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Abstract 

 

Parkinson’s disease (PD) is a heterogeneous and complex neurodegenerative disorder whose 

aetiology is not fully understood. Studying familial Parkinson’s disease has identified several 

mutations that cause the disease and investigating the functions of these genes has given us 

clues to the cellular mechanisms that underlie the neurodegenerative phenotype in the 

patients. A clear understanding of these cellular mechanisms is necessary to halt disease 

progression. Next generation sequencing of a Swiss kindred with autosomal dominant 

Parkinson’s disease has identified a causative D620N mutation in the VPS35 (vacuolar 

sorting protein 35) gene. The VPS35 protein is a subunit of a retromer complex, which is a 

key element of the endosomal sorting process. Little is known about the effects of this 

mutation and this thesis presents our efforts to gain a better understanding of the mechanism 

by which mutations in the VPS35 gene influences the pathogenesis of PD. This project also 

investigates disease specific differences in organelles along the retromer pathway in sporadic 

PD cases.   

The first cell model used in the study is a fibroblast model derived from a PD patient carrying 

the D620N mutation and healthy “wild-type” controls.  It was found that the D620N mutation 

did not present any loss of endogenous VPS35 protein levels in the fibroblasts. However, in 

the presence of the mutation a redistribution of the endosomes was observed. This was 

indicative of altered endolysosomal trafficking within the cell. Further, defective trafficking 

of CIMPR, a well-known cargo molecule of the retromer complex was observed in the 

presence of the mutation. This trafficking defect resulted in compromised lysosomal function 

mainly through the impaired processing of its ligand cathepsin D, a lysosomal enzyme 

involved in the degradation of alpha synuclein. In addition to this, high content image 

analysis of the cells revealed a disease specific difference in features of organelles involved 

in the retromer trafficking pathway. The fibroblasts were also treated with rotenone to 

analyse the effects of mitochondrial stress in the presence of the mutation. Treatment with 

this pesticide which is also a known complex 1 inhibitor, that causes PD like pathology in 

animals, showed disease specific changes in cells with the mutation. The D620N mutation 

did not confer increased susceptibility to cell death, but caused disease specific changes in 

properties of the early endosome, lysosomal and retromer subunit of the fibroblasts. On 
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treatment with rotenone, cathepsin D processing defects were also exacerbated in the patient 

cells with the mutation.  

Further, the effect of the D620N mutation on alpha synuclein processing was also 

investigated. Uptake of monomeric and fibrillar alpha synuclein forms was shown in the 

fibroblasts. Reduced clearance of the alpha synuclein fibrils was observed in the presence of 

the D620N mutation. In addition to this, the D620N mutation conferred an increased 

sensitivity to alpha synuclein toxicity within these cells. Although increased alpha synuclein 

aggregation in the presence of the D620N mutation was hypothesised, the mutation did not 

show increased aggregation under the experimental conditions described here.  

In order to investigate disease specific differences in sporadic patients, a second cell model 

was used in this study, namely the human olfactory neurosphere derived (hONS) model. 

Investigation surrounding the retromer functions in hONS cells derived from sporadic PD did 

not reveal any alterations in the retromer levels and cathepsin D processing defects relative to 

cells derived from healthy donors. However, a nonsignificant trend towards decreased 

cathepsin D levels was observed in the patient cells. Analysis of retromer related markers in 

these cells did not show any disease specific differences. In contrast to this, inducing 

mitochondrial stress using rotenone resulted in disease specific changes in several organelles 

within these cells. Treatment with rotenone brought about changes in cellular parameters of 

mitochondria, lysosomes and tubulin, indicating disease specific responses to mitochondrial 

stress that served as potential biomarkers for the disease.  

In conclusion, this study identified retromer trafficking defects and alpha synuclein 

processing defects in the presence of the D620N mutation. It is the first report that shows 

synuclein processing defects in fibroblasts from PD patients with the D620N mutation. This 

study also marks the identification of potential biomarkers for the disease by building on 

previously identified disease specific differences identified in hONS cells obtained from 

sporadic PD patients.  
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CHAPTER 1: INTRODUCTION 
 

1.1 Parkinson’s Disease 

Parkinson’s disease (PD) is the second most common age-related neurodegenerative 

disorder and was first described by James Parkinson in 1817 (Parkinson, 2002). While the 

mean age of onset is approximately 70 years, the incidence of PD increases with age and it is 

estimated that 1% of people aged over 60 years and 4% over 80 years of age are affected by 

the disease (de Lau and Breteler, 2006). Globally, 0.3% of people (within industrialised 

countries) are affected (Nussbaum and Ellis, 2003). In his monograph, James Parkinson 

described the cardinal clinical features of the disease; these features can be divided into motor 

and non-motor abnormalities. The motor abnormalities presented by the disease are tremors 

at rest, rigidity, bradykinesia, akinesia, decreased stride length, freeze in gait and postural 

imbalance. The non-motor symptoms include sleep disorders, pain, olfactory dysfunction, 

cognitive decline, memory loss and depression (Dauer and Przedborski, 2003; Gelb et al., 

1999). PD is a progressive disease and there is increasing evidence that the non-motor 

symptoms precede the onset of motor symptoms (O'Sullivan et al., 2008). PD is clinically 

heterogeneous and patients are generally divided into various groups based on the time of 

disease onset, presence of tremors, cognitive decline and the progression rate of the disease in 

order to study the different forms of the disease (Selikhova et al., 2009). Clinically, disease 

progression and severity is commonly assessed using the (Hoehn and Yahr [H&Y]) scale and 

the Unified Parkinson Disease Rating Scale (UPDRS) (Hoehn and Yahr, 1967; Movement 

Disorder Society Task Force on Rating Scales for Parkinson's, 2003). Currently, diagnosis for 

PD is performed using clinical diagnostic criteria such as the UK Parkinson’s Disease Society 

Brain Bank (UKPDSBB) clinical diagnostic criteria for idiopathic Parkinson’s disease 

(Hughes et al., 1992). Additional examinations include the use of imaging techniques like 

MRI, SPECT and transcranial ultrasounds supported by technical tests including olfactory, 

genetic, and dopaminergic responsive tests (Ahlskog, 2000).  

1.2 Pathophysiology 

Neuropathologically, the two main hallmarks of PD are the development of Lewy 

bodies and Lewy neurites and the loss of dopaminergic neurons in the substantia nigra pars 

compacta (SNpc) which is part of the basal ganglia located in the midbrain. The motor 
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symptoms of the disease are attributed to the loss of pigmented dopaminergic neurons that 

cause decreased striatal dopamine (DA) levels. In the brain DA acts as a neurotransmitter that 

regulates motor control and therefore its loss is associated with the motor dysfunctions 

commonly observed in PD. It is estimated that approximately 80% of putaminal DA is lost by 

the time motor symptoms are clinically observed (Dauer and Przedborski, 2003). In addition 

to this neuronal loss, the presence of alpha synuclein positive Lewy bodies and Lewy neurites 

in the central and peripheral nervous system is another gold standard for disease diagnosis. 

Lewy bodies are protein rich cytoplasmic inclusions that are distributed widely across the 

central nervous system. There are two types of Lewy bodies namely, the brainstem (classical) 

type that are spherical or elongated and characterised by a dense core, and a peripheral halo 

and the Cortical Lewy bodies without a dense core or halo (Wakabayashi, 2008). The Lewy 

bodies are a composition of a large number of proteins, of which, alpha synuclein is a major 

constituent. Lewy body pathology is progressive during the course of the disease and its 

spread from the medulla oblongata to the neocortex has been described by Braak in six 

different stages (Braak et al., 2003). Progressive investigation into the development of these 

hallmarks has given us clues to some of the disease mechanisms that may be at play in PD. 

Ongoing research aims to understand the underlying mechanism/s of the disease in order to 

develop therapies that can halt or reverse disease progression.  

1.3 Treatment 

Currently, there is no available cure for PD.  Many of the current therapies are 

targeted to alleviate motor symptoms associated with the disease. Medications, surgery and 

gene therapy are some of the available therapeutic modalities. The most widely used and 

effective medication to date is dopamine replacement therapy by the administration of 

Levodopa. Levodopa can be converted into dopamine to replace the loss of dopamine in the 

disease state. Other medications include dopamine agonists, monoamine oxidase B inhibitors 

and anticholinergics (Munchau and Bhatia, 2000). Although these medications alleviate 

symptoms, they can produce quite severe side effects, such as the development of involuntary 

movement (dyskinesia) after many years of L-Dopa use (Dauer and Przedborski, 2003). 

When the patient does not respond to medications, surgical methods such as the DBS (deep 

brain stimulation) have been found effective to control the motor symptoms (Deuschl et al., 

2006). More recently, gene therapy to enhance dopamine production by the delivery of genes 

that enhance production of dopamine through viral mediated vectors is also under clinical 

trials (Hickey and Stacy, 2011). Further, research is underway in non-human primates to 
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develop personalised cell therapies in PD using neural cell transplants that are differentiated 

from induce pluripotent stem cells (iPSC) (Emborg et al., 2013).  

1.4 Causes 

PD is a multifactorial disease and some of the risk factors that contribute to increased 

disease susceptibility are age, environmental factors and genetic variabilities. It can be said 

that most of the cases result from an interaction of these factors (Mellick, 2006). However, 

age still remains the largest risk factor for development and progression of the disease 

(Hughes et al., 1992). The interactive effect of certain lifestyles and environmental exposures, 

along with the inevitable cellular changes that occur during aging, predispose some cells to 

neurodegeneration. The vulnerability of specific types of neurons to these changes leads to 

different disease patterns. For instance, in PD there is greater neuronal loss SNpc in the 

ventrolateral and caudal portions of the SNpc (Fearnley and Lees, 1991). These differences in 

neurodegeneration lead to a shorter life span for those affected by the disease when compared 

to age matched unaffected subjects (Morgante et al., 2000). The possibility that 

environmental toxins contribute to increased susceptibility to PD was investigated on finding 

that people intoxicated with Desmethylprodine (MPP) containing 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) developed a movement disorder that resembles PD (Langston et 

al., 1983). It has been now found that long-term exposures to herbicides and pesticides, such 

as paraquat and rotenone, are related to increased risk of PD development (Tanner et al., 

2011). The relationship between rural living, gardening and consumption of well water has 

also been suggested to increase the risk for PD; whereas consumption of coffee and cigarette 

smoking is associated with a reduced risk (Hernan et al., 2002). Genetic contribution to the 

disease was first identified with the discovery of the p.A53T substitution in the alpha 

synuclein gene (SNCA) in an Italian family with autosomal dominant Parkinsonism 

(Polymeropoulos et al., 1996). Since alpha synuclein is one of the major components of Lewy 

bodies found in the brain of PD patients, and is considered a hallmark of both familial and 

sporadic PD, this discovery provided clues to the fact that genetic abnormalities (and point 

mutations in particular) can cause disease. It also demonstrated that rare genetic forms of the 

disease provide important clues to the cause of more common disease. Further investigations 

have identified a larger number of genetic abnormalities that play a role in the Mendelian 

transmission of the disease within families. It is now known that about 5–10% of cases are 

genetically inherited (familial/monogenic PD), while the remaining 90% of all cases do not 
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have strong genetic histories of disease (sporadic PD) (Dauer and Przedborski, 2003). Genes 

that cause monogenic forms of the disease have been assigned a PARK loci in order of 

identification and there are over 18 PARK loci defined today (Sheerin et al., 2014). Varied 

patterns of phenotypic expressivity and penetrance of these genes exist within families and 

some of these genes are found to be causative in sporadic cases as well. Some of the genes 

that have been implicated in autosomal dominant (AD) forms of the disease are SNCA, 

LRRK2 and VPS35; whereas PINK1, DJ-1, PARK2 and ATP13A2 have been identified as 

causative factors for the autosomal recessive (AR) form of PD. A table of 18 PARK genes 

associated with the disease and their mode of inheritance is shown below (Table 1.1). Genetic 

abnormalities and environmental toxins exert negative impacts on cellular processes and 

studying these cellular alterations has shed light into various pathways that are involved in 

PD. 

 

Table 1.1: PARK genes associated with PD: The table shows the PARK name allocated to 

the different genes implicated in PD. The modes of inheritance of the genetic abnormalities 

are also indicated (AD: Autosomal dominant, AR: Autosomal recessive). 

NAME  GENE INHERITANCE FUNCTION 

PARK1 SNCA AD 
Formation of synaptic vesicles 

and dopamine release 

PARK2 Parkin AR 
Mediates ubiquitination of 

proteins for degradation 

PARK3 Unknown AD Unknown 

PARK4 SNCA AD 
Formation of synaptic vesicles 

and dopamine release 

PARK5 UCHL1 AD 

To ubiquitinate proteins for 

degradation and recycle of 

ubiquitin  

PARK6 PINK1 AR 
Mitochondrial protection during 

cellular stress 

PARK7 DJ-1 AR 

Chaperone molecule and 

protects cells from oxidative 

stress 

PARK8 LRRK2 AD Signal transmission, 
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cytoskeletal assembly and 

kinase activity 

PARK9 ATP13A2 AR 

Intracellular cation homeostasis 

and maintenance of neuronal 

integrity 

PARK10 Unknown Risk factor Unknown 

PARK11 Unknown AD Unknown 

PARK12 Unknown Risk factor Unknown 

PARK13 HTRA2 
AD or risk 

factor 

Induces apoptosis 

PARK14 PLA2G6 AR Phospholipid metabolism 

PARK15 FBX07 AR 
Mediates ubiquitination and 

mitophagy 

PARK16 Unknown Risk factor Unknown 

PARK17 VPS35 AD Retrograde transport 

PARK18 EIF4G1 AD 
mRNA recruitment to 

ribosomes 

PARK22 CHCHD2 AD 

Negative regulator of 

mitochondrial mediated 

apoptosis 

PARK23 VPS13C AR 
Maintenance of mitochondrial 

integrity 

 

1.5 Cellular dysfunctions in PD 

There are several cellular dysfunctions that are characteristic to the disease in PD. The 

major cellular dysfunctions that trigger neurodegeneration are oxidative stress, buildup of 

protein aggregates and dysfunctional degradative mechanisms within the cells. In addition to 

these, defective vesicle and protein trafficking mechanisms have been identified which affect 

transmission of the neurotransmitters and thereby contribute to the neuron specific defects.  

1.5.1 Synaptic vesicle trafficking and synaptic transmission 
 

In the nervous system, synapses allow the transformation of electric signals in the form of 

action potentials into chemical signals in the form of neurotransmitters that are packaged in 
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small vesicles called synaptic vesicles (SV). These neurotransmitters are secreted out of the 

cell into the neighboring cell in order to establish a chemical communication between the 

cells. The synaptic vesicles containing the neurotransmitters are found at the presynaptic 

terminals at the end of the axons and away from the neuronal cell body. On reception of an 

action potential, the SVs fuse with the plasma membrane, release the neurotransmitters 

through exocytosis and are received by the postsynaptic ends of the receiving cells. This 

chemical transmission is maintained by the recycling of the SVs and refilling with 

neurotransmitters. SV mobilisation is also dependent on ATP produced by the mitochondria. 

The presynaptic mitochondria play a role in trafficking through regulation of calcium flux 

and ATP production and decreased SV mobility has been shown during mitochondrial 

dysfunctions in drosophila (Verstreken et al., 2005). This mitochondrial dependence for the 

regulation of synaptic transmission is now thought to play a central role in neurological 

disorders with mitochondrial dysfunctions. Synaptic loss, synaptic vesicle (SV) trafficking 

and synaptic transmission deficiencies are characteristic of PD and the genetic abnormalities 

in several PARK genes associated with PD have been shown to contribute to this. Various 

studies suggest that a synaptic transmission is adversely affected in the presence of alpha 

synuclein, DJ1 and LRRK2 genetic variability (Goldberg et al., 2005). The involvement of 

alpha synuclein in SV trafficking was first identified using ultrastructural studies that showed 

the association of alpha synuclein with SV at the nerve terminals in rat brains (Clayton and 

George, 1998). Further, studies that showed increased dopamine release and reduced SV size 

on deletion of the alpha synuclien gene confirmed this association. These studies and many 

others now confirm the involvement of the alpha synulcien in the regulation of SV release 

(Esposito et al., 2012). Alpha synuclein is involved in synaptic transmission, trafficking of 

synaptic vesicles and also plays a role in neuronal plasticity (Abeliovich et al., 2000; Iwai et 

al., 1995; Murphy et al., 2000). Alpha synuclein binds directly to membrane phospholipids 

and curved membranes like synaptic vesicles and is a key player in regulating synaptic 

vesicle transfer and dopamine release (Shin et al., 2008). Overexpression of alpha synuclein 

disrupts Endoplasmic reticulum (ER) to Golgi complex trafficking of vesicles in yeast and 

causes disruption in the axonal transport (Cooper et al., 2006). Oligomers of alpha synuclein 

also block synaptic vesicle transport in the synapse (Wang et al., 2014b). Knock down 

models of alpha synuclein show a reduced number of vesicles present in presynaptic 

terminals and increased DA release; whereas over expression models show a reduction in DA 

release. Therefore, adequate processing of the alpha synuclein may be required in order to 

maintain optimal cytoplasmic DA levels (Murphy et al., 2000; Abeliovich et al., 2000; 
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Nemani et al., 2010). This in turn keeps ROS levels generated from DA metabolism under 

check. There is also evidence of the involvement of alpha synuclein dysfunctions in altered 

post-synaptic transmission (Picconi et al., 2012). In addition to SNCA, LRRK2 is the other 

PARK gene that plays a significant role in the maintenance of presynaptic and post-synaptic 

neurotransmission. LRRK2 and another regulator of endocytic vesicle trafficking, Rab 5, have 

been found to interact and co-localise on SV, indicating a role for LRRK2 in SV trafficking. 

Synaptic neurotransmission has shown to be altered on LRRK2 dysfunctions (Lee et al., 

2012). LRRK2 regulates transmission by binding to several synaptic vesicle proteins and 

alters glutamate release, vesicle motility, endocytosis and recycling (Piccoli et al., 2011; 

Parisiadou et al., 2014). Loss of LRRK2 has been shown to cause neurite overgrowth at the 

synapse of Drosophilla neuromuscular junction and altered neurotransmission of dopamine in 

drosophila and mice models. The overexpression of the wild type or G2019S mutant LRRK 

protein causes the opposite effect. LRRK2 loss also shows decreased synaptic endocytosis 

(Shin et al., 2008). DJ-1 is yet another PARK protein that has been found to localise to 

synaptic membranes whose binding affinities with the membrane vary with pathogenic 

variation of the gene (Bae and Kim, 2017). In conjunction with this, loss of PINK1 has also 

shown to result in loss of DA neurotransmission (Kitada et al., 2007; Gispert et al., 2009). 

Striatal DA depletion in PD is attributed to altered synaptic plasticity, altered glutamatergic 

synapse and increased glutamatergic transmission within the striatum. Two post-synaptic 

gluatamate receptors, NMDA and AMPA, are being intensively studied as for their roles in 

striatal DA deficiencies, after having observed changes in pathways associated with these 

receptors in PD (Bagetta et al., 2010). The manipulation of the glutamate receptors and 

thereby synaptic transmission is also being investigated as a possible therapeutic intervention 

for PD.  

1.5.2 Mitochondrial dysfunctions and oxidative stress 
 

Mitochondrial dysfunctions (MD) were found to be an integral part of PD 

pathogenesis with the discovery that intoxication with MPTP (a mitochondrial complex 1 

inhibitor that blocks the electron transport chain) causes parkinsonism (Langston et al., 1983; 

Davis et al., 1979).  Impaired complex 1 activity results in reduced ATP formation and 

increased production of reactive oxygen species (ROS). This can lead to oxidative stress in 

the cells which is caused due to oxidative DNA damage and oxidation of proteins and lipids. 

The cells respond to this stress by the activation of antioxidant defense mechanisms and 

activation of inflammatory and pro-apoptotic factors. If the cellular threshold of oxidative 
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stress is crossed, then there is an imbalance in ROS production and detoxifying mechanism 

and cell destruction ensues (Winklhofer and Haass, 2010). Reports of decreased complex 1 

activity in SN and frontal cortex regions of the brain and in platelets of PD patients confirmed 

the contribution of mitochondrial dysfunction to the disease (Winklhofer and Haass, 2010). 

Further, PD post mortem samples reveal an increase in oxidative stress and decreased levels 

of antioxidants such as glutathione and catalases in the brain (Floor and Wetzel, 1998). 

Dopaminergic neurons are more susceptible to mutations in the mitochondrial DNA and this 

is suggested to be another contributing factor to MD by increasing cellular stress or by 

causing defective defense mechanisms (Kraytsberg et al., 2006).  

In addition to these findings, the continuous driving force of research in mitochondrial 

dysfunction in PD is the fact that the genes associated with recessive forms of PD, namely, 

PINKI, Parkin, and DJ-1 code for proteins that are all regulators of mitochondrial activity. 

Mutations in the PINK1 gene (coding for a mitochondrial serine/threonine-protein kinase) 

cause altered mitochondrial complex activity, membrane potential and morphology, and 

altered ATP and ROS production (Winklhofer and Haass, 2010). Parkin, is an ubiquitin E3 

protein ligase which protects the cell against various toxic insults including protection against 

oxidative stress and prevention of mitochondrial swelling (Dawson and Dawson, 2010). 

Mutations in this gene cause non-functional parkin, decreased complex 1 activity, decreased 

ATP production and increased cellular vulnerability to oxidative stress (Hampe et al., 2006). 

We also know that Parkin and PINK1 share the same cellular pathway, with PINK 1 acting 

upstream, where a loss of function PINK 1 phenotypes can be rescued by overexpression of 

parkin (Tan and Dawson, 2006). DJ1 may act upstream of PINK1 and parkin and it is a cell 

stress sensor in that it is overexpressed in response to stress and participates in anti-oxidative 

stress reactions and mitochondrial regulation. Inactivation of DJ1 by excessive oxidation of 

DJ1 has been observed in PD patients along with various mitochondrial alterations in the 

presence of its genetic alteration (Ariga et al., 2013). Irrespective of the source, increased 

ROS production within the cell can lead to an increase in misfolded proteins which can 

further form aggregates within the cell. This increases the demand for the proteasomal 

lysosomal system to clear these aggregated proteins within the cell. In PD the dopaminergic 

neurons are more susceptible to oxidative stress and dopamine metabolism can itself be the 

main reason for this. It is suggested that mitochondrial dysfunctions can disrupt DA storage 

vesicles, thus raising the levels of intracellular DA. The DA is then metabolised to produce 

ROS in addition to the existing mitochondrial dysfunction (Meiser et al., 2013). This leads to 

a ROS overload within the cell making these cells more susceptible.  
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Rotenone is also a plant-based insecticide, pesticide and piscicide, like MPTP, that is a 

mitochondrial complex 1 inhibitor and causes Parkinsonism in humans (Betarbet et al., 

2000). Studies have shown a strong epidemiological association between exposure to 

rotenone and the development of PD (Tanner et al., 2011). Animal and cellular experimental 

models show that exposure to rotenone can result in PD-related phenotypes such as 

neurodegeneration, formation of protein inclusions and motor deficits (Alam and Schmidt, 

2002; Floor and Wetzel, 1998; Dexter et al., 1989; Pearce et al., 1997). It is now known that 

rotenone toxicity is most likely secondary to oxidative damage (Sherer et al., 2003). From all 

these evidences it can be said that mitochondrial dysfunction and oxidative stress are major 

contributors to the pathogenesis of the disease.  

1.5.3 Protein aggregation 
 

As mentioned above, alpha synuclein was first linked to PD on identification of SNCA 

mutations that caused PD in families. Subsequently, the presence of alpha synuclein as one of 

the main components of the Lewy bodies made this protein important in sporadic forms of 

PD as well. Synuclein aggregations are not exclusive to PD but occur in other 

neurodegenerative disorders such as dementia with Lewy bodies and multiple system atrophy 

— these conditions are collectively called synucleopathies. Therefore, understanding 

mechanisms by which alpha synuclein aggregates has a wide medical implication in the field. 

Alpha synuclein is a member of the synuclein family of proteins that contains alpha, beta and 

gamma synuclein. It is 140 amino acids in length, containing an amino terminus (1–60) that 

aids in the alpha-helical structure formation on membrane binding, a NAC (non-Abeta 

component ) region (61–95)  that aids in beta structure formation and a carboxyl terminus 

that has a strong negative charge and is unstructured (Bisaglia et al., 2006). Alpha synuclein 

is present in a random conformation in physiological conditions (Weinreb et al., 1996). On 

binding to negatively charged membrane mimetic micelles, its structure has been described 

by NMR as two curved alpha helices connected by a linker (Ulmer and Bax, 2005). In Lewy 

bodies, alpha synuclein exists in fibrils where it has a beta (b) sheet structure. In vitro under 

physiological conditions on prolonged incubation alpha synuclein forms fibrils that are 

similar to those found in Lewy bodies. Alpha synuclein aggregation occurs by the assembly 

of unfolded protein to a prefibrillar soluble oligomeric species, which are then converted to 

insoluble fibrillar assemblies. Both the oligomeric and fibrillary species are toxic to the cells 

with the fibrillary species showing a thousand-fold higher toxicity (Pieri et al., 2012; Danzer 

et al., 2007).  
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It is currently unclear as to how these alpha synuclein aggregates form or how they contribute 

to the pathology. It is possible that aggregates provide a short-term neuroprotection by 

sequestering soluble oligomeric species within the cell or represent a toxic species that 

interfere with cellular trafficking and are transmitted from one cell to another cell (McNaught 

et al., 2002; Kopito, 2000; Luk and Lee, 2014). In order to clearly understand this 

mechanism, in vitro and in vivo studies are being carried out with preformed fibrils, 

oligomers and monomeric alpha synuclein. Monomeric alpha synuclein is usually in a soluble 

and unfolded state. These monomers can aggregate to small oligomeric species which have 

been found to be toxic to cells. These oligomeric species can further aggregate into higher 

molecular weight insoluble fibrils that are part of protein aggregates. Shedding light into 

possible mechanisms of aggregate formation and spreading, it has been shown that addition 

of preformed fibrils to cells expressing alpha synuclein can induce recruitment of endogenous 

alpha synuclein into phosphorylated, ubiquitinated synuclein aggregates that are insoluble 

(Volpicelli-Daley et al., 2014; Conway et al., 1998; Wood et al., 1999; Uversky et al., 2001). 

Similarly, a possible prion-like transmission mechanism was suggested on finding Lewy 

body pathology in grafted neurons in PD patients (Chu and Kordower, 2015). Transmission 

of these aggregates requires secretion from the cell and uptake into neighboring cells; both 

these mechanisms are not clearly defined. The presence of different species of alpha 

synuclein in plasma and CSF suggested secretion out of cells by a possible calcium 

dependent exocytosis (Recasens and Dehay, 2014; Lee et al., 2005; Emmanouilidou et al., 

2010; El-Agnaf et al., 2003). Different models have been postulated for the uptake into 

neighboring cells, such as endocytosis, diffusion, receptor mediated uptake and transfer via 

nanotubes that are tunnel-like connecting structures between cells (Recasens and Dehay, 

2014). The spread of preformed fibrils from cell to cell and subsequent development of PD 

phenotypes has been demonstrated in cellular and animal models in light of these suggestions 

(Desplats et al., 2009; Hansen et al., 2011; Luk et al., 2012). Moreover, during preparation of 

fibrils from monomeric alpha synuclein, formation of different strains of these fibrils have 

been identified. These strains have different effects on the cells in terms of toxicity, seeding 

propensity and transmission properties (Bousset et al., 2013).  

1.5.4 Degradative mechanisms 
 

The degradative mechanisms in the cell mainly consist of the UPS (ubiquitin 

proteasomal system) and the autophagy lysosomal system. The UPS is a selective degradative 

mechanism that tags the target proteins with ubiquitin and proceeds to degrade the unfolded 
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ubiquitinated proteins by passing them through the proteasome. The lysosomal system of 

degradation is, however, a more elaborate procedure. Lysosomes are single membrane 

vesicles characterised by an acidic pH of 4.5 to 5 (Nilsson et al., 2003). Lysosomes contains 

over 60 hydrolytic enzymes most of which are synthesised at the ER, tagged with a mannose 

6 phosphate group and transported to the lysosomes (Schroder et al., 2010). Lysosomes also 

contain over 100 membrane associated and integral proteins such as receptors, anchors and 

transporters that maintain lysosomal integrity and aid in fusion with other membranes and 

transport of peptides across the lysosomal membranes (Saftig and Klumperman, 2009; Saftig 

et al., 2010).   

Molecules for degradation in the lysosomes can be degraded by different pathways namely, 

endocytosis, exocytosis macroautophagy, microautophagy and chaperone mediated 

autophagy (CMA) (Dice, 2001). In the process of endocytosis, there is internalization of 

extracellular fluids, solutes and proteins such as hormones, membrane proteins and serum 

proteins by the invagination of the plasma membrane to form vesicles. Although it is not 

entirely clear, it is now understood that multiple vesicles fuse to form early endosomes (EE) 

which act as a main sorting station in the endocytic pathway (Huotari and Helenius, 2011). 

Some of the residents of the EE are destined for degradation by the lysosomes while the 

others are recycled. With the association of different cytosolic proteins, the early endosomes 

mature into maturing endosomes (Bonifacino and Hurley, 2008, Pfeffer, 2009).  Late 

endosomes are formed from the vacuoles of these maturing endosomes and possess different 

properties to that of the early endosomes. The late endosomes finally fuse with the lysosomes 

in order to digest the proteins destined for degradation (Luzio et al., 2007). Although some 

digestion can begin in early or late endosomes, it is in the lysosomes that the complete 

digestion of these proteins occurs. Another important cellular mechanism is exocytosis. There 

is regular exocytosis or secretion of proteins from cells in the form of vesicles that fuse with 

the cell membrane. In some cases, these proteins destined for secretion can be diverted to the 

lysosomes for degradation in a process called crinophagy (Marzella et al., 1981). Degradation 

via the lysosomal pathway can also occur by autophagy methods that can be further divided 

into microautophagy, macorautophagy and chaperone mediated autophagy (CMA) 

(Mizushima and Komatsu, 2011). In macroautophagy, dysfunctional organelles or aggregated 

proteins that need to be degraded are sequestered in double membrane organelles called 

phagocytic vacuoles. These phagocytic vacuoles fuse with the lysosomes to form 

autophagosomes in which the proteins to be degraded are digested. As opposed to this, during 

microautophagy, there is invagination of the lysosomal membrane to non-specifically 
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sequester a large amount of cytosolic material. Finally, CMA is a process in which proteins 

are degraded molecule by molecule. The proteins to be degraded are identified by cytosolic 

chaperons that deliver them to the surface of the lysosomes where the proteins unfold and are 

translocated into the lysosomes by crossing the lysosomal membrane to be degraded.  

A central role for lysosomal dysfunction in PD was supported by the identification of 

mutations in a GBA gene that codes for the lysosomal glucocerebrosidase (GCase) (Aharon-

Peretz et al., 2004). GCase is a lysosomal enzyme that is involved in the metabolism of 

glucocerebrosidase to glucose and ceramide. Mutations in this gene cause Gaucher disease 

which is the most common lysosomal storage disorder and has features of Parkinsonism in 

some cases (Beutler et al., 1994). The presence of GCase in Lewy bodies and altered levels of 

glucocerebrosidase in PD brains and cerebrospinal fluid (CSF) has been identified (Schapira, 

2015; Gegg et al., 2012; Moors et al., 2016). Although the mechanism by which the mutation 

contributes to the pathogenicity in PD is unknown, it is suggested that reduced 

glucocerebrosidase enzyme activity may be associated with PD by preventing the clearance 

of proteins and enhancing the formation of protein aggregates (Alcalay et al., 2015). In 

addition, altered levels of various other lysososomal and autophagy proteins have supported 

lysosomal defects in the pathogenesis of PD. Studies showing decreased levels of lysosomal 

proteins such as LAMP1, LAMP2a, Hsc70, cathepsin D, ATP13A2 and increased levels of 

LC3 an autophagy proteins indicating defective clearance of autophagosomes, point to a 

defective lysosomal autophagy pathway in PD (Gan-Or et al., 2015; Xiong et al., 2013). The 

accumulation of protein aggregates in PD has also been associated with the impaired 

degradative mechanisms. The degradation of alpha synuclein has been associated with both 

the autophagy lysosomal pathway and the ubiquitin proteasomal system (Pan et al., 2008; 

Dehay et al., 2013). CMA mediated degradation has been reported for WT alpha synuclein; 

whereas the oligomeric and mutated forms impair CMA mediated autophagy and thus result 

in aggregation of proteins (Martinez-Vicente et al., 2008). These aggregated proteins are 

found to be resistant to macroautophagy and cause the buildup of autophagosomes. 

Corroborating with these studies, lysosomal enzymes such as cathepsin D and GCase are also 

involved in hydrolysis of alpha synuclein and can cause increased aggregation and 

transmission in enzyme depleted conditions (Bae et al., 2015). The release of these and other 

lysosomal enzymes into the CSF have also been observed in Alzheimer’s disease (AD) and 

PD.  Therefore, it can be said that lysosomal dysfunctions lead to aggregation of proteins and 

organelles within the cell and the release of lysosomal enzymes into biological fluids, such as 

the CSF.  
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1.5.4.1 Cathepsin D processing 
 

Cathepsin D is a soluble lysosomal aspartic protease like renin and pepsin that is 

synthesised as an inactive precursor, and which is then processed into active enzymes (Fig. 

1.1). Its synthesis begins in the rough endoplasmic reticulum where a precursor to cathepsin 

D called pre- pro-cathepsin D is formed (Benes et al., 2008). This precursor is then 

transported to the Golgi complex as pro-cathepsin D where the mannose-6 phosphate residues 

on the precursor interact with the mannose-6 phosphate receptor (CI-MPR) (Gieselmann et 

al., 1985). On removal of the signal peptide, the 52kDA pro-cathepsin D is targeted into 

maturing endosomes, (Hasilik and Neufeld, 1980; Kornfeld, 1990) by CI-MPR or CDMPR 

(Cation Dependent Mannose 6 Phosphate receptors) in clathrin coated vesicles (Kornfeld, 

1990; Vonfigura and Hasilik, 1986). Once it enters the maturing endosomes, there is 

dissociation of the CI-MPR from the enzyme in its acidic lumen. The receptor is then 

recycled to the trans Golgi network (TGN) with the help of Rab9, p40, TIP47 and retromer 

complex (Carroll et al., 2001; Diaz et al., 1997). The pro-peptide, on the other hand, 

undergoes cleavage into a 48kDa intermediate active enzyme form. The intermediate form 

undergoes further cleavage which results in the active mature Cathepsin-D composed of the 

34kDa heavy and 14kDa light chains (Gieselmann et al., 1985). It is the active form of the 

enzyme that performs hydrolysis of proteins in the lysosomes. Under some physiological or 

pathological conditions, the pro- cathepsin D or cathepsin D can be secreted outside the cell 

by escaping the normal transport mechanism. Pro-cathepsin D has been found in human, 

bovine and rat milk, serum, urine and in multiple types of cancer cells. In addition, both pro-

cathepsin and mature cathepsin has been found in human eccrine sweat (Vetvicka et al., 

2010). This secretion has been reported to indicate a defective sorting from the TGN which 

further affects its processing and activity in the lysosomes (Benes et al., 2008). 
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Fig 1.1 Processing of cathepsin D: Processing of the inactive precursor form of cathepsin D 

to the active mature cathepsin D.  

1.6 Retrograde transport 

Newly synthesised proteins usually follow the anterograde pathway of trafficking 

where they are synthesised at the endoplasmic reticulum (ER), transported to the TGN, and 

then to the plasma membrane or the endo-lysosomal system. The endo-lysosomal system 

consists of the early endosome (EE), late endosome (LE), recycling endosome (RE), 

lysosomes and autophagosomes. Proteins can also be transported from the TGN to the RE, 

and then to the cell surface. Movement of protein in the opposite direction is usually called 

retrograde transport and usually involves movement from the endosome to the TGN, or the 

TGN to the ER (Bonifacino and Rojas, 2006; Spang, 2013; Johannes and Wunder, 2011). 

Membrane protein cargos that enter the cell are either sorted from the early endosomes to the 

lysosomes, or are recycled back to plasma membrane via the RE, or are transported via 

retrograde transport to the TGN (Huotari and Helenius, 2011). In order to ensure the correct 

sorting of these membrane proteins into specific pathways, the recognition of these protein by 

membrane coat complexes is required. The Retromer complex is one such cytoplasmic coat 

complex that primarily mediates the retrograde transport of protein from the maturing 
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endosomes to the TGN. In addition to the transport to the TGN, more recently it has been 

shown to traffic from the early endosomes to the plasma membrane and in mitochondrial 

trafficking as well (Harbour et al., 2012; Braschi et al., 2010).    

1.7 The retromer complex 

The retromer and its components were first identified in yeast and have been found to 

play an important role in the retrograde trafficking of proteins from the endosome to the TGN 

(Seaman et al., 1998). In yeast, the retromer consists of a heteropentameric complex 

comprising of a cargo recognition complex (CRC) (which contains the VPS35p, VPS26p and 

VPS29p subunits) and a membrane deforming complex comprised of the Vps5p and Vps17p 

subunits (Arighi et al., 2004). The secretory pathway is conserved between yeast and 

mammals (Arighi et al., 2004). The mammalian retromer was identified to have yeast 

counterparts and consists of a CRC consisting of VPS35, VPS26 (A and B isoforms) and 

VPS29, and a membrane deformation complex consisting of SNX1/2 and SNX 5/6 

(Swarbrick et al., 2011; Bugarcic et al., 2011) (Fig1.2). SNX1/2 and SNX5/6 and SNX32 are 

the membrane associating homologues to yeast VPS5p and VPS17p. A number of cargo 

molecules that are recruited by the retromer have now been identified. The cargo recognition 

complex is the core of the retromer which binds to cargo that requires transportation. The 

VPS35 subunit is considered to be the core of the cargo recognition complex as it has binding 

sites for both VPS29 and VPS26 (Haft et al., 2000). The VPS35 subunit is 92KDa in size. 

The protein has an alpha solenoid fold with 34 helices and resembles other alpha solenoid 

proteins like clathrin, adaptor proteins associated to clathrin and assembly units of the COPII 

complex which also participate in cell trafficking (Hierro et al., 2007). VPS29 is a 20KDa 

subunit with a metallophosphoesterase fold; however, it does not have normal catalytic 

activity because of the replacement of a key histadine residue with a phenylalanine 

(Bonifacino and Hurley, 2008; Hierro et al., 2007). This fold serves as a scaffold for the 

binding of the C terminal amino acids 307-796 of VPS35 onto VPS29. The VPS26 is a 

38KDa subunit, has an arrestin-like fold and binds to the N terminal (amino acid 1– 172) 

PRLYL motif on the VPS35. Two isoforms of the subunit (A & B) have been identified and 

hence, depending on the isoform, two types of cargo recognition complex can be formed 

(Bugarcic et al., 2011). It is also to be noted that the binding of VPS29 and 26 subunits to 

VPS35 occurs independent of each other (Deng et al., 2013b). VPS35 also has binding sites 

for the membrane deforming sorting nexin (SNX) proteins. SNXs are a group of proteins that 

are localised in the cytoplasm and bind to membrane associated protein complexes, and some 
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of the members facilitate protein sorting. Around 33 types of SNX proteins have been 

identified and they are classified into three groups based on their binding domains. The 3 

groups are SNX-PX, SNXBAR and SNX-others. The SNX-BAR subfamily has a BAR 

domain that can sense membrane curvature and drive tubule formation (Cullen and 

Korswagen, 2012). In addition to other known binding partners of the SNX proteins, the early 

endosomal phosphatidylinositol 3-phosphate (PI(3)P) is also a prime binding partner of SNX.  

This binding is essential for the formation of the endosomal network to which the retromer 

complex can bind and pack cargo proteins into carriers. Different combinations of the SNX-

CRC complexes mediate cargo transport to different destinations within the cell (Fig 1.3). 

The retromer proteins eventually dissociate from the cargo carriers to undergo further rounds 

of cargo sorting while the carriers transport the cargo to its respective destinations within the 

cell. 

 

 

                

 

Fig 1.2 The mammalian retromer complex: A model of the mammalian retromer complex 

consisting of the cargo recognition complex and the membrane deformation subunits. 

(Reproduced with permission from (Bonifacino and Rojas, 2006)) 
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Fig 1.3 The retromer complex assembly on the endosome: The different retromer complex 

(VPS35, VPS26 and VPS29) assemblies that carry cargo from the endosome to the plasma 

membrane and the TGN are shown here. The retromer-SNX-BAR complex and retromer-

SNX3 complex mediate endosome to trans-Golgi transport of receptors. The Retromer-

SNX27 complex in association with the WASH complex mediates the endosome to plasma 

membrane recycling of the receptor. The arrows indicate the direction of transport of the 

carrier vesicles that carry the cargo (Mohan and Mellick, 2016).  
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1.8 Retromer mediated transport from endosomes to Golgi network  

Although the mechanism of retromer mediated transport of its cargo from the early or 

mature endosomes to the TGN is not fully characterised, research so far has been able to 

identify the fundamental process behind this mechanism. The retromer complex must first be 

recruited to the endosomal surface through the interaction of various proteins. At the early 

endosomes, the retromer complex recognises and binds to sorting motifs of its cargo 

molecules. The retromer cargo complex is then concentrated into tubules that have been 

induced from the endosomal membrane. Following this, there is scission and transport of 

these carrier vesicles that are rich in retromer cargo, along the microtubules network toward 

the destination membrane at the TGN. Tethering complexes allow the attachment of the 

donor carrier vesicle to the TGN. These vesicles then fuse with the TGN to deliver the cargo 

molecules. An illustration of this sequence of events is shown below and details of events 

have been outlined below (Fig 1.4). 

 

 

 

Fig 1.4 Retrograde transport of cargo from the endosome to the TGN: A proposed 

sequence of events from retromer recruitment to transport of carrier vesicles. (Reproduced 

with permission from (Cullen and Korswagen, 2012)) 
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1.8.1 Recruitment 
 

The retromer complex is mainly localised on the early endosomes and in tubular 

endosomal networks (Carlton et al., 2005; Mari et al., 2008; Popoff et al., 2007; Seaman, 

2004). The cargo recognition complex has no membrane binding abilities and therefore must 

be recruited to the membrane by interaction with other proteins that can interact with the 

membrane. As mentioned above, the SNX-BAR proteins have a PX domain that recognises 

the (PtdIns3P) on the early endosomes and can bind to the endosome independent of the 

retromer complex. Thus, it can facilitate binding of the retromer to the endosomal membrane 

(Fjorback et al., 2012). The retromer recruitment has also shown to be regulated by GTPase 

module Rab7a that is recruited by a PI3K mechanism and mainly localised on the maturing 

endosomes (Priya et al., 2015). This module is also implied in recruitment of the cargo out of 

the mature endosomes to the TGN before the mature endosomes fuse with the lysosomes 

(Seaman et al., 2009). Finally, recruitment by a combined association of SNX3 and Rab7, 

cargo and retromer has also been reported (Harrison et al., 2014).  

1.8.2 Cargo recognition 
 

The first and best characterised cargo molecule of the retromer was the CI-MPR 

(cation-independent mannose 6 phosphate receptor). Since then other cargo molecules which 

include the mammalian iron transporter (DMT1-II), Wntless (wls), crumbs (crb) have been 

identified. The retromer recognises its cargo using sorting motifs, which are small peptide 

regions within the cytoplasmic domain of the cargo (i.e. receptors) that direct the sorting of 

the cargo. For instance, some of the cargo molecules of the retromer such as the CI-MPR, 

sortillin are recognised via a [FW]L[MV] motif in the cytosolic C-terminal tail (Seaman, 

2007). Other motifs used by the retromer to recognise receptors such as the sorLA, DMT1 are 

the FANSHY and LL (di-leucine) motifs (Tabuchi et al., 2010). The large variety of cargo 

molecules and sorting signals that have been identified in the retromer cargo interactions 

suggests multiple mechanisms via which the retromer interacts with its cargo molecules. 

1.8.3 Endosomal maturation 
 

 It is known that the retromer colocalises with the early endosomal marker EEA1 and 

also associates with the late endosomal marker Rab7 for the membrane recruitment of the 

cargo selective subcomplex and cargo exit (Rojas et al., 2008a; Seaman et al., 2009). Since 

the endosomes undergo maturation from the early to late endosomes it can be interpreted that 
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the retromer complex retrieves cargo from an intermediate stage of endosomal maturation 

(i.e. at Rab5/7 switch) (Arighi et al., 2004). The endosomes undergo a maturation process in 

which there is a transformation of the early endosomes to late endosomes before they fuse 

with the lysosomes. The EE are composed of a Rab5 and its effector VPS34/p150, a 

phosphatidylinositol 3-kinase (PI(3)K) complex that generates the phosphoinositide (PI) 

PtdIns(3)P and is mainly localised in the region close to the plasma membrane in the 

cytoplasm (Nielsen et al., 1999; Hoepfner et al., 2005). They contain inter lumen vesicles and 

tubular extensions that are rich in Rab5, Rab4, Rab11, Arf1/COPI, retromer, and caveolae 

domains (Vonderheit and Helenius, 2005; Rojas et al., 2008b; Hayer et al., 2010). The tubular 

extensions enable the formation of carrier vesicles that sort cargo molecules to different 

destinations within the cell (Bonifacino and Hurley, 2008). From this stage, there is the 

formation of a hybrid Rab5/ Rab7 endosome when the Rab5-GTP recruits the Rab7 on to the 

surface of the endosome. Following this, the Rab5 and associated structures dissociate from 

the endosome and they are now marked by the presence of the Rab7 as late endosomes. 

Various mechanisms of this occurrence have been proposed by different groups (Rink et al., 

2005; Gruenberg, 2001; Mesaki et al., 2011). The LE then undergo a plethora of changes 

before they fuse with the lysosomes, other LEs or autophagosomes. The LE are very different 

from the EE; they are acidic and have more intralumenal vesicles (ILV), have a perinuclear 

localisation and have an PtdIns(3,5)P(2) PI. Endosomes are also highly motile depending on 

their maturity, and motility is aided by the dynein and kinesin motors (Huotari and Helenius, 

2011). Endosomal recycling occurs at different stages of endosomal maturation for different 

cargo molecules and many receptors are recycled via the early endosome-TGN pathways. 

The only transmembrane receptor that is known to undergo the late endosome-TGN pathway 

is the Cation Independent mannose 6 phosphate receptors (CI-MPR) that deliver lysosomal 

hydrolases (Klinger et al., 2015). Transport from the endosome to the TGN depends on Rab7, 

Rab9 and the retromer complex (Bonifacino and Hurley, 2008; Pfeffer, 2009). 

1.8.4 Tubule formation and scission 
 

Following assembly of the retromer and the formation of the complex between the 

retromer and its cargo, the SNX domain of the retromer complex initiates the formation of 

tubules that are enriched with the retromer-cargo molecules. Different mechanisms by which 

the tubules are stabilised and scission is initiated have been proposed. One of these 

mechanisms involves the EDH (Eps15 homology domain-containing protein) family of 

proteins. Interaction of the EDH-1 protein with the retromer has been shown and trafficking 
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studies show that this interaction is important in stabilising SNX1 tubules and mediating its 

scission for transport to the TGN (Gokool et al., 2007; Naslavsky et al., 2009). The other 

model involves the WASH complex (Wiskott-Aldrich Syndrome Protein and SCAR 

Homolog), which activates the Arp2/3 complex that serves as the nucleation site for the 

formation of actin filaments. The FAM21 subunit of the WASH complex has a binding site 

on the VPS35 subunit that enables its recruitment to the endosomal membrane. Once 

recruited, the WASH complex mediates the linking of the tubules to microtubules and the 

induction of scission through a F actin driven force (Gomez and Billadeau, 2009; Derivery et 

al., 2009). 

1.8.5 Transport, docking and fusion 
 

The sorting nexins mediate the transfer of the carriers to the TGN once the scission is 

complete. The SNX 5 and 6 have been shown to interact with p150glued and p50 components 

that are part of the dynein motor (Wassmer et al., 2009). This interaction suggests a dynein-

motor-dependent transport of the retromer coated carriers along the microtubules in a minus 

end directed manner from the endosomes to Golgi network (Harada et al., 1998; Hirokawa, 

1998; Itin et al., 1999). On reaching the destined compartment, the carrier is recognised at the 

TGN with the help of tethers. Tethers are anchored onto certain membrane surfaces by the 

interaction of a member of the Rab family of small GTPases. Tethers such as GARP and 

GCC185 have been implicated in tethering of CI-MPR (Ganley et al., 2008; Hayes et al., 

2009; Reddy et al., 2006). This is in addition to Rab6 interacting protein-1 (Rab6ip1) that 

interacts with SNX1 (Wassmer et al., 2009). Following docking, the fusion of the carrier 

vesicle with the target membrane is regulated by the SNARE complex. The SNARE complex 

consists of a carrier V-SNAREs such as syntaxin 6, syntaxin 16, Vti1 and three t-SNARES 

such as VAMP3 or VAMP4 on the target membrane (Mallard et al., 2002). Through fusion, 

the cargo molecule is delivered to its site of action.  

1.8.6 Uncoating  
 

During this process of transport, the uncoating of the carrier must occur prior to 

fusion of the carrier with the TGN in order to carry out further rounds of recycling. The 

process of uncoating is not yet clearly defined but the involvement of phospholipid 

phosphatases in this process has been speculated for the removal of the SNX-BAR 

components. The mechanism behind the cargo recognition uncoating has been explained by 

the possible interaction of the VPS29 component of the CRC complex with TBC1D5 protein 
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(Harbour et al., 2010). The TBCID5 is a RAB-GAP protein that hydrolyses Rab-GTP to 

GDP, thereby causing its dissociation from the membrane (Seaman et al., 2009). Although a 

large number of different proteins have been identified in the retromer mediated retrograde 

trafficking there are still unidentified interactions in this process. However, the importance of 

the retromer complex in the correct sorting procedure has been validated and warrants future 

research.                                                                                   

1.9 Cellular functions of the retromer 

The retromer is ubiquitously found in all cells and various roles have been identified 

for the retromer within the cell (Table 1.2). It is a key player in endosomal sorting and it 

traffics a vast myriad of proteins from the maturing endosomes to the TGN, and from the 

endosome to the plasma membrane (Arighi et al., 2004; Tabuchi et al., 2010). It is also 

involved in the transport of proteins to and from the mitochondria and participates in 

autophagosome formation (Braschi et al., 2010; Zavodszky et al., 2014b). A well-

characterised role for the retromer is its recycling of the cation independent mannose 6 

phosphate receptor (CI-MPR) in mammalian cells. The CI-MPR is a receptor for the 

lysosomal acid hydrolase enzyme cathepsin D. Cathepsin D is an aspartic protease that 

mediates the lysosomal degradation of alpha-synuclein. It is synthesised at the ER as a 

precursor, recognised by the CI-MPR and trafficked to the mature endosomes where it 

dissociates from the receptor and is transported to the lysosomes (Benes et al., 2008). The 

retromer recycles the receptor from the maturing endosome to the TGN to aid in the repeated 

transport of newly synthesised enzyme precursors. The retromer also recycles various other 

proteins in order to maintain homeostasis and polarity of various types of neuronal and non-

neuronal cells. For example, the iron transporter DMT1-11 is recycled via the retromer 

(Tabuchi et al., 2010) — so is the protein Wntless (wls), which is a transmembrane protein 

essential for the secretion of Wingless, a Drosophilla Wnt protein that is essential for 

morphogenesis and cell homeostasis (Port et al., 2008; Franch-Marro et al., 2008; Zhang et 

al., 2011; de Groot et al., 2013). The retromer also helps in the basolateral to apical 

transcytosis of pIgR (a polyimmunoglobulin receptor for IgA) in epithelial cells (Verges et 

al., 2004; Mellado et al., 2014) and mediates recycling of the apical determinant, crumbs 

(crb), that regulate apical-basal polarity and cell growth (Zhou et al., 2011; Pocha et al., 

2011). The luminal protein, Serpentine, that regulates epithelial tube length in drosophila is 

also recycled by the retromer complex (Dong et al., 2013). In neurons, the retromer traffics 

neurotransmitter receptors and synapse-specific membrane proteins that help maintain 
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synaptic transmissions. The retromer complex is also used by viral and bacterial pathogens to 

aid in their assembly, replication and movement within the cell and as a mechanism to evade 

destruction by the cell’s defence machinery. The retromer regulates retrieval of HIV and 

HPV proteins during infection of the cell and is downregulated by the herpesvirus saimiri 

(HVS) tyrosine kinase-interacting protein (Tip) to avoid destruction of the virus (Groppelli et 

al., 2014; Lipovsky et al., 2013; Popa et al., 2015; Kingston et al., 2011). In addition, 

bacterial Shiga toxin (Stx) uses the retromer for its trafficking within the cell (Bujny et al., 

2007). Considering the ubiquitous nature of the retromer, it is not surprising that a range of 

diseases other than neurodegenerative diseases are also associated with retromer 

dysfunctions. These include osteoporosis and gastric and colorectal cancers (Xia et al., 2013; 

An et al., 2012). Genome-wide association studies (GWAS) and reduced retromer levels in a 

hyperleucinemia mouse model have also linked the retromer complex to Type 1 and 2 

Diabetes Mellitus and there is one report linking VPS35 haploinsufficiency to retinal 

ganglion neurodegeneration in mice, implicating a possible retromer dysfunctions in retinal 

degenerative diseases (Reitz, 2015; Morabito et al., 2014; Liu et al., 2014). 

Table 1.2 Cellular functions of the retromer complex and its cargo molecules 
 

CELLULAR FUNCTION OF THE 

RETROMER 

CARGO 

Delivery of hydrolases to Lysosomes CI-MPR 

Cell homeostasis and Morphogenesis DMT1-11, Wntless 

Epithelial Cell polarity  pIgR, Crumbs 

Epithelial tube formation Serpentine 

Neuronal long-range trafficking and 

morphogenesis 

SorLA, BACE 

Autophagosome formation ATG9 

Lysosome morphogenesis and function LAMP2a 

Mitochondria-derived vesicle formation MAPL 

Mitochondrial fission DLP1 

Neurotransmitter trafficking  AMPARS, β2AR, NMDAR 

Glucose and Metal iron transport  GLUT1 

Recruitment of WASH complex on endosome FAM21 

Viral and bacterial infection HPV16 -L2, HIV-1 Env, HVS-



Chapter 1 

24 

 

Tip,STxB 

1.10 Retromer complex in neurodegenerative disorders 

A role for the retromer in neurodegeneration was first suggested in relation to 

Alzheimer’s disease. Reduced expression of VPS35 and VPS26 protein levels were observed 

in the entorhinal cortex of AD patients when compared to healthy controls (Small et al., 

2005). The retromer traffics SorLA, a receptor for APP that is sequentially cleaved by BACE 

in the endosomal lumen to produce Aβ found in amyloid plaques in brains of AD patients. 

Retromer defects cause mis-trafficking of SorLA causing APP retention in the endosomal 

lumen, which results in increased production of Aβ (Vieira et al., 2010; Bhalla et al., 2012; 

Fjorback et al., 2012). Elevated Aβ levels lead to hippocampal dependent memory loss, 

synaptic dysfunctions and neuronal loss in retromer deficient transgenic mouse and 

drosophila models rendered cognitively compromised due to heterozygous knockouts of 

retromer subunits (Muhammad et al., 2008). Increased levels and activities of BACE1 in post 

mortem AD brain samples were first reported in 2002, and it is now known that BACE1 is a 

cargo molecule of the retromer (Fukumoto et al., 2002). Suppression of VPS35 causes altered 

distribution and increased activity of BACE1 leading to memory deficits, impaired 

postsynaptic glutamatergic neurotransmission and impaired neuronal morphogenesis in 

mouse models (Wen et al., 2011; Wang et al., 2012). It has also been suggested that genetic 

variants in several genes that encode retromer-related proteins, are genetically associated with 

increased risk for AD (Vardarajan et al., 2012), although it is not clear how many of these 

associations will be consistently replicated. The retromer has been associated with a range of 

neurodegenerative disorders including: Downs syndrome, hereditary spastic paraplegia (HSP) 

and neuronal ceroid lipofuscinosis (NCL) (Small and Petsko, 2015). All these findings 

demonstrate that retromer impairments can cause multiple neuron specific pathologies.  

1.11 Retromer complex in PD 

1.11.1 VPS35 mutations in PD 
 

In 2011, using exome sequencing, a genetic mutation leading to a D620N amino acid 

change in the VPS35 subunit of the retromer complex was identified as a rare cause of 

autosomal dominant familial PD by two groups (Vilarino-Guell et al., 2011; Zimprich et al., 

2011b). Both groups identified the D620N mutation in patients from Swiss and Austrian 

families with late onset Parkinson’s disease. The mutation was also identified in families 
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from USA, Tunisia and Israel. Since then there have been about 13 reports published on the 

frequency of this mutation in both sporadic and familial cases (Fujioka et al., 2014). Ethnic 

populations including German, African, Indian, Chinese and Japanese have all been assessed 

for the mutation and it has been found that it predominantly occurs in Caucasians and rarely 

in Asians, with the exception of the Japanese population (Blanckenberg et al., 2014; 

Sudhaman et al., 2013; Chen et al., 2013; Ando et al., 2012). This discovery highlighted the 

involvement of the retromer complex in PD. Several other variants such as the p.P316S, 

p.Y507F, p.R524W, p.I560T, p.M571I, p.H599R, p.M607V, p.E787K and p.L774M have 

been subsequently reported; however, proof that these are truly pathogenic remains debated 

(Deng et al., 2013a; Sharma et al., 2013). The frequency of the D620N mutation is currently 

estimated to be around 1.3% in familial PD and 0.3% in sporadic PD. The mutation is a rare 

cause of the disease in all populations that have been tested (Fujioka et al., 2014; Ando et al., 

2012). The clinical phenotype of mutation carriers is similar to sporadic PD, with substantial 

variability in onset with incidences of both early and late age at onset being reported. The 

information available to date supports the idea that the mutation exhibits a relatively high but 

incomplete penetrance (Struhal et al., 2014; Zimprich et al., 2011a; Sharma et al., 2013; 

Vilarin˜o-Gu¨ell et al., 2011). Patients show a good response to L-dopa (Fujioka et al., 2014) 

and in one case enhanced motor functions were achieved in response to deep brain 

stimulation (Fujioka et al., 2014; Fleury et al., 2013). 

1.11.2 Consequences of the D620N mutation and retromer dysfunction in PD 
 

Altered retromer trafficking of several proteins along different pathways in the presence 

of the D620N mutation have been identified (Fig1.5&1.6). Some of the studies included 

below show that the mutation causes disease in dominant gain of function mechanism, while 

the others show disease as a result of a loss of function mechanism (Tsika et al., 2014; Wang 

et al., 2014a; Tang et al., 2015a; Malik et al., 2015). Although it remains to be determined 

exactly what the pathogenic nature of the mutant is, from studies so far it can be concluded 

that the VPS35 D620N mutation exhibits both a gain of function and loss of function 

mechanism depending on the context.  

1.11.2.1 Endosome to TGN transport defects 
 

To understand the effect of the PD-related mutation, D620N, on the retromer’s 

endosome to Golgi complex transport capabilities, several investigations have been 

performed in human cellular and animal models. These involve studies on CI-MPR 
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trafficking and the processing of cathepsin D and alpha synuclein. The D620N mutation lies 

within the binding site between VPS35 and VPS29 but this amino acid change does not 

appear to interfere in the retromer’s cargo recognition complex formation or folding 

(Zavodszky et al., 2014a). The binding site of the CI-MPR also lies in the region of the 

D620N mutation, but again, the presence of the mutation does not affect the binding capacity 

of the retromer to the CI-MPR (Follett et al., 2014).  

A) CI-MPR trafficking and cathepsin D processing 

Human cellular models 

Knockdown of VPS35 or inducing disruptions in its trafficking in HEK293, RPE1 and HeLa 

cells displaces the natural distribution of CI-MPR from its perinuclear location (association 

with the TGN) to a more dispersed pattern throughout the cell. This redistribution indicates a 

retromer trafficking defect in which there is reduced trafficking of the receptor out of the 

mature endosomes. It also resulted in ineffective recycling of the receptor and increased 

degradation of the receptor (Miura et al., 2014; Rojas et al., 2008b; McGough et al., 2014). In 

the RPE1 cell lines, the defective redistribution of CIMPR which was observed on 

knockdown of VPS35 was partially rescued by expressing wild type VPS35. This rescue 

could not be observed when the VPS35 D620N variant was expressed in these cells. These 

results suggest the ability of the D620N mutation to cause retromer trafficking defects which 

in turn causes redistribution of its cargo molecules such as the CIMPR (McGough et al., 

2014). 

Animal neuronal models 

This loss of function activity has been observed in neuronal models as well. In the presence 

of the D620N mutation a similar kind of altered CI-MPR distribution, where there is reduced 

association of the CI-MPR with the Golgi apparatus, has been observed in primary rat neuron 

cultures overexpressing the D620N variant (MacLeod et al., 2013a).   

Patient derived cellular models 

PD patients carrying the D620N mutation also show similar distribution differences in the CI-

MPR and endosomal maturation defects as shown in fibroblasts obtained from the patients 

(Follett et al., 2014; McGough et al., 2014). The redistributed CI-MPR phenotype observed in 

these mutation carrying cells could be rescued by the suppression of the endogenous VPS35 
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expression and re-expressing wild type VPS35 in these cells (McGough et al., 2014). This 

further confirms that the mutation can impair the retromer dependent endosome to TGN 

trafficking.  

To further characterise the observed trafficking defect, several groups have studied cathepsin 

D processing in cells expressing the D620N mutation. Increased secretion of precursor forms 

of cathepsin D and decreased levels of mature cathepsin D that indicate cathepsin D 

processing defects were observed in the presence of D620N in both HEK293 cells, 

overexpressing the mutation and in fibroblasts from D620N mutation carriers (Follett et al., 

2014). In contrast to these observations two other studies, one investigating HeLa cells 

expressing the D620N mutant (Zavodszky et al., 2014a) and the other looking at fibroblasts 

from mutation carriers, did not show any altered association of the retromer with its cargo 

molecules or cathepsin D processing (Tsika et al., 2014). Further studies are required to 

address this discordance in literature, as there are likely many additional factors involved 

with these trafficking processes. It is likely that an endogenous D620N mutation would 

induce a subtler phenotype to that observed in crude overexpression or silencing experiments. 

B) Cathepsin D and alpha synuclein processing 

CI-MPR and cathepsin D alterations in the presence of VPS35 mutations provide an 

important link between the retromer and the pathogenesis of PD, given the role of cathepsin 

D in alpha-synuclein degradation via the lysosomal pathway. The degradation of alpha-

synuclein is mediated by the proteosomal and the autophagy/lysosomal pathways; cathepsin 

D plays an important role in the processing of alpha-synuclein via the lysosomal pathway 

(Webb et al., 2003; Qiao et al., 2008; Ebrahimi-Fakhari et al., 2011). The importance of 

effective cathepsin D regulation in alpha synuclein degradation has been highlighted in 

several studies (Crabtree et al., 2014; Cullen et al., 2009; Sevlever et al., 2008). 

Human cellular models 

 Retromer impairment (through knockdown of the VPS35 subunit) causes lysosomal 

accumulation of alpha synuclein in HEK293 cells due to the improper processing of 

cathepsin D. However, expression of the D620N mutation alone was unable to produce 

accumulation of alpha-synuclein (Miura et al., 2014).  
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Animal models 

Silencing VPS35 in drosophila expressing alpha synuclein in the brain also led to increased 

alpha synuclein accumulation, PD-like motor defects and eye disorganisation (Miura et al., 

2014). The processing of alpha synuclein in the presence of the D620N mutant was also 

analysed in transgenic mice expressing alpha synuclein. Expressing wildtype VPS35 in this 

disease model rescued the usual neurodegenerative phenotype; however, silencing VPS35 or 

expression of the mutant form, led to significant neuronal loss. It is also suggested that 

VPS35 may play a role in mitigating the intracellular seeding of pathogenic alpha-synuclein 

between neurons. Dhungel and co-workers found that expressing wildtype VPS35 reduced 

intracellular seed formation within rodent cortical neurons when compared to controls 

infected neurons. On the other hand, in neurons expressing the D620N mutations there was 

increased accumulation of synuclein seeds (Dhungel et al., 2015). These findings highlight 

the importance of retromer-mediated trafficking of the CI-MPR and other lysosomal enzyme 

associated receptors for the correct processing of alpha synuclein within the cells to avoid 

toxic aggregate formation. 

1.11.2.2 Endosome to plasma membrane defects 
 

Human cellular models 

The WASH (Wiskott-Aldrich syndrome protein and scar homolog) complex, which is 

recruited to the endosome by the retromer, regulates endosome to plasma membrane 

recycling of a large number of molecules. The affinity with which VPS35 binds to the 

FAM21 tail LA motifs of the WASH complex was found to be reduced in HeLa cells 

expressing the D620N mutation (Zavodszky et al., 2014a). The WASH complex binds to 

VPS35 using its FAM21 tail and the proteins SDCCAG3 and ANKRD5 and RME8 bind to 

the retromer via the FAM21 tail of the WASH complex. Therefore, these proteins were also 

found to have reduced association with the retromer in the presence of the mutation. 

Surprisingly, the retromer complex is shown to displace the WASH complex from the 

endosomes, while silencing the FAM21 tail leads to the displacement of SDCCAG3 and 

ANKRD5, without affecting the binding of RME8 and FKBP15. This suggests that the latter 

two proteins are not totally dependent on the FAM21 tail to bind to the retromer complex 

(McGough et al., 2014; Zavodszky et al., 2014b). GLUT1 is another protein that is recycled 

to the cell surface with the help of SNX27- retromer-WASH interactions, and suppression of 

VPS35 in HeLa cells has shown to cause its mis-localisation (Steinberg et al., 2013). 
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Neuronal models 

Interestingly, Lewy bodies, the pathological inclusions observed in PD, stain positive 

for RME8 and the recent discovery of a DNAJC13 mutation that partially segregates with PD 

in a large family with autosomal dominant PD is an additional piece of evidence to emphasise 

the importance of the retromer in endosome to plasma membrane sorting (Vilarino-Guell et 

al., 2014). VPS35 co-localises with DNAJC13 in mouse primary cortical neuronal cultures 

and DNAJC13 mutations cause endosomal accumulation of the transferrin receptor in COS7 

cells (Vilarino-Guell et al., 2014). Down regulation of RME8 expression causes accumulation 

of endosomal tubules containing retromer cargo (Freeman et al., 2014). Though the presence 

of the DNAJC13 mutation in the family provides additional evidence of the involvement of 

the retromer in PD, recently it has been suggested that the cause for disease in this family 

may, in fact, be due to a p.Arg141Leu mutation in the TMEM230 gene. TMEM230 codes for 

a transmembrane protein of synaptic vesicles and was shown to co-localise with VPS35 and 

the endosomes in Neuro2A cells and mouse primary neurons (Deng et al., 2016). It is 

suggested that dysregulation of synaptic vesicle trafficking or recycling may be the 

underlying effect of the mutation and this again indicates a shared pathway with the retromer 

complex in vesicle and endosomal trafficking. These findings suggest that such endosome to 

plasma membrane trafficking defects can contribute significantly to the development of 

Parkinson’s disease. 

1.11.2.3 Mitochondrial defects 
 

Human cellular models 

Mitochondrial fission and fusion defects contribute to neurodegeneration in PD and 

AD and several genes implicated in PD code for proteins that regulate mitochondrial 

dynamics (Knott et al., 2008; Winklhofer and Haass, 2010; Exner et al., 2012). Mitochondrial 

dynamics are also disturbed by perturbations of the retromer complex. The work of Braschi 

and colleagues has shown that the retromer participates in the formation of MDVs 

(Mitochondria- derived vesicles) and transport of MAPL (mitochondrial-anchored protein 

ligase) from the mitochondria to the peroxisomes in MCF7 cells. On silencing the retromer in 

these cells there is a reduction in MAPL transport to the peroxisomes (Braschi et al., 2010). 

Researchers have now also reported that VPS35 interacts with DLP1 (dynamin like protein 
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1), that regulates mitochondrial fission. In the presence of the VPS35 D620N mutation in 

M17 cells, an increased VPS35-DLP1 interaction which resulted in an increased lysosomal 

turnover of DLP1 complexes, via the MDV trafficking, was observed. In addition to this, 

increased mitochondrial fragmentation, increased mitochondrial dysfunction (in the context 

of increased ROS formation and decreased membrane potential) were observed in fibroblasts 

carrying the VPS356 D620N mutation. Finally, in neurons expressing the D620N mutation, 

an increased neuronal loss was also observed which correlated with increased fission events 

in the presence of the mutant (Wang et al., 2016b).  

Animal models 

More recently, VPS35 mutations and deficiencies in transgenic mice caused loss of a 

mitofusin 2 protein (MFN2) which resulted in impaired mitochondrial fusion, dopaminergic 

loss and increase in alpha synuclein levels (Tang et al., 2015b). Interestingly the D620N 

mutation also increased sensitivity to mitochondrial stressors such as MPP+ and rotenone in 

transgenic neuronal cells and drosophila models (Bi et al., 2013; Wang et al., 2014a). 

Mitochondrial dysfunctions have been one of the pathogenic hallmarks for PD and VPS35 

(thereby the retromer) now adds to the list of the various PD related genes such as PINK1, 

PARK2 (Parkin), PARK 7(DJ-1), PARK8 (LRRK2) that are involved in the regulation of 

mitochondrial dynamics. In addition to VPS35, more recently, two other loci, PARK22 

(CHCHD2) and PARK 23 (VPS13C) have been added to the PARK genes that affect 

mitochondrial dynamics in PD.  

1.11.2.4 Autophagy defects 
 

The retromer has also been implicated in the autophagy-mediated pathway, which is 

critical for degradation of the PD-related protein, alpha synuclein. The ATG9 protein is 

involved in the formation of the autophagosomes and localises to VPS35 and the WASH 

complex. In the presence of the VPS35 D620N mutation in HeLa cells, defective trafficking 

of ATG9 was observed, which could lead to impaired auto-phagosome formation (Zavodszky 

et al., 2014a). Compromised autophagic fusion was also observed on impaired recycling of 

the SNARE (N-ethylmaleimide-sensitive factor attachment protein receptor) complex by the 

retromer from the endosome to TGN (Pan and Yue, 2014). In addition to this, the retromer 

has recently been implicated in the chaperone mediated autophagy pathway through its 

interactions with the LAMP2a receptor. The LAMP2a receptor regulates the CMA mediated 

protein degradation pathway. The retromer complex mediates trafficking of LAMP2a and is 
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necessary for the morphogenesis and function of the lysosomes. The VPS35 D620N mutation 

causes impaired endosome to Golgi complex retrieval of LAMP2a and causes a decrease in 

LAMP2a levels within neuronal cells. This, in turn, causes increased alpha synuclein build up 

within these cells (Tang et al., 2015a). Alpha synuclein accumulation is considered a 

fundamental step in PD neurodegeneration and the involvement of the retromer in its 

degradation via all the different degradative pathways makes the retromer an important 

therapeutic target in PD. Reduced levels of retromer have been reported in AD and PD brains 

and increasing retromer levels seem to enhance the degradation of protein aggregates in AD 

models. It has been shown in APP transgenic mice that increasing the abundance of the 

retromer complex facilitated the degradation of Aβ plaques by enhanced phagocytosis and the 

recycling of phagocytosis receptors by the retromer (Lucin et al., 2013). Therefore, increasing 

the abundance of retromer may be a possible therapeutic strategy in PD also. 

1.11.2.5 Neuron specific defects 
 

Studies using animal models and neuronal cultures help to replicate the possible 

events happening in the living PD brain; something that is not currently possible to do in a 

human patient.  

Animal models 

The retromer regulates a vast myriad of proteins within the cell and therefore a 

knockdown of the VPS35 has shown to be lethal in animal models (Wen et al., 2011).  

Expression of the D620N mutation in the substantia nigra of a rat produces axonal pathology 

and a dopaminergic neuron degeneration phenotype (Tsika et al., 2014). Similarly, in mice, 

the expression of VPS35 mutations in regions of the brain usually affected in PD results in an 

accumulation of alpha synuclein, loss of DA transmitters and impairment of locomotor 

activity (Tang et al., 2015a). Reduced surface expression and impaired glutamatergic 

neurotransmission and synaptic spine maturation defects were also observed in a VPS35 

heterozygous mouse model (Tian et al., 2015). Selective knockdown of VPS35 in drosophila 

also results in neuronal loss, reduced life span and locomotor defects (Linhart et al., 2014; 

MacLeod et al., 2013b; Miura et al., 2014). 

Neuronal models 

  The retromer is important to the normal functioning of neurons with neurotransmitter 

receptors being cargo molecules of the retromer. A recent study showed the importance of the 
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retromer for the correct expression of various signalling receptors (including β2AR, AMPAR 

and NMDAR) at the surface of dendrites and synapses in rat spiny neurons (Choy et al., 

2014). GluR1 AMPARs subunits interact with the retromer and are recruited to the synapse 

to aid in excitatory synaptic transmission and synaptic plasticity. In the presence of the 

D620N mutation in both mouse cortical neurons and dopaminergic neurons induced from 

pluripotent cells from D620N carriers there was increased co-localisation of the retromer with 

the receptor which lead to altered receptor recycling and synaptic transmissions (Munsie et 

al., 2014). Such perturbations may be the cause of progressive neuronal loss especially in the 

presence of other stressors in PD. Taken together, these studies demonstrate that the neuronal 

pathology, seen in PD patients, can be brought about by a dysfunctional retromer complex. 

        

Fig 1.5 Altered protein trafficking in the presence of the VPS35 D620N mutation:  Cargo 

proteins of the retromer complex whose trafficking is affected in the presence of the D620N 

mutation. The different trafficking pathways are highlighted in blue with the arrows 

indicating an increased function or decreased function or impaired trafficking in the presence 

of the mutant. The different pathways in which the retromer complex participates are from 
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mature endosomes to TGN, early or late endosomes to plasma membrane and mitochondria 

to peroxisomes/lysosomes (Mohan and Mellick, 2016). 

1.11.3 Interactions between retromer and PARK gene proteins 
 

Recent investigations into the interacting partners of the retromer with other PARK 

gene products have identified some potential new leads as to how the retromer may 

contribute to the pathogenesis of the PD (Fig 1.6). A physical interaction between LRRK2 

and VPS35 proteins has been reported in rat primary neuronal cultures and drosophila 

models. Phenotypes induced by the LRRK2 mutations (G2019S, R1441C or I2020T) could be 

rescued by WT VPS35. Both LRRK2 and VPS35 mutations produced similar phenotypes 

(reduced neurite length, lysosomal swelling, MPR mislocalisation and locomotor defects) 

suggesting a similar mode of function for these proteins (MacLeod et al., 2013b; Linhart et 

al., 2014). LRRK2 is also implicated in synaptic vesicle trafficking, like VPS35 and SNCA. 

DNAJC6 and SYNJ1 are two other genes that contain mutations leading to autosomal 

recessive juvenile Parkinsonism; their protein products are also involved in synaptic vesicle 

recycling (Bonifati, 2014). A definitive interaction between the retromer and these genes has 

not yet been identified although they may work along similar pathways. Parkin and PINK1 

mutations are pathogenic causes of recessive PD and these gene products help in regulating 

mitochondrial dynamics. In one study, overexpression of VPS35 rescued parkin mutant 

phenotypes (Malik et al., 2015). In addition to this, the recently identified mutations in 

CHCH2 and VPS13C proteins also seem to contribute to regulating mitochondrial dynamics 

and a possible vesicular trafficking by VPS13C in a similar pathway as the retromer complex. 

The CHCH2 gene mutations are associated with autosomal dominant PD. CHC2 protein is 

present on the intermembrane space of the mitochondria and any dysfunctions associated 

with the gene are suggested to contribute to mitochondrial respiration defects in PD 

(Funayama et al., 2015). Similarly, mutations in VPS13C are associated with autosomal 

recessive early onset Parkinsonism. Down regulation of the VPS13C was found to cause 

several mitochondrial dysfunctions including lowered membrane potential and fragmentation 

(Lesage et al., 2016). Although VPS13C is associated with endosomal to Golgi complex 

transport in yeast, it remains to be identified what its role with respect to the retromer and 

mitochondrial function in PD could be. Hits from genetic screens also support a link between 

VPS35 and EIF4G1 (Dhungel et al., 2015). EIF4G1 mutations segregate with autosomal 

dominant PD and up-regulation of EIF4G1 caused toxicity associated with alpha synuclein 

aggregation; this could be suppressed by the expression of VPS35 (Dhungel et al., 2015; 
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Chartier-Harlin et al., 2011). These interactions suggest that the retromer is part of a common 

pathway that, if perturbed, can contribute to the pathogenesis of PD. 

 

Fig 1.6 Consequences of the VPS35 D620N mutation: The different cellular functions that 

have been affected by the altered trafficking of cargo molecules by the VPS35 D620N 

retromer complex are indicated by the different colours. The other PARK gene proteins that 

the retromer interacts or is associated with are represented on the outer circle (Mohan and 

Mellick, 2016).  

1.12 Experimental models of Parkinson’s disease 

The fact that Parkinson’s disease is a neurodegenerative disorder makes it difficult to 

find an appropriate model to understand the mechanisms of the disease. Many unanswered 

questions remain because of the inability to capture neuronal dysfunctions in living subjects. 

Autopsy samples only give information of the extent of damage that has occurred with no 

clues as to how the damage was initiated or progressed. Therefore, it is essential to develop 

models that surpass these complications to find a cure. In order to understand the underlying 

mechanisms of PD, the experimental models that are currently in use are transgenic animal 
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models and cellular models. Toxin studies, for example, those that use compounds that act as 

mitochondrial toxins (e.g. Rotenone, paraquat and MPTP) have been invaluable in 

investigating mechanisms of PD. Modelling animal and cellular systems by genetic 

manipulations, to study the genetic abnormalities observed in familial forms of PD, has 

provided an insight into the pathogenesis of the disease. Some of the greatest insights into the 

disease based on the genetic abnormalities have been in the area of alpha synuclein 

aggregation and transmission, mitochondrial and degradative dysfunctions, and in 

understanding underlying pathways associated with the different PARK genes. Although 

transgenic models are invaluable tools and are able to replicate many of the phenotypic 

features of PD, these models do not capture the entirety of the events occurring in humans. 

They are also less amenable to high throughput screening of therapeutic compounds which 

makes translation of therapies into a clinical setting difficult.   

1.13 Fibroblasts and hONS cell models in PD 

This project uses cellular models to study underlying mechanisms of the disease. The 

two cellular models that are used here are fibroblasts and hONS (human olfactory 

neurosphere derived cells) from PD patients. Fibroblasts can be easily derived from skin 

biopsy samples and are a readily available model to study PD. They allow a patient-specific 

model and the effects of mutations can be studied on these cell lines. The advantages of using 

fibroblasts to study PD have been described in detail in several papers (Auburger et al., 2012; 

Mak et al., 2011; del Hoyo et al., 2010). Studies have shown that fibroblasts reflect molecular 

pathways and cellular dysfunctions such as reduced respiratory complex I activity, pyruvate 

utilisation, ATP generation, mitochondrial membrane potential, and increased lipid 

peroxidation exhibited in PD patients (Auburger et al., 2012). Although fibroblasts have 

limitations, like attaining senescence on long-term cultures and their ability of replicating 

events occurring in the neurons are uncertain, they can still be useful to study underlying 

mechanisms of mutants. Identifying differences between patient and control-derived cell lines 

may provide useful information towards the development of biomarkers of diagnosis, disease 

state, prognosis or therapeutic response; this might also reveal clues to new treatment targets.  

 

Olfactory-derived cells (e.g. hONS cells) are another easily accessible human cell model that 

has been documented in several recent publications (Matigian et al., 2010b; Cook et al., 2011; 

Mackay-Sim et al., 2011; Murtaza et al., 2016). The sense of smell is greatly diminished in 

PD patients and olfactory dysfunction is one of the first symptoms of PD. It has been reported 
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that over 95% of PD cases present with significant olfactory loss when compared to young 

normosmic subjects (Haehner et al., 2009; Alexander, 2004). This is thought to result from 

multiple factors such as neuronal loss and Lewy body formation in the anterior olfactory 

nucleus and olfactory bulb (Haehner et al., 2009; Alexander, 2004). The olfactory mucosa is 

the organ of smell in the nose and is a neuroepithelium that regenerates throughout life 

producing neurons and glia. The olfactory mucosa contains stem cells and when biopsies of 

this tissues are grown in the presence of growth factors the cultures form spheres of cells 

which can be expanded into what have been described as olfactory neurosphere-derived cells 

(Marshall et al., 2006; Murrell et al., 2005; Murrell et al., 2008; Murrell et al., 2009; Leung et 

al., 2007). Careful characterisation of these cell lines suggests that their phenotype is 

consistent with an ecomesenchimal stem cell population based on their gene expression and 

cell surface antigen profiles (Matigian et al., 2010a). The olfactory mucosa is relatively easy 

to biopsy and disease-specific alterations in the olfactory mucosa have been observed in 

many diseases (Feron et al., 1998). Compared to hONS cells derived from neurological 

healthy people, hONS derived from patients with PD demonstrate disease-specific alterations 

in terms of gene expression, protein expression, metabolic activity and rotenone susceptibility 

and hence can be considered a good model to study the disease mechanism of PD (Matigian 

et al., 2010b; Murtaza et al., 2016).  

1.14 Image Based High Content Screening (IHCS) 

While microscopic examination of cells has been used to study cellular mechanisms 

of disease since Hooke’s invention of the instrument in the mid-seventeenth century, modern 

technical advances now allow for vast amounts of information about cellular processes to be 

collected in automated systems that enable the simultaneous study of many cellular features 

in single cells or organisms in multi-well plates. IHCS is a method that employs such an 

automated microscope-based system. It allows the simultaneous study of many cellular 

features in single cells or organisms in multiwall plates. It allows automated imaging of 

stained or unstained cells and performs various measurements on thousands of high 

resolution images that have been acquired (Shariff et al., 2010). It is mainly employed in the 

preclinical drug discovery pipeline to screen and identify lead compounds that can be 

potential drug candidates (Bleicher et al., 2003). It has also been used in functional screens 

that help to identify gene function (Carpenter and Sabatini, 2004). IHCS enables the testing 

of various drugs or compounds on different cellular properties in relevant cellular systems. It 

does so by measuring biological properties of cells such as the spatial localisation and 
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structural properties of organelles or proteins within the cell that cannot be measured by 

human observation, or endpoint or kinetic functional assays. The number, size and 

localisation of subcellular organelles or properties like morphology, length, intensity and area 

can be measured for individual cells. Acquiring single cell data is more advantageous over 

whole population data when analysing samples that differ only in a subpopulation of cells 

which would otherwise be masked. Quantitative data can also be obtained for these measures 

which can further be statistically analysed (Carpenter et al., 2006).  High content screening 

has been used to identify molecular pathways and identify drug targets in neurological 

disorders (Daub et al., 2009; Al-Ali et al., 2004). In Parkinson’s disease with the large 

number of genes that are being identified as risk factors, IHCS may prove to be a faster way 

to analyse phenotypic effects of these genetic alterations when compared to the traditional 

methods of functional evaluation. Recent studies have used this method to identify different 

phenotypic changes in response to drugs in PD cell models (Wang et al., 2016a; Vial et al., 

2016).  

1.15 Aims of the thesis  

Some of the urgent requirements in the Parkinson’s disease research field are: 1) to 

identify biomarkers that will aid in early diagnosis of the disease; 2) to create non-invasive 

methods to study biochemical alterations of the brain; 3) to develop models on which high 

throughput screening for drug discovery can be performed to prevent or delay disease 

progression; 4) to study interactions between genetic and environmental factors that influence 

disease aetiology. Stem cell models and cellular models derived from patients provide a 

potentially appealing model for these requirements to be fulfilled to an extent. Cells derived 

from patients, have the advantage of being used to study disease mechanism and for drug 

screening. Although it is questionable if non-neuronal cells replicate what is happening in the 

brain itself, using these cells has shown that valuable information about disease mechanisms 

can be obtained from cell lines obtained from mutation carriers and from sporadic patients 

(Piccoli et al., 2008; Hoepken et al., 2008).  

In order to contribute to some of the requirements of the field the following aims were laid 

out for this thesis: 

• Aim 1: To understand the pathogenic effect of the VPS35 D620N mutation in the 

pathogenesis of Parkinson’s disease. In order to understand its pathogenic effects, the 

following investigations were done; 1) the effect of the mutation on retromer 
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functions such as the trafficking and processing of the CIMPR receptor was 

investigated; 2) the effect of the mutation on different retromer related organelles was 

analysed using high content image analysis; 3) the effect of the mutation on a 

background of the mitochondrial stress was investigated.  

• Aim 2: To investigate if the retromer complex or related pathways are affected in 

sporadic Parkinson’s disease patients. It was further sought to identify new 

biomarkers and explain disease-specific changes that have been observed on 

subjecting the cells to mitochondrial stress. To address this aim, the following 

investigations were performed: 1) retromer functions such as trafficking and 

processing of the CIMPR receptor was investigated; 2) high content image analysis 

was used to investigate any differences in retromer-related pathways in the patient 

derived cells; 3) the effect of a mitochondrial stressor on the retromer related 

organelles using high content image analysis was investigated.  

• Aim 3: To investigate the effects of the D620N mutation on alpha synuclein 

processing. In order to address this aim, the following investigations were performed; 

1) the uptake and processing of monomeric and fibrillar alpha synuclein was 

investigated; 2) the effect of alpha synuclein overexpression on a background of the 

D620N mutation and aggregate forming properties were investigated; 3) the effect of 

alpha synuclein on cathepsin D levels in presence of the mutation was analysed. 
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CHAPTER 2: MATERIALS AND METHODS 
 

2.1 Patient data 

Patient fibroblasts were established from the skin biopsy sample of a 73-year-old male 

subject of European ancestry who was diagnosed with Parkinson’s disease. This patient was 

previously genotyped as a heterozygous carrier of the p.D620N point mutation (c.1858G>A 

on exon 15 of the VPS35 gene). Control fibroblasts were obtained from a healthy 44-year-old 

male subject with no family history of PD.  

2.2 Establishing and maintaining human fibroblast cultures from skin biopsy samples 

Skin biopsy collection and transport: The skin biopsy was taken from the patient in hospital 

conditions by authorised hospital staff as per the standard operating procedure for biopsy 

collection. The biopsy and information was obtained with informed and written consent from 

the participants. All procedures were done in accordance with the National Health and 

Medical Research Council Code of Practice for Human Experimentation and approved by the 

Griffith University Human Experimentation Ethics Committee. The biopsy sample was 

placed in 50mL conical tubes containing cell culture medium — DMEM /F12 (Invitrogen), 

10% Foetal Bovine Serum (FBS) (Bovogen, Australia), and 1% PenStrep (10,000U/ml) 

(Gibco). The sample was then transported on ice to the laboratory and processed within 24 

hours of collection. 

Collagenase digest: A collagenase digest was performed in order to dissociate the cells from 

the tissue. The cell culture media was removed and 10mL of 1X Hanks Balanced Salt 

Solution (HBSS) (Thermo Fisher Scientific, Massachusetts, USA) was added to the biopsy. 

The HBSS was aspirated and the procedure was repeated for a total of 3 washes. Using sterile 

forceps, the skin biopsy was transferred into a 6 cm tissue culture dish containing 7mL of cell 

culture medium. With a sterile pair of scissors and scalpel blade the biopsy was cut into small 

pinhead-sized pieces. These explants were then transferred into 1.5mL tubes using a 23G 

needle and washed using 1mL of HBSS twice. After aspirating the HBSS, 500µl of 

Collagenase (Collagenase Type 1, Thermo Fisher Scientific) was added into the tubes. These 

tubes were incubated overnight at 37 °C in a humidified circulating incubator.  

Establishing primary culture: Following incubation, the tubes were centrifuged at 800 x g 

for 5 minutes. The supernatant was removed carefully. The pellet was resuspended in 1mL 
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HBSS and centrifuged again. This was repeated for a total of 3 washes. After the last wash, 

the pellet was resuspended in 1mL culture medium and transferred into a labelled T75 flask 

containing 5mL of cell culture medium. The flasks were placed in the incubator. After 3 days, 

the flask was checked for cell growth and the medium was replenished every 3 days from 

then until the flask had become confluent with the dermal fibroblasts. 

Maintenance of Primary culture of skin fibroblasts: Once the flask containing the cells had 

achieved confluency, the cells were dissociated using TrypLE and transferred into new flasks. 

Medium was replenished every 3 days and trypsinsation was performed every 2–3 days. Cells 

were aliquoted and stocked in the liquid nitrogen using 10% DMSO in FBS in cryovials for 

future use. Control fibroblast cells were obtained from the liquid nitrogen stocks maintained 

in the laboratory. 

2.3 Cell culture  

Fibroblasts were obtained from skin biopsy cultures as described above. hONS cells 

were established from human olfactory mucosa biopsy samples as previously described 

(Matigian et al., 2010a). Briefly, Olfactory mucosa biopsies received in cold Dulbecco’s 

Modified Eagle Medium/Ham F-12 (DMEM/F12; JRH Biosciences) containing 10% FBS 

(GibcoBRL) and 1% streptomycin-penicillin (GibcoBRL) were digested with dispase II 

(Boehringer; 2.4 units/ml, 45 minutes, 37 °C) and collagenase H (Sigma; 0.25 mg/ml, 10 

minutes, 37 °C) accompanied by mechanical trituration to make Olfactory cell suspensions. 

The primary cultures were grown for 3 days in DMEM/F12 supplemented with 10% FBS 

before passaging into flasks (Nunclon) pretreated with 1 µg/cm2 poly-l-lysine (Sigma, P6282) 

and culturing in DMEM/F12 containing EGF (50 ng/ml, Sigma) and FGF2 (25 ng/ml, 

Sigma). Neurospheres formed initially from cell clusters attached to the culture dish surface 

but detached when they reached about 100 µm in diameter. The free-floating neurospheres 

were harvested every second day from the medium change. These were dissociated with 

trypsin, replated at 4000 cells/cm2 into 75 cm2 flasks and cultured in DMEM/F12 with 10% 

FBS.  Cells were expanded, aliquoted and frozen in liquid nitrogen with 90% FBS and 10% 

dimethyl sulfoxide (Sigma) as required. These cells were used for the experiments.  For 

experiments, the fibroblasts and hONS cells were maintained in DMEM F12 HAM (Life 

Technologies) supplemented with 10% FBS and 1% Pen strep in a humidified incubator at 37 

°C with 5% CO2. Cultures were maintained in T25 flasks and passaged every 3 days.  
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2.4 DNA extraction from fibroblasts 

Cells grown in a T25 flask were pelleted and washed with 1X Tris EDTA (TE) buffer (10mM 

Tris,1mM EDTA at  pH8). 1ml of nuclear lysis buffer (50 mM Tris-Cl (pH 8), 10 mM 

EDTA, 0.8 % SDS (sodium dodecyl sulfate)) was added to the pellet and vortexed. 15ul of 

RNAse buffer was added to the lysed pellet and incubated for 1 hour at 37 °C. In order to 

precipitate the proteins 350ul of 10M ammonium acetate was added and incubated at 37 °C. 

The sample was centrifuged at 1931 x g for 10 minutes at 4 °C. The supernatant containing 

the DNA was added to ice cold absolute ethanol and incubated on ice for 10 minutes to 

precipitate the DNA. The DNA was pelleted by centrifugation at maximum speed for 20 

minutes. The DNA pellet was washed by resuspending it in 70% ethanol and centrifuging at 

maximum speed for 20 minutes. The ethanol was decanted and the DNA pellet was air-dried 

before dissolving in 40ul of 1X TE buffer.  

2.5 Sanger sequencing  

Following DNA extraction, the Sanger method of sequencing was performed to detect 

the D620N mutation in the VPS35 gene of the isolated DNA samples. A PCR reaction was 

performed on genomic DNA using the forward and reverse primers specific for exon 15 of 

the VPS35 gene, 5’-GTGCAGCATGTTCTGATATG-3’ 5’-

TTCATCAGATTTCCAAGCAC-3’ (Sigma Aldrich). The PCR mix consisted of 2.5ul 

buffer, 3ul magnesium chloride, 0.4ul dNTPS, 0.2ul forward primer, 0.2 ul reverser primer, 

0.2ul Taq polymerase, 13.5ul sterile water, 5 ul DNA template.  Cycling conditions used for 

the PCR reaction were as follows: PCR initiation at 95 °C for 5 minutes followed by 39 

cycles of denaturation at 95 °C for 15 seconds, annealing at 60 °C for 30 seconds and 

extension at 72 °C for 30 seconds. The cycle was terminated with a final extension at 75 °C 

for 7 minutes. The samples were held at 4 °C until ready to purify. All reagents used for the 

PCR reaction were purchased from Applied Biosystems and Promega. PCR amplification 

was confirmed using 2% agarose gel electrophoresis. The PCR product was purified from 

primers, nucleotides, polymerases and salts using the QIAquick Gel Extraction Kit (Qiagen). 

Breifly, the DNA fragment was excised from the gel and dissolved in the provided buffer. 

The DNA sample was mixed with isopropanol and run through a column in which the DNA 

bound to the column. After two washes, the DNA was eluted from the column using an 

elution buffer. The purified products were then subjected to a sequencing PCR using a 

BigDye® Terminator (v3.1) (BDT) reaction (Applied Biosystems). The components of the 
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reaction mix were 4ul BDT, 2ul 5X sequencing buffer, 3.2 pmol primer and 5ng template 

DNA made up to 20ul of MilliQ water. The cycling conditions used for the PCR were an 

initiation at 96 °C for 1 minute followed by 30 cycles of denaturation at 96 °C for 10 seconds, 

annealing at 50 for 5 seconds and an extension at 60 °C for 4 minutes. EDTA purification of 

the products were then done before performing sequencing. The chromatographs were 

visualised using the Sequence Scanner v1.0 (Applied Biosystems). 

2.6 Western blot analysis 

Harvesting cells: The cells were harvested from a T25 flask and the pellet was washed with 

HBSS to remove media. To this pellet 50ul of RIPA lysis buffer (Sigma) containing 1X 

Protease inhibitor cocktail (Sigma) was added and vortexed to disrupt the membrane. A 27G 

needle was used to shear the DNA and the lysates were centrifuged at 20238 x g for 20 

minutes at 4 °C. The supernatant was transferred into a new tube and BCA estimation was 

carried out to estimate the amount of protein present. 

BCA estimation: BCA estimation was carried out as per the manufacturers protocol (Pierce, 

BCA protein Assay Kit) and readings were taken using the Synergy2 Plate reader (Biotek)  

Sample preparation for SDS PAGE: DTT was added to the 2X SDS PAGE loading buffer 

[4% SDS, 20% glycerol, 100mM Tris (pH 6.8), 1/250 bromophenol blue and 1/10 1M 1,4- 

Dithiothreitol (DTT)]. Equal volumes of SDS containing DTT were added to the samples 

(40ug of protein) and incubated at 95 °C for 5 minutes. 

SDS PAGE gel preparation: A SDS PAGE gel consisting of both a 5% stacking gel (7.3ml 

dH20, 1.25ml 40% Bis-acrylamide mix 19:1, 1.25ml 1.0M Tris pH 6.8, 0.1ml 10% SDS, 

0.1ml 10% ammonium persulfate and 0.01ml TEMED) and a 15% resolving gel (9.4ml 

dH20, 5ml 40% Bis-acrylamide mix 19:1, 5ml 1.5M Tris pH 8.8, 0.2ml 10% SDS, 0.2ml 

10% ammonium persulfate and 0.08ml TEMED) was prepared using. The prepared samples 

were run on the gel along with 4µl of a protein ladder (ThermoFisher Scientific) using 1X 

SDS running buffer (1/10 dilution of 10 X SDS running buffer: 144g Glycine, 30.5g Tris, 1% 

SDS in 1L of water). The gel was run at 100V for 1 hour 30 minutes in a transfer tank 

(BioRad). 

Transfer: Proteins were transferred to a membrane (Immobilon (R)-FL PVDF membranes) 

for IR fluorescence western blots and Nitrocellulose membranes for chemiluminescence. 

Transfer was done using 1X Transfer buffer (14.4g glycine, 3.05g Tris, 200ml methanol, 

made up to 1L with water) at 100V for 3 hours at 4 °C. 
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Blocking: The membranes were blocked in blocking solution for 30 minutes. Odyssey® 

Blocking Buffer (PBS) was used for Immobilon (R)-FL PVDF membranes and 5% skimmed 

milk in 1X TBS with 0.05%. Tween 20 was used for NC membranes (10X TBS: 24.23g Tris, 

80.06g NaCl in 1L water, pH 7.4–7.6).  

Antibody Incubation: The membranes were incubated with primary antibodies diluted in 

blocking buffer overnight at 4 °C. It was then washed and incubated with the secondary 

antibody diluted in blocking buffer for one hour. Following this, where the 

chemiluminiscence method was utilised, an ECL Chemiluminescent substrate (Pierce, ECL 

western blotting Substrate) was added to the NC membrane and the membrane was visualised 

using the VersaDoc4000 imaging system (BioRad) using "Quantity one" software (BioRad, 

v4.6.6). For the fluorescence method, the PVDF membrane was used and the Odyssey ® Fc 

Imaging System - LI-COR Biosciences was used for visualisation. 

Loading control: Following the visualisation of the protein of interest the membrane was 

washed and reblocked for 30 minutes. Incubation for 1 hour with primary antibody for 

loading control (anti-β-tubulin/GAPDH) and 1 hour for secondary antibodies was performed 

before visualising using the appropriate method.  

2.7 Cathepsin D assay 

Cells were plated in 6 well dishes. After the desired confluency of 80% had been 

achieved, the cells were treated with 1.5mL of serum free optiMEM media containing 0.5% 

FCS and 100ug/mL of cycloheximide. Cycloheximide is a eukaryote protein synthesis 

inhibitor and was used in this experiment to inhibit protein synthesis in order to study the 

processing of cathepsin D that is produced in the cell. At time points 0, 3 and 7 hours the 

media and cells from the wells were collected and a western blot was performed on the 

samples. When the cathepsin D assay was performed after rotenone treatment, cells were 

plated in 6 well dishes and treated with 500nM rotenone for 24 hours. Then 24 hours after 

that the cathepsin D assay was performed as described above.  

2.8 MTS assay 

The MTS assay was used to measure cell viability. 2500 cells per well were added to 

a 96 well. 24 hours after seeding, the cells were incubated with 100ul of 500nM Rotenone in 

cell culture medium for 24 hours. After 24 hours, 20ul of CellTiter 96® Aqueous One 
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Solution Reagent was added to the wells and incubated for 2 hours at 37 °C and 5% CO2. 

Following incubation, the absorbance was measured using a 96 well plate reader at 490nm.  

 

 

2.9 CYQUANT assay 

The CyQuant assay is a fluorescence-based assay used to measure cell proliferation 

and cytotoxicity by measuring the DNA content of the cells. The CyQUANT® NF Cell 

Proliferation Assay Kit was used for this assay. 2500 cells per well were added to a 96 well 

plate. 24 hours after seeding, the cells were incubated with 500nM Rotenone for 24 hours. 

After 24 hours, media containing rotenone was aspirated from the wells of the 96 well plate. 

To each of the wells, 50 µL of 1X dye binding solution, prepared as per the manufacturer’s 

protocol, was added and the plate was incubated at 37 °C for 90 minutes. Fluorescence 

intensity of each sample was measured using a fluorescence microplate reader with excitation 

at ~485 nm and emission detection at ~530 nm. 

2.10 Rotenone treatment 

Different concentrations of rotenone (Sigma-Aldrich) were added on to the 96 or 384 

black, clear bottomed, low skirt, tissue culture treated, sterile CellCarrier microplates (Perkin 

Elmer) using an automated liquid handling system. Cells were trypsinised and counted using 

a haemocytometer. These cells were then seeded onto the plates containing the rotenone 

within 24 hours of rotenone plating. Every cell line was seeded in triplicate for each 

concentration of rotenone used. The plates were then incubated for 24 hours at 37 °C and 5% 

CO2. Following incubation, live cell staining followed by indirect immunofluorescence was 

performed as per the protocol.  

2.11 Antibodies 

Mouse monoclonal EEA1 antibody was purchased from Sigma Aldrich. Mouse 

monoclonal p230 antibodies were purchased from BD Transduction Laboratories. Mouse 

monoclonal anti-CIM6PR, anti-rabbit LAMP, polyclonal goat anti-Vps35 and rabbit anti-

cathepsin D antibody were purchased from Abcam. Mouse monoclonal anti-β-tubulin, 

monoclonal anti-α-Tubulin antibody produced in mouse and anti-LC3B antibody produced in 

rabbit were purchased from Sigma Aldrich. Rabbit monoclonal GAPDH was purchased from 
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Cell Signalling Technologies. Secondary goat anti-mouse Alexa-647, goat anti-rabbit Alexa-

488, goat anti-mouse Alexa-488 and 4',6'-diamidino-2-phenylindole (Dapi) were purchased 

from Life Technologies. For western blots, IRDye® 800CW Goat anti-Mouse IgG, IRDye® 

680CW Goat anti-Mouse IgG, IRDye® 800CW Goat anti-Rabbit IgG, IRDye® 680CW 

Donkey anti-Rabbit IgG were purchased from LI-COR Biosciences. MitoTracker® Orange 

CMTMRos, LysoTracker® Red DND-99, CellMask™ Deep Red, CellMask™ orange and 

4',6'-diamidino-2-phenylindole (Dapi) were purchased from Life Technologies. A list of the 

different antibodies and their working dilutions for different applications are provided in 

Table 2.1. 

 

Table 2.1: List of antibodies and their working dilutions 
Antibody  Western blot dilutions Immunofluorescence 

dilution 
Anti-mouse EEA1 1:1000 1:500 
Anti-mouse p230  1:200 
Anti-mouse CIMPR  1:150 
Anti-rabbit LAMP1  1:100 
Anti-goat VPS35   1:200 
Anti-rabbit cathepsin D  1:1000 1:200 
Anti-mouse LC3B  1:300 
Anti- rabbit GAPDH 1:2000  
Anti-mouse β-tubulin 1:5000  
Anti-mouse α-Tubulin  1:4000 
Anti-mouse Alexa-647  1:500 
Anti-rabbit Alexa-488  1:500 
Anti-mouse Alexa-488  1:500 
DAPI  1:5000 
IRDye® 800CW/ IRDye® 
680CWAntibodies 

1:10000  

MitoTracker® Orange CMTMRos  400nM 
LysoTracker® Red DND-99  100nM 
CellMask™  1:5000 
HRP conjugated antibody 1:5000  
Αlpha synuclein  1:1000 1:200 

 

2.12 Indirect immunofluorescence and live cell staining 

Cell culture medium was aspirated. For staining the cells with live stains such as 

MitoTracker® and LysoTracker® Red DND-99, the stains were diluted in culture medium, 

added to the cells and incubated before fixing the cells (50ul MitoTracker® Orange 
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CMTMRos at 400nm for 30 minutes at 37 °C and 50 ul LysoTracker® Red DND-99 at 

100nM for 1 hour at 37 °C). Following incubation, cells were washed twice with PBS and 

fixed with 4% PFA for 10 minutes at RT. Cold methanol was used to fix the cells when the 

LAMP1 and cathepsin D antibodies were used. Following fixation, the cells were washed 

twice with PBS. Blocking and permeabilisation was done with 0.2% BSA and 0.2% TritonX 

in PBS for 1 hour at RT (Blocking solution). This was followed by incubation with the 

appropriate dilution of primary antibody in blocking solution for 2 hours at RT. After 

incubation, the cells were washed twice with PBS and incubated with secondary antibody in 

blocking solution for 1 hour at RT. The cells were then washed twice with PBS and incubated 

with the nuclear stain, DAPI (Abcam, Cambridge, UK) and plasma membrane stain Cellmask 

(Thermo Fisher Scientific, Massachusetts, USA) in PBS for 10 minutes. Finally, cells were 

washed once in PBS and stored in PBS at 4 °C before imaging.  

2.13 Confocal microscopy   

Cells were seeded on a coverslip and fixed with 4% PFA. The cells were stained using 

the indirect immunofluorescence assay procedure. Coverslips were mounted using mounting 

medium (Dako). Imaging was performed using 63 x objectives on a Ziess LSM 710 Upright 

Scanning Laser confocal fluorescent microscope. Images represent a 1AU z- plane single 

slice. All images were analysed using Zeiss LSM 5.0 and Adobe Photoshop software. 

2.14 Quantification of the intracellular distribution of endosomes 

To quantify perinuclear/cytoplasmic localisation, a macro was created in ImageJ* 

(version 1.47i). Two channels were utilised from each image: a DAPI channel to define the 

nuclear regions; and the protein of interest (POI) channel. A typical image contains 5 or 6 

nuclei in the field of view. First, the nuclear image was converted to a binary mask to define 

the nuclear regions using an auto-threshold algorithm. Nuclei touching the edge of the image 

were excluded from further analysis. A perinuclear region around the nuclei was then defined 

as follows. The nuclear mask regions selected were expanded by a distance of 40 pixels 

(corresponding to a distance of 1.5 µm). Removing the nuclear region from this expanded 

region selection then gave an annular region around, but not including, each nucleus. The 

average intensity in the POI channel of the union of all the perinuclear annuli regions was 

then recorded. To select a region more distant from the nuclei, a similar process was used: the 

nuclear mask regions were expanded by 80 pixels (corresponding to 3.0 µm) and a region 

obtained by expanding the nuclear regions by 40 pixels subtracted from it. The effect was to 
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generate an annulus adjacent to the perinuclear annuli but more distant from the nuclei, i.e. a 

cytoplasmic region. In the POI channel, the average intensity across the union of these 

'cytoplasmic' regions was then recorded for the image. Finally, for comparison between 

images and experiments, the ratio of the calculated average perinuclear intensity to the 

average cytoplasmic region intensity was recorded. The script was fully automated with the 

only user interaction required being the selection of the directory containing the images to be 

quantified 

2.15 Colocalisation analysis 

A Ziess LSM 710 upright scanning Laser confocal fluorescent microscope was used to 

capture the images under a 63X objective. Identical laser power, light pathways and band 

passes were used for all images captured. The captured images were analysed using Image J 

Version J 1.47f. Colocalisation was performed after the multichannel images were split and 

threshold settings were applied. The Image J plug-in, Colocalisation finder (U.S. National 

Institutes of Health, Bethesda, MD, USA (46). 

http://rsb.info.nih.gov/ij/plugins/colocalization-finder.html) was used to calculate the 

colocalisation. The correlation coefficient was calculated using the GraphPad Prism 5 

software version 5.03. The graphs represent an average of all data collected.  

2.16 High Content Imaging and Image Analysis 

Experimental workflow 

The experimental workflow for performing the high content image analysis is shown in 

figure 2.1. The cells seeded onto the 96 or 384 plates for immunofluorescence were incubated 

for 24 hours with or without rotenone. Live cell stains such as mitotracker and lysotracker 

were added to the cells and incubated for indicated times before fixing them with a suitable 

fixative. For the other selected markers, after the cells were fixed, indirect 

immunofluorescence was performed as per the protocol using specific primary and secondary 

antibodies. Imaging of the stained cells was performed using the Operetta™ (PerkinElmer), a 

microscope-based automated high content imaging system. Once the images were acquired, 

image analysis was performed by single cell segmentation as described below using the 

Harmony 3.5.2® software.  Single cell analysis results were obtained from the image analysis 

and these single cell results were further statistically analysed.  
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Fig 2.1: Workflow for high content image analysis: The procedure that is followed to 

perform high content image analysis is depicted.  

 

Single cell segmentation 

High content screening allows for measuring properties of different organelles in a single cell 

at once. Once the images were acquired, a simple analysis sequence was built using the 

software to identify different organelles (objects).  From every image using the cellular 

markers, such as DAPI that stains the nucleus, and Cell Mask that stains the cytoplasm, the 

individual objects or cells were identified using the software’s image analysis algorithm. 

Objects that intersect the border of the image were excluded from the analysis. Once the cells 

were identified, subcellular organelles could be delineated using the Alexa fluor secondary 

antibody dye that stains for different markers for individual organelles; for example, the 

EEA1 (Secondary antibody: Alex flour 488) stains for early endosomes and Mitotracker 

(Orange 594) for mitochondria. In addition to this, different areas of the cell can also be 

Rotenone plating

Cell seeding

Incubation at 37 °C

Indirect 

Immunofluorescence

Image acquisition 

using Operetta

Image analysis using 

Harmony software

Statistical analysis of 

single cell results
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defined by measuring certain distances from the outer boundary of the nucleus to the outer 

boundary of the cytoplasm.  A simple analysis sequence for identification of objects is given 

below (Fig. 2.2). Once the different organelles have been identified, then each organelle is 

processed using a new set of features in the analysis sequence. Each organelle has different 

properties like shape, size, number, texture and intensity, and these different parameters can 

be measured for each organelle using different features in the analysis sequence (Table 2.2). 

Measures of cell area, nuclear and mitochondrial texture and intensity measurements, 

including spot intensities, are all given automatically using the harmony software.  
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Fig: 2.2 A sample analysis sequence: The figure shows the different steps involved in image 

segmentation and identification of the different cellular compartments in order to measure 

different organelle properties.  

Table 2:2: The different cellular properties measured for different organelles 
ORGANELLES AND 

ANTIBODIES/DYES 

PROPERTIES MEASURED 

NUCLEUS (DAPI) Nucleus Marker Intensity  

Nucleus Marker Texture 

Nucleus Morphology Roundness 

Nucleus Morphology Width 

Nucleus Morphology length 

Nucleus Morphology ratio width to length 



Chapter 2 

52 

 

Cytoplasm (αtubulin antibody) Cell morphology Area (µm2) 

Cell morphology Roundness Index 

Cell morphology Width (µm) 

Cell morphology length (µm) 

Cell morphology ratio width to length 

Tubulin marker texture 

Tubulin marker cytoplasmic intensity / µm2 

Tubulin marker intensity outer region / µm2 

Tubulin marker intensity inner region/ µm2 

Mitochondria (Orange CMTMRos) 

Lysosome (LysoTracker Red DND) 

Autophagy (LC3b antibody) 

LAMP1 

VPS35 

Marker Texture index 

Marker cytoplasmic intensity / µm2 

Marker intensity outer region/ µm2 

Marker intensity inner region/ µm2 

 

 

 

 

 

 

      Endosomes (EEA1 antibody) 

EEA1 Marker Texture Index 

EEA1 Marker Intensity Cytoplasm Region/ 

µm2 

EEA1 Marker Intensity Outer Region/ µm2 

EEA1 Marker Intensity Inner Region/ µm2 

Number of EEA1 Marker Spots Cytoplasm 

Region 

Number of EEA1 Marker Spots per area of 

Cytoplasm Region 

Number of EEA1 Marker Spots Outer 

Region 

Number of EEA1 Marker Spots per area of 

Outer Region 

Number of EEA1 Marker Spots Inner 

Region 

Number of EEA1 Marker Spots per area of 

Inner Region 
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2.17 Statistical analysis of data 

Statistics and the plotting of graphs were performed using SPSS 23 and GraphPad 

Prism 5. Significance between the two groups was measured using the independent t-test. To 

compare interaction between the rotenone treatment and disease status of cell lines in Chapter 

4, all data was checked for normality and a two-way ANOVA was performed. A Bonferroni’s 

correction was performed for the analysis. An area-under-the-curve (AUC) analysis was also 

used to look for differences in response to rotenone when compared to the DMSO treatment 

for all parameters. AUC was calculated by determining the area of each trapezium between 

two data points (i.e. the different concentrations of rotenone). These areas were then added 

together for each cell line. The average AUC was then compared between all PD cells and 

control cells using an independent t-test. 

2.18 Uptake of recombinant alpha synuclein  

The recombinant alpha synuclein used in this experiment was received as a kind gift 

from Dr Dean Pountney, Griffith University, Australia. For western blot analysis, monomeric 

alpha synuclein at a final concentration of 0.2µM was added to the cells seeded in 6 well 

plates and incubated for 24 hours. After 24 hours, the cells were washed with PBS and cell 

lysates were collected. To measure the uptake of recombinant alpha synuclein, a western blot 

using 40µg of cell lysates was performed using the alpha synuclein antibody (BD 

Transductions). PBS in complete media was added to both cell types to act as negative 

controls. 

For the immunofluorescence analysis, cells were seeded onto coverslips and treated with 

0.2µM monomeric alpha synuclein for 24 hours. After 24 hours, the cells were washed and 

fixed and immunofluorescence staining of these cells using the alpha synuclein antibody was 

carried out. 

2.19 Uptake of alpha synuclein PFF 

The alpha synuclein fibrils were synthesised in Dr Poul Henning Jensen’s lab in the 

University of Arhus, Denmark. 1µM PFF in complete media were added to the control and 

D620N fibroblasts seeded on coverslips. 24 hours later, the cells were fixed and stained for 

alpha synuclein. PBS in complete media was added to the cells to act as negative controls. 
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2.20 Intracellular processing of the alpha synuclein PFF 

The control and patient cells were seeded on 12 well plates and treated with 1µM PFF 

in complete media. Cell lysates were collected at 2 hours and 24 hours. 30µg of cell lysates 

were analysed by western blot. For testing processing of PFF after 48 hours, the cells were 

treated with 1µM of PFF for 24 hours, trypsinised and reseeded in PFF free complete media. 

24 hours after reseeding, immunofluorescence and western blot analysis of these cells were 

performed. 
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CHAPTER 3: INVESTIGATING  THE  EFFECT  OF THE  VPS35 D620N 

MUTATION  IN  PD 
 

3.1 Introduction 

 

The VPS35 protein is a subunit of the retromer complex, a coat complex that was 

initially identified in yeast for retrograde transport of a TGN sorting receptor (VPS10) from 

the endosome to TGN (Seaman et al., 1997). A VPS35 D620N mutation was identified to be 

causal for developing autosomal dominant familial Parkinson’s disease in 2011 by two 

groups (Vilarin˜o-Gu¨ell et al., 2011; Zimprich et al., 2011). The retromer is involved in the 

transport of various proteins. Of the many different cargo molecules transported by the 

retromer, the CI-M6PR is the best characterised. The retromer helps in recycling of the CI- 

M6PR and prevents its degradation by the lysosomal pathway (Seaman, 2004). The 

interactions between these two molecules are mediated by the interaction of the amino acid 

sequence 500–693 of the VPS35 with the c terminal cytoplasmic domain of the CI-MPR 

(Arighi et al., 2004). Retromer dysfunctions cause increased lysosomal delivery of the CI-

M6PR receptor, mislocalisation of CI-M6PR to the plasma membrane, reduced intracellular 

cathepsin D and lysosomal enlargement indicating accumulation of un-degraded proteins 

(Arighi et al., 2004; Seaman, 2004). Several studies have also confirmed processing defects 

of cathepsin D in presence of retromer dysfunctions, resulting in reduced intracellular mature 

cathepsin D and increased secretion of the precursor forms of cathepsin D from the cell 

(Seaman, 2004; Bugarcic et al., 2011; Follett et al., 2014; Rojas et al., 2008).    

 

Studying rare genetic variants (mutations) in patients with a genetic form of a disease leads 

the way into understanding the functional defects within the cell which determines the 

phenotypic changes that are observed in the disease state. Observing cellular properties such 

as shape, size and position of different organelles helps to capture different cellular events 

such as intracellular trafficking. Cellular profiling imaging techniques are a key to studying 

such cellular properties (section 2.16). High throughput image analysis has recently emerged 

as a valuable tool in cellular profiling to rapidly and systematically understand the effect of 

genetic variabilities on phenotype and to understand the effect of extracellular factors such as 

drug-like compounds on cells (Bougen-Zhukov et al., 2016; Vial et al., 2016; Wang et al., 
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2016a). This type of analysis has been used in various applications including analysing 

mutant traits in yeast by assigning cellular function/pathways to different gene loci by 

measuring phenotypic properties of the cell and screening compounds for biological activity 

(Ohya et al., 2005).  

 

Rotenone is an environmental toxin that causes mitochondrial complex I inhibition and has 

been implicated in the pathogenesis of PD for a long time. However, there is limited 

information about how the D620N mutation in VPS35 impacts on the toxic effects of 

rotenone exposure under different experimental conditions. Initial studies suggested a 

neuroprotective effect of the WT VPS35 and consequent studies have indicated an increased 

sensitivity to rotenone in the presence of the mutant and wild type (Bi et al., 2013). It has 

been shown that exposure of rat primary cortical neurons to 500nM of rotenone 

overexpressing the D620N and WT VPS35 causes a significant decrease in cell viability 

when compared to cells expressing control vectors (Tsika et al., 2014). An increased DA 

neuronal loss has also been observed in D620N mutant flies treated with 500uM of rotenone. 

It is also known that treating fibroblasts derived from idiopathic PD patients with 500uM of 

rotenone causes increased necrosis and changes in the UPS (Ubiquitin proteosomal system) 

function when compared to control fibroblasts (Ambrosi et al., 2014). 

 

Different cellular models, including easily accessible tissues like fibroblasts, have been used 

in PD to understand disease mechanism and for drug screening using imaging techniques. 

Fibroblasts derived from patients may exhibit some disease-specific differences, such as 

decreased bioenergetics and proteolytic changes and increased necrotic activity (Ambrosi et 

al., 2014). In addition, several studies have demonstrated mitochondrial defects in fibroblasts 

from PARK gene mutation carriers both at baseline and when exposed to pharmacological 

stressors such as rotenone (reviewed in (Smith et al., 2016)). The possibilities of identifying 

disease-specific biomarker phenotypes in fibroblasts have been under recent investigations in 

both the presence and absence of pharmacological stressors and such studies serve as a 

platform for preclinical studies to test novel compounds (Smith et al., 2016).  

 

Here, in order to understand the pathogenic effects of the D620N mutation in PD, we used 

fibroblasts derived from a patient carrying the D620N mutation. Fibroblasts obtained from 

healthy subjects were used as controls. The effect of the mutation on retromer expression and 

function was investigated. Retromer function was analysed by assessing its well characterised 
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role in CI-MPR trafficking and the processing of its ligand, cathepsin D. The subcellular 

localisation and other properties of the retromer, its cargo CI-MPR and associated organelles, 

in the presence of the mutation were also examined using confocal microscopy and high 

content image analysis. Finally, the effects of the pharmacological stressor, rotenone on 

cathepsin D processing and cellular properties in these cells were also analysed.   

 

Experiments in section 3.3 and 3.4 was performed in collaboration with Dr Rohan Teasdale at 

the University of Queensland and the results depicted here have been published in the journal 

Traffic (Follett et al., 2014) and have been reproduced with permission.  

3.2 Results    

3.2.1 Confirmation of the VPS35 D620N mutation in PD patient fibroblasts 
 

The VPS35 gene encodes the VPS35 subunit of the cargo recognition component of 

the retromer complex that mediates membrane protein sorting (Seaman, 2012). It is located 

on the 16q12 region of the chromosome and has 18 exons. A c.1858G>A (p.Asp620Asn) 

mutation in exon 15, was identified to be a pathogenic cause for late onset PD in its carriers 

(Vilarin˜o-Gu¨ell et al., 2011; Zimprich et al., 2011). In order to study the effects of this 

mutation, first, the presence of the D620N mutation in fibroblasts that were derived from a 

PD patient was confirmed using Sanger sequencing.  

 

Whole genomic DNA was isolated from fibroblasts established from a PD patient carrying 

the D620N mutation and a control subject. PCR amplification of exon 15 of the VPS35 gene 

was performed before the PCR product was subjected to Sanger sequencing (section 2.5) The 

amplified sequence contained an 1858G>A heterozygous mutation where a single guanine 

nucleotide is replaced by an adenine in one of the alleles coding for an Aspartic acid to 

Asparagine amino acid replacement at position 620. As shown in the DNA sequencing 

chromatogram, this mutation was present only in the patient-derived fibroblasts and was 

absent in the control fibroblasts (Fig: 3.1) 
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                             Patient                                                                     Control 

 

 

Fig 3.1: Alteration in the genomic DNA sequence of the VPS35 gene in PD derived 

fibroblasts: A) Chromatogram showing the presence of the 1858 G to A nucleotide mutation 

in the patient derived fibroblasts. B) The chromatogram shows the absence of the 1858 G to 

A nucleotide mutation in the control fibroblasts. 

 

3.2.2 Unaltered protein levels of the retromer subunits in PD patient and control 
fibroblasts 
 

The pathogenic contribution of genetic variations to various diseases has been known 

for many years. Mutations can cause changes in protein expression, localisation, folding, 

function and stability (Reva et al., 2011). In order to investigate any changes in protein levels 

in the presence of the VPS35 D620N mutation, proteins were extracted from the cells and 

subjected to western blot analysis. Similar levels of VPS35 protein were observed in both 

patient and control cell lines. In addition to VPS35, expression of VPS26, another subunit of 

the retromer was also investigated. Again, no significant difference in VPS26 level was 

observed in the PD and control cells. At least two independent experiments in triplicates were 

performed for each marker. These results indicate that the presence of the D620N mutation 

does not alter the total protein levels of the retromer subunits in these cell lines (Fig 3.2). 

 

A B 
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Fig 3.2: Unaltered protein levels of retromer subunits in PD fibroblasts: A) Western blot 

analysis of whole cell lysates from control and patient-derived D620N mutant fibroblasts 

probed for the VPS35 and VPS25 antibodies. Technical replicates of each cell line are shown. 

B&C)  Densitometry analysis of the western blots (A). Error bars represent ±SEM. 

 

3.2.3 Association of VPS35 with redistributed endosomes in VPS35 D620N fibroblasts 
 

Altered subcellular localisation of the retromer complex has been identified following 

overexpression of VPS35 WT-GFP and VPS35 D620N-GFP in A31 cells (Follett et al., 

2014).  In these cells, the VPS35 D620N-GFP, retromer positive endosomes, were 

redistributed to the perinuclear region and were enlarged, when compared to the VPS35 WT-

GFP retromer positive endosomes. Immunofluorescence staining of these cells also showed 

that there was an increased association of the retromer components to both early and late 

endosomal markers in the VPS35 D620N-GFP transfected cells when compared to the 

VPS35 WT-GFP transfected cells. In addition, the VPS35 D620N-GFP cells also showed 

reduced ability to process cathepsin D (Follett et al., 2014). 

50kDa 

    Control               Patient  
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Based on these results, our VPS35 D620N patient and control fibroblasts were examined to 

look for any alterations in the subcellular localisation of the retromer. Immunofluorescence 

staining was performed on the cells with the retromer markers (VPS35 and VPS26A), early 

endosome marker (EEA1), late endosome/lysosomal marker (LAMP1) and the Golgi marker 

(p230). On staining, a strong colocalisation between VPS35 and VPS26 was observed in both 

patient and control cell lines (Fig 3.3 A). In the patient-derived cell line, there appeared a 

perinuclear shift of the VPS35 positive endosomes; whereas in the control cell line the 

VPS35 positive endosomes were distributed throughout the cytoplasm. The perinuclear 

intensity ratio was measured using a distance-based algorithm that measured the retromer 

positive endosomes from the centre of the nucleus. Fluorescence units for the endosomes 

were measured in the areas defined as perinuclear and non-perinuclear and a significantly 

greater perinuclear intensity ratio was observed in the patient-derived cell line (Fig 3.3 C). 

Colocalisation measurements on co-staining of these cells with the early endosomal marker 

EEA1 showed an increased proportion of VPS35-positive punctate structures positive for 

EEA1 in patient fibroblasts (R = 0.304) compared to the control (R = 0.209) (Fig 3.3B). 

Further, co-staining of VPS35 with LAMP1, a late endosome marker, showed a higher 

colocalisation coefficient between VPS35 and LAMP1 in patient fibroblasts (R =0.274), 

compared to control (R = 0.197) (Fig 3.3 B). Both the EEA1 and LAMP1 positive endosomes 

showed enlargement and redistribution. Using the p230 Golgi marker to look for 

colocalisation of the retromer complex with the Golgi complex, did not show any differences 

between the patient and control fibroblasts (Fig 3.3 B). Also, there were no morphological 

differences in the Golgi between the two cell lines. Therefore, enlargement and increased 

perinuclear localisation of the VPS35 positive endosomes were observed in the patient-

derived cells. These cells also showed an increased localisation of the VPS35 subunit to both 

early and late endosomal markers when compared to the control cells.  
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Fig 3.3: Parkinson's disease VPS35 D620N patient fibroblasts have redistributed 

endosomes. A) The colocalisation of endogenous VPS35 in subconfluent control and PD 

patient fibroblasts using antibodies against VPS26A, EEA1, p230 or LAMP1 was determined 

using indirect immunofluorescence. Cell monolayers were counterstained with DAPI. All 

images represent a 1 AU single slice captured using a Ziess LSM 710 Upright Scanning Laser 

confocal microscope at 63× magnification. Scale bar 5 µm. B) Quantification of 

colocalisation analysis performed in (A). Graph represents the mean of two independent 

experiments with 10 images each (n = 2;*p < 0.05, Errors bars represent ±SEM). C) The 

intracellular distribution of VPS35 positive endosomes quantified using perinuclear intensity 

ratio in control and PD patient fibroblasts. Graph represents the mean of two independent 

experiments with 10 images each (n = 2;*p < 0.05, Error bars represent ±SEM).(Reproduced 

with permission from (Follett et al., 2014)). 

 

3.2.4 VPS35 D620N mutation causes a defect in cathepsin D trafficking 
 

The retromer cargo, CI-MPR binds to the retromer in the region that corresponds to 

the D620N mutation but this mutation does not disrupt the binding of the CI-MPR to the 

retromer (Arighi et al., 2004; Follett et al., 2014).  In order to look for trafficking defects of 

the CI-MPR by the retromer, immunofluorescence staining for CI-MPR and VPS35 was 

performed on the control and patient fibroblasts (Fig 3.4 A). An increased colocalisation of 

the CI-MPR with the VPS35 (R=0.257) was found in the patient fibroblasts when compared 
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to the control fibroblasts (R=0.203) (Fig 3.4 B). An increased perinuclear localisation of the 

CI-MPR positive endosomes was also observed in the patient fibroblasts. Further, a 

functional analysis of retromer trafficking was performed by analysing the processing of 

cathepsin D, a ligand of the CI-MPR receptor using a cycloheximide chase. The cell lines 

were treated with cyclohexamide and cell lysates and media collected at 0, 3 and 7 hours post 

treatment. At 7 hours, there were decreased levels of mature cathepsin D in the cell lysates of 

patient fibroblast when compared to the controls (Fig 3.4 C). However, no precursor forms of 

the protein were observed in the media. These results indicate an impaired trafficking of the 

CI-MPR by the retromer complex, resulting in defective delivery of the precursor forms of 

cathepsin D into the lysosomes to be processed into its mature forms.  

 

 

 

Fig 3.4: cathepsin D processing is impaired in PD VPS35 D620N patient fibroblasts. A) 

Indirect immunofluorescence on subconfluent control and PD patient fibroblasts was 

performed using antibodies against VPS35, CI-M6PR and counterstained with DAPI. Images 

represent a 1 AU single slice captured using a Ziess LSM 710 Upright Scanning Laser 

confocal microscope. Scale bar 5 µm. B) Quantification of colocalisation analysis performed 

in (A). Graph represents the mean of two independent experiments with 10 images each 
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(n = 2;*p < 0.05, Error bars represent ±SEM). C) Monolayers of control and PD patient 

fibroblasts were pulsed with 100 µg/mL of cyclohexamide for 0, 3 and 7 hours, when cells 

were lysed and analysed by western immunoblotting using cathepsin D antibody. 

(Reproduced with permission from (Follett et al., 2014)). 

 

3.2.5 High content image analysis (HCA) of the retromer markers on fibroblasts 
 

Based on our previous finding of an altered organelle distribution within cells in the 

presence of a genetic alteration, we sought to investigate using HCA if any disease-specific 

cellular abnormalities could be observed in cells derived from patients. This would enable a 

disease-specific biomarker identification mechanism for PD patients if proved successful. In 

order to do this, immunofluorescence staining for the retromer and related cellular organelles 

was performed on the patient and control fibroblasts as described above. Treatment of control 

fibroblasts cells with 10µM Nocodazole, which disrupts microtubule polymerisation and in 

turn affects vesicular trafficking, was used as a positive control. The cells were then imaged 

using the Operetta, a high content image analyser and analysed as described in the material 

and methods (section 2.16). On treatment with Nocodazole, the cells showed a dispersed 

distribution of the endosomes throughout the cell when compared to the untreated cells (Fig 

3.5 A&B). To calculate perinuclear intensity ratio, similar to what was done previously, 25% 

of the cell region from the centre of the nucleus to the cell border was designated as the 

perinuclear region and the remainder of the cell region was selected as the cytoplasmic 

region. The perinuclear region was divided by the cytoplasmic region in order to calculate the 

perinuclear intensity ratio.  As expected, the Nocodazole-treated control cells showed a 

significant decrease in the ratio of perinuclear to cytoplasmic intensity of the early 

endosomes when compared to the untreated cells (Fig 3.6 A). However, no differences in 

perinuclear intensity of the EEA1 and VPS35 markers were observed between the patient and 

control (Fig 3.6 A&B). Although no differences in perinuclear intensity were observed, a 

significant decrease in EEA1 and VPS35 cytoplasmic intensity was observed in the patient 

cells when compared to the control and the nocodazole-treated cells (Fig 3.6 C&D). In 

addition to this, it was also observed that the patient cells exhibited a greater cell area when 

compared to the non-treated controls (Fig3.6 E). 
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Since it was observed previously that there was an increased proportion of retromer-positive 

endosomes in the perinuclear region in the patient cells, we performed a spot analysis to 

determine the number of organelles that stained for the early endosome and VPS35 markers. 

Each endosome stained for the EEA1 or VPS35 marker was considered as a spot and a ratio 

of spots in the perinuclear region was calculated. Ratio was calculated as number of spots in 

the perinuclear region divided by number of spots in the cytoplasmic region. As observed 

previously, there was a significant increase in the VPS35 positive spots and a moderate but 

statistically insignificant increase in EEA1 spots in the perinuclear region of the patient cells 

when compared to the controls (Fig 3.7 A&B). In addition to these markers, measuring the 

intensity of the late endosome/lysosome stained with LAMP1 and the cathepsin D receptor 

CI-MPR showed a significant decrease in LAMP1 cellular intensity and trend towards 

decreased CI-MPR intensity in the patient cells when compared to the controls (Fig 3.7 

C&D).  

 

 

 

Fig 3.5: Nocodazole treatment of control fibroblasts: A) Representative image of a control 

fibroblasts cell line. (B) The control fibroblast treated with 10µM Nocadazole (Noc). The 

cells are stained with the retromer (VPS35) and early endosome (EEA1) markers. A 

statistical description of the raw data from these experiments is provided in Fig 3.6 
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Fig 3.6: VPS35 and EEA1 cellular intensity and cell area analysis in patient and control 

fibroblasts using HCA: A&B ) Perinuclear intensity ratio (perinuclear intensity/cytoplasmic 

intensity) of the cellular markers EEA1 and VPS35 control cells, patient cells and control 

cells treated with 10µM Nocodazole. (>1000 cells were analysed for each marker). C&D) 

Overall cytoplasmic intensity of EEA1 and VPS35 where intensity of marker within the cell 
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was divided by the cells area of the cell (>1000 cells were analysed for each marker). E) Cell 

area of the cells. *p<0.05, **p<0.005. Error bars represent ±SEM 

 

 

Fig 3.7: EEA1 and VPS35 spot analysis and intensity analysis of LAMP1 and CI-MPR 

in patient and control fibroblasts using HCA: A&B) Ratio of the number of EEA1 and 

VPS35 spots in the perinuclear region in control and patient cells. C&D)  Cytoplasmic 

intensity of the LAMP1 and CI-MPR markers (Cytoplasmic intensity= cellular intensity of 

marker/ cell area). *=p<0.05 and error bars represent ±SEM.  

 

3.2.6 The effect of rotenone treatment on VPS35 D620N mutant fibroblasts  
 

Previous results indicate increased rotenone sensitivity in the presence of the D620N 

mutant and the ability to observe disease-specific changes in the presence of rotenone. 
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Therefore, we sought to test if the D620N mutation in our patient fibroblast confers increased 

susceptibility to rotenone or produces any disease-specific retromer-related defects in the 

retromer-related organelles and cathepsin D processing.   

 

3.2.6.1 The D620N mutation does not confer increased susceptibility to cell death on 
rotenone treatment.  
 

First, in order to test the patient derived cells for increased susceptibility to rotenone, 

cell viability was investigated. Cell viability was measured using CyQuant and MTS assay 

after treatment of patient and control cells with 500nM rotenone for 24 hours. A significant 

decrease in cell numbers after 24 hours of rotenone treatment was observed in both control 

and patient fibroblasts; however, the percentage decrease in viability in both cell lines were 

similar. The percentage decrease observed using the CyQuant assay was Control=28.75%, 

Patient= 27.53%.  Using the MTS assay the percentage decrease was Control= 10.75% and 

Patient= 9.6% (Fig 3.7 A&B). Therefore, the mutation does not confer an increased loss of 

viability in the presence of rotenone in the fibroblasts.  

 

 

 

 

 

 

Fig3.7: VPS35 D620N mutation does not increase rotenone sensitivity: A & B) CyQuant 

and MTS assay show significant decrease in cell numbers and MTS metabolism on treatment 

A B 



69 

 

with 500nM of rotenone in both control and patient fibroblasts. No disease-specific changes 

were observed in both assays (**p<0.005, error bars represent ±SEM of triplicates).  

 

3.2.6.2 The effect of 500nM rotenone on retromer related markers in fibroblasts – high 
content image analysis of cellular markers 
 

In order to look for the effects of rotenone on the retromer and related markers, the 

HCA was repeated as previously but in the presence of 500nM of rotenone. The patient and 

control cells were treated with 500nM of rotenone for 24 hours. As an experimental control, 

both the patient and control cells were treated with DMSO for 24 hours. On treatment with 

rotenone, the patient cells showed a disease-specific decrease in EEA1 and VPS35 

perinuclear intensity ratios (perinuclear intensity/cytoplasmic intensity) and the cytoplasmic 

intensity (intensity of marker within the cell/cells area). As observed previously, although 

there were no differences in perinuclear intensity between the DMSO treated patient and 

control cells, treatment with rotenone caused a patient-specific decrease in intensity (Fig 3.8 

A&B). The cytoplasmic intensity of both markers was significantly decreased in the patient 

cells on DMSO treatment as seen in the untreated cells previously, but treatment with 

rotenone further exacerbated this difference (Fig 3.8 C&D). The patient cells also showed a 

significant increase in cell area when treated with rotenone which was not observed in the 

control cells (Fig 3.8 E).  

It was observed that on treatment with rotenone, there was a perinuclear shift of the 

endosomes in the patient cells. This was shown by the decrease in perinuclear intensity of the 

EEA1 marker (Fig 3.9 A). As for the VPS35 spots in the patient cells, the perinuclear spot 

ratio (number of spots in the perinuclear region/number of spots in the cytoplasmic region) 

remained the same; whereas in the controls, there was a significant increase in the perinuclear 

spot ratio indicative of a greater number of VPS35 endosomes in the perinuclear region in the 

presence of rotenone (Fig 3.9 B). The decrease in cytoplasmic intensity of LAMP1 and CI-

MPR was also exacerbated in the patient cells on treatment with rotenone (Fig 3.9 C&D). 

With LAMP1 the control cells also showed a significant decrease in cytoplasmic intensity on 

treatment with rotenone but to a lesser extent than the patient cells (Fig 3.9 C).  
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Fig 3.8: Patient-specific cellular differences in cellular area and intensity of VPS35 and 

EEA1 on treatment with 500nM rotenone: A&B) Perinuclear intensity ratio of the cellular 

C D 

E 

A B 
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markers EEA1 and VPS35 (>1000 cells were analysed for each marker). C&D) Overall 

cytoplasmic intensity of EEA1 and VPS35 (>1000 cells were analysed for each marker). E) 

Cell area.*p<0.05, **p<0.005, error bars represent ±SEM).  

 

 

Fig 3.9: Disease-specific differences in the spot and intensity analysis of EEA1, VPS35, 

LAMP1 and CI-MPR on treatment with of 500nM rotenone: A&B)  Ratio of the number 

of EEA1 and VPS35 spots in the perinuclear region in control and patient. C&D)  

Cytoplasmic intensity of the LAMP1 and CI-MPR markers (*=p<0.05, error bars represent 

±SEM). 

  

 

C D 

A B 
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3.2.6.3 Cathepsin D processing in the presence of 500nM of rotenone 
 

In order to assess the function of the retromer on treatment with rotenone, the 

cathepsin D assay was performed. Cells were treated with 500nM of rotenone for 24 hours 

and then treated with cycloheximide for 7 hours. Protein was extracted from cell lysates at 0 

hours and 7 hours post-cycloheximide treatment and analysed using western blot analysis. 

The percentage change in intracellular cathepsin D levels at 7 hours post the cycloheximide 

chase was calculated. It was found that the patient cells exhibited a greater decrease in 

cathepsin D levels post the chase when compared to the control cells. Treatment with 

rotenone for 24 hours also showed increased levels of cathepsin D in the patient cells.  

 

                     

Fig: 3.10: Patient-specific changes in cathepsin D levels on treatment with 500nM 

rotenone: A) Western blot showing cathepsin D levels of control and patient cells treated 

with 500nM of rotenone and subjected to a cycloheximide chase for 0 and 7 hours. B) 

Percentage change in cathepsin D levels at 7 hours calculated from the densitometry analysis 



73 

 

of the western blot (A) (Percentage change= ((intensity at 7 hours – intensity at 0hrs)/ 

Intensity at 0hrs ))*100. 

3.3 Discussion 

 

To date, little is known about the mechanism by which the D620N mutation confers 

pathogenicity in PD patients. The various studies aimed at unravelling the effect of the 

mutation on retromer function has suggested that the mutation may lead to defective 

interactions between the VPS35 subunit and the other subunits, or some dysfunction in the 

trafficking of the retromer’s cargo in the presence of the mutation. This in turn affects various 

aspects of mitochondrial functioning, autophagy and alpha synuclein build-up due to 

defective protein degradative mechanisms (Wang et al., 2016b; Zavodszky et al., 2014; 

McGough et al., 2014; Tang et al., 2015b; Tang et al., 2015a).  

Here it was demonstrated using one patient-derived and one control cell line that, VPS35 

D620N fibroblasts expressed equivalent levels of endogenous retromer proteins VPS35 and 

VPS26 compared to wild-type fibroblasts. However, immunofluorescence analysis of these 

cells revealed altered subcellular localisation and structure of retromer positive endosomes in 

the D620N fibroblasts when compared to the controls. In the D620N fibroblasts, the retromer 

positive endosomes were enlarged and redistributed to a perinuclear location within the cell. 

These endosomes also showed increased localisation of both the early endosome marker 

(EEA1) and the late endosomal marker (LAMP1) when compared to the controls. It is known 

that enlargement of endosomes indicates endosomal abnormalities and is a characteristic 

phenotype when both early and late endosomal markers are retained on the maturing 

endosomes (Cataldo et al., 2000; Wegner et al., 2010). Enlargement of endosomes during 

impaired endosomal maturation due to defective recruitment of endosomal markers Rab7 and 

Rab5 were observed in A31 cells (Rink et al., 2005). In light of this, the retention of both the 

early and late endosomal markers EEA1 and LAMP1 on the redistributed retromer positive 

endosomes observed in our experiments may indicate deficient endosomal maturation in the 

presence of the D620N mutant. It is also known that the retromer complex binds to the 

WASH complex via the Fam21 subunit and recent studies have shown that the D620N 

mutation impairs the binding of the Fam21 tail of the WASH complex to the retromer 

complex (Harbour et al., 2012; McGough et al., 2014). Since WASH complex aids in the 

recruitment of the retromer to the endosome, the possibility of a WASH complex-retromer 

interaction defect that transmits to cargo retrieval cannot be ruled out. It has been reported 
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that knockdown of WASH complex in mouse embryonic fibroblasts (MEF) causes enlarged 

endosomes and the lack of tubule formation which is required for the transport of retromer 

cargo out of the endosomal network (Gomez and Billadeau, 2009). The suppression of the 

WASH complex also exhibits enlarged endosomes and redistribution to the perinuclear area 

(Duleh and Welch, 2010). Although contradictory findings have been reported in this area, 

this argument of a reduced WASH complex interaction could be supported by our 

observation of enlarged endosomes in the D620N fibroblasts.  

 

Since WASH complex aids in the recruitment of the retromer to the endosome, the possibility 

of a WASH complex-retromer interaction defect that transmits to defective CI-MPR cargo 

retrieval also cannot be ruled out here. It is also known that the Rab 5 and Rab 7 are required 

to recruit the retromer onto the endosome in order to mediate the exit of cargo towards the 

TGN (Seaman et al., 2009; Rojas et al., 2008). In the absence of Rab7, CI-MPR has also been 

shown to be trapped in these enlarged endosomes (Rojas et al., 2008). This further reinforces 

the possibility of the inability of the retromer complex to recycle the CI-MPR out of the 

defective endosomes to the TGN in the presence of the D620N mutation in these cells.  

 

Although our experiments cannot establish precisely what inhibits the transport of the CI-

MPR out of the retromer complex, it has been shown previously that down-regulation of the 

retromer complex causes a defect in CI-MPR recycling resulting in receptors degradation via 

the lysosomes. This recycling defect in turn causes decreased transport of lysosomal enzymes 

like cathepsin D to the lysosomes. Therefore, there is a reduction of mature cathepsin D in the 

cells and increased secretion of immature forms of cathepsin D into the media (Arighi et al., 

2004; Rojas et al., 2008). A similar reduction in mature cathepsin D in the presence of the 

D620N mutation was observed in our experiments. This supports the idea of a deficiency in 

CI-MPR recycling from the endosomes to the TGN, which in this case may be conferred by 

the mutation. Although the D620N mutation is in the region of the VPS35 binding site to the 

CI-MPR, the mutation does not appear to affect the capacity of the retromer complex to bind 

to CI-MPR (Follett et al., 2014). Moreover, CI-MPR was found to colocalise with the 

retromer on the endosomes indicating that the reduction in cathepsin D is not due to deficient 

association of the CI-MPR with the retromer. Therefore, it can be said that the cause is more 

likely due to the inability of the retromer to transport the CI-MPR out of the endosomes as 

observed by the increased colocalisation of the CI-MPR with the VPS35 in the redistributed 

endosomes.  
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High content image analysis of these cells was able to recapitulate the perinuclear 

accumulation of the retromer positive endosomes in terms of number of retromer positive 

vesicles. Although the perinuclear intensity ratios of both VPS35 and EEA1 did not differ 

between the cells, we did see an overall decrease in the intensity of these markers in the 

patient cells. It can be safely said that these changes were independent of dysfunctions in the 

microtubule organisation, as these changes were not observed in the nocodazole-treated cells. 

This warrants future investigation into endosomal trafficking and retromer functions in 

VPS35 D620N mutation carriers. In addition to this, a significant increase in cell area is 

another property that was observed in the D620N cells. It is known from previous studies that 

fibroblasts with LRRK2 and parkin mutations, and from some sporadic patients, exhibit an 

increase in cell area and altered cell morphology as a result of microtubule destabilisation 

(Cartelli et al., 2012; Cartelli and Cappelletti, 2016). Therefore, the possibility that the VPS35 

D620N mutation may also contribute to microtubule destabilisation in addition to vesicular 

trafficking defects cannot be ruled out. The significant reduction in LAMP1 intensity 

observed in the PD patients is also indicative of lysosomal deficiencies, which can be directly 

linked to the cathepsin D trafficking defect. However, this may reflect a more general 

lysosomal defect such as has been observed previously in PD patients (Dehay et al., 2013). 

Rotenone has been shown to exert effects on other intracellular pathways in addition to 

inhibition of mitochondrial activity. Here, although the treatment with rotenone did not 

produce a disease-specific reduction in cell viability, it produced an exacerbated effect on the 

already present deficiencies observed in the patient cells in terms of EEA, VPS35, LAMP1 

and CI-MPR cellular intensities. Rotenone treatment also caused a decrease in perinuclear 

intensity ratio as observed with the cells during confocal analysis. This could indicate an 

effect of rotenone on maturation defects of the endosome as speculated before. The increase 

in perinuclear number of retromer positive endosomes in the control, in contrast to the 

unchanged number of spots in the patient cells in Fig3.9B, also adds weight to this 

possibility. Treatment with rotenone is known to cause microtubule destabilisation and the 

contribution of both the toxin and genetic effects on microtubule destabilisation as pathogenic 

mechanism for PD has been shown by various groups (Feng, 2006; Cappelletti et al., 2015; 

Cartelli and Cappelletti, 2016). Therefore, an interactive effect of rotenone and the VPS35 

D620N mutation to the vesicular trafficking pathway could be a possible underlying effect of 

the D620N mutation. In addition to this, the induction of lysosomal damage and cathepsin D 

leakage from the lysosomes, and reduced lysosomal fluorescence on treatment with rotenone, 
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has been demonstrated by groups studying lysosomal deficiencies in PD and other age-related 

degenerative disorders (Wu et al., 2015; Wang et al., 2009; Yong-Kee et al., 2012). 

Therefore, the observed reduction in cathepsin D levels in the patient cells on treatment with 

rotenone could be attributed to this lysosomal deficiency caused by mitochondrial 

dysfunctions in addition to retromer trafficking deficiencies observed in the presence of the 

D620N mutation.   

In conclusion, this chapter presents a retromer trafficking defect caused by the D620N 

mutation which further affected cathepsin D processing within these cells. In addition to this, 

several disease-specific alterations in the properties of endosomes, lysosomes, and CIMPR 

receptors were also observed in this cell model in response to mitochondrial stress. These 

findings point out to the various cellular compartments along the retromer trafficking 

pathway that are affected and warrant further research to understand the underlying 

mechanisms of cellular defects caused by the D620N mutation. 
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CHAPTER 4: INVESTIGATING RETROMER DEFICIENCIES AND 
ANALYSIS OF PD-SPECIFIC DIFFERENCES IN hONS CELLS 

 

 

4.1 INTRODUCTION 

 

This chapter describes studies aimed at investigating whether retromer dysfunctions 

or related pathways are affected in sporadic PD patients. Both animal and cellular models 

have been used widely to study the disease mechanism in Parkinson’s disease. These models 

have been based on genetic manipulations or toxicity models, or a combination of both to try 

to replicate the phenotypes of the disease. Animal models overexpressing PARK genes have 

been able to replicate some features of the disease such as neurodegeneration, locomotor 

defects and protein aggregation to an extent. Although these models have been very 

informative, in order to develop new therapies for the disease, models that are more easily 

accessible, reveal disease process and exhibit the wide range of phenotypic variability that is 

seen in both familial and sporadic PD patients, need to be developed. Models that facilitate 

screening of different drugs that target the underlying cellular mechanisms are also of prime 

importance.  

 

 It is known that in PD patients the prevalence of olfactory dysfunction is 45% to 90% and 

hyposmia is seen as a sensitive early sign of the disease (Haehner et al., 2009). In this chapter 

we use human olfactory neurosphere-derived (hONS) cells — a cell line generated from 

biopsies of the olfactory mucosa which is a part of the peripheral olfactory system that has 

regenerative properties and is easily accessible in humans. Different from non-neuronal 

tissues like fibroblasts, olfactory mucosa contains stem cells that have neural properties. 

hONS cells can be obtained from multiple sporadic PD cases and healthy subjects as controls. 

These cells have also demonstrated disease-specific gene and protein expression differences 

and exhibit PD-relevant alterations in mitochondrial function, oxidative stress and xenobiotic 

metabolic activity (Matigian et al., 2010; Cook et al., 2011; Murtaza et al., 2016). They have 

also been used in cytological profiling to test different compounds for therapeutic 

significance in the field (Vial et al., 2016). Therefore, this cell model serves as an informative 

source to investigate PD.  

 



Chapter 4 

78 

 

As outlined in section 2.16, high content image analysis is now being widely used as a drug 

screening platform, and for the identification of cellular phenotypic changes in response to 

genetic and xenobiotic manipulations. This technique allows for the targeting of multiple 

organelles and, in turn, permits pursuing of multiple biomolecular pathways, both known and 

unknown, that may be affected in the cells in a high throughput manner. Therefore, 

combining the use of our cellular model that exhibits disease-specific alterations and high 

content image analysis may help in the identification of disease-specific biomarkers in 

addition to enabling drug screening.  

Treatment of experimental models with rotenone, a complex 1 inhibitor, can replicate 

PD-like features including synuclein aggregation and loss of dopaminergic neurons 

(Henchcliffe and Beal, 2008; Betarbet et al., 2000). It is known that increased production of 

reactive oxygen species which is a result of treatment with rotenone causes lysosomal 

membrane permeabilisation and leakage of cathepsins (Heid et al., 2013; Huai et al., 2013). 

More recently, a study has confirmed that treatment of PC12 cells and rat dopaminergic 

neurons with 500nM Rotenone induced impairment of lysosomal integrity causing diffusion 

of cathepsin D out of the lysosomes into the cytosol (Wu et al., 2015). Other studies have also 

demonstrated impaired autophagy flux, increase in LAMP1 level, decreased levels of mature 

cathepsin D levels and decreased cathepsin D activity on treatment with different 

concentration of rotenone (Mader et al., 2012; Wang et al., 2009).  

 

Reduced protein levels of VPS35 and VPS26 have been reported in the entorhinal 

cortex region of the brain in AD patients previously. Based on this finding, retromer levels in 

PD patient-derived hONS cell lines and control hONS cell lines were investigated for any 

deficiencies in protein expression. Protein aggregation is a key pathogenic feature of PD and 

since the retromer plays an important role in the protein degradation process, the retromer 

function in CI-MPR trafficking and cathepsin D was also investigated in these cells. In 

conjunction with this investigation, cellular phenotyping with high content image analysis 

was performed on patient and control cell lines to assess the presence of any disease-specific 

alterations in these cells in organelles related to the retromer complex. We also aimed to 

further investigate underlying PD-specific differences in hONS cells previously reported 

following exposure to rotenone (Murtaza et al., 2016). In addition to this, the effect of 

rotenone on Cathepsin D processing was also analysed in these cells (Section 2.7). 
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4.2 Results 

4.2.1 Similar levels of retromer in PD patient and control hONS cell lines 
 

Previously, increased mRNA levels and decreased protein levels of the VPS35 and 

VPS26 subunits of the retromer complex have been identified in the entorhinal cortex of AD 

patients (Small et al., 2005). Moreover, hONS cells have been shown to exhibit PD-specific 

changes. We therefore sought to investigate any inherent changes in the retromer levels in 

these cells. Western blot analysis for VPS35 was performed on protein extracted from cell 

lysates of 8 PD and 8 control hONS cell lines (Fig 4.1 A&B). Similarly, protein levels of 

VPS26 and EEA1 were also analysed on 3 PD and 3 control cell lines. The observed protein 

levels were normalised against β-tubulin. At least two independent experiments were 

performed for each marker and no differences in VPS35, VPS26 and EEA1 protein levels 

were observed between the PD and control cell lines (Fig 4.2 A&B). These results indicate 

the absence of any inherent PD-specific deficiencies in retromer and endosomal levels in the 

patient-derived hONS cell lines, at least at the level of sensitivity of western blots.  
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Figure 4.1: VPS35 levels are not different in PD hONS. Analysis for 8 controls and 8 PD 

hONS cell lines: A) Western blot analysis of VPS35 levels in protein extracts from 8 control- 

and patient-derived hONS cell lines (P: PD, C: Control, S: pooled samples used for 

normalising between blots. B) Densitometry analysis of the western blots shows similar 

VPS35 levels in controls and PD. VPS35 was normalised to tubulin. Error bars indicate SEM 

 

 

A 

B 
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Fig 4.2: EEA1 and VPS26 levels are not different in PD hONS: A) Western blot analysis 

of EEA1 and VPS26 in 3 control and PD cell lines (C: Control, P: PD). B) Densitometry 

analysis of the western blots showing similar levels of EEA1 and VPS26A in both cell lines. 

Error bars indicate SEM.  

 

4.2.2 Analysis of retromer trafficking function and cathepsin D levels in hONS cells 
 

In order to check for endogenous retromer trafficking or lysosomal deficiencies in the 

hONS cells derived from sporadic PD cases, endogenous cathepsin D levels and cathepsin D 

processing was measured (using the same methods as previously described for fibroblasts). 

First, cell lysates were collected from 5 control and 5 PD cell lines and protein extraction was 

performed. The extracted protein was analyses for cathepsin D levels using western blot. On 

measuring endogenous cathepsin D levels of the 5 controls and PD cell lines it was found 

that, at steady state, the PD cells showed decreased endogenous cathepsin D levels when 

compared to the controls. Across 3 independent experiments with different cell lines the 

decreases in the PD cells were consistent but not statistically significant (p=0.26) (Fig 4.3 

A&B). 4 control and 4 PD cells were also treated with cycloheximide (cycloheximide assay 

section 2.7) and cell lysates were collected at 0 and 7 hours. The percentage change of 

cathepsin D levels at 7 hours varied for different cells and there was no disease-specific 
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change observed in the PD cell lines across 3 independent experiments (Fig 4.4). Although, 

these results do not indicate a cathepsin D processing defect, the reduced endogenous levels 

of cathepsin D in PD cells at steady state may be an early indicator of cellular dysfunction.  

  

 

 

          

Fig 4.3: Endogenous levels of cathepsin D in PD hONS cells: A) Western blot analysis of 

intracellular cathepsin D levels in cell lysates. B) Densitometry analysis for the western blot 

showing that PD cells exhibit a nonsignificant trend (p=0.26) of reduced levels of 

endogenous cathepsin D levels when compared to the controls. Error bars indicate SEM. 

 

A 

B 
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Fig 4.4: No disease-specific alterations in cathepsin D processing: A) Western blot 

analysis of the 4 control and 4 PD cell lysates at 0 and 7 hours after cycloheximide treatment. 

B) The percentage change in cathepsin D levels from 0 to 7 hours post cycloheximide 

treatment for the control and PD cell lines. 

 

4.2.3 Cathepsin D processing on treatment with a PD stressor rotenone 
 

Rotenone can cause mitochondrial dysfunction which further leads to deficiencies in 

the lysosomes resulting in the loss of cathepsin D. Based on our observation of a marginal 

reduction in cellular cathepsin D levels in the PD cells, we investigated if treatment of these 

cells with the mitochondrial complex1 inhibitor rotenone would exacerbate this decrease. 4 

PD and 4 control cells were treated with 500nM rotenone and DMSO (as control) for 24 

hours. After 24 hours of treatment, the cycloheximide assay was performed on these cells. 

Protein was extracted from cell lysates collected at 0 hours and 7 hours post cylcoheximide 

treatment. A western blot analysis was performed to look for any patient-specific decrease in 

A 

B 
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cathepsin D (Fig 4.5 A). Densitometry analysis showed a trend towards decrease in cathepsin 

D levels on cycloheximide chase post treatment with DMSO and rotenone in control cells, 

but these changes were not significantly different. On the other hand, the cathespsin D levels 

in the PD cells remained constant on treatment and chase. As observed previously, although a 

trend towards decreased cathepsin D levels were observed in the PD patients, no significant 

patient-specific differences were observed which indicated no retromer trafficking defects in 

terms of cathepsin D processing (Fig 4.5 B).   
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Fig 4.5: Cathepsin D levels of rotenone treated cells post cycloheximide chase: A) 

Western blot of cathepsin D levels of 4 control and 4 PD cell lines treated with rotenone for 

24 hours and subjected to cycloheximide chase for 7 hours. C: Control cell, P: PD cell line, 

D0: DMSO treated cells at 0 hours post cycloheximide chase, D7: DMSO treated cells at 7 

hours post cycloheximide chase, R0: Rotenone treated cells at 0 hours post cycloheximide 

chase, R7: Rotenone treated cells at 7 hours post cycloheximide chase. B) Densitometry 

analysis of the western blot A). Error bars indicate SEM.  

 

4.2.4 High content image analysis of the retromer markers in PD patient-derived hONS 
cells 
 

From the literature it is clear that retromer deficiencies can lead to PD phenotypes and 

our previous results have shown endosomal defects and altered subcellular localisation of the 

retromer and its cargo molecules in the presence of VPS35 defects. We next sought to look 

for any retromer-related defects in these idiopathic PD-derived hONS cell lines. As done with 

the fibroblasts, immunofluorescence staining was performed on 8 control and 8 PD hONS 

cells for the retromer (VPS35), its cargo (CIMPR), the early endosome (EEA1) and the late 

endosome/lysosome marker (LAMP1) (Fig 4.6). The nucleus was stained using DAPI and the 

plasma membrane was stained using Cell Mask in order to recognise each cell during image 

segmentation. The cells were imaged using the automatic high content image analysis system 

(Operetta). Individual cells were segmented based on their nucleus and cytoplasm. For every 

cell, individual organelle properties were measured as done previously with the fibroblasts 

(section 2.16). No differences in cytoplasmic intensity measurements across all markers for 

both PD and control cell lines were observed. To examine altered localisation of the 

endosomes as done previously, the perinuclear intensity ratio was measured. The ratio of 

intensity (fluorescence units) of endosomes and retromer positive endosomes in areas defined 

as perinuclear and cytoplasmic regions from the centre of the nucleus were measured and no 

differences were observed between the control and PD cell lines. In addition, no cellular size 

differences were observed in the PD and control cells (Fig 4.7).  
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Fig 4.6: Immunofluorescence staining of retromer markers on hONS cells: 

Representative images of cells stained for the early endosome marker (EEA1), retromer 

marker (VPS35), late endosomal/lysosomal marker (LAMP1) and retromer cargo (CIMPR).  

100µm 
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Fig 4.7: Intensity and cell area analysis in control and PD hONS cells: Comparison of 8 

PD hONS cells and 8 control cells did not show any differences in the intensity of the 

markers and cell area between the control and PD cell lines. Error bars indicate SEM.  

 

4.2.5 Identification of potential disease-specific biomarkers for sporadic PD 
 

Previous studies have identified deficiencies in metabolic, molecular and stress-

related pathways in patient-derived hONS cells (Cook et al., 2011; Matigian et al., 2010). 

More recently it has been identified that these cells also exhibit a greater susceptibility to 

oxidative stress induced by H2O2. In addition to this, an altered transcriptional response and 

an increased sensitivity to rotenone treatment was also observed in patient derived cells 

(Murtaza et al., 2016). Of all the bioenergetics defects thought to be causal for PD, such as 

oxidative stress, protein aggregation and degradative defects, mitochondrial dysfunction has 

gained more prominence than the others in both sporadic and genetic forms of the disease. 

Based on this knowledge and the previous findings of an increased susceptibility of the PD 

hONS cells to rotenone we asked the following question: Can exposing the cells to rotenone 

and interrogating a variety of cellular parameters help to identify the fundamental functional 

differences in subcellular organelles that contribute to the disease-specific susceptibility? 

 

In order to test the possibility of observing disease-specific differences which can serve as PD 

biomarkers, high content image analysis was performed on hONS cells treated with different 

concentrations of rotenone. 10 PD hONS cell lines and 10 control hONS cell lines were 

treated with 6 different concentrations of rotenone for 24 hours. DMSO was used as a control 

as rotenone was dissolved in DMSO (DMSO, 10nM, 50nM, 100nM, 500nM, 1µM, and 

10µM). The cells were then stained for markers of the different cellular organelles and the 

effect of rotenone on several cellular parameters was analysed using high content image 

analysis. More than 200 cells were analysed for each treatment. The different cellular 

markers used were EEA1 (early endosome), Mitotracker (Mitochondria), Lysotracker 

(Lysosome), Dapi (Nucleus) and Tubulin (Cytoplasm) and cell mask for measuring cellular 

parameters (Fig 4.8a & Fig 4.8b (Zoomed images)). 
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Fig 4.8a: hONS cells stained with different cellular markers on treatment with different 

concentrations of Rotenone: Representative images of the hONS cells stained with different 

markers, EEA1 (early endosome), Dapi (nucleus), mitotracker (mitochondria), lysotracker 

(lysosomes) and cell mask (cytoplasm). The three different horizontal panels indicate cells 

treated with rotenone at 10nM, 500nM and 10µM rotenone.  
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Fig 4.8b: Zoomed images of the different markers shown in Fig 4.8a 

The responses of various cellular parameters across the different concentrations of 

rotenone were analysed (Fig 4.9). The responses were plotted as two different graphs for each 

parameter. The bar graphs on the left panel indicate the mean values of the parameters for the 

different PD and control cell lines across the different concentrations of rotenone. The scatter 

plots on the right panel indicated the change in the parameters across the different 

concentrations of rotenone when compared to DMSO (mean values normalised to DMSO). In 

order to look for differences between the patient and control cell lines, two analyses were 

performed: 1) A two way ANOVA was performed to identify differences between the groups, 

differences between the concentrations and any interaction between the groups and the 

rotenone concentrations for the different parameters (for both data on the left- and right-hand 

panels); 2) an area under the curve analysis was performed (section 2.17) to look at the 

overall response of every parameter to rotenone when compared to the DMSO for all cell 

lines (mean values normalised to DMSO were used for the AUC analysis). 
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Two-way ANOVA analyses of the mitochondrial parameters (mean values and mean values 

normalised to DMSO) revealed disease-specific differences in mitochondrial intensity (Fig 

4.9A1 & A2) and mitochondrial texture (Fig4.9BI & B2). A post hoc pairwise showed that at 

500nM there was a significant increase in mitochondrial texture of the PD cells when 

compared to the controls (Fig 4.9B1). The PD cells also had a larger response to rotenone at 

concentrations 10nM and 500nM when normalised to DMSO control as seen in Fig 4.9B2. A 

difference in mitochondrial intensity was also observed at the different concentrations of 

rotenone with significant reduction in intensity at 1000nM of rotenone (Fig 4.9A2). The two- 

way ANOVA did not detect any interaction between disease status and rotenone 

concentrations for both parameters but a significant difference in the mean AUC between the 

groups was observed for mitochondrial texture (p<0.05) (Fig 4.9B2). Results from the two-

way ANOVA for the mean values of the parameters (left panel) are represented in Appendix 

2 and for mean values normalised to DMSO ) (right panel) are included in Appendix 3. 

 

A significant difference in EEA1 texture was also observed between the PD and control cells. 

EEA1 texture differences were also seen in response to different concentrations of rotenone 

for both cell lines (4.9D1). Pairwise comparisons of the cell lines revealed a significant 

decrease in EEA1 texture in the PD cells at basal DMSO and 10000nM of rotenone. These 

differences were not observed when mean values were normalised to the DMSO values and 

neither was any interaction between the disease status and rotenone concentrations. On 

comparing the mean AUC between the groups, no differences were observed (Fig 4.9D2).   

 

Further, two-ways ANOVA analysis also showed differences in nuclear properties such as 

the nuclear area and nuclear texture. A disease-specific difference in nuclear area was 

observed between the PD and controls when the mean values were normalised to DMSO and 

pairwise comparisons revealed that this difference was most significant at 1000nM of 

rotenone (Fig 4.9G2). Significant differences in nuclear area were also seen at different 

concentrations of rotenone for both cell lines (Fig 4.9G1 and G2) (Appendix 2 and 3). 

Similarly, nuclear texture was significantly different between the PD and control cells (Fig 

4.9H1). Pairwise comparison revealed that the PD cells showed a decreased nucleus texture 

at several concentrations of rotenone (100nM, 500nM, 1000nM, 10000nM) when compared 

to the controls. The PD cells also showed a larger response to rotenone when mean values 

were normalised to the DMSO at concentrations 10nM and 50nM as seen in Fig 4.9H2. 
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However, there was no observed interaction between the disease and rotenone concentrations 

and no differences in the mean AUC between the two groups.  

 

Two-way ANOVA analysis of the cell area of the cells showed that there was a significant 

difference in cell area between the PD and control cells and differences in cell area across the 

different concentrations of rotenone (Fig 4.9I1 & I2). However, the pair wise comparison did 

not show statistically significant differences in the PD and control cells at the different 

concentrations (Appendix 2).   

 

When normalised to the DMSO a significant increase in lysosomal intensity of PD cells was 

observed and pair wise comparison revealed that this disease-specific difference was most 

significant at 50nM of rotenone (Fig 4.9K2). A significant difference in lysosomal intensity 

across different concentrations of rotenone was also observed (Appendix 3). However, no 

interactive effect and no differences in the mean AUC were observed between the patient and 

control cell lines. Finally, although there were some differences in response to different 

concentrations of rotenone for both cell types, no disease-specific differences between the 

groups were observed in the parameters, mitochondrial intensity, EEA1 intensity and number 

of spots, nuclear intensity and area, cell area and roundness and tubulin texture (Fig 4.9A1 & 

2, C1 & 2, E1 & 2, F1 & 2, J1 & 2 and L1 & 2). 
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Fig 4.9: Response of cellular parameters to the different concentrations of Rotenone: 

The bar graphs on the left panel indicate the mean values obtained for each parameter for 10 

PD and 10 control hONS cell lines. The x axis indicates the different concentrations of 

rotenone and the y axis indicates the measure of the different cellular parameters analysed. 

The scatter plots on the right panel indicated the corresponding mean values of the different 

parameters across the different concentrations of rotenone where the values of every 
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concentration have been normalised to values obtained on treatment with DMSO for all the 

cell lines. Error bars indicate SEM and * p <0.05, ** p <0.01, *** p <0.00.  

 

Further, cell viability for the different cell lines after 24 hours of treatment with different 

concentrations of rotenone was assessed using a two-way ANOVA analysis. The two-way 

ANOVA accounted for overall differences between the PD and control groups, differences 

between the different concentration of rotenone and an interactive effect of disease and 

concentration. Results showed that there was a statistically significant difference in means of 

the different concentrations for both controls and PD cell lines (p=<0.000l). This difference 

was mainly at the higher concentrations of rotenone where rotenone exposure resulted in a 

decrease in cell numbers.  There was also a statistically significant difference in mean of 

controls and PD groups (p=0.019). This significance arose from the differences between the 

controls and PD cell lines at a concentration of 10nm but this significance was lost after 

adjusting for multiple comparisons. There were no significant differences observed in cell 

viability between PD and control cells across all other concentrations. Lastly, there was no 

interactive effect between the different cell lines and the rotenone treatment (two-way 

ANOVA results in Appendix 1).The cell numbers as observed by high content image analysis 

were plotted after normalising to the number of cells observed on treatment with DMSO (Fig 

4.10).  

 

                              

Fig 4.10: Cell numbers after rotenone treatment: A significant decrease in cell numbers 

was observed at higher concentrations (500nM, 1000nM and 10000nM) of rotenone 
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treatment for both controls and PD as shown in the results in Appendix 1. Error bars indicate 

SEM. 

 

 

4.3 Discussion 

 

The aims of this chapter were to investigate any retromer deficiencies that may be 

present in the hONS cells derived from idiopathic PD patients. Other underlying causes for 

the patient-specific differences in PD hONS cells treated with rotenone, that had been 

reported earlier, were also investigated in this chapter using high content image analysis 

(Murtaza et al., 2016). Our results suggest the patient-derived hONS cells do not exhibit any 

retromer-related deficiencies in terms of protein expression and retromer function in 

cathepsin D trafficking. However, the consistently observed decrease in cathepsin D levels in 

the patient cells, although not significant, may point to lysosomal deficiencies in these cells. 

This warrants further investigation as it may potentially point to an inherent lysosomal 

deficiency that has developed over the progression of the disease and is exhibited by these 

cell lines obtained from the patients. Using a larger sample size may enable to achieve 

significance.  

 

Treatment with rotenone above 500nM caused significant cell death in the hONS cells. 

Although lysosomal properties were not altered in the untreated PD cells, the observed 

increase in lysosomal intensity in the PD cells at 50nM rotenone also points to the possibility 

of an increased susceptibility to lysosomal deficiency in these patient-derived hONS cells 

under stressed conditions. This may also indicate a generalised difference that can also be 

seen in other organelle parameters like the nucleus in response to this low level of oxidative 

stress.  It can be seen that at higher concentrations of rotenone this difference is masked and 

this may be due to the effect of high concentrations of rotenone on the lysosomal function as 

reported in other studies (Wu et al., 2015). At higher concentrations, it is also possible that 

cell death may occur due to other factors and by necrosis rather than apoptosis. The observed 

patient-specific decrease at basal levels in endosomal texture can also be coupled with the 

end lysosomal degradative pathway and requires further investigation.  
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A significant decrease in cell viability of PC12 cells treated with 500nM rotenone for 24 

hours has been observed in previous studies and we were able to observe a similar sensitivity 

to rotenone in hONS cells (Wu et al., 2015). As described previously, hONS cells exhibit an 

endogenous defect in mitochondrial complex 1 activity (Murtaza et al., 2016). Using high 

content image analysis here we observe a significant difference in the mean AUC of 

mitochondrial texture between the patient and control cells. A significant increase in 

mitochondrial texture at 500nM and 10nM rotenone in the patient cells when compared to the 

controls was also observed. Texture analysis helps to segment images into different regions 

and is a quantitative measure of the local patterns of object pixel intensities. Therefore, these 

differences may indicate a morphological change in the mitochondria when treated with 

rotenone that is specific to the PD cells at these concentrations. These changes may also be 

indicative of the mitochondrial dynamics occurring within these cells (Lennon et al., 2016). 

Since a large number of cells were screened for this analysis, the changes observed here can 

rule out the possibility of extrapolating phenotypic changes that are observed in few cells that 

behave unusually. Therefore, further investigation into mitochondrial morphologies in these 

cells is warranted. 

 

Nuclear translocation of pro-apoptotic proteins during oxidative stress and on treatment with 

rotenone have been reported previously in PD and in other diseases (Boissiere et al., 1997; 

Hunot et al., 1997; Gill and Perez-Polo, 2009). It is also known that condensed and 

fragmented nuclei are characteristic of apoptosis (Hsuan et al., 2006). Here we observed a 

decrease in nuclear texture and area in the patient cells at DMSO and at higher 

concentrations. On normalising to DMSO it was the lower concentrations (10nM and 50nM) 

of rotenone that drove the disease-specific differences in nuclear texture.  It has previously 

been shown that PD hONS cells show increased apoptosis and susceptibility to rotenone at 

50nM rotenone (Murtaza et al., 2016). The observed differences in nuclear texture in our 

results align with the previously identified differences and this may be reflective of a nuclear 

change associated with increased susceptibility to apoptosis in PD cells when treated with 

rotenone. At higher concentrations, an increased susceptibility to apoptosis in PD-derived 

cells has not been observed in patient-derived fibroblasts previously and it may be that higher 

concentrations of rotenone causes non-specific effects when mitochondrial complex 1 activity 

is completely inhibited (Ambrosi et al., 2014; Barrientos and Moraes, 1999). In addition to 

this, at higher concentrations of rotenone a slight increase in EEA1 spot and texture, cell area, 

cell roundness and tubulin texture was observed. This is suggestive of the compromised 



Chapter 4 

100 

 

integrity of the cell and its organelles at higher concentrations of rotenone. In conclusion 

from these results, the ability of high content image analysis to pick up differences in 

subcellular organelles which could be indicators of underlying cellular mechanism has been 

demonstrated. Further, experiments with a larger number of patients may give valuable 

information into subtle differences in patient cells which could be used to confirm the 

differences observed here as biomarkers for the disease. In addition to this, as is currently 

under study, the use of induced pluripotent stem cells from patient derived cells could give us 

more understanding on some of the confounding factors of the disease. It could also serve as 

diagnostics and be used for the testing of several drugs for the alleviation or correction of 

disease phenotypes that have been identified so far.  
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CHAPTER 5: ALPHA SYNUCLEIN UPTAKE AND CLEARANCE IN 
D620N MUTANT FIBROBLASTS 

 

5.1 Introduction 

 

The presence of Lewy bodies in the brain is a defining hallmark of PD. Lewy bodies 

contain high levels of pathological fibrillar aggregates of the protein, alpha synuclein. In the 

brains of PD patients who received transplants of fetal dopaminergic tissue, grafted neurons 

exhibited the Lewy body pathology a decade after transplantation. This indicates a 

progressive pathology of propagation of synuclein aggregates from host to graft with time 

(Kordower et al., 2008a; Kordower et al., 2008b). In addition, several groups have 

demonstrated a prion-like spread of alpha synuclein from disease to healthy cells in vivo and 

an uptake of alpha synuclein by cultured cells (Recasens et al., 2014; Kovacs et al., 2014). 

When bound to membranes, alpha synuclein displays alpha helical structures. It can also fold 

into beta sheet structures that form oligomers and fibrils (Stefanis, 2012). In order to study 

the mechanism of alpha synuclein aggregate formation and transfer, synthetic oligomeric and 

fibirillar forms of alpha synuclein have been generated in vitro from recombinant alpha 

synuclein. Exogenous addition of these synthetic forms in cellular and animal models has 

shown uptake of the extracellular alpha synuclein, increased alpha synuclein aggregation and 

seeding of soluble cytosolic alpha synuclein (Lee et al., 2008; Luk et al., 2009; Hansen et al., 

2011). Although evidence suggests that the oligomeric forms contribute to the formation of 

PD, several studies have used fibrils to study the aggregation of alpha synuclein. Injecting 

fibrils in mice has shown the initiation of Lewy bodies, transmission of these within 

interconnected brain regions and produced PD-specific motor deficiencies in mice (Danzer et 

al., 2007; Danzer et al., 2009; Luk et al., 2012). 

 

It is known that cathepsin D is one of the main lysosomal enzymes involved in the 

degradation of alpha synuclein (Sevlever et al., 2008). It protects the cells from alpha 

synuclein toxicity.  It has been shown that cathepsin D deficiencies lead to aggregation of 

alpha synuclein in various models (Sevlever et al., 2008; Cullen et al., 2009; Qiao et al., 

2008). The role of the retromer complex in trafficking the cathepsin D receptor, CIMPR, 

makes the retromer complex an important part of the degradation of alpha synuclein. 
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Findings that the D620N mutation causes deficiencies in cathepsin D processing can thus 

have direct implications on the processing of alpha synuclein within the cells. It has been 

demonstrated that VPS35 D620N mutations in mice lead alpha synuclein aggregation in the 

substantia nigra (Tang et al., 2015). However, little is known about the effect of the D620N 

mutation on the processing of alpha synuclein. 

 

In order to gain more understanding in this area, this chapter investigates the effect of the 

D620N mutation on alpha synuclein processing in the fibroblasts. Fibroblasts from PD 

patients show an upregulation of alpha synuclein gene expression on knockdown of PINK1 

and under conditions of oxidative, proteasomal and endoplasmic reticular stress (Hoepken et 

al., 2008). Although one group demonstrated the uptake of alpha synuclein oligomers in 

fibroblasts using immunofluorescence (IF), little is known about the uptake and effect of 

alpha synuclein monomers and aggregates in fibroblasts (Braidy et al., 2013). Therefore, in 

order to further study the uptake of alpha synuclein monomers and fibrils, and to understand 

alpha synuclein processing in the presence of the D620N mutation, we used the D620N 

patient-derived fibroblasts and control fibroblasts.  

 

Based on knowledge that the D620N mutation can cause cathepsin D processing defects, 

which in turn affects alpha synuclein degradation, it was hypothesised that the presence of the 

D620N mutation would result in defective processing of alpha synuclein in these cells. In 

order to test this, we sought to study: 1) the uptake of monomeric alpha synuclein in D620N 

and control fibroblasts; 2) the uptake of alpha synuclein fibrils in fibroblasts; 3) the clearance 

of alpha synuclein fibrils from the fibroblasts; 4) the overexpression of alpha synuclein in 

fibroblasts and the addition of fibrils in order to look for recruitment of cytosolic alpha 

synuclein into aggregates; 5) the changes in levels of cathepsin D on overexpression of alpha 

synuclein in fibroblasts. The uptake of alpha synuclein on hONS cells has not been explored 

before; therefore, the uptake of monomeric alpha synuclein in these cells was also examined 

to look for differences in uptake between the PD and control cell lines, but due to the 

unavailability of fibrils, further experiments were not performed with hONS cells.  
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5.2 Results 

5.2.1 Uptake of recombinant alpha synuclein protein in control and patient-derived 
fibroblasts 
 

Previous reports have shown the uptake of alpha synuclein in the neuroblastoma 

lineage, SH-SY5Y cells treated with 0.2µM of recombinant alpha synuclein (Lee et al., 

2008). Here we sought to investigate the uptake of recombinant alpha synuclein in fibroblasts 

(1 D620N PD and 1 control) and hONS cells (3 PD and 3 controls) using western blot 

analysis and IF (protocol in Chapter 2, section 2.18).   

 

On treating the cells with 0.2 µM of recombinant protein, a nonspecific protein band, with 

immunoreactivity against the alpha synuclein (AS) antibody was observed at 50KDa in both 

cell types as seen on Fig 5.1A and 5.2A. The non-specificity of this band was confirmed by 

using alpha synuclein siRNAs. The visualisation of the 50KDa band even after treatment with 

alpha synuclein-specific siRNA confirmed a non-specific binding of the antibody (data not 

shown). In addition to this band, alpha synuclein uptake was confirmed on visualising a 

15KDa alpha synuclein band. This band was absent in the control experiment where the cells 

were incubated with PBS in complete media instead of recombinant protein in complete 

media (Fig 5.1A and 5.2A). It was also found that both patient and control cells showed 

similar levels of alpha synuclein uptake in hONS cells (Fig 5.1 B). Reduced intracellular 

alpha synuclein protein levels were observed in the fibroblasts when compared to the hONS 

cells. The patient fibroblasts cells also showed a slight decrease in intracellular protein when 

compared to the controls (Fig 5.2A). 

 

After IF, punctate staining of alpha synuclein was observed in these cells (Fig 5.1 C and 5.2 

B). When compared to the hONS cells, the fibroblasts showed reduced intracellular alpha 

synuclein staining which correlated with the western blot results (Fig 5.1A). 
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Fig 5.1: Recombinant alpha synuclein uptake in patient and control hONS cells: A) 

Western blot analysis of the uptake of monomeric recombinant alpha synuclein in 3 control 

and 3 PD hONS cells. Untreated: Cells treated with complete medium only. Treated: Cells 

treated with 0.20.2 µM of recombinant alpha synuclein protein. A nonspecific 50KDa band 

and 15KDa alpha synuclein band was observed on using the alpha synuclein antibody (AS). 

GAPDH was used as the loading control for the samples. B) Densitometry analysis of 

western blot analysis of hONS cells in A. Densitometry values of AS was normalised to the 

corresponding GAPDH values. C) Representative images of IF staining of monomeric 

recombinant alpha synuclein uptake in control and patient cells.   
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Fig 5.2: Recombinant alpha synuclein uptake in D620N mutant and control fibroblasts: 

A) Western blot analysis of the uptake of monomeric recombinant alpha synuclein in 1 

control and 1patient fibroblasts. Two technical replicates are shown side by side for each cell 

line. A nonspecific 50KDa band and a 15KDa alpha synuclein band were observed using the 

alpha synuclein antibody (AS) and GAPDH was used as loading control. B) IF staining of 

monomeric recombinant alpha synuclein uptake in the fibroblasts.  

 

5.2.2 Uptake of alpha synuclein PFFs in hONS cells and fibroblasts and T40AS cells  
 

We continued to investigate the effects of alpha synuclein in our fibroblasts only. We 

next sought to test the uptake and processing of preformed alpha synuclein fibrils (PFF) in 

the fibroblasts. The fibrils were synthesised in Prof. Poul Henning Jensen’s lab in the 

University of Arhus, Denmark. The fibrils were first tested on a T40AS cell line which was 

an oligodendroglial cell line that expresses human alpha synuclein and was used in the Jensen 

lab. 1µM of PFF was added to the cells seeded on 6 well plates and 6 and 12 hours later the 

cells were fixed and stained with antibodies against alpha synuclein, LB 509 and AS. At both 

time points it was observed that there was an induction of alpha synuclein inclusions within 

these cells. The inclusions stained positive with both the LB509 and AS antibody (Fig 5.3 

A&A’). Due to time constraints, further experiments were not performed in these T40AS 

cells. However, the PFFs were kindly donated by the Jensen lab for further testing on the 

fibroblasts.    
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In order to test for uptake and processing of these fibrils in the fibroblasts, IF was performed 

on these cells (protocol in Chapter 2 section 2.19). A punctate patterned staining was 

observed in both cell lines (Fig 5.3 B&B’). It was also observed that the D620N patient cells 

showed a slightly diffused and increased staining for alpha synuclein when compared to the 

controls.  

 

 

Fig 5.3: Uptake of Alpha synuclein PFF in T40AS and Fibroblasts: A) T40AS cells 

treated with alpha synuclein PFF’s for 6 hours. A’) T40AS cells treated with alpha synuclein 

PFF’s for 12 hours. B) Control fibroblasts treated with alpha synuclein PFF’s for 24 hours. 

B’) D620N patient fibroblast treated with alpha synuclein PFF’s for 24 hours.  

(The PFF treatment on the T40AS was performed in Prof. Poul Henning Jensen’s lab at the 

Arhus University in Denmark). 
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5.2.3 Intracellular processing of the alpha synuclein PFFs by fibroblasts 
 

Further investigation was done to see if the differences that were observed in the 

patient cells were associated with how the PFF were processed within the cells (Protocol in 

Chapter 2, section 2.20). It was observed that at 2 hours both the control and patient cells 

showed uptake of the PFF. However, at 24 hours, reduced levels of alpha synuclein levels 

were observed in the control cell lysates when compared to the patient cell lysates. Based on 

this observation, the cells were also tested to see if they continued to show the presence of 

alpha synuclein over longer periods of time. 48 hours after treatment, IF and western blot 

analysis of these cells were performed. It was observed that both control and patient cells did 

not show any staining for alpha synuclein. Western blot analysis also did not show the 

presence of alpha synuclein in the cell lysates.  

 

              

 

                 

Fig 5.4: Increased intracellular levels of alpha synuclein in the patient cells on addition 

of PFF: Western blot analysis of the uptake of alpha synuclein PFF’s in 1 control and 

1patient fibroblasts at 2 hours, 24 hours and 48 hours. A nonspecific 50KDa band and 15KDa 

alpha synuclein band was observed on using the alpha synuclein antibody (AS). A higher 

molecular weight band of alpha synuclein at approximately 45 KDa was also observed on the 

addition of PFF’s. GAPDH was used as loading control. Similar levels of alpha synuclein 

was observed in both control and patient cell lysated 2 hours after the addition of PFF. After 
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24 hours the control cells lysates showed reduced alpha synuclein levels when compared to 

the pateint cell lyasates. At 48 hours both cell lines did not show any bands for alpha 

synuclein.  

 

5.2.4 Increased sensitivity to alpha synuclein overexpression in patient fibroblasts 
 

We next evaluated the effect of alpha synuclein overexpression in the fibroblasts. The 

control and patient fibroblasts were transfected with an alpha synuclein (SNCA)-GFP tagged 

plasmid. A GFP plasmid was used as the positive control for transfection. 60 hours after 

transfection, images of the transfected cells were taken.  The transfection efficiency of the 

cells was calculated from 5 different fields of view containing over 500 cells. Both control 

and patient cells had a similar percentage of SNCA-GFP transfection (which was in the order 

of 65–70% see Fig. 5). However, it was observed that there was a higher detachment and 

rounding of D620N patient cells overexpressing alpha synuclein. Interestingly, 

overexpression of alpha synuclein in the D620N fibroblasts showed a four-fold increase in 

cells detaching from the substrate relative to control cells (Fig 5.5). Thus, it could be said that 

the presence of the D620N mutation rendered the cells more sensitive to an alpha synuclein 

toxicity in fibroblasts. 
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Fig 5.5: Increased cell detachment and rounding of patient fibroblasts overexpressing 

alpha synuclein: A&A’) Control fibroblasts expressing SNCA-GFP plasmid showing 

*** 

100µm 
100µm 

100µm 100µm 
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minimal cell detachment. Red arrows indicate detached and rounded transfected cells. 

B&B1’) D620N patient fibroblasts expressing SNCA-GFP plasmid showing higher 

proportion of cell detachment and rounding. Red arrows indicate detached and rounded 

transfected cells. C) Transfection efficiency of control and patient cells expressing SNCA-

GFP plasmid. D) Patient cells showing a significantly increased percentage of detached and 

rounded cells when compared to the controls. ***p<0.001, Error bars indicate SEM. 

 

5.2.5 Uptake of PFFs by cells overexpressing alpha synuclein 
 

We next sought to check for the recruitment of endogenous alpha synuclein into 

aggregates on addition of PFF in the fibroblasts overexpressing alpha synuclein. It was 

hypothesised that overexpression of the alpha synuclein may cause increased alpha synuclein 

aggregation in the D620N cell line when compared to the control. The fibroblasts were 

transfected with the SNCA-GFP plasmid and the GFP plasmid was used as positive control 

for transfection.  60 hours after transfection, 1µM of PFF was added to the cells. 24 hours 

later, the cells were fixed for IF staining and cell lysates were collected for western blot 

analysis.  

 

Staining the cells showed uptake of PFF by all the cells. As previously observed, both there 

was a slightly increased and more diffused staining of alpha synuclein in the D620N cell line 

when compared to the control (Fig 5.6 A&A’). In the SNCA overexpressing cells the controls 

showed higher alpha synuclein staining when compared to the patient cells (Fig 5.6 B&B’). 

Further, on performing western blot analysis of these cells, control cells overexpressing 

SNCA had a slightly higher amount of alpha synuclein compared to the GFP expressing cells. 

In the patient cells, a similar level of alpha synuclein was observed in both the cells 

expressing GFP and SNCA. However, as observed in the previous experiment, the PD cells 

expressing GFP showed a greater amount of alpha synuclein levels when compared to the 

control cells expressing GFP, confirming the processing defect in the presence of the D620N 

mutation. However, there was no noticeable difference in alpha synuclein levels between the 

control and patient cells following overexpression of SNCA (Fig 5.7). 
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Fig 5.6: Uptake of alpha synuclein PFF’s in fibroblasts overexpressing SNCA- GFP: 

A&A’) Alpha synuclein (AS) staining of control and patient cells expressing GFP and treated 

with 1µM alpha synuclein PFF’s. Dapi stains the nuclei of the cells. B&B’) Alpha synuclein 

(AS) staining of control and patient cells expressing SNCA-GFP and treated with 1µM alpha 

synuclein PFF’s. Dapi stains the nuclei of the cells. 
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Fig 5.7: Uptake of PFF in cells over expressing alpha synuclein. Western blot analysis of 

control and patient cells expressing GFP and SNCA-GFP and treated with 1µM alpha 

synuclein PFF’s. A nonspecific 50KDa band and 15KDa alpha synuclein band was observed 

on using the alpha synuclein antibody (AS). A higher molecular weight band of alpha 

synuclein at approximately 45 KDa was also observed. GAPDH was used as loading control. 

 

5.2.6 Similar cathepsin D levels in control and patient cells overexpressing alpha 
synuclein  
 

Finally, it was examined if there were any changes in the cathepsin D levels in these 

cells overexpressing the SNCA gene. The control and patient fibroblasts were transfected 

with GFP and SNCA GFP plasmids. 60 hours after transfection the cells were confirmed to 

be expressing the alpha synuclein protein as visualised under the microscope. Cell lysates 

were collected from these cells and western blot analysis was performed to examine the 

intracellular levels of cathepsin D. No differences were observed in cathepsin D levels in the 

cells expressing GFP and SNCA. There were also no differences observed between the 

control and patient cell lines.  
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Fig 5.8: Similar levels of cathepsin D levels in control and patient cells overexpressing 

alpha synuclein: Immunoblot showing cathepsin D levels in cell lysates from control and 

patient cells expressing GFP and SNCA-GFP. GAPDH was used as loading control.  
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5.3 Discussions 

 

From the above experiments it was found that: 1) both fibroblasts and hONS cells 

showed uptake of recombinant alpha synuclein without any differences between the patient-

derived and control cells; 2) both the patient and control fibroblasts showed the uptake of 

fibrils but there was delayed clearance of the fibrils in the presence of the D620N mutation in 

the patient fibroblasts; 3) overexpression of alpha synuclein in these cells resulted in 

increased detachment and rounding of the patient cells when compared to the controls; 4) 

addition of fibrils to the cells overexpressing alpha synuclein did cause increased  levels  of 

alpha synuclein  in the SNCA expressing patient cells e when compared to the GFP 

expressing patient cells. However, in the SNCA expressing control cells, low levels of alpha 

synuclein were observed when compared to the GFP expressing control cells; 5) the 

cathepsin D levels in these cells were not altered on overexpressing alpha synuclein.   

 

Here we have been able to show the uptake of both monomeric recombinant alpha synuclein 

and fibrils in both fibroblasts and the hONS cells. From the literature, it is known that the 

mode of entry of alpha synuclein into the cell depends on whether it is in its monomeric, 

oligomeric or fibrillar form (Sung et al., 2001; Ahn et al., 2006). It has been shown in 

different cellular models that alpha synuclein aggregates can be taken up into cells via 

endocytosis and degraded by the lysosomes (Sung et al., 2001; Lee et al., 2008). The 

decreased levels of alpha synuclein that was observed in the fibroblasts as opposed to the 

hONS cells may also indicate differences in alpha synuclein uptake and processing within 

different cell types. Research so far has identified different mechanisms behind the uptake 

and clearance of alpha synuclein in several neuronal models. Mechanisms of cellular uptake 

include diffusion across the plasma membrane, Rab5A dependent endocytosis and 

micropinocytosis. On the other hand, a key mechanism of alpha synuclein clearance includes 

the Autophagy/Lysosomal pathway (ALP) and the ubiquitin proteasome system (UPS). It 

remains to be understood what the exact mechanisms are in the cells used here (Tyson et al., 

2016).  

 

The gradual uptake and clearance of alpha synuclein fibrils over time in several neuronal cell 

types have been demonstrated previously. Continuous accumulation of alpha synuclein up to 

48 hours has been shown in these studies (Lee et al., 2008; Desplats et al., 2009; Domert et 

al., 2016). In our cells, there was similar uptake of alpha synuclein by both control and 
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patient cells (as seen at 2 hours); however, the control cells degraded the fibrils much more 

rapidly than the PD cells. There was a reduced clearance in the presence of the VPS35 

D620N mutation as seen at 24 hours. Lysosomal degradation is one of the main pathways of 

alpha synuclein clearance (Mak et al., 2010; Lee et al., 2013; Domert et al., 2016). In the 

lysosomal degradation pathway, cathepsins are the key players and cathepsin D is the most 

important cathepsin that helps in degradation of alpha synuclein and protecting against alpha 

synuclein aggregation and toxicity (McGlinchey and Lee, 2015; Qiao et al., 2008; Sevlever et 

al., 2008). From the known role of VPS35 in retrograde trafficking of lysosomal receptors, 

reports show that the VPS35 D620N mutation can cause reduced alpha synuclein degradation 

by increased degradation of the Lamp2a, a receptor involved in chaperon mediated autophagy 

CMA (Tang et al., 2015). The depletion of VPS35 also causes aberrant trafficking of CIMPR, 

a receptor for cathepsin D thereby causing accumulation of alpha synuclein. Therefore, a 

possible mechanism behind the delayed clearance of the fibrils that was observed in the 

D620N fibroblasts could be attributed to the deficiencies in cathepsin D processing that is 

observed in these cells. We were unable to detect the presence of alpha synuclein 48 hours 

after trypsinisation and reseeding. This implies that the fibrils were eventually degraded in 

both cell lines, indicating that the presence of the mutation likely slows down degradation 

over time; a similar situation could be the case in neurons. However, the mechanisms behind 

this need to be further investigated.  

Further, on overexpression on alpha synuclein it was found that the D620N cells had a greater 

sensitivity to the overexpression of alpha synuclein; this caused cells to detach and round up. 

PD-specific deficiencies have been observed on overexpression of alpha synuclein 

previously, which included impaired neurotransmitter release, defective mitochondrial fission 

and altered auto phagosome formation (Perez et al., 2002; Kamp et al., 2010; Winslow et al., 

2010). 

Another proposed mechanism of protein aggregation formation is the intracellular seeding of 

alpha synuclein aggregates, where alpha synuclein aggregates taken up by the cells initiate 

the aggregation of cytosolic alpha synuclein within the cell (Luk et al., 2009; Hansen et al., 

2011). The contribution of the VPS35 D620N mutation to alpha synuclein aggregation is not 

well known. Emerging research supports the idea that VPS35 D620N impacts on alpha 

synuclein processing. The alpha synuclein familial mutation, A53T, causes the formation of a 

beta sheet configuration of the alpha synuclein and increases its propensity to fibrilise and 

form aggregates. When A53T mutant alpha synuclein was expressed in cells that stably 

expressing either D620N or WT VPS35, less degradation of alpha synuclein was observed in 
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the D620N cells (Zavodszky et al., 2014). It has also been shown that inducing alpha 

synuclein aggregation, by KCl treatment in SHY5Y cells overexpressing the VPS35 D620N 

mutation, resulted in more synuclein aggregates when compared to cells overexpressing the 

wild type VPS35 (Follett et al., 2016). Therefore, it was hypothesised that if the addition of 

fibrils to fibroblasts expressing alpha synuclein was able to induce aggregate formation, then 

the patient cells would have more aggregates than the control cells. From our experiments, it 

was seen that the control cells expressing alpha synuclein, did have higher levels of alpha 

synuclein than those expressing GFP. But it remains to be identified if this was due to the 

overexpression of the alpha synuclein protein or if it was a result of alpha synuclein seeding 

within these cells. The patient cells, however, showed similar levels of alpha synuclein 

staining. When compared to the controls, the patient cells did show greater levels of alpha 

synuclein which correlates with previous findings that indicate defective degradation of alpha 

synuclein in the presence of the D620N mutant.  

Accumulation of alpha synuclein reduces lysosomal degradation and disrupts hydrolase 

trafficking (Mazzulli et al., 2016). Overexpression of alpha synuclein also alters trafficking of 

the CIMPR receptor, causing a reduction in receptor and mature cathepsin D levels (Matrone 

et al., 2016). On examining cathepsin D levels in the fibroblasts overexpressing alpha 

synuclein, we were unable to find any differences in cathepsin D levels in the patient and 

control cells. It remains to be identified what the underlying cause for the delayed clearance 

of the alpha synuclein fibrils in the patient cells are. To the best of our understanding, no 

literature has been published on biopsy samples from D620N mutation carriers to determine 

the presence of Lewy bodies for these patients. Nevertheless, it is an indication that the 

D620N mutation can have long-term contribution to the development of alpha synuclein 

aggregates in the mutant carriers.  
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CHAPTER 6: GENERAL CONCLUSION AND FUTURE DIRECTIONS  
 

This thesis has presented the effects of the VPS35 D620N mutation on endosomal 

sorting, retromer trafficking of the CIMPR receptor and its ligand, cathepsin D and cellular 

uptake and clearance of alpha synuclein. This study also presents evidence of patient-specific 

changes, in several intracellular organelles of the sporadic PD cell model, subjected to 

mitochondrial stress. These results further confirm the plausible role of the retromer complex 

in PD pathogenesis and its role in the clearance of alpha synuclein. The use of high content 

image analysis to understand the disease-specific alterations in sporadic PD patients has also 

been highlighted in this study.  

Research has provided evidence of the importance of the retromer complex in 

neurodegenerative disorders such as Alzheimer’s disease and PD (Small and Petsko, 2015). 

VPS35, the core component of the retromer complex, has received great attention in PD 

research over the past few years with the identification of the D620N mutation in the VPS35 

gene (Zimprich et al., 2011). It is now the third gene associated with autosomal dominant PD 

after SNCA and LRRK2 (Sharma et al., 2013). Considering its role in trafficking of receptors 

within the cell, it is clear that the retromer plays an important role in maintaining cellular 

homeostasis, and disease onset in PD could be regulated by its functions. It is known that 

disruption to the retromer function causes mitochondrial dysfunctions, lysosomal 

abnormalities, altered degradation via autophagosomes, endosomal trafficking and alpha 

synuclein aggregation (Mohan and Mellick, 2016). The results presented in this thesis 

emphasise the cellular disruptions caused in the presence of the D620N mutation that could 

trigger the pathology seen in PD patients.  

 The role of the retromer and lysosomal functions in alpha synuclein degradation in PD is 

well known. This project evidences the potential of the D620N mutation to disrupt receptor 

trafficking, which in turn causes disruption in cathepsin D processing, causing lysosomal 

deficiencies. This is a potential reason for altered alpha synuclein clearance observed within 

the fibroblasts. Nevertheless, the exact mechanism behind the impaired receptor sorting and 

reduced alpha synuclein clearance observed here needs further investigation. It is well known 

from literature that the retromer complex interacts with multiple proteins in order to mediate 

the transport of receptors and perform other retromer-specific functions (Attar and Cullen, 
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2010). Therefore, it is likely that other interacting partners of the retromer are involved in the 

defects that are observed here.  

The recapitulation of neurodegeneration and alpha synuclein aggregation and its clearance is 

the primary focus of cellular models used in PD research, and this thesis is the first report 

using fibroblasts to model this feature of the disease. This is also the first report that 

investigates the effect of the D620N mutation on alpha synuclein processing in fibroblasts. 

The mode of uptake and of alpha synuclein by these cells has not been investigated in this 

report. Previous studies suggest an endosomal mediated uptake mechanism, and it is most 

likely that a similar mechanism is used by fibroblasts (Lee et al., 2008; Hansen et al., 2011). 

However, further investigation is required to confirm this. One of the challenges faced here 

was the quantification of the alpha synuclein uptake. The use of antibodies has the 

disadvantage of nonspecific binding and producing nonspecific bands on western blot 

analysis, as seen in the presented results; however, the emerging utilisation of biosensors is a 

feasible option for further investigations (Falkenburger et al., 2016). Therefore, the use of 

advanced imaging probes is suggested for further investigations. With regards to alpha 

synuclein processing, the reduced clearance of alpha synuclein in the presence of the D620N 

mutation, observed here, warrants further research, particularly in terms of the underlying 

mechanism. This should proceed in both neuronal and in vivo models. 

 The exacerbation of organelle defects in the D620N cells under mitochondrial stress 

observed in this study also supports the recent findings that the D620N mutation causes 

extensive mitochondrial dysfunctions and damage, leading to neuronal death in both in vivo 

and in vitro models (Wang et al., 2016). Therefore, further investigation is required to 

understand the mechanism by which the D620N mutation affects the other organelles that 

were identified by high content image analysis in our study. Some of the suggested methods 

for testing mitochondrial functions include measuring mitochondrial or cell respiratory 

control, and membrane potential differences. Lysosomal function could be tested by 

analysing intralysosomal digestion of their substrates and measuring cathepsin D activity in 

the mutant cells. 

 

From emerging evidence it is clear that the benefits of using pharmacological agents to 

enhance retromer function to overcome cellular deficiencies such as those observed in our 

study and others is already being studied as a potential approach to alleviate 



119 

 

neurodegeneration (Berman et al., 2015). The investigation of different compounds to 

alleviate the defects caused by the D620N mutation was beyond the scope of this project; 

however, further investigations in this direction would help in identifying potential 

therapeutic targets for the repair of retromer dysfunctions. The recent emergences of gene 

editing tools to correct genetic mutations have also become a potential strategy to correct 

disease phenotypes. Zinc finger nucleases (ZFNs), transcription activator-like effector 

nucleases (TALENs), and RNA-guided clusters regularly interspaced short palindromic 

repeats (CRISPR)/associated protein 9 nuclease (Cas9) are some of the new gene editing 

techniques that have emerged (Cong et al., 2013, Cao et al., 2015). The use of ZFN 

technology for the correction of the G2019S mutation in two patient derived induced 

pluripotent stem cells is promising evidence of the use of these strategies as a therapeutic for 

PD (Reinhardt et al., 2013).  

 Lastly, the relevance of this study in the field is supported by the use of a patient-derived 

model. However, considering the rarity of the mutation, and its incomplete penetrance, 

further benefits could be achieved with the use of cells derived from multiple patients with 

the mutation in order to confirm results and establish the underlying mechanisms. Cellular 

models of PD offer many advantages over animal-based models in understanding disease 

mechanisms, but results obtained from these models need to be validated in animal models to 

provide a physiological relevance.  To achieve more relevance to the phenotype seen in PD 

patients, the generation of in vivo mouse models that express the D620N mutation is essential 

in order to better understand its effects on trafficking and ultimately in the neurodegenerative 

process. The induction of the D620N mutation in a panel of control cells could also provide 

insight into the protective factors that lead to the incomplete penetrance of the mutation.  

Studying the underlying mechanisms that lead to sporadic PD remains a challenge. Therefore, 

the use of cellular models that are derived from patients, which enable us to capture the 

heterogeneity of the disease, and are amenable to manipulation to mirror the phenotypes seen 

in PD, are good starting points to understand disease mechanisms. This study benefits from 

the use of the hONS cell model that satisfies these requirements and has been identified as a 

suitable system to model sporadic PD (Murtaza et al., 2016). Based on the results presented 

in this project using the hONS cells to model sporadic PD cases, retromer dysfunctions were 

not found to be major contributors to disease. Although the use of hONS cells from patients 

with the D620N mutation would have offered a better understanding of the role of retromer 

deficiencies in this cell model, the use of cell lines from multiple patients supports the 
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applicability of the findings. The results also support the presence of lysosomal deficiencies, 

an established contributor to neurodegeneration in PD, in this model (Dehay et al., 2013). 

This project further confirms the previously identified disease-specific response to 

mitochondrial stress in this model as shown by disease-specific differences in mitochondrial 

properties on treatment with rotenone (Murtaza et al., 2016). Moreover, the other organelle 

properties that were identified to be affected in a disease-specific manner on treatment with 

rotenone points to cellular mechanisms involved in genetic forms of PD. High throughput 

screening of drugs on these cell models have been previously performed and the disease-

specific responses reported in this study could be considered potential cellular targets for 

therapeutic intervention in the disease (Vial et al., 2016).  

In conclusion, further research is warranted from the results obtained in this study. Some of 

the recommended future studies include detailed investigation of the mechanisms behind the 

effects exerted by the D620N and identification of binding partners of the retromer complex 

involved alpha synuclein processing. In addition to this, functional read outs of cell death on 

overexpression of alpha synuclein in fibroblasts and screening for compounds that restore the 

disease specific differences observed in the hONS cells could also be carried out.  Finally, the 

differentiation of the cell lines obtained from sporadic PD patients and patient harbouring the 

D620N mutation into neuronal models to enable physiologically relevant findings will also be 

essential to understand the effects of the mutation.  
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APPENDIX 1 
Output of 2 way ANOVA analysis of cell numbers after rotenone treatment 

 
*Case= Control and PD hONS cells 
*Conc= Concentration of rotenone 
 
Cell number   

Tests of Between-Subjects Effects  

Dependent Variable:   cell number   

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Partial Eta 

Squared 

Corrected Model 6.413a 11 .583 18.686 .000 .656 

Intercept 97.189 1 97.189 3114.969 .000 .966 

CASE .176 1 .176 5.625 .019 .050 

Conc 6.151 5 1.230 39.427 .000 .646 

CASE * Conc .087 5 .017 .556 .733 .025 

Error 3.370 108 .031    

Total 106.972 120     

Corrected Total 9.783 119     

a. R Squared = .656 (Adjusted R Squared = .620) 

 
 

Pairwise Comparisons  

Dependent Variable:   cell number   

Conc (I) CASE (J) CASE 

Mean Difference 

(I-J) Std. Error Sig.a 

95% Confidence Interval for 

Differencea 

Lower Bound Upper Bound 

10000nm Control PD .012 .079 .881 -.145 .168 

PD Control -.012 .079 .881 -.168 .145 

1000nm Control PD -.125 .079 .117 -.281 .032 

PD Control .125 .079 .117 -.032 .281 

100nm Control PD -.049 .079 .539 -.205 .108 

PD Control .049 .079 .539 -.108 .205 

10nm Control PD -.149 .079 .063 -.305 .008 

PD Control .149 .079 .063 -.008 .305 

500nm Control PD -.099 .079 .211 -.256 .057 



Appendix 

155 

 

PD Control .099 .079 .211 -.057 .256 

50nm Control PD -.049 .079 .533 -.206 .107 

PD Control .049 .079 .533 -.107 .206 

Based on estimated marginal means 

a. Adjustment for multiple comparisons: Bonferroni. 

 
 

Pairwise Comparisons  

Dependent Variable:   cell number   

CASE (I) Conc (J) Conc 

Mean Difference 

(I-J) Std. Error Sig.b 

95% Confidence Interval for 

Differenceb 

Lower Bound Upper Bound 

Control 10000nm 1000nm .203 .079 .171 -.034 .441 

100nm -.344* .079 .000 -.581 -.107 

10nm -.311* .079 .002 -.548 -.074 

500nm .088 .079 1.000 -.149 .325 

50nm -.371* .079 .000 -.608 -.134 

1000nm 10000nm -.203 .079 .171 -.441 .034 

100nm -.548* .079 .000 -.785 -.311 

10nm -.515* .079 .000 -.752 -.278 

500nm -.115 .079 1.000 -.352 .122 

50nm -.574* .079 .000 -.811 -.337 

100nm 10000nm .344* .079 .000 .107 .581 

1000nm .548* .079 .000 .311 .785 

10nm .033 .079 1.000 -.204 .270 

500nm .433* .079 .000 .195 .670 

50nm -.027 .079 1.000 -.264 .211 

10nm 10000nm .311* .079 .002 .074 .548 

1000nm .515* .079 .000 .278 .752 

100nm -.033 .079 1.000 -.270 .204 

500nm .400* .079 .000 .163 .637 

50nm -.060 .079 1.000 -.297 .178 

500nm 10000nm -.088 .079 1.000 -.325 .149 

1000nm .115 .079 1.000 -.122 .352 

100nm -.433* .079 .000 -.670 -.195 

10nm -.400* .079 .000 -.637 -.163 
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50nm -.459* .079 .000 -.696 -.222 

50nm 10000nm .371* .079 .000 .134 .608 

1000nm .574* .079 .000 .337 .811 

100nm .027 .079 1.000 -.211 .264 

10nm .060 .079 1.000 -.178 .297 

500nm .459* .079 .000 .222 .696 

PD 10000nm 1000nm .067 .079 1.000 -.170 .304 

100nm -.405* .079 .000 -.642 -.168 

10nm -.472* .079 .000 -.709 -.235 

500nm -.023 .079 1.000 -.260 .214 

50nm -.432* .079 .000 -.669 -.195 

1000nm 10000nm -.067 .079 1.000 -.304 .170 

100nm -.472* .079 .000 -.709 -.235 

10nm -.539* .079 .000 -.776 -.301 

500nm -.090 .079 1.000 -.327 .147 

50nm -.499* .079 .000 -.736 -.262 

100nm 10000nm .405* .079 .000 .168 .642 

1000nm .472* .079 .000 .235 .709 

10nm -.067 .079 1.000 -.304 .170 

500nm .382* .079 .000 .145 .619 

50nm -.027 .079 1.000 -.264 .210 

10nm 10000nm .472* .079 .000 .235 .709 

1000nm .539* .079 .000 .301 .776 

100nm .067 .079 1.000 -.170 .304 

500nm .449* .079 .000 .212 .686 

50nm .040 .079 1.000 -.198 .277 

500nm 10000nm .023 .079 1.000 -.214 .260 

1000nm .090 .079 1.000 -.147 .327 

100nm -.382* .079 .000 -.619 -.145 

10nm -.449* .079 .000 -.686 -.212 

50nm -.409* .079 .000 -.646 -.172 

50nm 10000nm .432* .079 .000 .195 .669 

1000nm .499* .079 .000 .262 .736 

100nm .027 .079 1.000 -.210 .264 

10nm -.040 .079 1.000 -.277 .198 
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500nm .409* .079 .000 .172 .646 

Based on estimated marginal means 

*. The mean difference is significant at the .05 level. 

b. Adjustment for multiple comparisons: Bonferroni. 
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APPENDIX 2 
 Output of 2 way ANOVA analysis of different parameters (absolute values) after rotenone 
treatment: 

Mitochondria texture 

Tests of Between-Subjects Effects  

Dependent Variable:   All Nuclei Selected - Mitochondria texture SER Spot 1 px   

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Corrected Model 2.973E-6a 13 2.287E-7 1.119 .349 

Intercept .009 1 .009 43737.234 .000 

Conc 5.622E-7 6 9.369E-8 .458 .838 

Casecontrol 1.713E-6 1 1.713E-6 8.378 .004 

Conc * Casecontrol 6.981E-7 6 1.163E-7 .569 .754 

Error 2.576E-5 126 2.044E-7   

Total .009 140    

Corrected Total 2.873E-5 139    

a. R Squared = .103 (Adjusted R Squared = .011) 
 

Pairwise Comparisons  

Dependent Variable:   All Nuclei Selected - Mitochondria texture SER Spot 1 px   

Conc (I) Casecontrol (J) Casecontrol 

Mean 

Difference (I-J) Std. Error Sig.b 

95% Confidence Interval for 

Differenceb 

Lower Bound Upper Bound 

10 Cont PD -.000305 .000202 .134 -.001 9.533E-5 

PD Cont .000305 .000202 .134 -9.533E-5 .001 

100 Cont PD -.000216 .000202 .287 -.001 .000 

PD Cont .000216 .000202 .287 .000 .001 

1000 Cont PD -.000245 .000202 .227 -.001 .000 

PD Cont .000245 .000202 .227 .000 .001 

10000 Cont PD -.000031 .000202 .877 .000 .000 

PD Cont .000031 .000202 .877 .000 .000 

50 Cont PD -.000228 .000202 .261 -.001 .000 

PD Cont .000228 .000202 .261 .000 .001 

500 Cont PD -.000477* .000202 .020 -.001 -7.640E-5 

PD Cont .000477* .000202 .020 7.640E-5 .001 

DMS0 Cont PD -.000046 .000202 .821 .000 .000 

PD Cont .000046 .000202 .821 .000 .000 
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Based on estimated marginal means 

*. The mean difference is significant at the .05 level. 

b. Adjustment for multiple comparisons: Bonferroni. 

 
 
 
EEA1 Marker Texture 

Tests of Between-Subjects Effects  

Dependent Variable:    - EEA1 Marker Texture SER Spot 1 px   

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Corrected Model 7.595E-5a 13 5.842E-6 3.015 .001 

Intercept .024 1 .024 12614.622 .000 

Conc 4.079E-5 6 6.798E-6 3.508 .003 

Casecontrol 3.273E-5 1 3.273E-5 16.887 .000 

Conc * Casecontrol 2.437E-6 6 4.061E-7 .210 .973 

Error .000 126 1.938E-6   

Total .025 140    

Corrected Total .000 139    

a. R Squared = .237 (Adjusted R Squared = .159) 

 
 

Pairwise Comparisons  

Dependent Variable:    - EEA1 Marker Texture SER Spot 1 px   

Conc (I) Casecontrol (J) Casecontrol 

Mean 

Difference (I-J) Std. Error Sig.b 

95% Confidence Interval for 

Differenceb 

Lower Bound Upper Bound 

10 Cont PD .000954 .000623 .128 -.000278 .002186 

PD Cont -.000954 .000623 .128 -.002186 .000278 

100 Cont PD .000734 .000623 .241 -.000498 .001966 

PD Cont -.000734 .000623 .241 -.001966 .000498 

1000 Cont PD .000932 .000623 .137 -.000300 .002164 

PD Cont -.000932 .000623 .137 -.002164 .000300 

10000 Cont PD .001533* .000623 .015 .000301 .002765 

PD Cont -.001533* .000623 .015 -.002765 -.000301 

50 Cont PD .001085 .000623 .084 -.000147 .002317 

PD Cont -.001085 .000623 .084 -.002317 .000147 

500 Cont PD .000674 .000623 .281 -.000558 .001906 
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PD Cont -.000674 .000623 .281 -.001906 .000558 

DMS0 Cont PD .000857 .000623 .171 -.000375 .002089 

PD Cont -.000857 .000623 .171 -.002089 .000375 

Based on estimated marginal means 

*. The mean difference is significant at the .05 level. 

b. Adjustment for multiple comparisons: Bonferroni. 

 
 

Pairwise Comparisons  

Dependent Variable:    - EEA1 Marker Texture SER Spot 1 px   

Casecontrol (I) Conc (J) Conc 

Mean Difference 

(I-J) Std. Error Sig.b 

95% Confidence Interval for 

Differenceb 

Lower Bound Upper Bound 

Cont 10 100 .000140 .001 1.000 -.002 .002 

1000 -.000200 .001 1.000 -.002 .002 

10000 -.001771 .001 .109 -.004 .000 

50 .000050 .001 1.000 -.002 .002 

500 .000012 .001 1.000 -.002 .002 

DMS0 .000294 .001 1.000 -.002 .002 

100 10 -.000140 .001 1.000 -.002 .002 

1000 -.000340 .001 1.000 -.002 .002 

10000 -.001912 .001 .055 -.004 1.897E-5 

50 -.000091 .001 1.000 -.002 .002 

500 -.000128 .001 1.000 -.002 .002 

DMS0 .000154 .001 1.000 -.002 .002 

1000 10 .000200 .001 1.000 -.002 .002 

100 .000340 .001 1.000 -.002 .002 

10000 -.001572 .001 .270 -.004 .000 

50 .000249 .001 1.000 -.002 .002 

500 .000212 .001 1.000 -.002 .002 

DMS0 .000494 .001 1.000 -.001 .002 

10000 10 .001771 .001 .109 .000 .004 

100 .001912 .001 .055 -1.897E-5 .004 

1000 .001572 .001 .270 .000 .004 

50 .001821 .001 .086 .000 .004 

500 .001783 .001 .103 .000 .004 
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DMS0 .002065* .001 .025 .000 .004 

50 10 -.000050 .001 1.000 -.002 .002 

100 .000091 .001 1.000 -.002 .002 

1000 -.000249 .001 1.000 -.002 .002 

10000 -.001821 .001 .086 -.004 .000 

500 -.000038 .001 1.000 -.002 .002 

DMS0 .000244 .001 1.000 -.002 .002 

500 10 -.000012 .001 1.000 -.002 .002 

100 .000128 .001 1.000 -.002 .002 

1000 -.000212 .001 1.000 -.002 .002 

10000 -.001783 .001 .103 -.004 .000 

50 .000038 .001 1.000 -.002 .002 

DMS0 .000282 .001 1.000 -.002 .002 

DMS0 10 -.000294 .001 1.000 -.002 .002 

100 -.000154 .001 1.000 -.002 .002 

1000 -.000494 .001 1.000 -.002 .001 

10000 -.002065* .001 .025 -.004 .000 

50 -.000244 .001 1.000 -.002 .002 

500 -.000282 .001 1.000 -.002 .002 

PD 10 100 -.000080 .001 1.000 -.002 .002 

1000 -.000222 .001 1.000 -.002 .002 

10000 -.001193 .001 1.000 -.003 .001 

50 .000180 .001 1.000 -.002 .002 

500 -.000268 .001 1.000 -.002 .002 

DMS0 .000196 .001 1.000 -.002 .002 

100 10 .000080 .001 1.000 -.002 .002 

1000 -.000141 .001 1.000 -.002 .002 

10000 -.001113 .001 1.000 -.003 .001 

50 .000260 .001 1.000 -.002 .002 

500 -.000188 .001 1.000 -.002 .002 

DMS0 .000276 .001 1.000 -.002 .002 

1000 10 .000222 .001 1.000 -.002 .002 

100 .000141 .001 1.000 -.002 .002 

10000 -.000971 .001 1.000 -.003 .001 

50 .000402 .001 1.000 -.002 .002 
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500 -.000047 .001 1.000 -.002 .002 

DMS0 .000418 .001 1.000 -.002 .002 

10000 10 .001193 .001 1.000 -.001 .003 

100 .001113 .001 1.000 -.001 .003 

1000 .000971 .001 1.000 -.001 .003 

50 .001373 .001 .613 -.001 .003 

500 .000925 .001 1.000 -.001 .003 

DMS0 .001389 .001 .576 -.001 .003 

50 10 -.000180 .001 1.000 -.002 .002 

100 -.000260 .001 1.000 -.002 .002 

1000 -.000402 .001 1.000 -.002 .002 

10000 -.001373 .001 .613 -.003 .001 

500 -.000448 .001 1.000 -.002 .001 

DMS0 .000016 .001 1.000 -.002 .002 

500 10 .000268 .001 1.000 -.002 .002 

100 .000188 .001 1.000 -.002 .002 

1000 .000047 .001 1.000 -.002 .002 

10000 -.000925 .001 1.000 -.003 .001 

50 .000448 .001 1.000 -.001 .002 

DMS0 .000464 .001 1.000 -.001 .002 

DMS0 10 -.000196 .001 1.000 -.002 .002 

100 -.000276 .001 1.000 -.002 .002 

1000 -.000418 .001 1.000 -.002 .002 

10000 -.001389 .001 .576 -.003 .001 

50 -.000016 .001 1.000 -.002 .002 

500 -.000464 .001 1.000 -.002 .001 

Based on estimated marginal means 

*. The mean difference is significant at the .05 level. 

b. Adjustment for multiple comparisons: Bonferroni. 

 
Nucleus morphology Area 

Tests of Between-Subjects Effects  

Dependent Variable:   Nuclei Selected (2) - Nucleus morphology Area [µm²]   

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Corrected Model 6173.222a 13 474.863 3.009 .001 
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Intercept 5871579.213 1 5871579.213 37204.967 .000 

Conc 5375.389 6 895.898 5.677 .000 

Casecontrol 407.935 1 407.935 2.585 .110 

Conc * Casecontrol 389.898 6 64.983 .412 .870 

Error 19884.952 126 157.817   

Total 5897637.387 140    

Corrected Total 26058.174 139    

a. R Squared = .237 (Adjusted R Squared = .158) 
 

Pairwise Comparisons 

Dependent Variable:   Nuclei Selected (2) - Nucleus  morphology Area [µm²]   

Conc (I) Casecontrol (J) Casecontrol 

Mean 

Difference (I-J) Std. Error Sig.a 

95% Confidence Interval for 

Differencea 

Lower Bound Upper Bound 

10 Cont PD -6.807 5.618 .228 -17.925 4.311 

PD Cont 6.807 5.618 .228 -4.311 17.925 

100 Cont PD -6.425 5.618 .255 -17.543 4.694 

PD Cont 6.425 5.618 .255 -4.694 17.543 

1000 Cont PD 2.228 5.618 .692 -8.890 13.346 

PD Cont -2.228 5.618 .692 -13.346 8.890 

10000 Cont PD -1.213 5.618 .829 -12.331 9.906 

PD Cont 1.213 5.618 .829 -9.906 12.331 

50 Cont PD -1.961 5.618 .728 -13.079 9.157 

PD Cont 1.961 5.618 .728 -9.157 13.079 

500 Cont PD -2.174 5.618 .699 -13.293 8.944 

PD Cont 2.174 5.618 .699 -8.944 13.293 

DMS0 Cont PD -7.547 5.618 .182 -18.665 3.571 

PD Cont 7.547 5.618 .182 -3.571 18.665 

Based on estimated marginal means 

a. Adjustment for multiple comparisons: Bonferroni. 

Pairwise Comparisons  

Dependent Variable:   Nuclei Selected (2) - Nucleus morphology Area [µm²]   

Casecontrol (I) Conc (J) Conc 

Mean Difference 

(I-J) Std. Error Sig.b 

95% Confidence Interval for 

Differenceb 

Lower Bound Upper Bound 

Cont 10 100 2.454 5.618 1.000 -14.967 19.875 

1000 -18.328* 5.618 .030 -35.750 -.907 

10000 -13.462 5.618 .379 -30.883 3.960 
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50 .316 5.618 1.000 -17.105 17.738 

500 -7.526 5.618 1.000 -24.947 9.895 

DMS0 1.278 5.618 1.000 -16.143 18.700 

100 10 -2.454 5.618 1.000 -19.875 14.967 

1000 -20.782* 5.618 .007 -38.203 -3.361 

10000 -15.915 5.618 .113 -33.337 1.506 

50 -2.137 5.618 1.000 -19.559 15.284 

500 -9.980 5.618 1.000 -27.401 7.441 

DMS0 -1.176 5.618 1.000 -18.597 16.246 

1000 10 18.328* 5.618 .030 .907 35.750 

100 20.782* 5.618 .007 3.361 38.203 

10000 4.867 5.618 1.000 -12.555 22.288 

50 18.645* 5.618 .025 1.223 36.066 

500 10.802 5.618 1.000 -6.619 28.223 

DMS0 19.607* 5.618 .014 2.185 37.028 

10000 10 13.462 5.618 .379 -3.960 30.883 

100 15.915 5.618 .113 -1.506 33.337 

1000 -4.867 5.618 1.000 -22.288 12.555 

50 13.778 5.618 .327 -3.643 31.199 

500 5.935 5.618 1.000 -11.486 23.357 

DMS0 14.740 5.618 .205 -2.681 32.161 

50 10 -.316 5.618 1.000 -17.738 17.105 

100 2.137 5.618 1.000 -15.284 19.559 

1000 -18.645* 5.618 .025 -36.066 -1.223 

10000 -13.778 5.618 .327 -31.199 3.643 

500 -7.843 5.618 1.000 -25.264 9.579 

DMS0 .962 5.618 1.000 -16.459 18.383 

500 10 7.526 5.618 1.000 -9.895 24.947 

100 9.980 5.618 1.000 -7.441 27.401 

1000 -10.802 5.618 1.000 -28.223 6.619 

10000 -5.935 5.618 1.000 -23.357 11.486 

50 7.843 5.618 1.000 -9.579 25.264 

DMS0 8.804 5.618 1.000 -8.617 26.226 

DMS0 10 -1.278 5.618 1.000 -18.700 16.143 

100 1.176 5.618 1.000 -16.246 18.597 



Appendix 

165 

 

1000 -19.607* 5.618 .014 -37.028 -2.185 

10000 -14.740 5.618 .205 -32.161 2.681 

50 -.962 5.618 1.000 -18.383 16.459 

500 -8.804 5.618 1.000 -26.226 8.617 

PD 10 100 2.836 5.618 1.000 -14.585 20.257 

1000 -9.294 5.618 1.000 -26.715 8.128 

10000 -7.867 5.618 1.000 -25.289 9.554 

50 5.163 5.618 1.000 -12.259 22.584 

500 -2.894 5.618 1.000 -20.315 14.528 

DMS0 .538 5.618 1.000 -16.883 17.960 

100 10 -2.836 5.618 1.000 -20.257 14.585 

1000 -12.130 5.618 .688 -29.551 5.292 

10000 -10.703 5.618 1.000 -28.125 6.718 

50 2.326 5.618 1.000 -15.095 19.748 

500 -5.730 5.618 1.000 -23.151 11.691 

DMS0 -2.298 5.618 1.000 -19.719 15.124 

1000 10 9.294 5.618 1.000 -8.128 26.715 

100 12.130 5.618 .688 -5.292 29.551 

10000 1.426 5.618 1.000 -15.995 18.848 

50 14.456 5.618 .236 -2.965 31.877 

500 6.400 5.618 1.000 -11.022 23.821 

DMS0 9.832 5.618 1.000 -7.589 27.253 

10000 10 7.867 5.618 1.000 -9.554 25.289 

100 10.703 5.618 1.000 -6.718 28.125 

1000 -1.426 5.618 1.000 -18.848 15.995 

50 13.030 5.618 .462 -4.391 30.451 

500 4.974 5.618 1.000 -12.448 22.395 

DMS0 8.406 5.618 1.000 -9.015 25.827 

50 10 -5.163 5.618 1.000 -22.584 12.259 

100 -2.326 5.618 1.000 -19.748 15.095 

1000 -14.456 5.618 .236 -31.877 2.965 

10000 -13.030 5.618 .462 -30.451 4.391 

500 -8.056 5.618 1.000 -25.478 9.365 

DMS0 -4.624 5.618 1.000 -22.045 12.797 

500 10 2.894 5.618 1.000 -14.528 20.315 



Appendix 

166 

 

100 5.730 5.618 1.000 -11.691 23.151 

1000 -6.400 5.618 1.000 -23.821 11.022 

10000 -4.974 5.618 1.000 -22.395 12.448 

50 8.056 5.618 1.000 -9.365 25.478 

DMS0 3.432 5.618 1.000 -13.989 20.854 

DMS0 10 -.538 5.618 1.000 -17.960 16.883 

100 2.298 5.618 1.000 -15.124 19.719 

1000 -9.832 5.618 1.000 -27.253 7.589 

10000 -8.406 5.618 1.000 -25.827 9.015 

50 4.624 5.618 1.000 -12.797 22.045 

500 -3.432 5.618 1.000 -20.854 13.989 

Based on estimated marginal means 

*. The mean difference is significant at the .05 level. 

b. Adjustment for multiple comparisons: Bonferroni. 

 
Nucleus Marker Texture 

Tests of Between-Subjects Effects  

Dependent Variable:   Nuclei Selected (2) - Nucleus Marker Texture Index SER Spot 1 px   

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Corrected Model 6.048E-5a 13 4.653E-6 11.157 .000 

Intercept .041 1 .041 99154.117 .000 

Conc 3.659E-5 6 6.098E-6 14.622 .000 

Casecontrol 2.133E-5 1 2.133E-5 51.141 .000 

Conc * Casecontrol 2.570E-6 6 4.283E-7 1.027 .411 

Error 5.254E-5 126 4.170E-7   

Total .041 140    

Corrected Total .000 139    

a. R Squared = .535 (Adjusted R Squared = .487) 

 
 
 

Pairwise Comparisons  

Dependent Variable:   Nuclei Selected (2) - Nucleus Marker Texture Index SER Spot 1 px   

Conc (I) Casecontrol (J) Casecontrol 

Mean 

Difference (I-J) Std. Error Sig.b 

95% Confidence Interval for 

Differenceb 

Lower Bound Upper Bound 
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10 Cont PD .000385 .000289 .184 .000 .001 

PD Cont -.000385 .000289 .184 -.001 .000 

100 Cont PD .000750* .000289 .010 .000 .001 

PD Cont -.000750* .000289 .010 -.001 .000 

1000 Cont PD .000810* .000289 .006 .000 .001 

PD Cont -.000810* .000289 .006 -.001 .000 

10000 Cont PD .001263* .000289 .000 .001 .002 

PD Cont -.001263* .000289 .000 -.002 -.001 

50 Cont PD .000506 .000289 .082 -6.533E-5 .001 

PD Cont -.000506 .000289 .082 -.001 6.533E-5 

500 Cont PD .000751* .000289 .010 .000 .001 

PD Cont -.000751* .000289 .010 -.001 .000 

DMS0 Cont PD .000998* .000289 .001 .000 .002 

PD Cont -.000998* .000289 .001 -.002 .000 

Based on estimated marginal means 

*. The mean difference is significant at the .05 level. 

b. Adjustment for multiple comparisons: Bonferroni. 

 
 

Pairwise Comparisons  

Dependent Variable:   Nuclei Selected (2) - Nucleus Marker Texture Index SER Spot 1 px   

Casecontrol (I) Conc (J) Conc 

Mean Difference 

(I-J) Std. Error Sig.b 

95% Confidence Interval for 

Differenceb 

Lower Bound Upper Bound 

Cont 10 100 .000 .000 1.000 -.001 .000 

1000 .001 .000 1.000 .000 .001 

10000 .001* .000 .037 2.829E-5 .002 

50 -9.215E-6 .000 1.000 -.001 .001 

500 3.060E-5 .000 1.000 -.001 .001 

DMS0 .000 .000 1.000 -.001 .001 

100 10 .000 .000 1.000 .000 .001 

1000 .001* .000 .023 6.872E-5 .002 

10000 .001* .000 .000 .000 .002 

50 .000 .000 1.000 .000 .001 

500 .000 .000 1.000 .000 .001 

DMS0 .001 .000 .231 .000 .002 

1000 10 -.001 .000 1.000 -.001 .000 
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100 -.001* .000 .023 -.002 -6.872E-5 

10000 .000 .000 1.000 -.001 .001 

50 -.001 .000 1.000 -.001 .000 

500 -.001 .000 1.000 -.001 .000 

DMS0 .000 .000 1.000 -.001 .001 

10000 10 -.001* .000 .037 -.002 -2.829E-5 

100 -.001* .000 .000 -.002 .000 

1000 .000 .000 1.000 -.001 .001 

50 -.001* .000 .033 -.002 -3.750E-5 

500 -.001 .000 .051 -.002 2.309E-6 

DMS0 -.001 .000 .953 -.001 .000 

50 10 9.215E-6 .000 1.000 -.001 .001 

100 .000 .000 1.000 -.001 .000 

1000 .001 .000 1.000 .000 .001 

10000 .001* .000 .033 3.750E-5 .002 

500 3.981E-5 .000 1.000 -.001 .001 

DMS0 .000 .000 1.000 -.001 .001 

500 10 -3.060E-5 .000 1.000 -.001 .001 

100 .000 .000 1.000 -.001 .000 

1000 .001 .000 1.000 .000 .001 

10000 .001 .000 .051 -2.309E-6 .002 

50 -3.981E-5 .000 1.000 -.001 .001 

DMS0 .000 .000 1.000 -.001 .001 

DMS0 10 .000 .000 1.000 -.001 .001 

100 -.001 .000 .231 -.002 .000 

1000 .000 .000 1.000 -.001 .001 

10000 .001 .000 .953 .000 .001 

50 .000 .000 1.000 -.001 .001 

500 .000 .000 1.000 -.001 .001 

PD 10 100 -3.997E-5 .000 1.000 -.001 .001 

1000 .001* .000 .018 8.870E-5 .002 

10000 .002* .000 .000 .001 .003 

50 .000 .000 1.000 -.001 .001 

500 .000 .000 1.000 .000 .001 

DMS0 .001* .000 .026 5.736E-5 .002 
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100 10 3.997E-5 .000 1.000 -.001 .001 

1000 .001* .000 .012 .000 .002 

10000 .002* .000 .000 .001 .003 

50 .000 .000 1.000 -.001 .001 

500 .000 .000 1.000 .000 .001 

DMS0 .001* .000 .017 9.734E-5 .002 

1000 10 -.001* .000 .018 -.002 -8.870E-5 

100 -.001* .000 .012 -.002 .000 

10000 .001 .000 .114 -7.861E-5 .002 

50 -.001 .000 .064 -.002 2.286E-5 

500 -.001 .000 .918 -.001 .000 

DMS0 -3.134E-5 .000 1.000 -.001 .001 

10000 10 -.002* .000 .000 -.003 -.001 

100 -.002* .000 .000 -.003 -.001 

1000 -.001 .000 .114 -.002 7.861E-5 

50 -.002* .000 .000 -.003 -.001 

500 -.001* .000 .000 -.002 -.001 

DMS0 -.001 .000 .083 -.002 4.727E-5 

50 10 .000 .000 1.000 -.001 .001 

100 .000 .000 1.000 -.001 .001 

1000 .001 .000 .064 -2.286E-5 .002 

10000 .002* .000 .000 .001 .003 

500 .000 .000 1.000 -.001 .001 

DMS0 .001 .000 .089 -5.420E-5 .002 

500 10 .000 .000 1.000 -.001 .000 

100 .000 .000 1.000 -.001 .000 

1000 .001 .000 .918 .000 .001 

10000 .001* .000 .000 .001 .002 

50 .000 .000 1.000 -.001 .001 

DMS0 .001 .000 1.000 .000 .001 

DMS0 10 -.001* .000 .026 -.002 -5.736E-5 

100 -.001* .000 .017 -.002 -9.734E-5 

1000 3.134E-5 .000 1.000 -.001 .001 

10000 .001 .000 .083 -4.727E-5 .002 

50 -.001 .000 .089 -.002 5.420E-5 

500 -.001 .000 1.000 -.001 .000 
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Based on estimated marginal means 

*. The mean difference is significant at the .05 level. 

b. Adjustment for multiple comparisons: Bonferroni. 

 

 
Cell Area 

Tests of Between-Subjects Effects  

Dependent Variable:    - Cell Area Area [µm²]   

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Corrected Model 4366198.531a 13 335861.425 2.057 .021 

Intercept 528806105.209 1 528806105.209 3239.227 .000 

Conc 3141748.321 6 523624.720 3.207 .006 

Casecontrol 1143565.788 1 1143565.788 7.005 .009 

Conc * Casecontrol 80884.421 6 13480.737 .083 .998 

Error 20569589.001 126 163250.706   

Total 553741892.740 140    

Corrected Total 24935787.531 139    

a. R Squared = .175 (Adjusted R Squared = .090) 

 
 

Pairwise Comparisons  

Dependent Variable:    - Cell Area Area [µm²]   

Conc (I) Casecontrol (J) Casecontrol 

Mean 

Difference (I-J) Std. Error Sig.a 

95% Confidence Interval for 

Differencea 

Lower Bound Upper Bound 

10 Cont PD -152.861 180.694 .399 -510.448 204.726 

PD Cont 152.861 180.694 .399 -204.726 510.448 

100 Cont PD -262.305 180.694 .149 -619.892 95.282 

PD Cont 262.305 180.694 .149 -95.282 619.892 

1000 Cont PD 
-143.860 180.694 .427 -501.447 213.727 

PD Cont 143.860 180.694 .427 -213.727 501.447 

10000 Cont PD 
-163.943 180.694 .366 -521.530 193.644 

PD Cont 163.943 180.694 .366 -193.644 521.530 

50 Cont PD 
-166.278 180.694 .359 -523.865 191.309 
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PD Cont 166.278 180.694 .359 -191.309 523.865 

500 Cont PD 
-129.765 180.694 .474 -487.352 227.822 

PD Cont 129.765 180.694 .474 -227.822 487.352 

DMS0 Cont PD 
-246.291 180.694 .175 -603.878 111.296 

PD Cont 246.291 180.694 .175 -111.296 603.878 

Based on estimated marginal means 

a. Adjustment for multiple comparisons: Bonferroni. 

 
 

Pairwise Comparisons  

Dependent Variable:    - Cell Area Area [µm²]   

Casecontrol (I) Conc (J) Conc 

Mean Difference 

(I-J) Std. Error Sig.a 

95% Confidence Interval for 

Differencea 

Lower Bound Upper Bound 

Cont 10 100 58.450 180.694 1.000 -501.863 618.763 

1000 -424.230 180.694 .429 -984.544 136.083 

10000 -187.273 180.694 1.000 -747.587 373.040 

50 42.715 180.694 1.000 -517.598 603.028 

500 -216.527 180.694 1.000 -776.841 343.786 

DMS0 -44.943 180.694 1.000 -605.256 515.371 

100 10 -58.450 180.694 1.000 -618.763 501.863 

1000 -482.680 180.694 .180 -1042.994 77.633 

10000 -245.723 180.694 1.000 -806.037 314.590 

50 -15.735 180.694 1.000 -576.048 544.578 

500 -274.977 180.694 1.000 -835.291 285.336 

DMS0 -103.393 180.694 1.000 -663.706 456.921 

1000 10 424.230 180.694 .429 -136.083 984.544 

100 482.680 180.694 .180 -77.633 1042.994 

10000 236.957 180.694 1.000 -323.356 797.270 

50 466.945 180.694 .229 -93.368 1027.259 

500 207.703 180.694 1.000 -352.610 768.016 

DMS0 379.288 180.694 .794 -181.026 939.601 

10000 10 187.273 180.694 1.000 -373.040 747.587 

100 245.723 180.694 1.000 -314.590 806.037 
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1000 -236.957 180.694 1.000 -797.270 323.356 

50 229.988 180.694 1.000 -330.325 790.302 

500 -29.254 180.694 1.000 -589.567 531.059 

DMS0 142.331 180.694 1.000 -417.983 702.644 

50 10 -42.715 180.694 1.000 -603.028 517.598 

100 15.735 180.694 1.000 -544.578 576.048 

1000 -466.945 180.694 .229 -1027.259 93.368 

10000 -229.988 180.694 1.000 -790.302 330.325 

500 -259.242 180.694 1.000 -819.556 301.071 

DMS0 -87.658 180.694 1.000 -647.971 472.656 

500 10 216.527 180.694 1.000 -343.786 776.841 

100 274.977 180.694 1.000 -285.336 835.291 

1000 -207.703 180.694 1.000 -768.016 352.610 

10000 29.254 180.694 1.000 -531.059 589.567 

50 259.242 180.694 1.000 -301.071 819.556 

DMS0 171.585 180.694 1.000 -388.729 731.898 

DMS0 10 44.943 180.694 1.000 -515.371 605.256 

100 103.393 180.694 1.000 -456.921 663.706 

1000 -379.288 180.694 .794 -939.601 181.026 

10000 -142.331 180.694 1.000 -702.644 417.983 

50 87.658 180.694 1.000 -472.656 647.971 

500 -171.585 180.694 1.000 -731.898 388.729 

PD 10 100 -50.994 180.694 1.000 -611.307 509.320 

1000 -415.229 180.694 .487 -975.543 145.084 

10000 -198.356 180.694 1.000 -758.669 361.958 

50 29.298 180.694 1.000 -531.016 589.611 

500 -193.431 180.694 1.000 -753.745 366.882 

DMS0 -138.373 180.694 1.000 -698.686 421.940 

100 10 50.994 180.694 1.000 -509.320 611.307 

1000 -364.236 180.694 .965 -924.549 196.078 

10000 -147.362 180.694 1.000 -707.675 412.952 

50 80.291 180.694 1.000 -480.022 640.605 

500 -142.438 180.694 1.000 -702.751 417.876 

DMS0 -87.379 180.694 1.000 -647.693 472.934 

1000 10 415.229 180.694 .487 -145.084 975.543 
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100 364.236 180.694 .965 -196.078 924.549 

10000 216.874 180.694 1.000 -343.440 777.187 

50 444.527 180.694 .320 -115.786 1004.840 

500 221.798 180.694 1.000 -338.516 782.111 

DMS0 276.856 180.694 1.000 -283.457 837.170 

10000 10 198.356 180.694 1.000 -361.958 758.669 

100 147.362 180.694 1.000 -412.952 707.675 

1000 -216.874 180.694 1.000 -777.187 343.440 

50 227.653 180.694 1.000 -332.660 787.967 

500 4.924 180.694 1.000 -555.389 565.238 

DMS0 59.983 180.694 1.000 -500.331 620.296 

50 10 -29.298 180.694 1.000 -589.611 531.016 

100 -80.291 180.694 1.000 -640.605 480.022 

1000 -444.527 180.694 .320 -1004.840 115.786 

10000 -227.653 180.694 1.000 -787.967 332.660 

500 -222.729 180.694 1.000 -783.043 337.584 

DMS0 -167.671 180.694 1.000 -727.984 392.643 

500 10 193.431 180.694 1.000 -366.882 753.745 

100 142.438 180.694 1.000 -417.876 702.751 

1000 -221.798 180.694 1.000 -782.111 338.516 

10000 -4.924 180.694 1.000 -565.238 555.389 

50 222.729 180.694 1.000 -337.584 783.043 

DMS0 55.058 180.694 1.000 -505.255 615.372 

DMS0 10 138.373 180.694 1.000 -421.940 698.686 

100 87.379 180.694 1.000 -472.934 647.693 

1000 -276.856 180.694 1.000 -837.170 283.457 

10000 -59.983 180.694 1.000 -620.296 500.331 

50 167.671 180.694 1.000 -392.643 727.984 

500 -55.058 180.694 1.000 -615.372 505.255 

Based on estimated marginal means 

a. Adjustment for multiple comparisons: Bonferroni. 
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APPENDIX 3 
 Output of 2 way ANOVA analysis of different parameters (values normalised to DMSO) 
after rotenone treatment 

 
Mitochondria Marker Intensity 

Tests of Between-Subjects Effects  

Dependent Variable:    - Mitochondria Marker Intensity Mean   

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Corrected Model 1.099a 11 .100 4.400 .000 

Intercept 132.069 1 132.069 5815.917 .000 

Case .222 1 .222 9.790 .002 

Conc .856 5 .171 7.540 .000 

Case * Conc .021 5 .004 .182 .969 

Error 2.452 108 .023   

Total 135.620 120    

Corrected Total 3.552 119    

a. R Squared = .309 (Adjusted R Squared = .239) 

 
 

Pairwise Comparisons  

Dependent Variable:    - Mitochondria Marker Intensity Mean   

Conc (I) Case (J) Case 

Mean Difference 

(I-J) Std. Error Sig.a 

95% Confidence Interval for 

Differencea 

Lower Bound Upper Bound 

10 Cont PD -.121 .067 .074 -.255 .012 

PD Cont .121 .067 .074 -.012 .255 

100 Cont PD -.049 .067 .467 -.183 .084 

PD Cont .049 .067 .467 -.084 .183 

1000 Cont PD -.088 .067 .193 -.222 .045 

PD Cont .088 .067 .193 -.045 .222 

10000 Cont PD -.066 .067 .330 -.200 .068 

PD Cont .066 .067 .330 -.068 .200 

50 Cont PD -.074 .067 .272 -.208 .059 

PD Cont .074 .067 .272 -.059 .208 
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500 Cont PD -.117 .067 .085 -.251 .016 

PD Cont .117 .067 .085 -.016 .251 

Based on estimated marginal means 

a. Adjustment for multiple comparisons: Bonferroni. 

 
 

Pairwise Comparisons  

Dependent Variable:    - Mitochondria Marker Intensity Mean   

Case (I) Conc (J) Conc 

Mean Difference 

(I-J) Std. Error Sig.b 

95% Confidence Interval for 

Differenceb 

Lower Bound Upper Bound 

Cont 10 100 -.039 .067 1.000 -.241 .163 

1000 .202 .067 .050 -3.130E-5 .405 

10000 .024 .067 1.000 -.178 .227 

50 -.040 .067 1.000 -.242 .162 

500 .122 .067 1.000 -.080 .324 

100 10 .039 .067 1.000 -.163 .241 

1000 .241* .067 .008 .039 .444 

10000 .064 .067 1.000 -.139 .266 

50 -.001 .067 1.000 -.203 .201 

500 .161 .067 .279 -.041 .363 

1000 10 -.202 .067 .050 -.405 3.130E-5 

100 -.241* .067 .008 -.444 -.039 

10000 -.178 .067 .143 -.380 .024 

50 -.242* .067 .007 -.445 -.040 

500 -.080 .067 1.000 -.283 .122 

10000 10 -.024 .067 1.000 -.227 .178 

100 -.064 .067 1.000 -.266 .139 

1000 .178 .067 .143 -.024 .380 

50 -.065 .067 1.000 -.267 .138 

500 .098 .067 1.000 -.105 .300 

50 10 .040 .067 1.000 -.162 .242 

100 .001 .067 1.000 -.201 .203 

1000 .242* .067 .007 .040 .445 

10000 .065 .067 1.000 -.138 .267 

500 .162 .067 .267 -.040 .364 
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500 10 -.122 .067 1.000 -.324 .080 

100 -.161 .067 .279 -.363 .041 

1000 .080 .067 1.000 -.122 .283 

10000 -.098 .067 1.000 -.300 .105 

50 -.162 .067 .267 -.364 .040 

PD 10 100 .033 .067 1.000 -.169 .236 

1000 .235* .067 .010 .033 .438 

10000 .080 .067 1.000 -.122 .282 

50 .007 .067 1.000 -.196 .209 

500 .126 .067 .954 -.076 .329 

100 10 -.033 .067 1.000 -.236 .169 

1000 .202 .067 .050 .000 .404 

10000 .047 .067 1.000 -.156 .249 

50 -.026 .067 1.000 -.229 .176 

500 .093 .067 1.000 -.109 .295 

1000 10 -.235* .067 .010 -.438 -.033 

100 -.202 .067 .050 -.404 .000 

10000 -.155 .067 .344 -.358 .047 

50 -.229* .067 .015 -.431 -.026 

500 -.109 .067 1.000 -.311 .093 

10000 10 -.080 .067 1.000 -.282 .122 

100 -.047 .067 1.000 -.249 .156 

1000 .155 .067 .344 -.047 .358 

50 -.073 .067 1.000 -.275 .129 

500 .046 .067 1.000 -.156 .249 

50 10 -.007 .067 1.000 -.209 .196 

100 .026 .067 1.000 -.176 .229 

1000 .229* .067 .015 .026 .431 

10000 .073 .067 1.000 -.129 .275 

500 .120 .067 1.000 -.083 .322 

500 10 -.126 .067 .954 -.329 .076 

100 -.093 .067 1.000 -.295 .109 

1000 .109 .067 1.000 -.093 .311 

10000 -.046 .067 1.000 -.249 .156 

50 -.120 .067 1.000 -.322 .083 

Based on estimated marginal means 
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*. The mean difference is significant at the .05 level. 

b. Adjustment for multiple comparisons: Bonferroni. 

 
 
Mitochondrial Texture 

Tests of Between-Subjects Effects  

Dependent Variable:   Nuclei Selected - Mitochondria texture SER Spot 1 px   

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Corrected Model .031a 11 .003 2.122 .024 

Intercept 124.496 1 124.496 93018.401 .000 

Case .020 1 .020 14.734 .000 

Conc .003 5 .001 .509 .769 

Case * Conc .008 5 .002 1.213 .308 

Error .145 108 .001   

Total 124.672 120    

Corrected Total .176 119    

a. R Squared = .178 (Adjusted R Squared = .094) 

 
 

Pairwise Comparisons  

Dependent Variable:   Nuclei Selected - Mitochondria texture SER Spot 1 px   

Conc (I) Case (J) Case 

Mean Difference 

(I-J) Std. Error Sig.b 

95% Confidence Interval for 

Differenceb 

Lower Bound Upper Bound 

10 Cont PD -.032 .016 .053 -.064 .000 

PD Cont .032 .016 .053 .000 .064 

100 Cont PD -.021 .016 .213 -.053 .012 

PD Cont .021 .016 .213 -.012 .053 

1000 Cont PD -.026 .016 .122 -.058 .007 

PD Cont .026 .016 .122 -.007 .058 

10000 Cont PD .001 .016 .951 -.031 .033 

PD Cont -.001 .016 .951 -.033 .031 

50 Cont PD -.022 .016 .177 -.055 .010 

PD Cont .022 .016 .177 -.010 .055 

500 Cont PD -.055* .016 .001 -.087 -.022 

PD Cont .055* .016 .001 .022 .087 

Based on estimated marginal means 
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*. The mean difference is significant at the .05 level. 

b. Adjustment for multiple comparisons: Bonferroni. 

 
 

Nucleus morphology Area 

Tests of Between-Subjects Effects  

Dependent Variable:   Nuclei Selected (2) - Nucleus morphology Area [µm²]   

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Corrected Model .164a 13 .013 4.178 .000 

Intercept 146.335 1 146.335 48407.990 .000 

Case .016 1 .016 5.142 .025 

Conc .138 6 .023 7.615 .000 

Case * Conc .011 6 .002 .582 .744 

Error .381 126 .003   

Total 146.880 140    

Corrected Total .545 139    

a. R Squared = .301 (Adjusted R Squared = .229) 
 

 

 
 

Pairwise Comparisons  

Dependent Variable:   Nuclei Selected (2) - Nucleus morphology Area [µm²]   

Conc (I) Case (J) Case 

Mean Difference 

(I-J) Std. Error Sig.b 

95% Confidence Interval for 

Differenceb 

Lower Bound Upper Bound 

10 Cont PD .003 .025 .894 -.045 .052 

PD Cont -.003 .025 .894 -.052 .045 

100 Cont PD .005 .025 .829 -.043 .054 

PD Cont -.005 .025 .829 -.054 .043 

1000 Cont PD .050* .025 .043 .002 .099 

PD Cont -.050* .025 .043 -.099 -.002 

10000 Cont PD .034 .025 .172 -.015 .082 

PD Cont -.034 .025 .172 -.082 .015 

50 Cont PD .028 .025 .265 -.021 .076 

PD Cont -.028 .025 .265 -.076 .021 
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500 Cont PD .027 .025 .271 -.021 .076 

PD Cont -.027 .025 .271 -.076 .021 

DMSO Cont PD 4.739E-15 .025 1.000 -.049 .049 

PD Cont -4.739E-15 .025 1.000 -.049 .049 

Based on estimated marginal means 

*. The mean difference is significant at the .05 level. 

b. Adjustment for multiple comparisons: Bonferroni. 
 

Pairwise Comparisons  

Dependent Variable:   Nuclei Selected (2) - Nucleus morphology Area [µm²]   

Case (I) Conc (J) Conc 

Mean Difference 

(I-J) Std. Error Sig.b 

95% Confidence Interval for 

Differenceb 

Lower Bound Upper Bound 

Cont 10 100 .012 .025 1.000 -.064 .089 

1000 -.093* .025 .005 -.169 -.016 

10000 -.070 .025 .107 -.146 .006 

50 .002 .025 1.000 -.074 .078 

500 -.037 .025 1.000 -.113 .039 

DMSO .008 .025 1.000 -.069 .084 

100 10 -.012 .025 1.000 -.089 .064 

1000 -.105* .025 .001 -.181 -.029 

10000 -.083* .025 .022 -.159 -.006 

50 -.011 .025 1.000 -.087 .066 

500 -.049 .025 .996 -.125 .027 

DMSO -.005 .025 1.000 -.081 .071 

1000 10 .093* .025 .005 .016 .169 

100 .105* .025 .001 .029 .181 

10000 .023 .025 1.000 -.054 .099 

50 .094* .025 .004 .018 .171 

500 .056 .025 .516 -.020 .132 

DMSO .100* .025 .002 .024 .176 

10000 10 .070 .025 .107 -.006 .146 

100 .083* .025 .022 .006 .159 

1000 -.023 .025 1.000 -.099 .054 

50 .072 .025 .087 -.004 .148 

500 .033 .025 1.000 -.043 .110 
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DMSO .078* .025 .042 .001 .154 

50 10 -.002 .025 1.000 -.078 .074 

100 .011 .025 1.000 -.066 .087 

1000 -.094* .025 .004 -.171 -.018 

10000 -.072 .025 .087 -.148 .004 

500 -.039 .025 1.000 -.115 .038 

DMSO .006 .025 1.000 -.071 .082 

500 10 .037 .025 1.000 -.039 .113 

100 .049 .025 .996 -.027 .125 

1000 -.056 .025 .516 -.132 .020 

10000 -.033 .025 1.000 -.110 .043 

50 .039 .025 1.000 -.038 .115 

DMSO .044 .025 1.000 -.032 .121 

DMSO 10 -.008 .025 1.000 -.084 .069 

100 .005 .025 1.000 -.071 .081 

1000 -.100* .025 .002 -.176 -.024 

10000 -.078* .025 .042 -.154 -.001 

50 -.006 .025 1.000 -.082 .071 

500 -.044 .025 1.000 -.121 .032 

PD 10 100 .015 .025 1.000 -.062 .091 

1000 -.046 .025 1.000 -.122 .031 

10000 -.040 .025 1.000 -.116 .037 

50 .026 .025 1.000 -.050 .102 

500 -.013 .025 1.000 -.089 .063 

DMSO .004 .025 1.000 -.072 .080 

100 10 -.015 .025 1.000 -.091 .062 

1000 -.060 .025 .334 -.136 .016 

10000 -.054 .025 .624 -.130 .022 

50 .012 .025 1.000 -.065 .088 

500 -.027 .025 1.000 -.104 .049 

DMSO -.010 .025 1.000 -.087 .066 

1000 10 .046 .025 1.000 -.031 .122 

100 .060 .025 .334 -.016 .136 

10000 .006 .025 1.000 -.070 .082 

50 .072 .025 .089 -.005 .148 
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500 .033 .025 1.000 -.043 .109 

DMSO .050 .025 .941 -.026 .126 

10000 10 .040 .025 1.000 -.037 .116 

100 .054 .025 .624 -.022 .130 

1000 -.006 .025 1.000 -.082 .070 

50 .066 .025 .181 -.011 .142 

500 .027 .025 1.000 -.050 .103 

DMSO .044 .025 1.000 -.032 .120 

50 10 -.026 .025 1.000 -.102 .050 

100 -.012 .025 1.000 -.088 .065 

1000 -.072 .025 .089 -.148 .005 

10000 -.066 .025 .181 -.142 .011 

500 -.039 .025 1.000 -.115 .037 

DMSO -.022 .025 1.000 -.098 .054 

500 10 .013 .025 1.000 -.063 .089 

100 .027 .025 1.000 -.049 .104 

1000 -.033 .025 1.000 -.109 .043 

10000 -.027 .025 1.000 -.103 .050 

50 .039 .025 1.000 -.037 .115 

DMSO .017 .025 1.000 -.059 .093 

DMSO 10 -.004 .025 1.000 -.080 .072 

100 .010 .025 1.000 -.066 .087 

1000 -.050 .025 .941 -.126 .026 

10000 -.044 .025 1.000 -.120 .032 

50 .022 .025 1.000 -.054 .098 

500 -.017 .025 1.000 -.093 .059 

Based on estimated marginal means 

*. The mean difference is significant at the .05 level. 

b. Adjustment for multiple comparisons: Bonferroni. 

 

 
Nucleus Marker Texture 

Tests of Between-Subjects Effects  

Dependent Variable:   Nuclei Selected (2) - Nucleus Marker Texture Index SER Spot 1 px   
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Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Corrected Model .143a 11 .013 14.685 .000 

Intercept 124.260 1 124.260 140246.575 .000 

Case .009 1 .009 9.650 .002 

Conc .125 5 .025 28.224 .000 

Case * Conc .010 5 .002 2.153 .065 

Error .096 108 .001   

Total 124.499 120    

Corrected Total .239 119    

a. R Squared = .599 (Adjusted R Squared = .558) 

 
 

Pairwise Comparisons  

Dependent Variable:   Nuclei Selected (2) - Nucleus Marker Texture Index SER Spot 1 px   

Conc (I) Case (J) Case 

Mean Difference 

(I-J) Std. Error Sig.b 

95% Confidence Interval for 

Differenceb 

Lower Bound Upper Bound 

10 Cont PD -.039* .013 .004 -.066 -.013 

PD Cont .039* .013 .004 .013 .066 

100 Cont PD -.018 .013 .175 -.045 .008 

PD Cont .018 .013 .175 -.008 .045 

1000 Cont PD -.012 .013 .386 -.038 .015 

PD Cont .012 .013 .386 -.015 .038 

10000 Cont PD .017 .013 .209 -.010 .043 

PD Cont -.017 .013 .209 -.043 .010 

50 Cont PD -.032* .013 .017 -.059 -.006 

PD Cont .032* .013 .017 .006 .059 

500 Cont PD -.017 .013 .212 -.043 .010 

PD Cont .017 .013 .212 -.010 .043 

Based on estimated marginal means 

*. The mean difference is significant at the .05 level. 

b. Adjustment for multiple comparisons: Bonferroni. 

 
 

 

Pairwise Comparisons  

Dependent Variable:   Nuclei Selected (2) - Nucleus Marker Texture Index SER Spot 1 px   
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Case (I) Conc (J) Conc 

Mean Difference 

(I-J) Std. Error Sig.b 

95% Confidence Interval for 

Differenceb 

Lower Bound Upper Bound 

Cont 10 100 -.023 .013 1.000 -.063 .017 

1000 .033 .013 .237 -.007 .073 

10000 .054* .013 .002 .014 .094 

50 .000 .013 1.000 -.040 .040 

500 .002 .013 1.000 -.038 .042 

100 10 .023 .013 1.000 -.017 .063 

1000 .056* .013 .001 .016 .096 

10000 .077* .013 .000 .037 .117 

50 .023 .013 1.000 -.017 .063 

500 .025 .013 .920 -.015 .065 

1000 10 -.033 .013 .237 -.073 .007 

100 -.056* .013 .001 -.096 -.016 

10000 .021 .013 1.000 -.019 .061 

50 -.033 .013 .228 -.073 .007 

500 -.031 .013 .358 -.070 .009 

10000 10 -.054* .013 .002 -.094 -.014 

100 -.077* .013 .000 -.117 -.037 

1000 -.021 .013 1.000 -.061 .019 

50 -.054* .013 .002 -.094 -.014 

500 -.051* .013 .003 -.091 -.011 

50 10 .000 .013 1.000 -.040 .040 

100 -.023 .013 1.000 -.063 .017 

1000 .033 .013 .228 -.007 .073 

10000 .054* .013 .002 .014 .094 

500 .002 .013 1.000 -.038 .042 

500 10 -.002 .013 1.000 -.042 .038 

100 -.025 .013 .920 -.065 .015 

1000 .031 .013 .358 -.009 .070 

10000 .051* .013 .003 .011 .091 

50 -.002 .013 1.000 -.042 .038 

PD 10 100 -.002 .013 1.000 -.042 .038 

1000 .060* .013 .000 .020 .100 

10000 .110* .013 .000 .070 .150 
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50 .007 .013 1.000 -.033 .047 

500 .025 .013 .986 -.015 .065 

100 10 .002 .013 1.000 -.038 .042 

1000 .062* .013 .000 .022 .102 

10000 .112* .013 .000 .072 .152 

50 .009 .013 1.000 -.031 .049 

500 .027 .013 .719 -.013 .067 

1000 10 -.060* .013 .000 -.100 -.020 

100 -.062* .013 .000 -.102 -.022 

10000 .049* .013 .005 .009 .089 

50 -.054* .013 .002 -.093 -.014 

500 -.036 .013 .128 -.076 .004 

10000 10 -.110* .013 .000 -.150 -.070 

100 -.112* .013 .000 -.152 -.072 

1000 -.049* .013 .005 -.089 -.009 

50 -.103* .013 .000 -.143 -.063 

500 -.085* .013 .000 -.125 -.045 

50 10 -.007 .013 1.000 -.047 .033 

100 -.009 .013 1.000 -.049 .031 

1000 .054* .013 .002 .014 .093 

10000 .103* .013 .000 .063 .143 

500 .018 .013 1.000 -.022 .058 

500 10 -.025 .013 .986 -.065 .015 

100 -.027 .013 .719 -.067 .013 

1000 .036 .013 .128 -.004 .076 

10000 .085* .013 .000 .045 .125 

50 -.018 .013 1.000 -.058 .022 

Based on estimated marginal means 

*. The mean difference is significant at the .05 level. 

b. Adjustment for multiple comparisons: Bonferroni. 

 

 

 
Lysosome Marker Intensity Mean   

Tests of Between-Subjects Effects  
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Dependent Variable:    - Lysosome Marker Intensity Mean   

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Corrected Model 1.340a 11 .122 7.601 .000 

Intercept 112.193 1 112.193 6999.587 .000 

Case .062 1 .062 3.890 .051 

Conc 1.202 5 .240 15.001 .000 

Case * Conc .076 5 .015 .943 .457 

Error 1.731 108 .016   

Total 115.264 120    

Corrected Total 3.071 119    

a. R Squared = .436 (Adjusted R Squared = .379) 

 
 

Pairwise Comparisons  

Dependent Variable:    - Lysosome Marker Intensity Mean   

Conc (I) Case (J) Case 

Mean Difference 

(I-J) Std. Error Sig.b 

95% Confidence Interval for 

Differenceb 

Lower Bound Upper Bound 

10 Cont PD -.089 .057 .117 -.202 .023 

PD Cont .089 .057 .117 -.023 .202 

100 Cont PD -.024 .057 .670 -.136 .088 

PD Cont .024 .057 .670 -.088 .136 

1000 Cont PD .010 .057 .864 -.103 .122 

PD Cont -.010 .057 .864 -.122 .103 

10000 Cont PD .012 .057 .828 -.100 .125 

PD Cont -.012 .057 .828 -.125 .100 

50 Cont PD -.124* .057 .030 -.236 -.012 

PD Cont .124* .057 .030 .012 .236 

500 Cont PD -.058 .057 .310 -.170 .054 

PD Cont .058 .057 .310 -.054 .170 

Based on estimated marginal means 

*. The mean difference is significant at the .05 level. 

b. Adjustment for multiple comparisons: Bonferroni. 

 
 

Pairwise Comparisons  

Dependent Variable:    - Lysosome Marker Intensity Mean   
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Case (I) Conc (J) Conc 

Mean Difference 

(I-J) Std. Error Sig.b 

95% Confidence Interval for 

Differenceb 

Lower Bound Upper Bound 

Cont 10 100 -.083 .057 1.000 -.253 .087 

1000 .165 .057 .067 -.005 .335 

10000 .126 .057 .418 -.044 .296 

50 -.006 .057 1.000 -.176 .164 

500 .058 .057 1.000 -.112 .228 

100 10 .083 .057 1.000 -.087 .253 

1000 .247* .057 .000 .077 .417 

10000 .209* .057 .005 .039 .379 

50 .077 .057 1.000 -.093 .247 

500 .140 .057 .220 -.030 .310 

1000 10 -.165 .057 .067 -.335 .005 

100 -.247* .057 .000 -.417 -.077 

10000 -.038 .057 1.000 -.208 .132 

50 -.170* .057 .049 -.340 .000 

500 -.107 .057 .924 -.277 .063 

10000 10 -.126 .057 .418 -.296 .044 

100 -.209* .057 .005 -.379 -.039 

1000 .038 .057 1.000 -.132 .208 

50 -.132 .057 .326 -.302 .038 

500 -.069 .057 1.000 -.239 .101 

50 10 .006 .057 1.000 -.164 .176 

100 -.077 .057 1.000 -.247 .093 

1000 .170* .057 .049 .000 .340 

10000 .132 .057 .326 -.038 .302 

500 .063 .057 1.000 -.107 .233 

500 10 -.058 .057 1.000 -.228 .112 

100 -.140 .057 .220 -.310 .030 

1000 .107 .057 .924 -.063 .277 

10000 .069 .057 1.000 -.101 .239 

50 -.063 .057 1.000 -.233 .107 

PD 10 100 -.018 .057 1.000 -.188 .152 

1000 .264* .057 .000 .094 .434 

10000 .228* .057 .002 .058 .398 
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50 -.040 .057 1.000 -.210 .130 

500 .089 .057 1.000 -.081 .259 

100 10 .018 .057 1.000 -.152 .188 

1000 .281* .057 .000 .111 .451 

10000 .246* .057 .000 .076 .416 

50 -.023 .057 1.000 -.193 .147 

500 .107 .057 .926 -.063 .277 

1000 10 -.264* .057 .000 -.434 -.094 

100 -.281* .057 .000 -.451 -.111 

10000 -.036 .057 1.000 -.206 .134 

50 -.304* .057 .000 -.474 -.134 

500 -.174* .057 .039 -.344 -.004 

10000 10 -.228* .057 .002 -.398 -.058 

100 -.246* .057 .000 -.416 -.076 

1000 .036 .057 1.000 -.134 .206 

50 -.268* .057 .000 -.438 -.098 

500 -.139 .057 .239 -.309 .031 

50 10 .040 .057 1.000 -.130 .210 

100 .023 .057 1.000 -.147 .193 

1000 .304* .057 .000 .134 .474 

10000 .268* .057 .000 .098 .438 

500 .130 .057 .359 -.040 .300 

500 10 -.089 .057 1.000 -.259 .081 

100 -.107 .057 .926 -.277 .063 

1000 .174* .057 .039 .004 .344 

10000 .139 .057 .239 -.031 .309 

50 -.130 .057 .359 -.300 .040 

Based on estimated marginal means 

*. The mean difference is significant at the .05 level. 

b. Adjustment for multiple comparisons: Bonferroni. 
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