Sigma), �-galactosidase with 5 mM 4-methylumbelliferyl-�-D-
galactopyranoside (Sigma), and �-glucocerebrosidase with 5
mM 4-methylumbelliferyl-�-glucoside. Blood sera and brain
lysate was incubated with 5 mM substrate at 37 °C for 1 h. Reac-
tions were stopped by the addition of 0.1 M glycine NaOH solu-
tion (pH 10.3), and the fluorescence was read at 399 nm. Activ-
ities were expressed as nmol of substrate cleaved/mg of
protein/h. The specific activities of the wild-type were set to 1,
and -fold changes of nym/nym are expressed as ratio to the
wild-type.

Behavioral Testing—Behavioral testing was carried out on
mice at 3, 7, and 11 months of age.

Rotarod—A commercial rotarod device was used (Accelerat-
ing model, Ugo Basile, Biological Research Apparatus, Varese,
Italy) consisting of a grooved plastic beam 5 cm in diameter.
Mice were placed on the beam (revolving at the default 5 rpm),
and after 1 min, the rod speed was gradually accelerated to a
maximum of 30 rpm over 4 min by electronic control of the
motor. Latency to fall in each trial was recorded.

Inverted Screen—A 90-cm2 screen of wire mesh consisting of
12 mm2 of 1-mm diameter wire surrounded by a 10-cm-deep
wooden frame was used. The mouse was placed in the center of
the wire mesh screen and immediately rotated. The screen was
maintained 27 cm above a padded surface. Latency of how long
the mice remained upside down on the screen was measured,
with a maximum score of 180 s.

Spontaneous Alternation Y-maze—Maze testing was carried
out as described previously (25).

Catwalk Automated Quantitative Gait Analysis—Abnor-
malities in gait were assessed using the Noldus Catwalk gait
analysis system (26). Mice were allowed to freely transverse the
glass walkway while the video camera recorded the paw contact
points. The Catwalk software then assigned identities to the
respective paw prints recorded, generating a wide range of
parameters. The regularity index acts as a measure of general-

ized coordination (27) by computing whether the mouse foot-
falls fall within regular step patterns. Gait regularity tests how
consistently the mouse takes “normal strides” compared with
“abnormal strides.” The base of support is the average width
between either the front paws or the hind paws.

RESULTS

Gnptab Is the Gene Mutated in the Nymphe Mouse—We iso-
lated the recessive nym mouse from a large scale chemical
mutagenesis screen that we are exploiting to uncover novel
genes and pathways essential for the maintenance of nervous
system function. This mutant was selected based on its smaller
size and ataxic gait. Haplotype analysis localized the nym muta-
tion to a genetic interval of 6 Mb on mouse chromosome 10,
between markers D10Mit42 and D10Mit178. PCR and direct
sequencing of all 28 protein-coding genes within the interval
including exonic regions and exon-intron boundaries revealed
a single non-synonymous homozygote point mutation in exon
13 of the Gnptab gene. This mutation introduces a T to A sub-
stitution at nucleotide 2601 of the cDNA sequence (T26013A)
(Fig. 1A) that changes the tyrosine into a premature stop codon
at position 867 of the protein sequence (Y867X) within an evo-
lutionarily conserved spacer region 40 residues upstream of the
cleavage signal between the �- and �-subunits (Fig. 1B). This is
predicted to result in the production of a slightly truncated
�-subunit (�95% of full length) and a complete lack of the
�-subunit. In agreement with the loss of a functional Gnpt
enzyme, the counterpart nym mutation in the human protein
sequence (Y888X) has, in fact, recently been identified in an
MLII patient (12). Consistent with nonsense-mediated decay,
Gnptab transcript levels were reduced by 75% in nym mice
compared with wild type (Fig. 1C). The endoplasmic reticulum
(ER) export signal is deleted in the nym mutation, and the trun-
cated protein would be expected to remain in the ER; thus, the
cellular localization of the mutant protein was investigated. The
cytoplasmic domain of the �-subunit contains the (R/K)X(R/
K)-type ER export signal and a C-terminal valine, which are
both required for cargo-receptor-mediated packaging into
COPII vesicles and trafficking of the GNPT precursor protein
to the Golgi, where it gets cleaved (28, 29). Subcellular localiza-
tion of the nym Gnpta was monitored in transfected HEK 293
cells. As expected, the wild-type Gnpta protein colocalized with
the cis-Golgi marker GM130 (Fig. 1D, top), whereas the nym
Gnpta protein did not (Fig. 1D, middle). The nym Gnpta pro-
tein remained trapped in the ER, as demonstrated by colocal-
ization with protein-disulfide isomerase (Fig. 1D, bottom, PDI),
an ER marker. These results confirm that the nym mutation
indeed leads to a dysfunctional Gnpta enzyme and imply that
the nym mouse is a novel model of MLII. These findings suggest
that truncation mutations present in GNPTAB inhibit ER exit
(30).

Growth Retardation and Facial and Skeletal Abnormalities
Are Part of the Pathological Features of MLII in the Nymphe
Mutant—Prominent features of MLII are growth retardation
and facial and skeletal abnormalities (12). Indeed, nym mutants
remained significantly smaller than wild-type littermates
(�60%) throughout life (Fig. 2, A and B). Facial and skeletal
abnormalities were evident from birth, including thickened
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eyelids and a flat profile with reduced nasal bridge (Fig. 2, A and
C), as well as severe deformities that affect most prominently
the back, in particular the spine, identified as kyphosis (Fig. 2D).
In addition, nym mutants had an unusually stiff and thick skin.
This presentation indeed resembles closely that of MLII
patients with the same characteristic features. nym mice also
displayed increased mortality compared with controls, and sur-
vival fell below 50% by 60 weeks of age (Fig. 2E).

Characteristic features of the pathology of MLII, used for the
diagnosis of patients, are increased activities of lysosomal
hydrolases found in the blood sera and intracellular accumula-
tion of inclusion bodies (31). In the serum of nym mice, activi-
ties of the lysosomal hydrolases �-hexosaminidase, �-galacto-
sidase, �-mannosidase, and �-mannosidase were increased by
2.5–30-fold compared with wild-type controls (Fig. 3A), which
is consistent with the values reported in the Gnptab knock-out
mouse and MLII patients (32). Lysosomal enzyme activities for
blood sera in nmol/min/ml can be seen in Table 1. Fibroblasts,

secretory organs, and connective tissue have been shown to be
severely affected by inclusion bodies in MLII. Hence, we ana-
lyzed cytoplasmic inclusions by staining MEFs, pancreatic aci-
nar cells as a sample for secretory tissue and chondrocytes in
the cartilage of the trachea as a sample for connective tissue.
The characteristic inclusion bodies (indicative of lysosomal
storage) were clearly present in embryonic fibroblasts from
nym mice (Fig. 3B). Chondrocytes in the cartilage of the trachea
were enlarged, with the cytoplasm filled by inclusion bodies and
abundant microvacuoles (Fig. 3C, top). In contrast, wild-type
chondrocytes had low basic cytoplasm, containing a single clear
vacuole. In addition nym chondrocytes were not affected by fix-
ation-dependent shrinkage as much as wild-type chondrocytes
(Fig. 3C, top). Pancreatic sections showed disorganization of tissue
structure, including enlargement of acinar cells by the pres-
ence of large vacuoles containing faint granular material
(Fig. 3C, bottom). Similar findings have previously been
reported in the Gnptab gene trap mouse (22).

FIGURE 1. Gnptab is the gene mutated in nym mutant. A, sequencing of the Gnptab locus identified a single nucleotide change resulting in a coding change
from a tyrosine residue (TAT) to a premature stop codon (TAA) in the nym (nym/nym) mouse. B, schematic of human GNPTA �/� subunits presenting the
location of the nym mutation and its conservation from mice to humans (indicated by an asterisk in nym mutants and for the human (H. sapiens) mutation
Y888X). The precursor protein is cleaved between Lys-928 and Asp-929 by the site 1 protease to produce two catalytically active � and � subunits. TM,
transmembrane domain; aa, amino acid. This figure is adapted from Ref. 59. C, semiquantitative RT-PCR analysis (n � 4) reveals that the mRNA is reduced by
75%. Results are expressed as relative levels after normalization for the internal control 18 S. D, intracellular localization of wild-type and mutant Gnpta in HEK
293 cells. Cells were fixed and stained with monoclonal antibodies against the Myc tag (green), the cis-Golgi marker protein GM130 (red), or the ER marker
protein, protein-disulfide isomerase (PDI; red). In merged images, yellow indicates colocalization. Scale bars, 15 �m. Values are expressed as mean S.E. (error bars)
(n � 8; *, p � 0.05; **, p � 0.01).
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FIGURE 2. Growth retardation, facial dysmorphism, and reduced life span. A, 1-month-old nym (nym/nym) mice show reduced body size and skeletal
abnormalities (e.g. facial dysmorphism and curvature of the spine) in comparison with wild-type (�/�) littermates. B, body weight progression of nym mice is
reduced compared with wild-type littermates. C, facial phenotype progresses with age. Particularly evident is the thickening of the eyelids. D, whole body
exotic dorso-ventral view of the 12-month-old nym mouse (left) and whole body exotic lateral view of the 12-month-old nym mouse (right). White arrows,
abnormal curvature (left) and hunched back (right). E, Kaplan-Meier analysis of wild-type and nym mice (�/�, n � 52; nym/nym, n � 33). Values are expressed
as mean � S.E. (error bars) (n � 8; *, p � 0.05; **, p � 0.01; ***, p � 0.001; ****, p � 0.0001).

FIGURE 3. Increased lysosomal enzyme activity in blood sera and inclusion bodies present in mouse fibroblasts, secretory and connective tissue. A, the
relative enzymatic activities of the lysosomal hydrolases �-Hexosaminidase (�-Hex), �-mannosidase (�-Man), �-mannosidase (�-Man), �-glucuronidase
(�-Glu), �-galactosidase (�-Gal), �-galactosidase (�-Gal), and �-glucocerebrosidase (�-GCase) were measured in blood sera of 3-month-old wild-type (�/�)
and nym (nym/nym) mice. The specific activities of the wild-type were set to 1. Values are expressed as mean � S.E. (error bars) (n � 8; *, p � 0.05; **, p � 0.01;
***, p � 0.001; ****, p � 0.0001). B, light microscopy imaging of MEFs isolated from wild-type and nym embryos (E12.5). Accumulation of inclusion bodies
present in the nym MEFs. Scale bar, 40 �m. C, top, the cytoplasm of hypertrophic chondrocytes is distended by microvacuoles in the nym mouse. These
inclusions are aggregates of polysaccharides that increase in storage material with age. Bottom, marked disorganization of the pancreas in the nym mouse with
tightly packed cells distended by large vacuoles. Scale bar, 50 �m.
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Mating of nym mutants was only successful in 9% of breeding
pairs, indicating infertility or incapacity of females to carry pups
to term. Furthermore, nym mutants were born with a reduced
frequency of 15% instead of the expected 25% Mendelian fre-
quency, which implies reduced survival in utero. An increased
frequency of nym males also presented with penile prolapse
from 3 months of age. Despite a 1.7-fold increase in �-hexo-
saminidase and 2.4-fold increase in �-mannosidase (Fig. 4A) for

the heterozygote (nym/�) mice in comparison with the wild-
type control, no overt phenotype was displayed in the nym/�
mice. The nym/� mice were indistinguishable from wild-type
controls in fertility, size, body weight progression (Fig. 4, B and
C), facial features (Fig. 4D), survival (Fig. 4E), motor coordina-
tion, and muscle strength (Fig. 4, F and G).

Our mouse presents molecular and cellular features very
similar to those characterizing the human form of MLII. We

FIGURE 4. The nym heterozygote mouse shows no obvious pathology except for an increase in enzymatic activity similar to carriers of mucolipidosis
II. A, the relative enzymatic activities of the lysosomal hydrolases �-Hexosaminidase (�-Hex), �-mannosidase (�-Man), �-mannosidase (�-Man), �-glucuroni-
dase (�-Glu), �-galactosidase (�-Gal), �-Galactosidase (�-Gal), and �-glucocerebrosidase (�-GCase) were measured in blood sera of 3-month-old wild-type
(�/�) and nym/� mice. The specific activities of the wild type were set to 1. Three-month-old heterozygote (nym/�) mice are similar in size to the wild-type
(�/�) littermates (B), and body weight progression of nym/� mice is not significantly different from that of wild-type mice (C). D, facial phenotype of the
nym/� and wild-type mouse are no different. E, Kaplan-Meier analysis of wild-type and nym/� mice (�/�, n � 52; nym/�, n � 82). nym/� mice present with
the same motor coordination on the rotarod (F) and muscle strength (G), which was measured on the inverted screen, as the wild-type littermate. Values are
expressed as mean � S.E. (error bars) (n � 8; *, p � 0.05; **, p � 0.01; ***, p � 0.001; ****, p � 0.0001).

TABLE 1
Lysosomal enzyme activities (nmol/min/ml) in blood sera of wild-type, heterozygote (nym/�), and nym (nym/nym) mouse

Lysosomal enzyme Wild type (�/�) nym/� nym/nym

�-Hexosaminidase (nmol/min/ml) 86.94 � 7.32 144.02 � 7.21 1094.69 � 68.90
�-Mannosidase (nmol/min/ml) 10.49 � 0.57 11.88 � 1.76 29.07 � 1.84
�-Mannosidase (nmol/min/ml) 50.30 � 4.12 119.13 � 7.23 1433.02 � 144.98
�-Glucoronidase (nmol/min/ml) 6.96 � 0.54 6.43 � 1.06 28.88 � 6.46
�-Galactosidase (nmol/min/ml) 8.13 � 1.24 6.98 � 0.93 63.58 � 7.30
�-Galactosidase (nmol/min/ml) 2.12 � 0.25 1.90 � 0.13 2.20 � 0.13
Glucocerebrosidase (pmol/min/ml) 3.31 � 0.4 3.36 � 0.45 3.47 � 0.28
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next investigated whether it could mimic the behavioral fea-
tures as well.

Progressive Neurodegeneration in the Nymphe Mouse—nym
mice developed progressive abnormality of gait and showed
limb-clasping reflexes from 5 months. Hind limb clasping is an
indication of motor imbalance and occurs in various neurode-
generative mouse models (33, 34). Because psychomotor retar-
dation is impaired in MLII patients and is a consequence of
slowness in mental activity and locomotion, we first investi-
gated the motor function of the mice using a rotarod and
inverted screen to assess motor coordination and strength,
respectively. Indeed, the mouse showed reduced muscle
strength on the inverted screen test and reduced motor balance
and coordination on the rotarod at 3, 6, and 12 months (Fig. 5,
A and B). The rotarod and inverted screen performances also
worsened with age, as seen at 6 and 12 months (Fig. 5, A and B).

Impaired motor strength and coordination was shown with
the rotarod and inverted screen; hence, locomotion was subse-
quently analyzed in more detail by using Noldus Catwalk auto-
mated gait analysis (26) to confirm an ataxic gait. A progressive
and highly significant reduction of the regularity index, a mea-
sure of regular footstep pattern, was observed between 6 and 12
months of age (Fig. 5C). Furthermore, the front paw base of
support was significantly increased from 3 months of age, indi-
cating reduced stability in the nym mice as early as 3 months
(Fig. 5D).

Because MLII patients have prominent psychomotor retar-
dation with slowness in mental activity, we conducted a prelim-

inary test investigating cognitive deficits in this mouse model.
The Y-maze spontaneous alternation task was employed, and it
gives a measure of working or short term memory (35). The
hippocampus and the frontal cortex have been proposed to be
important for these functions (36). In contrast to wild-type
mice, which show a high level of performance in this task, nym
mice just about reach chance levels, which is defined as 50%
alternation in choosing an arm at random (Fig. 5E). We do not
observe a progression of performance with age. These results
demonstrate for the first time behavioral deficits in psychomo-
tor performance in a mouse model of MLII, which is a typical
finding in patients.

Ataxia typically results from dysfunction of the cerebellum
that controls balance and motor coordination; hence, we exam-
ined the cerebellum and brain for any gross pathology. The nym
brain is about 30% smaller than the wild-type brain, including
the cerebellum (Fig. 6A). We investigated whether the mutant
has any defects in the cerebellum structure as well as cell num-
ber. Immunohistochemical staining for calbindin showed a
substantial loss of Purkinje cells, the main cell output to the
cerebellum, in 11-month-old nym mice with onset from 7
months (Fig. 6B). The Purkinje cell loss and atrophy of brain
tissue worsen over time, as seen at 7 months and with about
50% Purkinje cell loss at 11 months (Fig. 6B). At 3 months, there
is no Purkinje cell loss present; however, we already observe
axonal spheroid formation and axonal torpedoes typical of cell
atrophy that worsens in severity with age (Fig. 6C). Cell death is
often accompanied by an inflammatory response and a defect in

FIGURE 5. Impairments in motor and cognitive function. nym (nym/nym) mice present with reduced motor coordination on the rotarod (A) and reduced
muscle strength (B), which was measured on the inverted screen. C, furthermore, gait analysis was conducted via the Noldus Catwalk system, in which most
prominently the regularity index was significantly reduced and progressed with age in the nym mouse in comparison with the wild-type (�/�) control. D, the
regularity index was not significant at 3 months; however, the base of support (BOS) for the front paws was significantly increased, and this indicates that the
front paws are wider apart than in the wild-type control, giving more stability. E, percentage of spontaneous alternation in the Y-maze. Values are expressed
as mean � S.E. (error bars) (n � 8; *, p � 0.05; **, p � 0.01; ***, p � 0.001).
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myelination. Demyelination of the cerebellum occurred with
thinning of the white matter tracts (Fig. 6D). The nym mice
had a reduced level of lipoprotein, which is the binding part-
ner for the luxol fast blue stain. Inflammatory response was
present, as seen by an increase in GFAP immunoreactivity
throughout the whole brain of nym mice, the most affected
tissue being the cerebellum. Astrogliosis was present in the
white matter and granular and Purkinje cell layer (Fig. 6E).

The activity of lysosomal enzymes was also deregulated in
brain homogenates from the nym mice. �-Hexosaminidase,
�-mannosidase, and �-glucoronidase were increased by 1.5-
fold, whereas �-galactosidase was significantly decreased by
30% (Fig. 7A). Lysosomal enzyme activities for brain homoge-
nate in nmol/mg/h can be seen in Table 2. Furthermore, we
found a loss of expression of the Npc2 protein in the nym brain

(Fig. 7B). Due to this deregulation of lysosomal enzymes, it was of
interest to analyze which substrates accumulate in the nym brain.
Periodic acid-Schiff-stained brain sections revealed increased
glycolipid and cholesterol storage in the cerebellum, cortex,
and hippocampus (Fig. 7, C and D). Specifically, the cerebellar
molecular layer had increased storage of glycolipids in comparison
with the granular layer (Fig. 7D, top). Large amounts of storage of
glycolipids were present in the cortical layers 3–5 and lesser
amounts in layers 1 and 2 (Fig. 7D, middle). Furthermore, the hip-
pocampal layers CA1 and CA3 presented with increased glycolipid
storage (Fig. 7D, bottom). These findings agree with what is
observed in NPC mouse models and �-mannosidosis causing
GM2 accumulation (37, 38).

Interestingly, the Npc2 disease mouse model shows a brain
pathology very similar to that of the nym mouse with Purkinje cell

FIGURE 6. Pathological alterations in the cerebellum. A, the nym (nym/nym) brain is about 30% smaller than the wild-type (�/�) brain. Scale bar, 3 mm. B,
parasagittal brain sections were immunostained for calbindin. Analysis of PC degeneration in the whole cerebellum in 3-, 7-, and 11-month-old nym mice showed
progressive PC loss. Lobe IV/V is shown as a representative lobe of the cerebellum. The majority of Purkinje cells in lobe IV/V are still present at 3 months, but only 75%
remain at 7 months, and only 40–50% remain at 11 months. Scale bar, 100 �m. C, higher magnification images of the 3-month-old nym brain revealed that axonal
spheroids/torpedoes precede Purkinje cell loss. Swelling of Purkinje cell axons (arrow) and neuronal torpedoes (*) in the white matter are observed already at 3 months
and increase in severity with age. Scale bars, 50 �m. D, luxol fast blue staining of the cerebellar sections indicates decreased myelination and degeneration of the
subcortical white matter in the nym mouse. Higher magnification images are shown below in panels 1– 4 (1 and 3,�/�; 2 and 4, nym/nym). Scale bars, 200�m (top) and
100 �m (bottom). E, strong immunoreactivity for glial fibrillary acidic protein (GFAP) in the cerebellum of the nym mouse brain. Scale bar, 50 �m.
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degeneration, suggesting that loss of Npc2 function may be a factor
driving this aspect of pathogenesis (39, 40). In the NPC disease
model, the drug 2-hydroxypropyl-�-cyclodextrin has been
reported to delay Purkinje cell loss and is currently in clinical trials
for patients with this disorder (41, 42). To test whether dysfunction
of the Npc2 pathway is also implicated in the brain pathogenesis of
the nym mouse, we treated this mutant with 2-hydroxypropyl-�-
cyclodextrin for 7 months, when we started seeing Purkinje cell
loss. However, we did not see any rescue or delay in the cerebellar

pathology at 3 months or at 7 months (Fig. 8, A–D), and neither
motor improvement was observed at both of these ages (Fig. 8,
E–H). These findings indicate that the loss of Npc2 function is not
the primary pathogenic mechanism that triggers Purkinje cell
degeneration in MLII disease.

DISCUSSION

In this study, we describe a novel mouse model of MLII,
which carries a premature stop codon mutation previously
reported in a patient (12). Importantly, unlike the existing gene
knock-out mouse model, it more completely recapitulates the
characteristic pathological features observed in patients,
including facial and skeletal abnormalities, mislocalization of
lysosomal enzymes, abnormal intracellular storage, and also
psychomotor retardation, motor dysfunction, and reduced life
span (31).

The nym mouse resembles closely a recently described
knock-in mouse of another MLII human mutation, the G1028X
mouse equivalent (43). Both mutations lead to premature stop

FIGURE 7. Biochemical alterations in the brain. A, the relative enzyme activities of the lysosomal hydrolases �-hexosaminidase (�-Hex), �-mannosidase
(�-Man), �-mannosidase (�-Man), �-glucuronidase (�-Glu), �-galactosidase (�-Gal), �-galactosidase (�-Gal), and �-glucocerebrosidase (�-GCase) were meas-
ured in whole brain homogenates of wild-type (�/�) and nym (nym/nym) mice (4 months of age). The specific activities of the wild type were set to 1. Values
are expressed as mean � S.E. (error bars) (n � 4; *, p � 0.05; **, p � 0.01; ***, p � 0.001; ****, p � 0.0001). B, representative Western blot showing levels of Npc2
in wild-type and nym mice. �-Tubulin was used as a loading control (n � 4). C, nine-month-old nym and wild-type brain sections were stained with filipin for the
detection of cholesterol. The molecular layer of the nym cerebellum showed increased storage in comparison with the wild-type control. Scale bar, 50 �m. D,
nine-month-old nym and wild-type brain sections were stained with periodic acid-Schiff for detection of glycolipids. Increased storage was detected in the
cerebellum (top, specifically in the molecular layer), the cortex (middle, specifically in layers 3–5), and the hippocampus (bottom, specifically in layers CA1 and
CA3). Scale bar, 50 �m.

TABLE 2
Lysosomal enzyme activities (nmol/mg/h) in brain lysate of wild-type
and nym (nym/nym) mouse

Lysosomal enzyme
Wild

type (�/�) nym/nym

�-Hexosaminidase (nmol/mg/h) 1.39 � 0.19 2.24 � 0.22
�-Mannosidase (nmol/mg/h) 0.71 � 0.09 0.70 � 0.09
�-Mannosidase (nmol/mg/h) 0.47 � 0.07 0.70 � 0.02
�-Glucoronidase (nmol/mg/h) 0.54 � 0.07 0.87 � 0.05
�-Galactosidase (nmol/mg/h) 1.60 � 0.24 0.99 � 0.10
�-Galactosidase (pmol/mg/h) 42.42 � 11.57 45.34 � 3.41
Glucocerebrosidase (pmol/mg/h) 16.70 � 3.96 16.98 � 5.97
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codons. The nym mutation Y867X leads to the production of a
slightly truncated �-subunit retaining 95% of the wild-type
equivalent and a complete lack of �-subunit, and the knock-in
mutation G1028X carries a complete �- and a truncated �-sub-
unit (Fig. 1B). Both mutations lead to a loss of the C terminus of
the �-subunit that contains a transmembrane domain and ER
exit motif (R/K)X(R/K). Without the ER exit motif, the protein
will reside in the ER and not locate to the Golgi (Fig. 1D). This
will ultimately lead to a non-functional Gnpta protein because
the assembly of �- and �-subunit will not occur because the
cleavage of the precursor protein occurs at the Golgi (15), to
which the mutant protein will not locate.

Both mutants show several biochemical and clinical features
of the disease MLII, including skeletal abnormalities and facial
dysmorphisms. A phenotypic comparison of the different MLII
mouse models is summarized in Table 3. The nym spine pres-

ents with a thoracic curve in contrast to the wild-type and the
knock-in (Table 3) (44). This might be because the knock-in
was analyzed at 4 weeks in comparison with 12 months for the
nym mouse, in which the phenotype might have progressed.
Both mice present with reduced life span; however, the nym
mouse presents with a survival of �30% at 60 weeks, whereas
the knock-in presents with a 2% survival chance at 60 weeks.
We are uncertain about the reason, but it might be because of
difference in background strain, husbandry effects, or n-num-
bers. Only 33 nym mice were analyzed in terms of survival in
comparison with 160 animals for the knock-in (43).

The neurodegenerative phenotype is very similar between
the knock-in and the nym mouse, both presenting with cerebel-
lar pathology, including progressive Purkinje cell loss, demyelin-
ation, inflammation. Due to the lysosomal enzymes not being
localized to the lysosomes correctly, these are unable to break

FIGURE 8. Cyclodextrin does not delay cerebellar pathology and motor impairments. P7 nym (nym/nym) mice were injected weekly for 7 months with cyclodex-
trin (CD) at 4000 mg/kg or the vehicle PBS (n � 7 in each group). A, no PC loss was observed at 3 months, as can be seen in lobe IV/V as a representative lobe of the
cerebellum. Scale bar, 100 �m. B, typical signs of PC degeneration, including swelling of PC dendrites (arrow) and axonal torpedoes (*), can be observed. Scale bars, 50
�m. C, PC loss was observed at 7 months in lobe IV/V as a representation of a lobe of the cerebellum in nym PBS- and nym CD-treated mice. Scale bar, 100 �m. D, typical
signs of PC degeneration, including swelling of PC dendrites (arrow) and axonal torpedoes (*), can be observed. Scale bars, 50�m. E–H, 3- and 7-month-old cyclodextrin
(CD) treated nym mice perform the same as PBS and untreated nym mice on the inverted screen (3 months (E) and 7 months (G)) and rotarod (3 months (F) and 7
months (H)). Values are expressed as mean � S.E. (error bars) (n � 8). �/�, wild-type mice.
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down waste material, and storage of gangliosides and choles-
terol occurs in a variety of different brain regions. These have
not been reported for the knock-out. Also, the Gnptab knock-
out mouse does not display all of the clinical features and symp-
toms of MLII patients that are seen in the cat MLII model,
knock-in, and nym mice (Table 3) (22, 23). The Gnptab knock-
out mice have normal presentation of liver, brain, and muscle
tissue. However, immunohistochemical analysis of brain sec-
tions revealed the presence of age-dependent lesions and reac-
tive microgliosis, and they presented with hind limb-clasping at
4 – 6 months of age (43). Hence, the Gnptab knock-out brain
represents a less severe course of disease than observed in nym
or knock-in mice. Lysosomal enzyme activities in serum show
very similar trends in nym and knock-in mice but also in the
knock-out mouse despite the difference in phenotype. There-
fore, missorting of lysosomal enzymes is most probably not
causing the difference in phenotype but potentially the residual
protein of Gnpta in knock-in and nym mice that exerts a poten-
tial toxic gain of function. Our results highlight the value of
clinically relevant point mutants compared with null models
because the null does not present with patient relevant pathol-
ogy of reduced life span, neurodegeneration, and skeletal and
facial abnormalities (Table 3).

Psychomotor retardation is a common pathology in MLII
patients; however, neurodegeneration has so far not been
reported in MLII patients, except for minimal signs of neuronal
and glial involvement (45). Patients die in their first decade of
life, in which we would expect Purkinje cell death and early
markers of neurodegeneration (e.g. inflammation, neuronal
torpedoes, and swelling of Purkinje cell axons with formation of
spheroids in the granular layer) to be present. No investigations
have been conducted so far in MLII patients, but the early
markers might be cause for psychomotor retardation and
should be investigated further.

A well established link between cerebellar pathology and
motor dysfunction has already been made (46) and is supported
by many cerebellar mutant mice that have ataxic phenotypes,
namely Lurcher, hot-foot, and staggerer (47). In the past decade,
the cerebellum has also emerged as an important brain region
for the control of higher cognitive functions (48). Connections
run from the prefrontal cortex to the cerebellum that confirm
involvement in cognitive networks (49). Indeed, reports of cer-
ebellar ataxia and psychomotor retardation segregate in many

studies, such as in Cayman cerebellar ataxia (50), isolated cere-
bellar hypoplasia (51), and lysosomal storage disorders, such as
Niemann-Pick type C disease (52). The spontaneous alterna-
tion task, which we conducted on the nym mice, is a measure of
working or short term memory (35), and the hippocampus and
the frontal cortex have been argued to be important for these
functions (36). Microglial activation was observed in the
knock-in mouse in all brain regions. The strongest intensity was
observed in the cerebellum, cerebral cortex, hippocampus, and
thalamus (43). This could explain why the nym mouse under-
performed in the spontaneous alternation task. This is the first
behavioral observation that these mice not only have motor
slowness assessed by rotarod, catwalk, and inverted screen but
also cognitive slowness challenged in the alternation task.
Behavioral dullness is a hallmark of the human pathology and
has been observed in the feline model of MLII but so far has
been observed in no other mouse model, which supports the
nym mouse being a human disease-relevant model (12, 18).
Further research will be necessary to confirm the exact brain
region of dysfunction via measuring electrical activity in differ-
ent brain regions to observe abnormalities in long term poten-
tiation, which is known to be involved in memory formation
(53).

Targeting efficiency of lysosomal enzymes is cell type- and
tissue-specific in human and disease models of MLII (8,
54 –56). Storage of glycolipids was observed in certain cell types
of the nym brain. The M6P pathway is important in targeting
the majority of lysosomal hydrolases to the lysosome, so high
levels of storage would be anticipated. However, the storage of
glycolipids and the pathology in general is not as severe as in
single enzyme deficiency models, such as Sandhoff disease, in
which greater glycolipid storage is observed and the mice have
a greatly attenuated life span (57, 58). This highlights the
importance of alternative pathways that can deliver lysosomal
hydrolases to the lysosomes and need to be further studied,
which is in agreement with the observations of Braulke and
co-workers (8, 43). Here, we showed that the loss of mannose
6-phosphate residues in nym mice led to a loss of the Npc2
protein that is involved in the lysosomal export of cholesterol
and sphingolipids in the nym brain. Due to the missorting of
Npc2, we conducted a drug trial over 7 months, the age when
we observe Purkinje cell death, with 2-hydroxypropyl-�-cyclo-
dextrin. This drug has shown to increase the life span and delay

TABLE 3
Comparison of the nym mouse with Gnptab knock-in and knock-out mouse

MLII model Murine nym mutant Murine knock-out Murine knock-in

Mutation Patient mutation (c.2664C	G) in
mouse: c.2601T	A leading to a
truncation mutation

Gnptab Gene TRAP mouse (22) Patient mutation (c.3145insC) leading to a
protein truncation G1028X (43)

Phenotype Reduced life span Normal life span Reduced life span
Growth retardation Growth retardation Growth retardation
Skeletal abnormalities No skeletal abnormalities Skeletal abnormalities
Craniofacial defects No craniofacial defects Craniofacial defects
Ataxic gait and reduced muscle strength

and motor coordination analyzed by
catwalk, rotarod, and inverted screen

No report of ataxic gate Presented with ataxic gait

Mental retardation shown by the
spontaneous alternation task

No report of behavioral dullness No report of behavioral dullness

Inclusion bodies present in fibroblasts Inclusion bodies present in secretory organs
(pancreas) and connective tissue (cartilage)

Inclusion bodies present in fibroblasts

Not analyzed Retinal impairments Retinal impairments
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Purkinje cell loss in Npc2 knock-out mice (41). However, this
treatment did not delay Purkinje cell loss or motor impairment,
suggesting that the reduced levels of lysosomal Npc2 in MLII is
not the primary mechanism that triggers Purkinje cell degener-
ation. Taken together, our findings in this novel mouse model
of MLII suggest that it will be a useful system to better under-
stand pathogenic mechanisms and evaluate modifying thera-
pies of disease.
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