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Abstract 

 

Parkinson’s disease (PD) is a neurodegenerative disorder currently affecting 2% of 

individuals over 60 years old. The Leucine-rich repeat kinase 2 (LRRK2) gene has been 

identified as the most common genetic cause for PD. The two most frequent mutations are 

LRRK2-G2019S and LRRK2-R1441C, located in the kinase domain and in the ROC-COR 

domain, respectively. Although autophagic-lysosomal dysfunction and many mitochondria 

related pathways have been implicated in PD, our understanding is still limited. Here, we 

aim to further our understanding of autophagy-lysosomal pathways, mitochondrial health 

and mitophagy using LRRK2-R1441C rat primary cortical and human induced pluripotent 

stem cell-derived dopaminergic (iPSC-DA) cultures as models of PD. 

Even though there was an increase in proteolytic degradation levels in LRRK2-R1441C 

iPSC-derived dopaminergic cultures, there were no changes in autophagosomal and 

lysosomal markers, compared to healthy controls. Using co-immunoprecipitation in human 

culture models, it was demonstrated the novel interaction between LRRK2 and lysosomal 

proton pump vATPase-a1 subunit occurs at the LRRK2-COR domain. vATPase-a1 cellular 

localisation was investigated in LRRK2-related PD models but there was no evidence of 

abnormal accumulation of vATPase-a1 in the ER, Golgi or lysosomes.  

However, we found LRRK2-R1441C neurons exhibit decreased mitochondrial membrane 

potential, impaired mitochondrial function and decreased basal mitophagy levels. 

Mitochondrial morphology was altered in LRRK2-R1441C iPSC-DA but not in cortical 

neuronal cultures or aged striatal tissue, indicating a cell type-specific phenotype. 

Additionally, LRRK2-R1441C but not LRRK2-G2019S neurons demonstrated decreased 

levels of the mitophagy marker pS65Ub in response to mitochondrial damage, which could 

disrupt degradation of damaged mitochondria. This impaired mitophagy activation and 

mitochondrial function were not corrected by the LRRK2 inhibitor MLi-2 in LRRK2-R1441C 

iPSC-DA neuronal cultures.  

Furthermore, we demonstrate LRRK2 interaction with MIRO1, a protein necessary to 

stabilise and to anchor mitochondria for transport, occurs at mitochondria, in a genotype-

independent manner. Despite this, we found that degradation of MIRO1 was impaired in 

LRRK2-R1441C cultures upon induced mitochondrial damage, suggesting a divergent 

mechanism from the LRRK2-G2019S mutation. 

These results demonstrate the importance of LRRK2 in mitochondrial biology, as well as 

the critical role of the mitophagy in PD and the potential of mitochondria-targeting 

compounds as a therapeutic for the disease. 
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Resumo 

 

A doença de Parkinson (PD) é uma doença neurodegenerativa que afeta atualmente 2% 

dos indivíduos com mais de 60 anos de idade. O Leucine-rich repeat kinase 2 (LRRK2) foi 

identificado como a causa genética mais comum em PD. As duas mutações mais 

frequentes são LRRK2-G2019S e LRRK2-R1441C, localizadas no domínio quinase e no 

domínio ROC-COR, respectivamente. Embora disfunção em autofagia e balanço em 

mitocôndria tenham sido implicadas em PD, o conhecimento exacto dos mecanismos ainda 

é limitado. No presente estudo, pretendemos aprofundar a compreensão do processo de  

autofagia e lisosomas, saúde mitocondrial e mitofagia usando culturas dopaminérgicas 

derivadas de células-estaminais pluripotentes (iPSC-DA) e culturas primárias de LRRK2-

G2019S e LRRK2-R1441C como modelos de PD. 

Embora tenha havido um aumento nos níveis de degradação proteolítica em culturas 

dopaminérgicas derivadas de LRRK2-R1441C iPSC, não houve alterações nos 

marcadores de autofagia ou lisosomas, em comparação com controlos saudáveis. Usando 

co-imunoprecipitação em modelos de cultura celular (humana), foi demonstrado que a nova 

interação entre LRRK2 e a subunidade da bomba de prótons vATPase-a1 localizada em 

regiões acídicas tais como os lisosomas, ocorre no domínio LRRK2-COR. A localização 

celular de vATPase-a1 foi investigada em modelos de LRRK2-PD, mas não houve 

evidência de acumulação anormal no Retículo Endoplasmático, Golgi ou lisossomas. 

No entanto, modelos neuronais de LRRK2-R1441C exibiram diminuição do potencial de 

membrana mitocondrial, função mitocondrial prejudicada e diminuição dos níveis basais de 

mitofagia. A morfologia mitocondrial em LRRK2-R1441C iPSC-DA encontra-se alterada, 

mas não em culturas neuronais corticais ou tecido estriatal envelhecido, indicando um 

fenótipo específico dependente do tipo de célula. Além disso, os neurónios LRRK2-

R1441C, mas não os neurónios LRRK2-G2019S, demonstraram níveis reduzidos do 

marcador de mitofagia pS65Ub em resposta ao dano mitocondrial, o que poderia 

interromper a degradação de mitocôndrias danificadas. Essa ativação mitofágica 

prejudicada e a função mitocondrial não foram corrigidas pelo inibidor de kinase de LRRK2 

(MLi-2) em culturas neuronais LRRK2-R1441C iPSC-DA. 

Além disso, demonstramos que a interação de LRRK2 com MIRO1, uma proteína 

necessária para estabilizar e ancorar mitocôndrias para transporte, ocorre na mitocôndria 

de maneira independente do genótipo. Apesar disso, descobrimos que a degradação de 

MIRO1 encontra-se alterada em culturas LRRK2-R1441C após dano mitocondrial induzido, 

sugerindo um mecanismo divergente da mutação LRRK2-G2019S. 
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Estes resultados demonstram a importância de LRRK2 na biologia mitocondrial, bem como 

o papel crítico da mitofagia em PD e o potencial de compostos direcionados à mitocôndria 

como terapêutica para a doença de Parkinson. 
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Chapter 1 – Introduction 

1.1. Parkinson’s disease 

 

1.1.1. Introduction 

Parkinson’s disease (PD) is the second most common neurodegenerative disorder 

worldwide, with more than 4 million people over 50 affected by the disease, with a 

projection for the number of individuals with PD to double by 2030 (Dorsey et al. 2007). 

Parkinson’s disease was first characterised over 200 years ago by James Parkinson, 

who reported similar involuntary tremors of the limbs and bradykinesia in six different 

patients, with no apparent loss of sense and intellect in his essay entitled “An essay in 

the shaking palsy” (Parkinson 1817). Parkinson’s disease is characterised by a loss of 

dopaminergic neurons (DAn) in the Substantia Nigra pars compacta (SNpc) region of the 

midbrain as well as their projections to the striatum. This specific dopaminergic 

neurodegeneration within an important regulator of voluntary movements results in the 

hallmark clinical symptoms of PD such as bradykinesia, resting tremor, and muscle 

rigidity (Antony et al. 2013). Moreover, post-mortem analysis reveals the presence of α-

synuclein protein aggregates, known as Lewy bodies (LBs), throughout the brain 

(Spillantini et al. 1997). Alpha-synuclein forms the main component of LBs and is thought 

to spread to interconnected brain regions in a prion-like manner, a process that is 

currently not fully understood (Wang and Hay 2015). 

 

1.1.2. Clinical characterisation 

Patients diagnosed with Parkinson’s disease often present motor symptoms which 

include resting tremors, muscle rigidity, postural instability, bradykinesia (slowness of 

movement) and gait, as well as non-motor symptoms such as dementia, pain, fatigue, 

mild-cognitive impairment and urinary symptoms (Kalia and Lang 2015; Jankovic and 

Tan 2020). These motor symptoms are heterogeneous in patients, further dividing into 

subtypes of the disease, including tremor-dominant (with absence of other motor 

symptoms) and non-tremor dominant. Non-tremor dominant can be further divided into 

akinetic-rigid syndrome and postural instability gait disorder (Marras and Lang 2013). 

Non-motor symptoms can also precede PD hallmark motor symptoms by as much as 

two decades, referred to as prodromal symptoms. Prodromal PD refers to a phase during 
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which clinical signs of disease are not evident but underlying neurodegeneration has 

started and progressed. These prodromal markers can manifest as RBD (Resting Eye 

Movement (REM) Sleep Behaviour Disorder) and preparation of individuals that have 

RBD and convert to PD acts as one of the best early markers of PD. Other prodromal 

markers include hyposmia, constipation, hypotension, diabetes mellitus, urinary and 

erectile dysfunction, anxiety and depression (Mantri, Morley, and Siderowf 2019; 

Jankovic and Tan 2020). Current diagnosis of PD involves identification of genetic 

causes, confirming parkinsonism (bradykinesia, plus one other cardinal motor symptom), 

excluding atypical parkinsonism (other neurodegenerative conditions presenting similar 

symptoms) but can only be confirmed in post-mortem examination (Bloem, Okun, and 

Klein 2021). 

 

1.1.3. Pathophysiologic mechanisms 

Studies investigating human post-mortem samples from PD patients demonstrated a 

neuronal loss in the SNPc, locus coeruleus and other neuronal populations (Ehringer 

and Hornykiewicz 1960). The accumulation of Lewy bodies and loss of dopaminergic 

neurons, which present a distinct dark colour due to the dopamine synthesis by-product 

neuromelanin, leads to reduced striatal dopamine levels (Fig. 1.1 A) (Kordower et al. 

2008a). Midbrain DAn are located in three major nuclei including the SNpc (A9), the 

ventral tegmental area (VTA; A10), and the retrorubral field (RRF; A8). DAn in the SNpc 

project to the dorsal striatum via the nigrostriatal pathway releasing dopamine to 

modulate corticostriatal transmission in medium spiny neurons (MSN) expressing 

dopamine D1 or D2 receptors, which leads to movement activation or suppression, 

respectively. It is the preferential loss of A9 ventral midbrain DAn (vmDAn) that results 

in the hallmark motor symptoms of PD. Currently, the main hypothesis to explain this 

susceptibility of A9 vmDAns to neurogeneration highlights how DAn of the SNpc have 

highly branched, long, unmyelinated axons that put a high energetic burden on the cell 

(Pissadaki and Bolam 2013) which may lead them to become more susceptible to cellular 

stress. Furthermore, SNpc neurons use L-type calcium channels for pacemaking activity 

(Surmeier, Guzman, and Sanchez-Padilla 2010) and the maintenance of calcium 

gradients will place high energy demands on the cell, therefore exacerbating the already 

increased burden on these DAn.  

Disease progression can be quantified using alpha-synuclein pathology as proposed by 

the Braak hypothesis which suggests that early pathological changes occur in the 

medulla oblongata and olfactory bulb (Braak stages 1 and 2) before advancing rostrally 
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to the substantia nigra and midbrain when clinical motor symptoms are likely to be 

present (Braak stages 3 and 4) and lastly the cortical regions eventually become affected 

in late stages (Braak stages 5 and 6). At a late stage of PD mesocortical, mesolimbic 

and tubero-infundibular regions of the brain are affected, impairing brain functions such 

as cognition and memory, emotion and reward, and sensory processing and hormonal 

regulation, respectively (Fig. 1.1 B) (Braak et al. 2003). Certain species of α-synuclein 

can activate neuroinflammatory response and more importantly can ‘seed’ and 

progressively spread α-synuclein pathology from cell to cell, as demonstrated by the 

surprising presence of Lewy bodies in the young neural grafts of transplanted PD 

patients, more than a decade after surgery (Kordower et al. 2008a; Kordower et al. 

2008b; Li et al. 2008). 

 

Figure 1.1. – Parkinson’s disease pathology. (A) Horizontal human brain sections 

from a healthy control and PD patient (Mackenzie, 2001). Arrows indicate the pigmented 

cells of the SNpc. Neurodegeneration in the nigrostriatal regions leads to impairment and 

loss of melanated dopaminergic neurons, caused by accumulation of α-synuclein 

aggregates into Lewy Bodies. (B) Disruption of the dopaminergic circuits affects 

nigrostriatal projections during early/mid stages of PD, and then as disease progresses, 

it affects mesocortical, mesolimbic and tubero-infundibular regions of the brain, affecting 

different brain functions such as motor function, cognition and memory. 
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The role of LBs is not yet completely understood since not all familial PD showed LBs at 

post-mortem examination (Doherty and Hardy 2013; Gaig et al. 2007). The presence of 

LBs and Lewy neurites (LN) are also histopathologic features of Parkinson’s disease with 

dementia (PDD), dementia with Lewy bodies (DLB), and the mixed form of Alzheimer’s 

disease (AD) and DLB. On the other hand, LBs have even been observed in 

neurologically normal post-mortem brains  (Markesbery et al. 2009). LB load in patients 

also correlates poorly with the severity of symptoms (Colosimo et al. 2003; Parkkinen, 

Pirttilä, and Alafuzoff 2008). However, it is known that the oligomeric form of α-synuclein, 

which is a precursor to the fibrillary α-synuclein found in LBs, is highly neurotoxic (Winner 

et al. 2011; Näsström et al. 2011) and α-synuclein oligomers have been observed in 

post-mortem brains (Tofaris et al. 2003; Roberts, Wade-Martins, and Alegre-Abarrategui 

2015). Therefore, it has been hypothesised that oligomeric species of α-synuclein would 

cause neuronal degeneration in PD (Helwig et al. 2016; Winner et al. 2011; Bengoa-

Vergniory et al. 2017; Roberts, Bengoa-Vergniory, and Alegre-Abarrategui 2019). 

Importantly, other proteins such as ubiquitin (Spillantini et al. 1997), 14-3-3 proteins 

(Kawamoto et al. 2002), heat shock cognate 71 kDa protein (HSC70) (Leverenz et al. 

2007) and tau (Ishizawa et al. 2003) have also been found in LBs. 

Many different cellular dysfunctions have been implicated in human post-mortem tissues, 

in vitro human cell lines, human brain organoids and animal models of PD (Fig. 1.2.). 

These include oxidative stress induced by reactive oxygen species (ROS) and metals 

(Trist, Hare, and Double 2019), mitochondrial dysfunction (Malpartida et al. 2021), 

disruption of calcium homeostasis, synaptic dysfunction (Nguyen et al. 2019), 

impairment of protein clearance (involving key ubiquitin-proteasome and autophagy-

lysosomal systems) (Lu, Wu, and Yue 2020; Madureira, Connor-Robson, and Wade-

Martins 2020), neuroinflammation, protein misfolding and aggregation (mainly α-

synuclein and tau) (Mehra, Sahay, and Maji 2019; Pan et al. 2021) and apoptosis 

(Antony et al. 2013). This body of work will focus mainly in the lysosomal and 

mitochondrial dysfunction in a subset of PD. 
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Figure 1.2. – Cellular hallmarks of Parkinson’s disease. All subtypes of PD may share 

common cellular phenotypes. Correlations between the represented cellular phenotypes 

and disease progression are well established, even though the chronology and cell-

specific dysfunction remains to be elucidated. Taken from (Antony et al. 2013). 

 

1.1.4. Aetiology of Parkinson’s disease 

Causes of Parkinson’s disease are still not entirely understood, with the main relevant 

factors being genetics, the environment and interactions between them. 

1.1.4.1. Genetics 

1.1.4.1.1. Familial PD genes 

Currently, 5-10% of patients present with a familial form of PD, illustrating how research 

into these genes and their neuropathological pathways is vital. Familial mutations have 

been described in a number of genes including SNCA and LRRK2 which are responsible 

for autosomal dominant PD forms, while mutations in Parkin, PINK1, DJ-1 and ATP13A2 

are accountable for autosomal recessive PD (Klein and Westenberger 2012).  

The first familial mutation to be linked to PD was the A53T mutation in the α-synuclein 

(SNCA) gene which was identified in an Italian family (Hardy 2010; Polymeropoulos et 

al. 1997). The A53T mutation in α-synuclein has been associated with altered autophagy 

and mitochondrial dysfunction (Pupyshev et al. 2018; Smith et al. 2005). Since then, 

multiple rare genetic alterations such as duplication, triplication and other point-

mutations such as A30P, E46K, H50Q and G51D, have been reported in the SNCA gene. 

SNCA-related PD is usually associated with early onset disease with a more rapid 
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progression and with dose dependent effects on both of these outcomes (Zeng et al. 

2018; Schneider and Alcalay 2017; Wang and Hay 2015). Although the exact role of α-

synuclein remains elusive, numerous pathological mechanisms, such as synaptic 

dysfunction, ER-Golgi trafficking disruption, endoplasmic reticulum (ER) stress, Golgi 

fragmentation and perturbation of the autophagy-lysosomal pathway have been 

associated with α-synuclein mutations (Zambon et al. 2019; Ryan et al. 2013; Chung et 

al. 2013; Colla et al. 2012; Wang and Hay 2015). 

Mutations in the Leucine-Rich Repeat Kinase 2 (LRRK2) gene, located in the PARK8 

loci, are the most common mutations found in familial autosomal dominant PD 

(Singleton, Farrer, and Bonifati 2013; Paisán-Ruíz et al. 2004; Zimprich et al. 2004). Due 

to their similar age of onset, symptom progression and neuropathology LRRK2-PD 

patients cannot be clinicopathologically distinguished from idiopathic patients. LRRK2 is 

mainly considered to be a cytoplasmic protein, but it can also be found on organelle 

membranes, such as the mitochondria and lysosomes (Orenstein et al. 2013). Mutations 

in the LRRK2 gene account for 2% to 40% of PD cases, depending on populations (Klein 

and Westenberger 2012). The two most common mutations, G2019S and R1441C, 

account for up to 10% and 2.5% of sporadic PD cases, respectively, depending on 

population group. The difference in frequency between the two mutations may be 

explained by incomplete, age-dependent penetrance. The G2019S mutation presents a 

penetrance ranging from 17% at 50 years old to 85% at 70 years old, and the R1441C 

mutation presents with more severe phenotypes (Healy, Wood, and Schapira 2008; 

Kluss, Mamais, and Cookson 2019). These findings along with the evidence from GWAS, 

showing LRRK2 variants impact on the risk of developing PD, show how understanding 

the role of LRRK2 in PD pathology will be critical to fully comprehend both familial and 

sporadic forms of disease. 

The heterozygous glucocerebrosidase (GBA) variants are one of the most common PD 

risk factors, found in 3–20% of PD and Lewy Body Dementia (LBD) patients, depending 

on the population (Gan-Or, Dion, and Rouleau 2015; Blauwendraat et al. 2020). Some 

of the most common variants are the E326K, T369M, N370S and L444P mutations. 

Interestingly, homozygous or compound heterozygous state GBA mutations may cause 

autosomal recessive Gaucher’s disease, a lysosomal storage disorder (Futerman et al. 

2004). The GBA gene encodes for glucocerebrosidase (GCase), the lysosomal 

membrane enzyme that cleaves the glycolipid glucosylceramide. However, the majority 

of GBA variant carriers will not develop PD, suggesting other genetic and/or 

environmental factors that affect the penetrance of these variants (Blauwendraat et al. 
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2020). Two recent studies independently showed that GBA mutation carriers can also 

carry the LRRK2-G2019S mutation, with no impact on age of onset (Yahalom et al. 2019; 

Blauwendraat et al. 2020). However, when compared to non-carriers, LRRK2-G2019S 

carriers displayed higher activity levels of GCase. Since GBA mutations are linked to 

reduced GCase activity and more aggressive PD pathology, it was hypothesised LRRK2 

mutations could have a protective effect on GBA mutation carriers through a mechanism 

that remains unknown (Alcalay et al. 2015). Contrary to this observation, and importantly 

in induced pluripotent stem cell (iPSC) derived dopaminergic neurons, LRRK2-G2019S 

and LRRK2-R1441C patients showed lower GCase activity, which was then increased 

after treatment with the LRRK2 inhibitor MLi-2, in neurons with either LRRK2 or GBA 

mutations (Ysselstein et al. 2019). It is hypothesised that reduced GCase activity leads 

to impaired lysosomal function and therefore accumulation of insoluble α-synuclein 

(Beavan and Schapira 2013). Moreover, a recent report showed that LRRK2 inhibitor 

MLi-2 rescued lysosomal pH levels and corrected cathepsin B activity in GBA mutant 

knock-in (KI) astrocytes (Sanyal et al. 2020). Taken together, these results suggest an 

interplay between GBA and LRRK2, albeit still not fully understood, that paves the way 

for more research to be conducted on this subject. 

 

1.1.4.1.2. GWAS loci 

Genome wide association studies (GWAS) have uncovered numerous low-risk 

susceptibility variants for sporadic PD, namely in the LRRK2, GBA, MAPT, Parkin, 

PINK1, DJ-1 and VPS35 loci (Nalls et al. 2014; Singleton, Farrer, and Bonifati 2013; 

Hardy 2010). Moreover, the study identified a LRRK2 variant in a non-coding region 

(rs76904798h), which confers around 15% increased risk of developing sporadic PD 

(Nalls et al. 2014). A recent meta-analysis of GWAS has reported a list of 17 additional 

loci associated with disease, altogether implicating pathways such as neuronal survival, 

neuroinflammation, vesicle trafficking, mitochondria metabolism, autophagy and 

lysosomal function with PD (Fig. 1.3) (Chang et al. 2017). Other PD associated genes 

have also been implicated in the autophagy and mitophagy pathways including GBA, 

VPS35, ATP13A2, PINK1 and Parkin (Ramirez et al. 2006; Vives-Bauza et al. 2010; 

Zavodszky et al. 2014; Fernandes et al. 2016; Taguchi et al. 2017). 
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Figure 1.3. – Genetic risk burden in Parkinson’s disease. Continuum of variants of 

different effect strengths and allele frequencies. The size of the bubbles roughly 

corresponds to population allele frequencies. Colours symbolize modes of inheritance: 

dominant (blue), recessive (yellow), risk loci (green). Taken from (Gasser 2015). 

 

1.1.4.2. Environment 

There has been some debate about the genetic and environmental factors contribution 

in pathogenesis of PD. Some risk factors implicated in PD have been identified, such as 

pesticides (paraquat, organochlorine, and carbamate derivatives) and heavy metal 

exposure (manganese) (Yan et al. 2018; Dutheil et al. 2010). Neurotoxic models using 

chemical toxins such as 6-Hydroxydopamine (6-OHDA), 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP), paraquat and rotenone lead to severe striatal DA depletion 

that mirrors an advanced stage of PD (Di Monte, Lavasani, and Manning-Bog 2002). 

Whilst toxin-induced models allow to investigate the consequences and mechanisms of 

DA dysfunction, LBs are not commonly observed and models fail to recapitulate the 

progressive, age dependent effects of PD. 

On the other hand, tobacco and caffeine consumption could be potential environmental 

neuroprotective agents, reducing the risk of PD (Di Monte, Lavasani, and Manning-Bog 



9 
 

2002). Although the analysis of various environmental exposures from epidemiological 

studies shows a lack of robustness and consistency in some associations, for example 

traumatic head injury (Huang et al. 2018). 

 

1.1.5. Treatment strategies 

 “But although, at present, uninformed as to the precise nature of the disease, still it ought 

not to be considered as one against which there exists no countervailing remedy. On the 

contrary, there appears to be sufficient reason for hoping that some remedial process 

may ere long be discovered, by which, at least, the progress of the disease may be 

stopped.” 

James Parkinson (Parkinson 1817) 

This quote can still be applied today and summarises, in part, what drives research into 

Parkinson’s disease. More than 200 years ago, Dr. Parkinson’s prediction of a treatment 

that would slow the progress of the disease is yet to be found, as the currently approved 

treatments focus on alleviating symptoms and maintaining quality of life. A recent review 

of the guidelines for the treatment of Parkinson’s disease recommends the administration 

of medication to patients to increase striatal DA levels and ameliorate motor deficits 

associated with the disease. This pharmaceutical therapy is usually complemented with 

rehabilitative therapies such as physiotherapy and exercise (Armstrong and Okun 2020). 

The main types of pharmacologic agents used include dopamine precursors and 

agonists, monoamine oxidase-B (MAO-B) and catechol-O-methyltransferase (COMT) 

inhibitors, glutamatergic and anticholinergic agents, administered according to 

symptoms and progression of the disease (Ellis and Fell 2017; Armstrong and Okun 

2020).  

The use of the dopamine precursor levodopa (or L-Dopa) is still the “gold standard” for 

the treatment of Parkinson’s disease, as dopamine is a positively charged molecule that 

does not cross the blood-brain barrier (BBB) (Jodko-Piorecka and Litwinienko 2013; 

Lewitt 2015). Once this precursor has entered the central nervous system, it is converted 

into DA by the aromatic l-amino acid decarboxylase enzyme (or DOPA decarboxylase). 

Furthermore, Carbidopa is often prescribed in combination to inhibit peripheral 

metabolism of levodopa and increasing the availability in the central nervous system 

(CNS) (Ellis and Fell 2017). L-Dopa is the most cost-effective agent for improvement of 

quality of life and symptom relief in the current therapeutic panorama. A study showing 

levodopa could rapidly reverse hypokinesia in rabbits treated with reserpine, a drug used 
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to treat high blood pressure, catapulted the hypothesis that levodopa could be used to 

treat Parkinson’s disease by enhancing striatal dopaminergic neurotransmission (Oster 

and Sorkin 1942; Lewitt 2015). However, it has been reported that patients commonly 

exhibit inconsistent response to levodopa over time, causing motor fluctuations and 

dyskinesia respectively designated as L-DOPA induced dyskinesia (LID) (Calabresi et 

al. 2010). Pre-clinical and clinical trials indicate LID symptoms such as chorea and 

dystonia can be reduced with pulsatile stimulation of striatal postsynaptic receptors 

(Olanow, Obeso, and Stocchi 2006). 

The monoamine oxidase-B enzyme oxidises amines such as dopamine, converting it to 

3,4-dihydroxyphenylacetic acid (DOPAC) which is in turn converted to homovanillic acid 

(HVA) by catechol-O-methyltransferase (Edmondson, Binda, and Mattevi 2007). In a 

parallel metabolic pathway, COMT converts DA into 3-methoxytyramine (3-MT), that is 

in turn oxidised and converted to HVA by MAO-B. Both MAO-B and COMT inhibitors can 

be used in combination with other drugs or alone to alleviate motor symptoms by 

decreasing dopamine metabolism and consequently increasing dopamine 

concentrations in the brain (Ellis and Fell 2017; Edmondson, Binda, and Mattevi 2007). 

Some examples of MAO-B and COMT inhibitors approved for standard PD care are 

selegiline and rasagiline, and entacapone and tolcapone, respectively. 

Dopamine agonists include apomorphine, bromocriptine, ropinirole, pramipexole, and 

rotigotine. These drugs act on dopamine receptors to amplify the effects of dopamine, 

the most potent being agonists of D2-like receptors. DA agonists are another safe and 

effective alternative to L-DOPA, especially in younger patients, and is associated with a 

lower incidence of motor complications at the 5-year mark (Alonso-Cánovas et al. 2014). 

A 2010 meta-analysis of all the controlled trials performed with DA agonists found a 

significant reduction in ‘off’ time, Unified Parkinson’s Disease Rating Scale (UPDRS) 

score and incidence of dyskinesia (Stowe et al. 2011). However, it has been 

demonstrated that DA agonists play a role in the pathogenesis of Impulse Control 

Disorder (ICD); particularly pathological gambling, hypersexuality and compulsive 

shopping and eating (Alonso-Cánovas et al. 2014). 

Anticholinergic agents antagonise the effects of acetylcholine at muscarinic receptors 

postsynaptic to striatal interneurons. However, antagonism of acetylcholine can be 

associated with a variety of adverse effects such as cognitive impairment, confusion, 

hallucination, blurred vision, dry mouth, constipation, and urinary retention. Even though 

anticholinergics are used to reduce tremor they also have no effect on bradykinesia. The 
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limited symptom management and number of side effects hinder the usefulness of 

anticholinergics in the treatment of PD (Jankovic and Tan 2020). 

In parallel to the symptomatic treatment for the motor symptoms experienced by PD 

patients, there are also some surgical treatments such as Deep Brain Stimulation (DBS), 

focused ultrasound and cell replacement therapies. It is important to highlight how DBS 

can be used in patients with moderate to advanced PD presenting with fluctuating 

response, troublesome dyskinesia or levodopa-unresponsive symptoms. Thalamic DBS 

is most frequently used to control high-amplitude tremor in patients with essential tremor, 

but STN or globus pallidus interna (GPi) are the most frequent targets for DBS treatment 

of patients with PD with disabling tremor and/or levodopa-related motor complications. 

Deep brain stimulation is used to treat the effects of wearing off that involve motor 

symptoms, tremor, and dyskinesia and it involves surgical placement of unilateral or 

bilateral electrodes transcranially in the subthalamic nucleus or the globus pallidus 

interna. These electrodes are attached to a battery in the chest, similar to a pacemaker, 

which stimulate these brain regions to mitigate the unbalanced neuronal activity 

underlying motor symptoms (Schuepbach et al. 2013). Patients undergoing DBS can 

have a higher risk of infection at the surgery site, and it is important to clarify this method 

still does not halt the progression of neuronal degeneration (Pepper et al. 2013; 

Shulman, De Jager, and Feany 2011). 

 

 

1.2. LRRK2 

LRRK2 can be found ubiquitously in the human body although expression levels are 

mainly detected in kidneys, lung, granulocytes in the blood and the brain (Miklossy et al. 

2006; Paisán-Ruíz et al. 2004; Zimprich et al. 2004). Relatively high levels of LRRK2 

mRNA measured by in situ hybridisation have been detected in areas innervated by the 

mesencephalic dopamine system, such as the caudatus and putamen regions of the 

human brain, but not in dopamine neurons per se. Similar findings are reported in adult 

mouse and rat brains, where expression of LRRK2 mRNA was specifically located in the 

striatum and parts of the cortex, yet no significant levels in dopamine neurons (Galter et 

al. 2006). These findings are recapitulated when analysing endogenous LRRK2 protein 

expression levels in rodent models (West et al. 2014).  A study of a large sample cohort 

using a dense genotyping array technique revealed that LRRK2 mRNA levels were 

highest in the occipital cortex and lowest in the cerebellum and white matter. As for the 

substantia nigra and putamen, the regions most implicated in the PD pathology, LRRK2 
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expression levels were not significant (Trabzuni et al. 2013). LRRK2 expression levels 

have also been detected in astrocytes, oligodendrocytes, microglia and in different 

immune cell subsets, such as monocytes, B cells and T cells (Cook et al. 2017; Miklossy 

et al. 2006). Furthermore, LRRK2 expression levels differ between primary cultures of 

astrocytes (Giesert et al. 2013), macrophages (Schapansky et al. 2014) and microglia 

(Gillardon, Schmid, and Draheim 2012) that present relatively high levels compared to 

neuronal cultures where endogenous expression levels are low (Schapansky et al. 

2014).   

1.2.1. Structure 

LRRK2 comprises a large homodimeric protein (285 kDa) and has several functional 

domains including an armadillo repeat (ARM) region, an ankyrin repeat region (ANK) 

and a leucine-rich repeat (LRR) domain, which are important for mediating protein-

protein interactions. There is also a ROC-COR domain which consists of a GTPase of 

the ROCO family. The C-terminal of LRRK2 contains a functional kinase MAPKKK-like 

domain, regulated by the GTPase activity of LRRK2, and also a WD-40 domain that 

regulates protein-protein interactions (Fig. 1.4) (Myasnikov et al. 2021; Guaitoli et al. 

2016). Therefore, LRRK2 has both kinase and GTPase function and can also operate 

as a scaffolding unit in signalling pathways (Paisán-Ruíz et al. 2004; Outeiro et al. 2019). 

However, the biological role of LRRK2 is not yet completely understood. 
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Figure 1.4. – LRRK2 structure. Top: domain scheme of LRRK2. The domain boundary 

is mapped based on its cryo-EM structure. The domain boundary is labelled. Bottom: 

cylinder model of the full-length LRRK2 at two views. ARM, ANK, LRR, ROC, COR, KIN, 

and WD40 domains (red, orange, yellow, green, cyan, blue, and violet, respectively). The 

linkers connecting adjacent domains are coloured using the same colour as the previous 

domain. Abbreviations: ARM, armadillo repeat motif; ANK, ankyrin repeat; LRR, leucine-

rich repeat; ROC, ras of complex; COR, C-terminal of ROC; KIN, kinase. Taken from 

(Myasnikov et al. 2021). 

1.2.2. Physiological role 

LRRK2 has been reported to phosphorylate several substrates, including GTPases of 

the Rab superfamily Rab3, Rab5, Rab7L1, Rab8, Rab10, Rab12, Rab29 and Rab32, 

indicating a role in endosomal and vesicle trafficking pathways (Dodson et al. 2012; 

MacLeod et al. 2013; Beilina et al. 2014; Cho et al. 2014; Yun et al. 2015; Steger et al. 

2016; Connor-Robson et al. 2019). LRRK2 also interacts with microtubules, suggesting 

a role in cytoskeleton dynamics and neurite outgrowth (Godena et al. 2014; Parisiadou 

et al. 2014). Studies in LRRK2 mutant models also implicate a role in mitochondria 

morphology, homeostasis and mitophagy (Malpartida et al. 2021; Yue et al. 2015). 
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LRRK2 regulates pathways in immune cells, such as cytokine release and phagocytosis 

(Wallings and Tansey 2019). More recently, LRRK2 has been described to regulate 

nuclear envelope integrity by interacting with lamin A/C (Shani et al. 2019). 

1.2.3. LRRK2 mutations 

Over the last few decades, many LRRK2 mutations have been identified in monogenic 

PD. In 2002, the I2020T mutation in a Japanese family in which the PARK8 locus was 

first described as associated with PD (Funayama et al. 2002). Later in 2004, Y1699C, 

R1441G and R1441C were identified (Paisán-Ruíz et al. 2004; Zimprich et al. 2004), 

followed by the G2019S mutation found in multiple kindreds across North America and 

Europe (Nichols et al. 2005; Kachergus et al. 2005) and the R1441H mutation, identified 

in a patient of European ancestry (Deng et al. 2006). In 2006, the I2012T mutation was 

also identified in a familial case of PD in Taiwan (Deng et al. 2006) and in 2010 the 

N1437H mutation was detected in a large Norwegian family (Ross et al. 2008). Moreover, 

other mutations are considered as risk factors for sporadic PD, such as the R1628P 

(Ross et al. 2008) and G2385R mutations (Di Fonzo et al. 2006), which confer a two-fold 

increased risk of disease. LRRK2 mutations associated with PD are mainly located in 

the kinase, Roc, and COR domains, thus highlighting the importance of these functional 

domains. The G2019S and I2020T mutations occur in the kinase domain, R1441C/G/H 

in Roc domain, and Y1699C and N1437H, which are significantly more penetrant, occur 

in COR domains (Lee and Cannon 2015). 

Interestingly, PD patients with LRRK2 mutations are typically clinically and pathologically 

indistinguishable from sporadic PD (Healy et al. 2008) with similar age of onset, 

nigrostriatal neuronal loss and responsiveness to DA replacement therapy (Singleton, 

Farrer, and Bonifati 2013). This cohort of PD patients usually does not present with Lewy 

body pathology (except for G2019S), but sometimes exhibit neurofibrillary tau tangles 

(Kett and Dauer 2012). However, mutant LRRK2 carriers demonstrated reduced 

incidences of cognitive impairment and sleep disturbances, despite similar motor and 

non-motor symptoms (Healy et al. 2008). 

1.2.4. LRRK2 cellular dysfunctions 

The G2019S mutation, located in the kinase domain, increases the kinase activity of 

LRRK2 whereas the R1441C mutation, located in the GTPase domain, decreases 

GTPase activity (Chen and Wu 2018; Lewis et al. 2007; West et al. 2005). There is 

evidence suggesting LRRK2-R1441C increases kinase activity (West et al. 2005), yet 

other reports suggest it does not directly enhance kinase activity (Steger et al. 2016; 
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Nichols et al. 2010; Lewis et al. 2007), thus indicating this effect is still unclear. As 

discussed above, LRRK2 likely has numerous functions and disruption to its normal 

physiological roles would result in a broad array of phenotypes within cellular structures 

(Fig. 1.5) (Usmani, Shavarebi, and Hiniker 2021). For instance, pathogenic LRRK2 leads 

to impairment of late stages of endocytosis, trafficking to lysosomes and synaptic vesicle 

endocytosis (Gómez-Suaga et al. 2012; Rivero-Ríos et al. 2016; Connor-Robson et al. 

2019). LRRK2-G2019S models present increased sensitivity to mitochondrial toxins and 

accumulation of damaged mitochondria while both LRRK2-G2019S and LRRK2-R1441C 

cause increased mitochondrial fragmentation, suggesting a toxic gain-of-function 

phenotypic alteration (Karuppagounder et al. 2016; Mortiboys et al. 2010; Ramonet et 

al. 2011; Wang et al. 2012). Both LRRK2-G2019S and LRRK2-R1441C seem to alter 

actin cytoskeleton stability and LRRK2-R1441C shows disruption of microtubule-

dependent organelle and vesicle transport (Godena et al. 2014; Parisiadou et al. 2014; 

Caesar et al. 2015). LRRK2-G2019S has reduced interaction with lamin A/C, causing 

nuclear lamina disorganisation and leakage of nuclear proteins in a loss-of-function 

manner (Shani et al. 2019). Considering the many potential roles of LRRK2 it is important 

to understand how it plays a role in each pathway. Studies focused on specific cellular 

contexts will help uncover the full extent of mutant LRRK2 effects. 

 

Figure 1.5. – LRRK2 subcellular localisation. LRRK2 is found in the cytoplasm, where 

it binds to 14-3-3 proteins in a phosphorylation-dependent manner, and at cell 

membranes, where it forms a homodimer. LRRK2 function appears particularly important 

to the endolysosomal system and trans-Golgi network. Here, LRRK2 is activated by and 

phosphorylates Rab29 and also recruits and phosphorylates Rab8A/10 (as well as other 

Rab proteins) to initiate downstream pathways. In overexpression, LRRK2 binds the 
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microtubule in an ordered helix, and LRRK2 proteasomal degradation is regulated by 

TRIM1. LRRK2 also appears to have important roles in normal retromer and 

mitochondrial function and mitophagy. Taken from (Usmani, Shavarebi, and Hiniker 

2021). 

 

1.2.5. Models to study LRRK2-related Parkinson’s disease 

There are several models available to study LRRK2-related PD, providing both in vitro 

and in vivo assays to understand the underlying molecular mechanisms driving LRRK2 

induced dopaminergic neurodegeneration. The essential features of an animal model of 

PD include age-dependent, progressive degeneration of DAn of the SNpc, motor 

dysfunction that is responsive to DA replacement therapy (resembling the hallmark PD 

motor symptoms), α-synuclein positive LBs and neurodegeneration levels elsewhere in 

the brain less severe than DAn loss in the midbrain (Dawson, Ko, and Dawson 2010). 

Animal models to study LRRK2-PD in vivo can be divided into invertebrate models, which 

include Caenorhabditis elegans and Drosophila melanogaster, and vertebrate models 

which include zebrafish and mammalian models (rodent models). 

1.2.5.1. Invertebrate animal models 

The main advantage to using the C. elegans nematode invertebrate model is a well-

defined and genetically tractable nervous system. However, C. elegans contains only 

one lrrk-1 gene encoding a LRRK-like protein. Nonetheless, there have been important 

loss of function studies linking LRRK2 function to ER stress and Golgi network (Xiong et 

al. 2012; Yuan et al. 2011). Overexpression of LRRK2 in C. elegans recapitulates some 

of the key features of PD, such as age dependent DAn neurodegeneration, behavioural 

deficits, and locomotor dysfunction that are accompanied by a reduction of dopamine 

levels. Furthermore, it also establishes a link to mitochondrial dysfunction, autophagy 

impairment and ER stress and supports a role for LRRK2 kinase and GTPase activity in 

LRRK2-mediated neurotoxicity in vivo (Saha et al. 2009; Yao et al. 2010). Drosophila 

have one human LRRK2 homolog dLRRK and residues affected by PD-causing 

mutations in Lrrk2 are conserved, have well-defined nervous systems with 

neurotransmitters similar to mammals, can undergo complex behavioural tests and 

present clusters of DAn, making it an important tool to study LRRK2-PD. These tools 

include LRRK2 knock-out (KO), which show dLRRK2 is not essential for survival of DAn 

(Xiong and Yu 2018), and transgenic (TG) models, which have demonstrated reduced 

axonal transport rates may contribute to the formation of Lewy bodies or lewy neurites in 
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some PD cases carrying R1441C or Y1669C mutation (Saha et al. 2004) and that 

different LRRK2 pathogenic mutations act at distinct pathways and cause varied 

neuropathology in the DA neurodegeneration (Xiong and Yu 2018). 

1.2.5.2. Vertebrate animal models 

As for LRRK2 zebrafish models, there has been limited development despite zebrafish 

homolog zLRRK2 presenting high conservation with human LRRK2 and 

neurodegenerative and locomotion defects being rescued with L-dopa or by over-

expressing zLRRK2 or human LRRK2 mRNA (Sheng et al. 2010). However, a similar 

study showed opposite results and therefore loss of function zLRRK2 models requires 

further evaluation (Ren et al. 2011). 

Rodent models of mouse and rat are widely used due to similar neuronal networks and 

basal ganglia circuitry with high conservation of homologs with the human disease-

causing genes. Mouse LRRK2 KO models show neurodegeneration in the peripheral 

nervous system (PNS), but not in the midbrain DAn, even in aged mice (up to 2 years 

old). Furthermore, LRRK2 KO mice develop kidney pathology and impaired autophagy 

lysosomal function (Tong et al. 2012). The role of LRRK2 in α-synuclein pathology has 

also been investigated in LRRK2 KO mice, with one study showing rescue of α-synuclein 

aggregation whilst another study showed accumulation and aggregation of α-synuclein. 

Although these contrary findings could be due to different levels of α-synuclein 

expression, there is still a debate on whether LRRK2 inhibition could be a therapeutic 

avenue to attenuate α-synuclein-related neurodegeneration. Many LRRK2 transgenic 

mouse models have been generated, varying widely with regards to the strain, the 

promoters used for transgene expression, the LRRK2 mutations studied, the use of 

human or endogenous genes, use of cDNA or complete human genetic sequence and 

the methodology to characterise each model. While most LRRK2 TG mice manifest 

deficits in DA transmission and DA-responsive behaviour (Sloan et al. 2016; Yue et al. 

2015; Chou et al. 2014; Li et al. 2010; Li et al. 2009), only two LRRK2-G2019S transgenic 

models exhibit age-dependent SNpc DAn neurodegeneration (Chen et al. 2012; 

Ramonet et al. 2011). Using rat models offers advantages in studying late onset 

disorders, as these animals are physiologically easier to monitor, and complex behaviour 

studies are easier to set up. LRRK2-KO rat models show consistent phenotypes with 

LRRK2-KO mouse models, presenting abnormal phenotypes in peripheral organs such 

as kidney, spleen, lung, and liver but no significant loss of SNpc neurons (Baptista et al. 

2013; Ness et al. 2013). The first rat LRRK2 transgenic model used a Doxycycline (dox)-

inducible system to achieve temporal overexpression of LRRK2-G2019S, showing 
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enhanced locomotor activity with age and impaired dopamine reuptake by the dopamine 

transporter (DAT), but no DAn neurodegeneration (Zhou et al. 2011). Human BAC 

LRRK2-G2019S or R1441G rats were developed but showed no age-dependent 

neurodegeneration nor motor/cognitive deficits. However, LRRK2-G2019S induced 

oxidative stress in nigrostriatal regions, and increased inducible nitric oxide synthase 

expression and abnormal morphology SNpc DA neurons (Lee et al. 2015; Shaikh et al. 

2015; Walker et al. 2014). Furthermore, G2019S- and R1441C BAC TG rats develop 

age dependent decrease in striatal DA release and L-DOPA-responsive impairments in 

motor coordination (Sloan et al. 2016). Regarding transgenic technique strategies, it is 

crucial to recognise that BAC and KI models express mutant LRRK2 during development 

and could potentially exhibit compensatory mechanisms that prevent loss of DAn. Viral-

mediated animal models of LRRK2 can be useful to bypass the development of 

compensatory effects as well as targeting SNpc DA neuronal populations specifically, 

while controlling the dosage and transgene copy number. Recombinant adenoviral 

vector expressing LRRK2-G2019S was injected in rats and presented robust 

degeneration of SNpc DAn. However, these animals display a non-significant increase 

in monomeric α-synuclein (Tsika et al. 2015) or a strong LRRK2 protein destabilization 

(Nguyen et al. 2020). 

1.2.5.3. Human induced pluripotent stem cell models  

Since 2006, disease models have been revolutionised by the generation of induced 

pluripotent stem cell (iPSC), accomplished by overexpressing four major transcription 

factors in adult fibroblast cells (Oct3/4, c-Myc, Sox2, and Klf4) (Takahashi and 

Yamanaka 2006). iPSC-derived PD models provide a highly physiologically relevant 

model, using fibroblast cells isolated directly from patients which are differentiated into 

dopaminergic neurons, among other neuronal types, without exceedingly invasive 

interventions. LRRK2-G2019S iPSC-derived dopaminergic neurons display reduced 

neurite length, accumulation of α-synuclein and tau, increased vulnerability to cellular 

stress, and impaired autophagy and mitochondrial function (Sánchez-Danés et al. 2012; 

Orenstein et al. 2013; Reinhardt et al. 2013; Su and Qi 2013; di Domenico et al. 2019). 

Since much less is known about the second most common LRRK2 mutation R1441C, 

one of the main aims of the current project is to investigate autophagy and mitochondrial 

function in LRRK2-R1441C iPSC-derived dopaminergic cultures. One caveat of the 

current two-dimensional neuronal cultures is the lack of complete physiological networks 

and cell types that mimic brain physiology and PD-related phenotypes. To tackle this, 

microfluidic cultures and in vitro midbrain organoids have been generated and are 



19 
 

currently still being characterised and established (Kim et al. 2019; Chlebanowska et al. 

2020). 

 

1.3. vATPase 

Vacuolar-type ATPases (vATPase) are ATP-dependent proton pumps, essential to 

acidification-dependent processes such as endocytic trafficking, autophagy and 

lysosomal protein degradation. Mutations in the genes encoding for vATPase or its 

known interactors are associated with cancer cell survival and metastasis (Stransky, 

Cotter, and Forgac 2016), osteopetrosis  (Frattini et al. 2000), cutis laxa (Kornak et al. 

2008), renal tubular acidosis (Karet et al. 1999; Smith et al. 2000) and neurodegenerative 

diseases such as Alzheimer’s disease (AD) (Lee et al. 2010; Majumdar et al. 2011) and 

PD (Chang et al. 2017). However, the mechanisms that lead vATPase dysfunction to 

increase risk of developing PD are still largely unknown. 

1.3.1. Structure 

Recently, Wang and colleagues resolved the structure of the human vATPase proton 

pump using cryo-electron microscopy (EM) and reported two domains, V1 and V0, 

consistent with previously reported structures for yeast, rat and bovine vATPase (Wang 

et al. 2020; Roh et al. 2018; Abbas et al. 2020; Wang et al. 2020). The membrane 

extrinsic V1 domain is composed of 8 subunits (top A3B3 head, central stalk of D and F 

subunits, three peripheral stalks of E and G subunits, bottom of subunits H and C and 

the N-terminal domain of a from the V0 complex), whereas the membrane integral V0 

domain is composed of 8 subunits (c- and c’’-ring and ATP6AP1 and ATP6AP2 subunits 

inside the c-ring; the adjacent CTD of subunit a, e1, and RNaseK and subunit d1 at the 

cytosolic side of the c-ring to connect to the central stalk of the V1 complex) (Fig. 1.6) 

(Wang et al. 2020). 
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Figure 1.6. – Human vATPase structure. (A) Cryo-EM density of human vATPase 

(state 1) with subunits colour coded. (B) Ribbon diagram of the human vATPase 

structure (state 1) with subunits colour coded and labelled. Subunits H and ATP6AP1, 

which are absent or not fully traced in the rat vATPase structure, are highlighted. Taken 

from (Wang et al. 2020). 

1.3.2. Physiological role and disease 

Vacuolar-type ATPases are important for many aspects of endocytic-lysosomal pathway 

and intracellular trafficking as they are the primary proton pumps responsible for 

acidifying and maintaining the pH of intracellular compartments within cells, regulating 

pH gradients in the Golgi apparatus, ER, late endosomes and lysosomes 

(Vasanthakumar and Rubinstein 2020; Collins and Forgac 2020). Briefly, vATPases are 

responsible for acidifying from cis Golgi (pH ~ 6.7) to the trans Golgi (pH ~ 6.0), allowing 

newly synthesized proteins to traverse along the Golgi apparatus and undergo post-

translational modifications, and subsequently targeted to their cellular destination in a 

pH-dependent manner (Vasanthakumar and Rubinstein 2020). Retrograde transport of 

ER-resident proteins, mediated by the KDEL receptor, is also facilitated by the pH 

gradient created between ER (pH ~7) and Golgi (Bräuer et al. 2019). vATPases generate 

the acidic pH of late endosomes (pH < 6.0), which is required for cargo release followed 

by recycling of the receptor back to the Golgi apparatus. Hydrolytic enzymes, which are 

crucial to lysosomal protein degradation, are delivered to lysosomes through late 

endosomes, where they are activated by a more acidic pH (pH 4.5 – 5.0) 

(Vasanthakumar and Rubinstein 2020; Coutinho, Prata, and Alves 2012). In neuronal 
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cells, vATPases generate the pH gradient and membrane potential required for loading 

neurotransmitters into synaptic vesicles and fusion of synaptic vesicles at the presynaptic 

membrane requires dissociation of the V1 and V0 regions, which subsequently 

reassemble during clathrin-mediated endocytosis (Hnasko and Edwards 2012; Bodzęta, 

Kahms, and Klingauf 2017). Other functions involve receptor-mediated endocytosis of 

internalised ligands, allowing the receptor to be recycled back to the cell surface 

(Naslavsky and Caplan 2018), processing peptide prohormones and the subsequent 

secretion of mature hormones (Schoonderwoert et al. 2000) as well as virus entry 

through late endosomes (White and Whittaker 2016). 

In 2017, a meta-analysis of GWAS identified a novel risk association between PD and 

the ATP6V0A1 gene, which encodes the a1 subunit (V0 domain) of vATPase (Chang et 

al. 2017). Another link between vATPase and neurodegeneration was found, with 

ATP6AP2 variants causing X-linked Parkinsonism with spasticity (XPDS), an early-onset 

form of Parkinsonism showing defective lysosomal acidification (Korvatska et al. 2013). 

Furthermore, a novel interaction between LRRK2 and vATPase-a1 subunit was 

discovered, which was severely decreased in LRRK2-R1441C primary cortical neurons 

exhibiting lysosomal degradation impairment (Wallings, Connor-Robson, and Wade-

Martins 2019). Since this novel interaction was discovered, there has not been any new 

reports about how LRRK2 interacts with vATPase-a1 and how the R1441C mutation 

disrupts lysosomal biology. As such, one of the main aims of the current project is to 

investigate and characterise the LRRK2/vATPase-a1 interaction and its cellular 

localisation, using primary cortical and iPSC-derived dopaminergic cultures as PD 

models. 

 

1.4. Autophagy 

The term autophagy (from ancient Greek meaning “self-eating”) refers to a cellular 

feature involving cytoplasmic materials and the culmination of these in lysosomal 

degradation, a highly conserved process through evolution. These two key 

characteristics allow discrimination between autophagy, which operates on entities that 

are freely accessible to cytosolic proteins, and vesicular trafficking and other endocytic 

processes (such as phagocytosis), which operate on entities that originate at the plasma 

membrane (Galluzzi et al. 2017). 
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1.4.1. Autophagy mechanisms 

Focused investigation into LRRK2 mutations revealed the first evidence for impaired 

autophagy and lysosomal dysfunction in cells (Alegre-Abarrategui and Wade-Martins 

2009; Gómez-Suaga et al. 2012; Plowey et al. 2008). Autophagy can be defined as the 

process that regulates recycling of cellular components by degrading dysfunctional or 

damaged proteins and organelles. There are several types of autophagy, 

macroautophagy, microautophagy, chaperone-mediated autophagy (CMA) and the 

recently discovered precision autophagy (Cuervo et al. 2004; Kimura et al. 2015; 

Manzoni and Lewis 2017). Here we focus on macroautophagy, CMA and 

microautophagy, as these mechanisms have undergone the most research (Fig 1.7). 

1.3.1.1. Macroautophagy 

In this project we focused on macroautophagy (henceforth referred to as autophagy). 

Briefly, cells will respond to certain conditions, such as starvation, through signalling 

pathways to initiate autophagy. This triggers the formation of the phagophore around the 

cargo to be degraded, and when the encapsulation is complete it forms an 

autophagosome. The autophagosome will then fuse with a lysosome (autolysosome) 

where the cargo will be degraded by lysosomal enzymes (as summarised in Fig. 1.7 A). 

The main regulators of autophagy are mammalian/mechanistic target of rapamycin 

complex 1 (mTORC1), adenosine monophosphate-activated protein kinase (AMPK) and 

phosphoinositol 3 kinase (PI3K)/Beclin-1 that act to activate or repress the formation of 

autophagic vesicles in response to cellular conditions (Alers et al. 2012; Meley et al. 

2006; Chan, Kir, and Tooze 2007; Noda and Ohsumi 1998). To initiate autophagy, 

mTORC1 is inhibited, thus reducing mTORC1-dependent phosphorylation of ULK1 

which consecutively switches to an active state. Subsequently, ULK1 activation 

stimulates phagophore formation (Kamada et al. 2000). Beclin-1 and the vacuolar sorting 

protein 34 (VPS34), together with other proteins, form a complex that is recruited to the 

phagophore to stabilise ULK. VPS34 converts phosphoinositol into phosphoinositol-3-

phosphate (PI(3)P) which in turn binds to WD repeat domain phosphoinositide-

interacting (WIPI) proteins, to recruit autophagy-related proteins (Atg) (Dikic and Elazar 

2018; Behrends et al. 2010). The ubiquitin signal in tagged proteins binds to p62 (also 

known as sequestosome 1, SQSTM1) which interacts with microtubule-associated 

proteins 1A/1B light chain 3A (LC3) to target cargo to be enveloped by the newly forming 

phagophore (Mizushima, Ohsumi, and Yoshimori 2002; Gan-Or, Dion, and Rouleau 

2015; Manzoni and Lewis 2017). As such, p62 is a receptor for cargo destined to be 

degraded by autophagy, including ubiquitinated protein aggregates destined for 
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clearance, and therefore has been widely used as a marker for early autophagy events. 

Moreover, pro-LC3 cytosolic is cleaved by Atg-4 to LC3-I, which then covalently 

conjugates to phosphatidylethanolamine (PE) to LC3-II before being incorporated into 

the autophagosome membrane. Notably, p62 and LC3 conversion are widely used as 

markers of autophagosome formation (Yoshii and Mizushima 2017; Mizushima and 

Yoshimori 2007). Once the phagophore completely engulfs its cargo, it forms an 

autophagosome, which in turn fuses with the lysosome to form the autolysosome. 

The final step in autophagy is the lysosomal degradation of proteins or organelles, such 

as the mitochondria (designated as mitophagy), mediated by acidic lysosomal 

hydrolases (Mizushima, Ohsumi, and Yoshimori 2002; Manzoni and Lewis 2017). 

Maintenance of acidic pH within the range of 4.5-5.0 in lysosomes is essential to activate 

hydrolytic enzymes and to degrade targeted cellular content (Hu et al. 2015). The low 

pH in lysosomes is regulated by the vacuolar type H+-ATPase (vATPase) that pumps 

protons to the lysosomal lumen against their electrochemical gradient, using the energy 

obtained from ATP hydrolysis. A counterion flux is established to prevent the lysosome 

from over-acidifying, by coupling the movement of cations to the cytosol or entry of 

anions to dissipate the transmembrane voltage generated by the vATPase (Mindell 

2012). The TRPML1 cation channel (transient receptor potential cation channel, 

mucolipin subfamily, member 1) is expressed in lysosomes and late-endosomes and it 

releases local calcium by transporting Ca2+ from the lumen to the cytosol (Ghislat and 

Knecht 2013; Li et al. 2017). The luminal pore structure of TRPML1 seems to be 

important for the Ca2+ and pH mediated regulation of the channel, where increased pH 

in lysosomes leads to decreased TRPML1 activity (Li et al. 2017). Additionally, high 

levels of lysosomal Ca2+, sustained through the maintenance of an acidic pH, are 

necessary for the Ca2+ release that precedes the fusion of lysosomes with 

autophagosomes or endosomes (Ghislat and Knecht 2013; Li et al. 2017). 

1.3.1.2. Chaperone-mediated autophagy 

Contrary to macroautophagy, CMA requires chaperone protein Hsc70 to recognise the 

target substrate through KFERQ-like motifs. Subsequently, Hsc70 binds to lysosomal 

protein LAMP2A to internalise substrates, which are then degraded by cathepsins (Fig. 

1.7 B). CMA is largely responsible for α-synuclein clearance, since α-synuclein contains 

a recognition motif and is translocated into lysosomes for degradation (Cuervo et al. 

2004). The physiological role of LRRK2 and dysfunction in CMA have been recently 

reviewed by Berwick and colleagues (Berwick et al. 2019). It is reported that LRRK2-

G2019S acts on LAMP2A and blocks CMA, affecting lysosomal degradation of proteins 
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and precipitating the accumulation of α-synuclein in neuronal cells (Orenstein et al. 

2013). In concordance, both LRRK2-G2019S iPSC-derived astrocyte cultures and 

LRRK2-R1441C knock-in mouse embryonic fibroblasts showed decreased CMA levels 

(di Domenico et al. 2019; Ho et al. 2019). In parallel to macroautophagy, these effects 

will undoubtedly contribute to PD pathology through lysosomal damage. 

1.3.1.3. Microautophagy 

Microautophagy is the least studied form of autophagy, and it occurs when cytoplasmic 

entities to be degraded are engulfed via direct membrane invagination at the surface of 

the lysosome or vacuole in a non-specific manner (Farré and Subramani 2004). The 

underlying molecular mechanism of the cargo delivery process remains largely unclear. 

A similar mechanism involving late endosomes, designated endosomal microautophagy, 

requires multiple endosomal sorting complexes required for transport (ESCRT) systems 

for lysosome or endosome delivery (Sahu et al. 2011; Uytterhoeven et al. 2015; 

Mukherjee et al. 2016; Galluzzi et al. 2017) (Fig. 1.7 C). 

 

Figure 1.7. – Main types of autophagy. (A) Macroautophagy involves the sequestration 

of cellular material, the formation of autophagosomes, their fusion with lysosomes, and 
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lysosomal degradation of the autophagolysosomal content. (B) In Chaperone-mediated 

autophagy (CMA), proteins containing the KFERQ motif are identified in the cytosol by 

Hsc70 chaperon complexes and taken to the lysosomal surface. Then, these complexes 

bind to the receptor protein LAMP2A, forming a translocation complex, the protein 

substrates unfold and cross the lysosomal membrane to be degraded. (C) 

Microautophagy in which material is degraded “in bulk” and endosomal microautophagy 

in which endosomes engulf cytosolic materials within multivesicular bodies that contain 

other cytosolic components and degrade these materials upon fusion with lysosomes. 

The endosomal invagination relies on the ESCRT family of proteins. Adapted from 

Biorender template. 

1.4.2. Autophagy in Parkinson’s disease 

Considering neuronal cells are in a post-mitotic state, it is crucial that protein recycling is 

well maintained to ensure normal cellular and synaptic function. Furthermore, α-

synuclein can be degraded via proteasome, chaperone-mediated autophagy and 

autophagy in neurons (Cuervo et al. 2004; Vogiatzi et al. 2008; Webb et al. 2003). Hence, 

impaired autophagy could cause decreased lysosomal protein degradation and lead to 

accumulation of aggregated α-synuclein in Lewy bodies. This proposed pathology model 

has been demonstrated in studies where in vitro treatment of neuronal cells with the 

inhibitor of autophagy initiation 3-MA (3-methyladenine) or knocking out autophagy 

genes precipitated α-synuclein aggregates to accumulate in vesicle fractions, increased 

exocytosis of α-synuclein and transcellular transfer of α-synuclein, apoptotic cell death 

in the recipient cells to rise and dopaminergic axonal and dendritic degeneration to 

increase (Lee et al. 2013; Ahmed et al. 2012; Friedman et al. 2012). The intricate relation 

between LRRK2 and α-synuclein will be further addressed in the context of lysosomal 

function in this chapter. 

The complexity of the autophagy-lysosomal pathway (ALP), combined with a broad 

spectrum of LRRK2 functions and the variety of PD models used, ultimately contribute 

to LRRK2-associated phenotypes that appear to be conflicting and seemingly difficult to 

integrate (Manzoni and Lewis 2017). Carefully reviewing the current field of LRRK2 

biology, dissecting different models and LRRK2 mutations will provide a clearer insight 

into the interplay of LRRK2, autophagy and lysosomal function in fibroblasts, neurons, 

microglia and astrocytes. 
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1.5. LRRK2 in the autophagy-lysosome pathway 

The LRRK2 literature on autophagy is extensive and, although it is clear LRRK2 has a 

role in this pathway, the exact point and the direction in which mutations in LRRK2 affect 

the pathway have been referred to as uncertain or contradictory (Manzoni 2017; 

Cookson 2016; Wallings, Manzoni, and Bandopadhyay 2015; Cookson 2017; Madureira, 

Connor-Robson and Wade-Martins 2020). Nevertheless, multiple studies have 

concluded that this complex protein is implicated in PD and linked to impaired autophagy 

and dysfunctional lysosomal activity (Cherubini and Wade-Martins 2018; Wallings, 

Manzoni, and Bandopadhyay 2015; Cookson 2017; Manzoni and Lewis 2017; Wallings, 

Connor-Robson, and Wade-Martins 2019; Schapansky et al. 2018; Henry et al. 2015; di 

Domenico et al. 2019; Manzoni et al. 2013). Therefore, it is crucial to understand the role 

of LRRK2 in autophagy to allow the development of new therapies. 

1.5.1. Phagophore biogenesis 

Once autophagy is initiated through canonical mTORC1, AMPK or PI3K/Beclin-1 

signalling pathways, the phagophore starts to encapsulate the cargo for degradation. In 

this early stage of autophagy, increased phosphorylation of p62 selectively binds to both 

ubiquitinated proteins and LC3, recruiting them to the nascent phagophore. 

Treatment of mouse astrocyte primary cultures with LRRK2 kinase inhibitor LRRK2-in-1 

has been reported to activate autophagy and increase LC3-II levels through an active 

Beclin-1 complex non-canonical pathway that is mTORC1 and ULK1 independent 

(Manzoni et al. 2016). In parallel, LRRK2-G2019S iPSC-derived astrocyte cultures 

showed increased autophagic vacuoles, decreased autophagosome-lysosome fusion 

and scattered, rather than perinuclear, distribution of lysosomes (di Domenico et al. 

2019). Taken together, these findings imply that LRRK2 kinase activity represses 

autophagy in astrocytes (Fig. 1.9). 

Interestingly, prolonged inhibition of LRRK2 kinase activity in primary astrocyte cultures 

also showed an altered phosphorylation state of ULK1, in a mTORC1 independent 

manner. This uncovers a non-canonical ULK1 pathway, independent from mTORC1, 

that is still poorly characterised and raises the possibility that LRRK2 inhibitors for PD 

treatment could ultimately have the undesired effect of astrocyte autophagy 

dysregulation (Manzoni et al. 2018). Kalogeropulou and colleagues showed the cargo 

sequestration protein p62 has been reported to be a novel phosphorylation substrate of 

LRRK2 in vitro in human embryonic kidney 293 (HEK) cells and rat neuronal cultures. 
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The N-terminus of LRRK2, the Ser910/935 phosphorylated residues of LRRK2 and the 

C-terminus of p62 are all necessary for this interaction, at which LRRK2 phosphorylates 

the Thr138 residue in the ZZ domain of p62. Moreover, LRRK2 mutations (N1437H, 

R1441C/G/H, Y1699C, G2019S) all increase phosphorylation of p62 (Table 1.1). 

Phosphorylation of p62 was blocked when treating cells with LRRK2 kinase inhibitors 

MLi-2, PF745 and GNE1023. Co-expression of LRRK2-G2019S with p62 exhibited an 

increased neurotoxicity compared to LRRK2-G2019S with unphosphorylatable p62 

(Kalogeropulou et al. 2018). However, previous work in overexpressing LRRK2-WT HEK 

models has also demonstrated that both LRRK2-WT and mutant LRRK2-G2019S 

indirectly reduce phosphorylation of p62, which in turn decreases its affinity to 

ubiquitinated cargo, thus decreasing autophagic protein degradation (Table 1.1). 

Notably, two different sites of p62 demonstrated increased phosphorylation in LRRK2 

knock-down (KD) cells, using a lentivirus-mediated shRNA Lrrk2 KD in rat primary 

cortical neurons (Park et al. 2016). This is supported by the fact that p62 phosphorylation 

is associated with initiation of autophagy (Liu et al. 2016). Additionally, the relationship 

between LRRK2 and p62 seems to be bidirectional, where LRRK2 phosphorylates p62 

(Fig. 1.8) and p62 overexpression leads to LRRK2 degradation through the autophagy-

lysosomal pathway. LRRK2 indirectly regulates the phosphorylation of two different 

residues in the SMIR domain of p62 (Ser351 and Ser403), leading to p62-mediated 

autophagy that degrades ubiquitinated LRRK2 (Park et al. 2016). As is apparent from 

the above, the interplay between LRRK2 and p62 is not fully understood and examining 

this will be vital to characterise its role in autophagy initiation. 

Leucyl-tRNA synthetase (LRS) is a modulator of autophagy as it is responsible for the 

attachment of leucine to tRNALeu, followed by activation of mTORC1 which blocks 

autophagy (Han et al. 2012). LRRK2 has been reported to regulate LRS by 

phosphorylating its conserved editing domain at residue T293, which increases the 

amount of misfolded proteins that accumulate, leading to ER stress and induced 

autophagy. Introducing the LRRK2-G2019S mutation increased kinase activity causing 

LRS to be phosphorylated, culminating in exacerbated autophagy (Fig. 1.8) (Ho et al. 

2018). This unveils a new pathological pathway for LRRK2 in PD and investigation of 

other LRRK2 mutations should be pursued in the future to corroborate this model. 

Nevertheless, it seems that LRRK2 is involved in regulating autophagy for auto-

degradation through interaction with p62 and could contribute to phagophore biogenesis 

in ER stress conditions. 
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1.5.2. Autophagosome formation 

Following the formation of the phagophore and respective closing around the cargo, a 

vacuole composed of a lipidic bilayer membrane is formed, designated as the 

autophagosome. LC3-I and LC3-II are present in phagophores and autophagosomes, 

so it is difficult to discern between these two autophagic components (Mizushima and 

Yoshimori 2007; Yoshii and Mizushima 2017; Klionsky et al. 2016). Moreover, the LC3-

II/LC3-I ratio is used as an autophagy marker, however this ratio alone does not provide 

sufficient data to distinguish between increased autophagosome biogenesis and 

reduced autophagosome clearance, therefore requiring additional 

immunohistochemistry techniques to properly measure this phase of autophagy 

(Cookson 2016; Mizushima and Yoshimori 2007; Klionsky et al. 2016). 

A transgenic mouse model of human WT and mutant LRRK2 overexpression, showed 

LRRK2-G2019S cultured dopaminergic neurons (DAn) demonstrate age-dependent 

degeneration and also manifest an increased number of autophagic vacuoles, which 

reduced neurite complexity. LRRK2-G2019S transgenic mice also showed enlarged 

autophagic vacuoles in vivo (Ramonet et al. 2011). Yet, in neuronal cultures treated with 

LRRK2 kinase inhibitor LRRK2-in-1, there was an increase in LC3-II and p62 levels 

(Manzoni et al., 2013). Combining LRRK2-in-1 treatment with bafilomycin A1, which 

blocks autophagosome-lysosome fusion by inhibiting vATPase activity, resulted in 

increased LC3-II levels. This suggests LRRK2 acts to block autophagosome formation 

(Manzoni et al., 2013). Since then, a new generation of more specific LRRK2 kinase 

inhibitors have been developed, such as MLi-2, PF-06447475 and GSK2578215A 

(Atashrazm and Dzamko 2016). Concomitantly, an increase in LC3B and p62 protein 

levels in LRRK2-G2019S 12–19-month-old mice brain lysate corroborates this 

observation in vivo (Ho et al., 2018). This finding was also confirmed in vitro using 

primary astrocytes cultured from a Lrrk2 knock-out (Lrrk2-KO) mouse model (Manzoni 

et al. 2016)  and by treating SH-SY5Y neurons and astrocyte cultures with the potent 

GSK2578215A inhibitor (Saez-Atienzar et al. 2014; Manzoni et al. 2016) (Table 1.1). In 

concordance with these findings, a study in human induced pluripotent stem cell derived 

dopaminergic neurons differentiated from idiopathic or LRRK2-G2019S-PD patients, 

reported increased p62 and LC3-II levels after treatment with leupeptin and NH4Cl to 

inhibit lysosomal degradation, when compared to control DAn, indicating a blockage of 

autophagosome clearance (Sánchez-Danés et al. 2012). Similarly, a recent 

characterisation of the autophagic pathway in rat cortical primary cultures expressing 

human wildtype LRRK2 (LRRK2-hWT) or human LRRK2-G2019S detected decreased 
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levels of LC3 puncta compared to non-transgenic cultures (nTG) after treatment with 

trehalose, a compound to induce lysosomal biogenesis, but no changes in LAMP1, which 

is a well-established lysosomal marker. Hence, these data suggested that LRRK2-hWT 

and LRRK2-G2019S inhibit autophagosome biogenesis. 

Taken together, these results demonstrate that overexpressing LRRK2-hWT or LRRK2-

G2019S blocks autophagosome formation in neuronal cells (Wallings, Connor-Robson, 

and Wade-Martins 2019; Manzoni et al. 2016; Saez-Atienzar et al. 2014; Manzoni et al. 

2013; Sánchez-Danés et al. 2012; Ramonet et al. 2011), which is ameliorated by LRRK2 

kinase inhibition (Saez-Atienzar et al. 2014; Manzoni et al. 2013) (Fig. 1.9). Even though 

the reports mentioned in this section take advantage of different models and conditions, 

they consistently show increased levels of LC3-II. Thus, it is possible to speculate that 

both overexpression of LRRK2-WT or LRRK2-G2019S would act to block 

autophagosome biogenesis and clearance, giving rise to non-processed autophagic 

vacuoles. 

 

1.5.3. Autophagosome and lysosome fusion 

The next step in the autophagy process is the fusion of the autophagosome with a 

lysosome to form the autolysosome. Recent efforts to characterise the autophagic 

pathway in rat cortical primary cultures expressing human LRRK2 demonstrated an 

increased co-localisation of LRRK2-R1441C puncta to LAMP1, placing mutated LRRK2 

at the lysosome. Furthermore, decreased co-localisation of LC3 and LAMP1 puncta in 

LRRK2-R1441C cultures indicates decreased autolysosome count. Hence, this 

suggested a deficient autophagosome-lysosome fusion in LRRK2-R1441C neuronal 

primary cultures (Fig. 1.9) (Wallings, Connor-Robson, and Wade-Martins 2019). 

Contrastingly, work using a mouse conditional transgenic model under the ROSA26 

promoter in a Cre-recombinase-dependent system to selectively express LRRK2-

R1441C in midbrain dopaminergic neurons did not show any abnormality in autophagic 

markers p62 and LC3 in vivo (Tsika et al. 2014). However, the authors do not reference 

any lysosomal markers to assess autophagic flux and this conditional transgenic model 

did not present any motor deficits or nigral dopaminergic neurodegeneration, contrary to 

other LRRK2 transgenic models (Li et al. 2009; Ramonet et al. 2011; Sloan et al. 2016). 

In parallel, in a culture of iPSC-derived LRRK2-G2019S astrocytes, there was a 

decreased co-localisation of LC3 and LAMP1 in astrocytes, suggesting the 

autophagosome-lysosome fusion step was repressed (di Domenico et al. 2019). 

Together this work demonstrates that mutations in LRRK2 can affect the autophagy 
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pathway in both neurons and astrocytes in the same way (Table 1.1). When exposing 

SH-SY5Y neuronal cultures to the LRRK2 kinase inhibitor GSK2578215A for a prolonged 

period, autolysosome count was also reduced (Saez-Atienzar et al. 2014). Furthermore, 

the impaired autophagosome-lysosome fusion reported in LRRK2-G2019S models 

might result in the presence of enlarged, dysfunctional autophagic vacuoles (Fig. 1.8) 

(Plowey et al. 2008). These structures could be interpreted either as abnormal large 

autophagosomes (Sánchez-Danés et al. 2012)  or as enlarged lysosomes (MacLeod et 

al. 2006), which could lead to confounding conclusions on G2019S-related autophagy 

phenotypes. It is noteworthy to state these two reports were carried out in human iPSC-

derived DAns and rat primary cortical cultures, respectively, thus this role of LRRK2 

appears to be conserved across the two species and cell types. 

Work by Manzoni and colleagues concluded that a LRRK2-dependent increase in 

autophagosomes was not caused by a decline in autophagosome-lysosome fusion but 

by an increase in autophagosome biogenesis (Manzoni et al. 2016). Although, a caveat 

of that study was that measurement of autophagosomes (LC3-II/LC3-I) and lysosomal 

function was conducted in H4 neuroglioma cell cultures. Caution should be taken given 

that autophagy has been reported to be upregulated in H4 neuroglioma cancer cells to 

overcome stress induced apoptosis (Zhou et al. 2016), unlike in PD neuronal models 

where autophagy is deficient. On the other hand, a study by Obergasteiger and 

colleagues using SH-SY5Y cells overexpressing LRRK2-WT or LRRK2-G2019S shows 

that LRRK2-G2019S neurons present with increased LC3-II protein levels and LC3B 

puncta, indicating an autophagosome accumulation. Measurement of autolysosome 

production using a double-tagged GFP-LC3-mCherry construct in this model showed 

autolysosomes were reduced in LRRK2-G2019S when compared to LRRK2-WT, 

suggesting a defective autophagosome-lysosome fusion (Fig. 1.8). Proteolytic activity of 

lysosomes assessed with DQ-Red-BSA assay demonstrated LRRK2-G2019S induced 

a defect in lysosomal activity, culminating in an accumulation of endogenous α-synuclein 

inclusions. Defects in autophagosome-lysosomal fusion, proteolytic impairment and α-

synuclein accumulation phenotypes were rescued after treatment with the PF-475 

LRRK2 kinase inhibitor, highlighting the importance of LRRK2 in autophagy-mediated α-

synuclein degradation (Obergasteiger et al. 2020). Hence, there is robust evidence that 

demonstrates the two most common LRRK2 mutations, G2019S and R1441C, lead to 

an obstruction of the fusion between autophagosomes and lysosomes and result in the 

presence of large dysfunctional autophagic vacuoles. 
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1.5.4. Lysosomal function 

After the autolysosome is formed, the maintenance and regulation of lysosomal function, 

including correct lysosomal acidity, is crucial for protein degradation and recycling. It is 

important to maintain the lysosomal pH at around 4.5-5.0 as hydrolytic enzymes in the 

lysosome are only active at a narrow acidic pH interval (Hu et al. 2015). Investigation of 

LRRK2-R1441C cortical primary cultures demonstrated lysosomal pH was significantly 

less acidic in these neurons and consequently autophagosome-lysosome fusion and 

lysosomal protein degradation were decreased (Wallings, Connor-Robson, and Wade-

Martins 2019). Furthermore, LRRK2-R1441C neuronal cultures also demonstrated 

significantly increased intracellular calcium stores driven specifically by increased 

lysosomal calcium levels.  In addition, LRRK2-R1441C cultures were shown to have 

significantly reduced lysosomal calcium release through TRPML1 channels in the 

lysosomal membrane (Table 1.1). Calcium release from lysosomes is a key step for the 

autophagosome-lysosomal fusion and also for the late endosomal-lysosomal fusion 

(Ghislat and Knecht 2013). This work also revealed a novel interaction between LRRK2 

and subunit a1 of the proton pump vATPase, for which the encoding gene ATP6V0A1 is 

also a GWAS hit for increased risk in PD (Chang et al. 2017). This interaction was 

severely decreased in the LRRK2-R1441C neurons (Wallings, Connor-Robson, and 

Wade-Martins 2019).  

Several authors have reported enlarged lysosomes in different LRRK2-G2019S models, 

including SH-SY5Y neurons, transgenic mice models, primary cortical neurons, primary 

astrocytes and human post-mortem tissue (Bang et al. 2016; Hockey et al. 2015; Henry 

et al. 2015; Dodson et al. 2014; MacLeod et al. 2006; MacLeod et al. 2013; Higashi et 

al. 2009; Ramonet et al. 2011) as well as in LRRK2-R1441C and LRRK2-Y1699C mouse 

primary astrocytes (Henry et al. 2015). Enlarged lysosomes also appeared to be 

perinuclear and aggregated in LRRK2-G2019S derived fibroblasts and were normalised 

after treatment with LRRK2 kinase inhibitors. This abnormal lysosomal morphology was 

also rescued by blocking TPC2, an endo-lysosomal ion channel implicated in Ca2+ 

signalling from acidic organelles (Hockey et al. 2015).  

Primary cortical neurons from a LRRK2-G2019S knock-in mouse model also described 

similar lysosomal phenotypes as LRRK2-R1441C rat primary cortical neurons described 

above, where lysosomal pH was aberrantly increased exceeding physiological values 

(Wallings, Connor-Robson, and Wade-Martins 2019; Schapansky et al. 2018). In 

addition, perinuclear and distal lysosomal count was increased while lysosomal size was 

decreased in LRRK2-G2019S neurons, reflecting altered lysosomal function. Reported 
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lysosomal dysfunction was associated with accumulation of endogenous, detergent-

insoluble α-synuclein and increased neuronal α-synuclein release into the media 

(Schapansky et al. 2018) (Table 1.1). In parallel, a model of LRRK2 overexpression in 

HEK cells has demonstrated that LRRK2-G2019S inhibits the activity of lysosomal 

enzymes Cathepsin B and L that play a vital part in lysosomal α-synuclein degradation 

(McGlinchey and Lee 2015). This debilitated lysosomal function led to inhibition of the 

lysosomal degradation of α-synuclein, promoting its aggregation. This mechanism could 

underlie LRRK2 and α-synuclein pathology, characteristic of PD. Given the LRRK2-

G2019S induced inhibitory effect on Cathepsins B and L was not dependent on kinase 

activity (Hu et al. 2018), it would be interesting to verify this finding in other LRRK2 

mutations, in addition to confirming it in neuronal cell models. A transcriptomic analysis 

of autophagy related genes in SH-SY5Y cells overexpressing LRRK2-WT or LRRK2-

G2019S also found altered mRNA levels of CTSB, which encodes for Cathepsin B 

(Obergasteiger et al. 2020). Overexpression of LRRK2-G2019S in cultured neurons and 

dopaminergic neurons in the rat SNpc exhibited an accumulation of α-synuclein 

inclusions after exposure to sonicated α-synuclein fibrils, when compared to nTG and to 

LRRK2-WT. These α-synuclein inclusions decreased after treatment with two separate 

LRRK2 kinase inhibitors, rescuing the accumulation of α-synuclein in the LRRK2-

G2019S neurons and implicating LRRK2 kinase activity in the observed phenotype. 

Additionally, Volpicelli-Daley and colleagues have demonstrated that LRRK2-WT 

overexpression did not induce α-synuclein inclusions (Volpicelli-Daley et al. 2016). 

Collectively, these studies suggest a putative role of LRRK2 in α-synuclein accumulation. 

Nonetheless, the interaction between LRRK2 and α-synuclein remains unresolved, with 

some reports being inconsistent. For instance, while one study concluded that inhibiting 

endogenous LRRK2 kinase activity by incorporating MLi-2 into the diet of an α-synuclein 

PFF PD mouse model did not protect neurons from α-synuclein pathology or motor 

deficits (Henderson et al. 2019), another study showed that administering the HG-10-

102-01 LRRK2 kinase inhibitor intraperitoneally to transgenic mice overexpressing 

human WT α-synuclein significantly reduced trans-axonal α-synuclein aggregates  and 

phosphorylated α-synuclein in different brain regions of transgenic mice (Bae et al. 

2018). However, the results presented by Henderson et al. and Volpicelli-Daley et al. 

taken together could suggest that it is mutated LRRK2 that increases the progression of 

pathological α-synuclein inclusions by increasing a pool of α-synuclein that is more 

susceptible to forming inclusions. These observations along with studies demonstrating 

α-synuclein is processed by lysosomes in cell models overexpressing LRRK2 (Hu et al. 
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2018; Obergasteiger et al. 2020), underline the prospects of targeting lysosomal function 

as novel drug-developing avenues worth pursuing for LRRK2-related PD. 

To summarise, evidence has been accumulating for the key role of LRRK2 and 

lysosomal function in PD. The studies discussed above indicate that the LRRK2 

mutations G2019S and R1441C present altered lysosomal pH and consequently affect 

lysosomal activity and protein degradation (Bang et al. 2016; Hockey et al. 2015; Henry 

et al. 2015; Dodson et al. 2014; MacLeod et al. 2013; Higashi et al. 2009; Ramonet et 

al. 2011; Schapansky et al. 2018; Hu et al. 2018; Wallings, Connor-Robson, and Wade-

Martins 2019). Indeed, lysosomal markers LAMP1, Cathepsin D and HSP73 are 

decreased in PD nigral tissue, as well as increased α-synuclein aggregates, when 

compared to age-matched controls (Chu et al. 2009). A recent report described how 

repurposing clioquinol, an anti-parasitic drug, could be used to revert autophagic 

impairment and lysosomal dysfunction phenotypes in a neuronal LRRK2-R1441C model, 

demonstrating the ability to modulate such phenotypes (Wallings, Connor-Robson, and 

Wade-Martins 2019). Therefore, it will be important to further investigate the role of 

mutated LRRK2 in lysosomal maturation, maintenance of lysosomal pH and lysosomal 

calcium homeostasis in the future.  
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Figure 1.8 – LRRK2 and the neuronal autophagy-lysosomal pathway. 

Representation of the autophagic process in neuronal cells, initiated with the generation 

of the phagophore surrounding the cargo to be degraded (1). Once the cargo is fully 

encapsulated by a bi-layered membrane the autophagosome (2) fuses with the lysosome 

(3) to produce the autolysosome (4). Proteins/organelles are degraded via lysosomal 

enzymes. The diagram shows how LRRK2 wildtype and the two most common LRRK2 

mutations are likely to impact autophagic flow and lysosomal protein degradation. 

LRRK2 is represented by its respective domains (ANK, LRR, ROC, COR, Kinase and 

WD-40). LRRK2 mutations are represented by asterisks in the respective domains where 

they are located. G2019S: yellow asterisk in kinase domain; R1441C: purple asterisk in 

ROC domain; interactions represented by arrows; flow of autophagic phases 

represented by dashed arrows. 
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1.5.5. Regulation of the autophagic flux   

In this section we will focus on several LRRK2 models that strongly suggest both 

excessive and diminished LRRK2 activity can lead to impaired autophagic flux 

(Schapansky et al. 2014). In turn, either an exacerbated or insufficient autophagic flux 

could lead to neurodegeneration which is observed in PD pathology (Chu 2006). 

Specifically, disturbances in autophagy impose downstream effects on neurons, such as 

accumulation of non-degraded α-synuclein and its respective release into extracellular 

media (di Domenico et al. 2019; Schapansky et al. 2018; Obergasteiger et al. 2018; 

Henry et al. 2015), reduced neurite outgrowth (MacLeod et al. 2006)  and impaired 

mitophagy (Su, Guo, and Qi 2015; Su and Qi 2013). These PD phenotypes caused by 

dysfunctional ALP indicate autophagy and lysosomal activity could, in part, be underlying 

the molecular basis for this neurodegenerative disorder. Abnormal LRRK2 function can 

lead to impaired autophagy and lysosomal function due to a disruption in the cellular 

autophagic flux, yet different cell types present with distinct cellular bioenergetic needs 

and protein turnover rates. Accordingly, in efforts to create a clear picture of the role of 

LRRK2 in autophagic flux, we individually review the autophagic flux in fibroblasts, 

neurons and microglia/astrocyte LRRK2 models (Fig. 1.9). 

Currently, one of the main challenges in the LRRK2 autophagy field is the measurement 

of autophagic flux. Since autophagic flux is a dynamic process occurring within cells, it 

is crucial to utilise a combination of methods that would enable an interpretation of the 

several different stages of autophagy, from phagophore biogenesis to lysosomal 

degradation of cargo. Techniques such as measurement of autophagic markers by 

western blot have limitations. For instance, the autophagic marker LC3 is expressed 

throughout different stages of autophagy, making it difficult to interpret autophagic 

alterations by analysing LC3 changes alone. Thus, autophagic marker measurement 

would normally represent a single time point in the autophagic flux. By combining these 

approaches with immunofluorescence, co-localisation and pH sensitive dyes, it is 

possible to obtain a more accurate picture of the autophagic flux. 

 

1.5.5.1. Fibroblasts 

Fibroblasts can be obtained from patients in a safe, non-invasive and inexpensive 

manner and have been widely used in reprogramming techniques to obtain iPSCs, which 

in turn can be differentiated into iPSC-derived neurons (Bahmad et al. 2017). Despite 
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being a non-neuronal model, fibroblasts are useful cellular models to investigate and 

predict PD pathology. 

In fibroblasts isolated from patients with LRRK2-R1441C and LRRK2-Y1699C mutations 

(located in the ROC-COR domains) undergoing starvation, there was a decrease in 

WIPI2 and p62 puncta and a decrease in LC3-II/LC3-I ratio, suggesting a decreased 

autophagic flux (Fig. 1.9). In the case of LRRK2-G2019S isolated fibroblasts under 

starvation conditions, cells showed a decrease in LC3-II/LC3-I ratio while WIPI2 and p62 

levels were not significantly altered compared to wildtype fibroblasts. It is important to 

add that immunoblot (IB) for LAMP1 did not show differences in any of the mutations 

studied, indicating a disruption of autophagy upstream of the lysosomes. However, this 

finding was not confirmed with immunocytochemistry techniques (Manzoni et al., 2013). 

When comparing fibroblasts from skin biopsies of LRRK2-G2019S individuals not 

manifesting PD symptoms, LRRK2-G2019S PD patients and healthy controls, non-

manifesting G2019S demonstrated upregulated autophagy and preserved mitochondrial 

function while fibroblasts from LRRK2-G2019S PD patients presented with elevated p62 

levels, reduced LC3-II ratios and mitochondrial dysfunction. Thus, implicating exhaustion 

of mitochondrial bioenergetic and autophagic reserve in the development of PD (Juárez-

Flores et al. 2018). Collectively, these studies indicate decreased autophagic flux in 

LRRK2-G2019S fibroblasts (Fig. 1.9) (Juárez-Flores et al. 2018; Manzoni et al., 2013). 

On the other hand, in a separate study PD LRRK2-G2019S fibroblasts had decreased 

p62, but showed an increase in Beclin-1, LC3, LAMP1 and Cathepsin B, culminating in 

an increase of autophagic flux and lysosomal activity, in basal conditions (Fig. 1.9, Table 

1.1) (Bravo-San Pedro et al. 2013). The authors use LAMP2 as a lysosomal marker and 

levels were reported to be increased (Bravo-San Pedro et al. 2013). However, LAMP2A 

has been implicated in CMA (Bandyopadhyay et al. 2008), and since LAMP1 was not 

measured it could be hypothesised that the increase in autophagic flux can represent an 

increase in CMA specifically, rather than macroautophagy.  

A similar model reported excessive autophagic flux in the context of increased mitophagy 

in primary fibroblasts from LRRK2-G2019S PD patients, as a consequence of 

mitochondrial depolarization and dysfunction (Su, Guo, and Qi 2015; Su and Qi 2013). 

It is important to note the studies had different autophagy cellular contexts (basal vs. 

starvation) and fibroblasts were cultured in slightly different conditions. Mutated LRRK2 

autophagic phenotypes have been described as contradictory (Manzoni and Lewis 2017; 

Manzoni 2017; Cookson 2016). However, since LRRK2 physiological function in 

fibroblasts is not completely understood, perhaps it is not entirely unexpected that 
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LRRK2-G2019S would display different results under distinct conditions, once again 

highlighting the importance of comparing between similar cell types and culture 

conditions, for instance basal vs. starvation. 

It is equally important to adopt a consistent method for autophagic flux analysis. If the 

same markers and conditions were to be applied across the field in a more conventional 

and consistent manner, it would become easier to compare and interpret the literature. 

Other cell types, for instance HEK and PC12 (rat pheochromocytoma cells from the 

adrenal medulla) overexpressing human LRRK2, have shown an increased autophagic 

flux in the presence of LRRK2-WT and LRRK2-G2019S, through Ca2+-dependent 

activation of a CaMKK/adenosine monophosphate (AMP)-activated protein kinase 

pathway (Gómez-Suaga et al. 2012). Nonetheless, these cellular models do not entirely 

recapitulate neurodegeneration and would need further confirmation. 

 

1.5.5.2. Neurons 

Given the clear loss of SNpc dopaminergic neurons in PD, research has focused on 

understanding the neuronal role of LRRK2 through numerous models. Analysis of 

autophagic markers in Lrrk2-KO primary cortical neurons demonstrated no significant 

changes in p62 and LAMP1 levels, yet showed increased LC3-II conversion and 

importantly, increased lysosomal protein degradation, when compared to WT using the 

pulse chase assay (Wallings, Connor-Robson, and Wade-Martins 2019). Contrary to 

previous Lrrk2-KO literature conveying there were autophagic changes in the kidney but 

not in the brain (Tong et al. 2012), this indicates an increase in autophagic flux in Lrrk2-

KO neurons (Fig. 1.9) (Wallings, Connor-Robson, and Wade-Martins 2019). However, a 

novel double Lrrk knock-out (DKO) mouse model in which both Lrrk1 and Lrrk2 are 

deleted, meaning LRRK1 does not compensate for the lack of LRRK2, reported a 

decrease in autophagic flux in neurons (Fig. 1.9). This was evidenced by increased p62, 

decreased LC3-I and increased LC3-II levels in different sub-regions of the Lrrk-DKO 

mouse brain, including SNpc and striatum. Quantitative electron microscopy (EM) 

analysis also demonstrated age-dependent accumulation of autophagosomes and 

autolysosomes in the SNpc of Lrrk-DKO mouse, and consequent autophagy impairment. 

Interestingly, autophagic dysfunction was observed at 10 months and preceded 

accumulation of α-synuclein and dopaminergic neurodegeneration (seen at 15 months), 

indicating disrupted autophagy can lead to PD pathology (Giaime et al. 2017). When 

comparing Lrrk2-KO mouse model phenotypes with LRRK2 mutant models some 

similarities emerge, with the autophagosome processing stages of autophagy being 



38 
 

particularly affected (Table 1.1). While Lrrk2-KO shows blocked autophagosome 

biogenesis, Lrrk-DKO, LRRK2-G2019S and LRRK2-R1441C show blocked clearance of 

autophagosomes into autolysosomes (Manzoni et al. 2016; Giaime et al. 2017; Wallings, 

Connor-Robson, and Wade-Martins 2019; di Domenico et al. 2019; Ramonet et al. 2011; 

Sánchez-Danés et al. 2012; Ho et al. 2018; Obergasteiger et al. 2020).  Given LRRK2 is 

a complex protein involved in several different functional processes in the cell, 

considering mutations in LRRK2 in a strict binary loss or gain of its normal function might 

not reflect the full scope of the LRRK2 mutant effects in its downstream pathways. 

As discussed above, Lrrk2 knock-down in rat primary cortical neurons exhibit increased 

p62 phosphorylation (Park et al. 2016), which in turn promotes phagophore biogenesis 

and is associated with autophagy initiation. Nevertheless, this study did not measure 

other important autophagic markers such as LC3 and LAMP1.  

Early evidence in cultured HEK cells where LRRK2 was knocked-down with siRNA 

showed increased turnover of lipidated LC3, measured by the LC3-I and LC3-II ratio, 

which reflected an increased autophagic activity (Alegre-Abarrategui et al. 2009). 

However, the lack of evidence on the effects of neuronal LRRK2-KD in autophagy means 

further validation is necessary to conclude whether it induces an increase in autophagic 

flux. Comprehensive characterisation of autophagy and lysosomal function in rat primary 

cortical neurons expressing human LRRK2-G2019S and LRRK2-R1441C has revealed 

this pathway is compromised whereas those from Lrrk2-KO rats demonstrate an 

upregulation of autophagic flux. In the case of LRRK2-hWT and LRRK2-G2019S 

neurons, there was an inhibited autophagosome production, while in LRRK2-R1441C 

expressing neurons there was a decreased autophagosome-lysosome fusion and 

lysosomal dysfunction (Wallings, Connor-Robson, and Wade-Martins 2019). In 

agreement with these findings, a non-neuronal model overexpressing LRRK2-R1441C 

in HEK cultures also described accumulation of large autophagic vacuoles, increased 

p62 and decreased protein degradation, which translated into an impaired autophagic 

balance (Alegre-Abarrategui et al. 2009). This shows similar phenotypic alterations in 

autophagy in two separate studies and cell types. Measuring lysosomal protein 

degradation using the pulse-chase assay, arguably the most accurate method for 

measuring true autophagic flux, uncovered an overall decreased lysosomal degradation 

across the LRRK2 genotypes, with the LRRK2-R1441C resulting in the most significant 

alteration. In parallel, there was also an increase in LC3 puncta in vivo, in LRRK2-

R1441C dopaminergic neurons of the SNpc of 22-month-old animals, when compared 

to nTG. Consequently, neuronal autophagic flux was decreased in G2019S and R1441C 
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mutations (Wallings, Connor-Robson, and Wade-Martins 2019). Equally, mouse primary 

neuronal cortical cultures overexpressing LRRK2-G2019S showed decreased LC3-I and 

LAMP1 levels and increased basal levels of LC3-II. The decreased LC3-I and LAMP1 

levels were also confirmed in vivo, in 20-month-old LRRK2-G2019S knock-in mouse 

cortical tissue. LRRK2-G2019S neurons had increased number yet smaller lysosomes 

that were mis-localised and had less acidic pH. This points to poor lysosomal activity and 

decreased autophagosome turnover in LRRK2-G2019S neurons and consequently, a 

significantly decreased autophagic flux. ALP disruption increased α-synuclein 

accumulation and release from neurons, which were rescued with the LRRK2 kinase 

inhibitor GSK2578215A (Schapansky et al. 2018).  

Research into dopaminergic neurons derived from iPSCs of familial PD patients with the 

LRRK2-G2019S mutation and of idiopathic PD patients, cultured during a prolonged 

period (up to 75 days) induces stress conditions that mimicked in vivo aging in patients. 

These iPSC-derived DAns showed decreased LC3 flux and co-localisation of 

LC3/LAMP1, accumulated autophagic vesicles and decreased lysosomal function when 

compared to healthy controls, thus indicating a reduced autophagic flux (Fig. 1.9). 

LRRK2-G2019S neurons also showed a decreased number and length of neurites 

(Sánchez-Danés et al. 2012). Similarly, analysis of autophagic markers in the basal 

ganglia of LRRK2-G2019S patient post-mortem tissue showed a decrease in p62 and 

LAMP1 in comparison to matched idiopathic PD patients, assessed both by 

immunohistochemistry and immunoblotting (Mamais et al. 2018). Furthermore, 

overexpression of human LRRK2-WT in C. elegans dopaminergic neurons improved 

autophagy throughout their life span whereas LRRK2-G2019S and LRRK2-R1441C 

expression inhibited autophagy (Fig. 1.9). LRRK2-G2019S expression accelerated age-

related loss of autophagic function and co-expression of either mutant or WT LRRK2 

with α-synuclein further accentuated inhibition of autophagy and DA neuronal death 

(Saha et al. 2015). In agreement, various other models have indicated LRRK2-G2019S 

leads to impaired autophagy and lysosomal function, such as follicle cells in Drosophila 

Melanogaster (Dodson et al. 2012; 2014), human neuroepithelial stem cells (Walter et 

al. 2019) and HEK cells (Hu et al. 2018). Induced protein quality control-associated 

autophagy was also impaired in both SH-SY5Y neurons and transgenic mice 

overexpressing LRRK2-G2019S (Bang et al. 2016). 

Attempting to draw conclusions from LRRK2 and its role in ALP has resulted in conflicting 

reports. Analysing both LRRK2-G2019S patient derived iPSC models and models 

overexpressing LRRK2-G2019S there is consensus that the G2019S mutation leads to 
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a decrease in autophagic flux (Juárez-Flores et al. 2018; Manzoni et al. 2013; Wallings, 

Connor-Robson, and Wade-Martins 2019; Schapansky et al. 2018; Saha et al. 2015; 

Sánchez-Danés et al. 2012; di Domenico et al. 2019) (Table 1.1). This change is likely 

attributed to an increase in kinase activity as evidenced by rescue of autophagic flux 

when using LRRK2 kinase inhibitors (Saez-Atienzar et al. 2014; Manzoni et al. 2013; 

Wallings, Connor-Robson, and Wade-Martins 2019).  

Since LRRK2 function is not yet fully understood, it is important to investigate the role of 

wildtype LRRK2 in autophagy under physiological conditions in neuronal cell systems. 

To this effect, knock-down and knock-out studies of LRRK2 revealed an increased 

autophagic flux (Wallings, Connor-Robson, and Wade-Martins 2019; Park et al. 2016). 

Interestingly, contrary to Lrrk2-KD in neuronal cells, Lrrk2-KD in microglia suggested 

deficits in the induction of autophagy, although only one autophagy marker was analysed 

along with protein clearance, as discussed below in this chapter (Schapansky et al. 

2014). This highlights once more the degree of LRRK2 phenotypic cellular heterogeneity. 

Furthermore, a Lrrk2-KO mouse model detected phenotypic alterations in the kidneys 

and lungs but not in the brain (Tong et al. 2012; 2010). This could be due to a 

compensating mechanism in the brain, as suggested by the decrease in the flux of 

autophagy present in the Lrrk-DKO mouse model (Giaime et al. 2017). Moreover, a 

decreased autophagic flux was also reported in LRRK2 knock-in or transgenic models 

(Wallings, Connor-Robson, and Wade-Martins 2019; Saha et al. 2015; Schapansky et 

al. 2018) (Table 1.1). Considering LRRK2 regulates several functions in the cell, it is 

important to investigate LRRK2-mediated alterations in autophagic flux in the context of 

other cellular organelles and even other cell types, as any processes depending on 

autophagy will likely be perturbed. These processes could include lysosomal function as 

well as synaptic vesicle trafficking and recycling, mitophagy and the endo-lysosomal 

pathway (Connor-Robson et al. 2019; Wang 2017; Pan et al. 2017). 

It seems LRRK2 acts as a brake in the autophagy-lysosomal pathway in neuronal cells, 

which is supported by an increase in autophagic flux when LRRK2 is knocked-out (Park 

et al. 2016; Wallings, Connor-Robson, and Wade-Martins 2019). However, when LRRK1 

and LRRK2 are simultaneously knocked-out, or when LRRK2 is mutated, there is a 

reduced autophagic flux (Sánchez-Danés et al. 2012; Saha et al. 2015; Giaime et al. 

2017; Schapansky et al. 2018; Wallings, Connor-Robson, and Wade-Martins 2019), 

which points to the conclusion that LRRK2 function is also required for normal autophagic 

function to some extent. This argument suggests associating LRRK2 with loss-of-

function in autophagy might be contradictory and unclear. Other authors have also 
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discussed the issue of gain vs. loss of function in LRRK2-associated PD and concluded 

that it is not a straightforward concept in LRRK2 literature (Cookson 2017; Gan-Or, Dion, 

and Rouleau 2015). Thus, LRRK2 function and potential regulation of autophagy remain 

unclear. Future studies will be necessary to validate this hypothesis and to elucidate the 

role of LRRK2 in neuronal autophagy.  

 

1.5.5.3. Microglia and Astrocytes 

Investigating neuronal models exclusively does not recapitulate the intricacies of the 

human brain environment. Neurons are surrounded and supported by microglia, 

astrocytes and oligodendrocytes (collectively referred to as glial cells) and form a 

complex network that likely play a role in any phenotypic outcome. 

In non-neuronal models such as microglia BV2 cultures and through staining of glial cells 

in mouse brain tissue, endogenous LRRK2 expression increases upon microglia 

activation (Fig. 1.9) (Lee, James, and Cowley 2017; Schapansky et al. 2014; Moehle et 

al. 2012). This leads to LRRK2 phosphorylation, translocation and recruitment to 

autophagosomal membranes, which drives an increase in autophagy. Upon stimulation 

of microglia with Toll-like-Receptor 4, increasing autophagy and phagocytosis could be 

an anti-inflammatory defence mechanism in the context of neuroinflammation 

(Schapansky et al. 2014; Deretic 2011). On the other hand, knock-down of LRRK2 in 

microglia shows deficits in the induction of autophagy, a direct effect of a decreased LC3-

II conversion ability in these cells, and in autophagic protein clearance after rapamycin 

treatment (Fig. 1.9) (Schapansky et al. 2014). However, this study did not measure 

multiple autophagy markers, such as p62 or LAMP1 to confirm altered autophagic flux. 

Still, this supports a model of PD pathology where LRRK2 regulates autophagy in 

microglia differently to its role in neurons.  

Research into neuron-astrocyte co-culturing systems has also contributed to our 

understanding of LRRK2 PD pathology. By generating co-cultures of iPSC-derived 

astrocytes and ventral midbrain dopaminergic neurons from either familial LRRK2-

G2019S patients or healthy individuals, it was revealed that LRRK2-G2019S-derived 

astrocytes accumulate α-synuclein and co-cultured control vmDAns display shortened 

neurites and neurodegeneration (di Domenico et al. 2019). Additionally, LRRK2-G2019S 

vmDAns co-cultured with control-derived astrocytes showed less severe neurite 

shortening, a more complex neurite arborization and decreased α-synuclein 

accumulation in neurons, when compared to co-cultures with LRRK2-G2019S 
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astrocytes. This effect was independent of direct neuron-astrocyte contact. However, the 

authors do not show autophagy characterisation in co-cultured neurons or astrocytes (di 

Domenico et al. 2019).  

Turnover of α-synuclein is processed by both CMA and autophagy (Xilouri, Brekk, and 

Stefanis 2013), which were both impaired in LRRK2-G2019S astrocytes. LRRK2-

G2019S derived astrocytes revealed an increased number of autophagosomes (LC3-

positive puncta) that were localised in both distal and perinuclear regions, opposed to a 

preferable mainly perinuclear distribution. However, a decreased LC3/LAMP1 co-

localisation, higher p62 and reduced LC3-II levels revealed an autophagosome-

lysosome fusion blockage, resulting in deteriorated autophagic flux in LRRK2-G2019S 

astrocytes (Fig. 1.9) (di Domenico et al. 2019). In agreement to the findings described in 

microglia models, astrocyte models unveil a key role for glial cells in non-cell autonomous 

PD pathogenesis. In this scenario, a non-cell autonomous LRRK2-mediated increase in 

lysosomal secretion may increase α-synuclein release and aggregation, augmenting PD 

pathology. This is supported by observing the release of lysosomal contents into the 

cytosol when exposing cells to lysosomal overload stress, where Rab7L1, LRRK2, and 

phosphorylated Rab8/10 are sequentially accumulated onto the stressed lysosomes 

(Eguchi et al. 2018). However, primary astrocyte cultures from Lrrk2-KO mouse showed 

no difference in lysosomal size compared to nTG, whilst lysosomal count almost 

doubled. Thus, it could indicate autophagic flux is increased in Lrrk2-KO, concomitant 

with lysosomal dysfunction and in agreement with studies of Lrrk2-KO neuronal cultures 

(Fig. 1.9). The authors report variable effects of LRRK2 manipulations in autophagy 

when examining LC3 and p62 levels but data was not shown in the report (Henry et al. 

2015). As discussed above, measurement of autophagic markers would be fundamental 

to determine whether LRRK2-KO induces autophagic flux alterations in astrocytes. 

Complementary to this, characterisation of an array of autophagic-lysosomal markers in 

WT and Lrrk2-KO mouse bone marrow-derived macrophages, after infection with 

Mycobacterium tuberculosis, revealed an increase in autophagic flux wherein LAMP1-

positive phagosome as well as Cathepsin L-positive phagosome count is increased, but 

there are no differences in p62 and LC3B (Härtlova et al. 2018). 

As evidenced in the sections above, focusing only on measuring markers of 

autophagosome formation might not be sufficient to infer on the dynamics of autophagic 

flux, since altered levels of autophagosomes and autolysosomes do not necessarily 

implicate impaired lysosomal activity or protein degradation (Cookson 2017; Giménez-

Xavier et al. 2008). Hence, it would be extremely valuable to combine the measurement 
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of an array of proteins to assess autophagic flow in future research, including 

autophagosome, autolysosome and lysosomal markers as well as treatment with 

autophagy modulators such as 3-MA, bafilomycin and chloroquine (Yoshii and 

Mizushima 2017; Klionsky et al. 2016). Investigating the late phases of autophagy is also 

a crucial part of monitoring autophagy, including lysosomal function and protein 

degradation assays to measure degradation of autophagic substrates, such as pH-

sensitive tagged proteins, Lysotracker dye to analyse lysosomal morphology, 

LysoSensor dye to measure lysosomal pH and pulse-chase assay to measure protein 

degradation (Yoshii and Mizushima 2017; Klionsky et al. 2016). 

Nevertheless, the LRRK2-G2019S mutation seems to have a similar impact in activated 

microglia when compared to fibroblasts and neurons, resulting in a decreased 

autophagic flux (Table 1.1). By partially reducing LRRK2 expression and function using 

siRNA/shRNA, there is an increased induction of autophagy, except in activated 

microglia where autophagy decreases. In activated microglia cultures, endogenous 

LRRK2 expression increases and there is an increase in autophagic flux. Therefore, it is 

possible that LRRK2 positively regulates the autophagy machinery in the context of 

neuro-inflammation. However, the mechanism underlying this regulation in glial 

populations is still unknown and more research should be focused to resolve LRRK2 and 

its contribution to autophagy in PD. 
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Figure 1.9 – Autophagic flux alterations in different cell types and LRRK2 models. 

In LRRK2-G2019S fibroblasts under basal culture conditions there is an increase in 

autophagic flux, whereas in starvation conditions LRRK2-G2019S, R1441C and Y1699C 

all show a decrease in autophagic flux. In neuronal Lrrk2-KO and KD models there is an 

increase in autophagic flux, whilst in LRRK2-G2019S, R1441C and Lrrk-DKO it is 

decreased. In microglia or astrocyte cultures, there was an increase in autophagic flux 

mediated by endogenous LRRK2 and in Lrrk2-KO models. On the other hand, Lrrk2-KD 

and LRRK2-G2019S overexpression cultures presented a decrease in flux. Green 

upwards arrow (Increase in autophagic flux), Red downwards arrow (decrease in 

autophagic flux). 
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Table 1.1 - LRRK2 Models and alterations in different stages of the autophagy-lysosomal 

pathway. 

 
  LRRK2 Models 

S
ta

g
e
 LRRK2-

WT 

LRRK2-

G2019S 

LRRK2-

R1441C 

Lrrk2-

KD 

Lrrk2-

KO 

Lrrk-DKO 

P
h

a
g

o
p

h
o

re
 B

io
g

e
n

e
s
is

 

Increased 

phosphoryla

tion of p62 

(Kalogeropu

lou et al 

2018) 

Increased 

phosphoryl

ation of p62 

(Kalogerop

ulou et al 

2018) 

Increased 

phosphoryl

ation of 

p62 

(Kalogerop

ulou et al. 

2018) 

Increased 

phosphory

lation of 

p62 (Park 

et al. 

2016) 

    

  

  

Indirectly 

reduce 

phosphoryla

tion of p62 

(Park et al. 

2016) 

Indirectly 

reduce 

phosphoryl

ation of p62 

(Park et al. 

2016) 

LRRK2 

phosphoryla

tes LRS, 

increasing 

misfolded 

proteins 

and 

inducing 

autophagy 

(Ho et al. 

2018) 

Increased 

kinase 

activity 

phosphoryl

ates LRS, 

exacerbatin

g 

autophagy 

(Ho et al. 

2018) 

A
u

to
p

h
a

g
o

s
o

m
e

 F
o

rm
a

ti
o

n
 

Blocked 

autophagos

ome 

formation 

(Ramonet 

et al. 2011; 

Manzoni et 

al. 2013; 

Saez-

Atienzar et 

al. 2014; 

Manzoni et 

al. 2016) 

Blocked 

clearance 

of 

autophagos

omes, 

increased 

non-

processed 

autophagic 

vacuoles 

(Ramonet 

et al. 2011; 

Sánchez-

Danés et 

al. 2012; 

Ho et al. 

2018; 

Wallings et 

al. 2019) 

    Blocked 

autophago

some 

formation 

(Manzoni 

et al. 

2016) 

Blocked 

clearance 

of 

autophagos

omes, 

enlarged 

non-

processed 

autophagic 

vacuoles 

(Giaime et 

al. 2017) 
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A
u

to
p

h
a

g
o

s
o

m
e

 a
n

d
 

ly
s
o

s
o

m
e
 F

u
s

io
n

 

  Deficient 

autophagos

ome-

lysosome 

fusion 

(Saez-

Atienzar et 

al. 2014; di 

Domenico 

et al. 2019; 

Obergastei

ger et al. 

2019) 

Deficient 

autophago

some-

lysosome 

fusion 

(Wallings 

et al. 

2019) 

      

L
y
s

o
s

o
m

a
l 
F

u
n

c
ti

o
n

 

  Abnormal 

lysosomal 

morphology 

(MacLeod 

et al. 2006; 

Higashi et 

al. 2009; 

Ramonet et 

al. 2011; 

MacLeod et 

al. 2013; 

Dodson et 

al. 2014; 

Bang et al. 

2016; 

Hockey et 

al. 2015; 

Henry et al. 

2015; 

Schapansk

y et al. 

2018) 

Increased 

lysosomal 

pH, 

reduced 

lysosomal 

calcium 

release 

through 

TRPML1 

channels 

leading to 

increased 

lysosomal 

calcium 

levels 

(Wallings 

et al. 

2019) 

      

  

  

  

  

Abnormal 

lysosomal 

cellular 

localisation 

(Hockey et 

al. 2015; 

Schapansk

y et al. 

2018) 

Increased 

lysosomal 

pH 

(Schapans

ky et al. 

2018) 

Inhibition of 

lysosomal 

enzymatic 
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activity 

(McGlinche

y and Lee 

2015; Hu et 

al. 2018) 

Lysosomal 

dysfunction 

culminated 

in α-

synuclein 

accumulati

on 

(Volpicelli-

Daley et al. 

2016; Hu et 

al. 2018) 

F
lu

x
 

F
ib

ro
b

la
s
ts

 

  ↑ (Su and 

Qi 2013; 

Bravo San-

Pedro et al. 

2013; Su et 

al. 2015) 

↓ (Manzoni 

et al. 

2013) 

      

  

↓ (Manzoni 

et al. 2013; 

Juarez-

Flores et al. 

2018) 

N
e

u
ro

n
s
 

Not 

altered 

(Walling

s et al. 

2019) 

↓ 

(Sanchez-

Danes et 

al. 2012; 

Saha et al. 

2015; 

Schapansk

y et al. 

2018; 

Wallings et 

al. 2019) 

↓ (Saha et 

al. 2015; 

Wallings et 

al. 2019) 

↑ (Park et 

al. 2016) 

↑ 

(Wallings 

et al. 

2019) 

↓ (Giaime 

et al. 2017) 

M
ic

ro
g

li
a

/ 

A
s

tr
o

c
y

te
s
 

↑ 

(Moehle 

et al. 

2012; 

Schapan

sky et al. 

2014) 

↓ (di 

Domenico 

et al. 2019) 

  ↓ 

(Schapan

sky et al. 

2014) 

↑ (Henry 

et al. 

2015) 

  

LRS, Leucyl-tRNA synthetase; ↑ increased autophagic flux; ↓ reduced autophagic flux. 
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As discussed above, different PD models have informed on the different mechanisms 

whereby LRRK2 mutations impact on its functional activity and can lead to disease 

(Cherubini and Wade-Martins 2018; Cookson 2016; Wallings, Manzoni, and Bandopadhyay 

2015; Cookson 2017; Manzoni and Lewis 2017; Connor-Robson et al. 2019). Therefore, 

the use of different PD models and systems has firstly revealed that LRRK2 phenotypes 

display cellular heterogeneity, which is an important consideration for future studies of 

LRRK2 function (Schapansky, Nardozzi, and Lavoie 2015). Indeed, LRRK2 mutations 

manifest different pathogenesis depending on the cell type (Zeng et al. 2018). Therefore, 

some caution should be exercised when selecting cultural conditions (basal vs. starvation) 

and comparing LRRK2 models to study autophagy in PD, as well as considering human 

versus non-human LRRK2 expression, as it is paramount to confirm any phenotypes in 

biologically relevant contexts of disease. Hence, it is important to individually assess 

autophagic flux in fibroblasts, neurons and microglia/astrocytes. Concurrently, it will be 

crucial to combine neuronal and non-cell autonomous methods, for instance by utilising 3D 

midbrain cultures or co-cultures of neuronal and neuroimmune cells, in the efforts to 

completely understand LRRK2 pathology in PD. 

Moreover, it is essential to point out that accurate measurement of autophagic flux is crucial 

when comparing LRRK2 phenotypic effects in the autophagy-lysosomal pathway. Analysing 

LC3-I and LC3-II could provide insights into the rates of autophagosome formation, however 

LC3 is present in phagophores, autophagosomes and autolysosomes and measurement 

would often only represent a single time point, rather than the flow of autophagy. Another 

widely used marker of autophagy is LAMP1, which is expressed in lysosomes and 

autolysosomes but also in late endosomes of the endocytic pathway. This could introduce 

confounding factors in studies relying solely on one specific marker.  

When analysing LRRK2 phenotypes relating to autophagic flux, it is evident that LRRK2 

mutations, specifically the G2019S and R1441C, act in a different manner and at different 

stages of the autophagy pathway (Table 1.1). This observation may not be surprising given 

these mutations are situated in different enzymatic domains of LRRK2, the kinase domain 

and GTPase domain respectively (Fig. 1.9). The most common LRRK2 mutation, G2019S, 

is consistently associated with an increase in kinase activity and a decrease in autophagic 

flux (Juárez-Flores et al. 2018; Manzoni et al. 2013; Wallings, Connor-Robson, and Wade-

Martins 2019; Schapansky et al. 2018; Saha et al. 2015; Sánchez-Danés et al. 2012; di 

Domenico et al. 2019) whereas the second most common mutation, R1441C, exhibits 

decreased autophagic flux, with lysosomal activity being particularly impaired (Wallings, 
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Connor-Robson, and Wade-Martins 2019; Saha et al. 2015). Conceivably, impaired 

lysosomal function could lead to deficient protein clearance and could fit the model of Lewy 

body pathology wherein there is an accumulation of aggregated α-synuclein (Schapansky, 

Nardozzi, and Lavoie 2015; Orenstein et al. 2013; Schapansky et al. 2018; Hu et al. 2018). 

Indeed, impaired autophagy has been recently proposed to be an aggravator of PD 

(Johnson et al. 2019). Consequently, different LRRK2 mutations located in different 

domains will have distinct cellular effects downstream and alongside of autophagic 

impairment, such as dysregulated mitophagy, endocytosis and vesicular trafficking 

(Connor-Robson et al. 2019; Chen and Wu 2018; Manzoni et al. 2013). 

 

1.6. Mitochondria 

Mitochondria are crucial organelles for generation of aerobic energy, synthesis of key 

macromolecules, calcium homeostasis, and regulation of apoptosis. Mitochondria contain 

their own circular, double-stranded mitochondrial DNA (mtDNA), distinct from nuclear DNA, 

and are highly dynamic organelles with an inner membrane with cristae to increase surface 

area, an outer membrane, an intermembrane space and the mitochondrial matrix. Whilst 

nuclear DNA encodes subunits of the mitochondrial respiratory chain (MRC), as well as 

assembly factors, transport proteins, or unidentified proteins that are crucial for 

mitochondrial function, mtDNA encodes for two ribosomal RNAs, 22 tRNAs, and 12 

subunits of the electron transport chain (ETC) (Van Der Bliek, Sedensky, and Morgan 

2017).  

 

1.6.1. Mitochondrial function   

The main function of mitochondria in cells is to generate energy in the form of ATP through 

the tricarboxylic acid (TCA) cycle (or Krebs cycle) and oxidative phosphorylation (OxPhos). 

Within the mitochondrial matrix, the TCA cycle oxidises acetyl CoA to produce the reducing 

agents NADH and FADH, which ultimately enter the oxidative phosphorylation process as 

electron donors. Importantly, precursors to certain amino acids are also generated within 

the TCA cycle. Within the inner mitochondrial membrane, oxidative phosphorylation is the 

process of synthesizing ATP, by transferring electrons through a series of large protein 

complexes (Complex I to IV), establishing an electro-chemical gradient until oxygen is 

consumed as the final electron acceptor, forming water as a by-product. The inner-

membrane electrochemical potential generated by OxPhos is essential to mitochondrial 

functions, such as mitochondrial protein import (Neupert and Herrmann 2007; Nunnari and 
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Suomalainen 2012) and is used to trigger changes on the molecular level that alter 

mitochondrial behaviours in response to mitochondrial dysfunction. The mitochondria-

associated ER membrane (MAM) plays a critical role in lipid biosynthesis and calcium 

signalling. Neuronal axons and dendrites and muscle fibers utilise physical tethers to stably 

position mitochondria at specific locations for efficient bioenergetics exertion (Nunnari and 

Suomalainen 2012). It is possible to measure mitochondrial respiration of cultured cells to 

determine mitochondrial function, by using a series of inhibitors of respiration, assessing 

both the rates of disappearance of oxygen (oxygen consumption rate, OCR) and the 

acidification of the medium (extracellular acidification rate, ECAR) with different substrates 

and uncouplers, a technique developed with the Seahorse Metabolic Analyzer (Van Der 

Bliek, Sedensky, and Morgan 2017). 

 

1.6.2. Mitochondria quality control 

When mitochondria are damaged and become defective or dysfunctional, it is important 

cells efficiently clear them to maintain mitochondrial homeostasis. The presence of 

dysfunctional mitochondria within cells leads to bioenergetic deficits, less efficient calcium 

buffering and accumulation of oxygen reactive species (ROS) (Court and Coleman 2012; 

Sheng and Cai 2012). Mitochondrial oxidative stress triggers caspase activation, DNA 

damage, and apoptosis (Mishra and Chan 2014). Many mutations in PD genes have been 

implicated in mitochondrial-related pathways such as PTEN-induced putative kinase 1 

(PINK1) and Parkin, which cause familial autosomal recessive, DJ-1, LRRK2 and SNCA. 

Mitochondria quality control is regulated through three main mechanisms: ubiquitination and 

proteosome, fission/fusion and mitophagy. 

1.6.2.1. Proteasome degradation 

Key effector mitochondrial proteins located in the OMM like MIRO1 and Mitofusins (MFN), 

display their domains at the cytosolic side of the membrane, which become accessible to 

be degraded by the ubiquitin-proteasome system (UPS). Selectively removing fusion or 

fission components, the UPS allows effective regulation of damaged mitochondria, 

supporting the effective separation of dysfunctional mitochondria (Fig. 1.10 A) (Tanaka et 

al. 2010; Bragoszewski, Turek, and Chacinska 2017). 

1.6.2.2. Fission and fusion 

Mitochondria constantly undergo changes in their morphology, either by fusing with other 

mitochondria or by fission of one mitochondrion into two separate organelles. Mitochondrial 
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fission is regulated by cytosolic protein dynamin-related protein 1 (DRP1) (Detmer and 

Chan 2007; Reddy et al. 2011; Kandimalla and Reddy 2016). DRP1 is recruited to the outer 

mitochondrial membrane (OMM) by specific receptors (MiD49, MiD51, Fis1, and MFF) and 

forms a ring-like structure so that one mitochondrion structure contracts into two daughter 

mitochondria, via GTP hydrolysis (Kalia et al. 2018; Palmer et al. 2011). Mitochondrial 

fusion is mainly regulated by OPA1, mitofusin 1 (MFN1) and mitofusin 2 (MFN2) (Mishra 

and Chan 2014; Roy et al. 2015). During fusion, OMM proteins MFN1 and MFN2 bind to 

MFNs of neighbouring mitochondria, which brings the two organelles together (Meeusen et 

al. 2006; Song et al. 2009). OPA1 is involved in inner membrane fusion, crating one 

continuous membrane (Fig. 1.10 B). 

Mitochondrial fission can help to control the mitochondrial quality by segregating damaged 

or unhealthy mitochondria away from the healthy mitochondria, and which would then be 

singled out for degradation via the mitophagy pathways (Fig. 1.10 B).   

1.6.2.3. Mitophagy 

Mitophagy, the autophagic degradation of defective mitochondria, is regulated by PINK1 

and Parkin activation upon mitochondrial membrane depolarisation, accumulation of 

unfolded proteins in the mitochondrial matrix or oxidative stress (Jin and Youle 2013; 

Pimenta De Castro et al. 2012; Xiao et al. 2017). PINK1 is stabilised at the OMM, 

phosphorylating ubiquitin (Ub) at the serine 65 residue. For this reason, phospho-serine65 

Ub (pSer65Ub) is currently considered as a marker of PINK1-induced mitophagy activation. 

Contrastingly, in healthy mitochondria, PINK1 is imported through translocase of the outer 

mitochondrial membrane (TOM) and translocase of the inner membrane (TIM) complexes, 

and then subsequently cleaved by PARL and MPP, released back to the cytosol and 

targeted for proteasome-mediated degradation (Rossmann et al. 2021; Malpartida et al. 

2021). Cytosolic Parkin is auto inhibited, but once recruited to active PINK1 sites, RING1 of 

the Parkin domain binds pSer65Ub, initiating a series of conformational changes that 

culminates in Parkin activation by PINK1-mediated phosphorylation of Parkin Ub-like 

domain. Active Parkin synthesises Ub chains on OMM proteins, which are substrates for 

PINK1 Ub phosphorylation, recruiting more Parkin in a feed-forward mechanism, 

assembling Ub chains recognised by autophagy adaptors Optineurin (OPTN), NDP52, p62 

and LC3 at maximal activation (~4400-fold activation) (Fig. 1.10 A) (Swatek et al. 2019; 

Wauer et al. 2015; Gladkova et al. 2018; Malpartida et al. 2021). This activation of the 

mitophagy pathway is balanced by several deubiquitylases (DUBs), such as USP30, USP8, 

USP14, USP15 and USP35, antagonising Parkin activity either directly or through its 

substrates. Located at the OMM, USP30 negatively regulates PINK1/parkin-dependent 
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mitophagy through deubiquitylation of several OMM substrates, including RHOTs, VDACs 

and MFNs, establishing a threshold for initiating mitophagy. Furthermore, PTEN-Long 

(PTEN-L) and PPEF2 phosphatases have been demonstrated to regulate pSer65Ub 

phosphorylation, negatively regulating mitophagy in neurons and astrocytes in vitro and in 

vivo (Liming Wang et al. 2018; Wall et al. 2019; Li et al. 2018). 

Mitophagy can also occur in a PINK1/Parkin-independent manner, mediated by various 

OMM proteins, including the autophagy receptor proteins NIP3-like protein X (NIX; BNIP3L), 

BNIP3 and FUNDC1, which directly interact with LC3 to mediate formation of the 

autophagosome. Phosphorylation of NIX and BNIP3 associate with LC3, whereas under 

hypoxia conditions both CK2 and Sc kinases and PGAM5 phosphatase influence FUNDC1 

phosphorylation status, ensuring specificity of the process in different tissues in response 

to different stimuli. Interestingly, NIX and BNIP3 can be ubiquitinated by parkin, reflecting 

an intricate crosstalk between PINK1/parkin-dependent and -independent regulation of 

mitochondrial dynamics (Fig. 1.10 B) (Palikaras, Lionaki, and Tavernarakis 2018). 
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Figure 1.10. – Mitochondrial quality control dynamics. (A) PINK1/parkin-dependent 

mitophagy occurs upon mitochondrial damage. (B) PINK1/parkin-independent mitophagy 

and mitochondrial fission and fusion help maintain healthy mitochondrial networks. Adapted 

from (Palikaras, Lionaki, and Tavernarakis 2018). 

 

1.6.3. Mitochondrial dysfunction in PD   

Mitochondrial dysfunction has been linked to PD through environmental exposure and 

genetic factors. A distinct form of parkinsonism with a rapid onset has been linked to the 

toxic cation 1-methyl-4-phenylpyridinium (MPP+), generated by MAO-B enzyme processing 

of 1-methyl-4-phenyl-1,2,5,6-tetrahydropyridine (MPTP) from environmental exposure, and 

is selectively taken up by dopaminergic neurons, causing inhibition of Complex I, III, and IV 

of the respiratory chain (Langston et al. 1983; Heikkila et al. 1984; Langston et al. 1984; 

Desai et al. 1996). Mitochondrial dysfunction as a central mechanism with PD was also 

supported by post-mortem brain sections of PD patients exhibiting complex I deficiency 

(Schapira et al. 1989). Furthermore, a subset of sporadic PD patients’ fibroblasts 

demonstrated mitochondrial or lysosomal dysfunction, and differentiation into dopaminergic 

neurons exacerbated the decrease of complex I and IV expression levels (Carling et al. 

2020). Impaired Complex I and III function leads to reduced levels of ATP generation, 

altered mitochondrial membrane potential and production of ROS, including oxygen radicals 

and hydrogen peroxide, which can damage cells and have been suggested to contribute to 

neurodegeneration through mitochondrial dysfunction (Muller, Liu, and Van Remmen 2004; 

Murphy 2009; Nunnari and Suomalainen 2012). Oxidative damage also affects mtDNA, and 

a single rotenone dose was sufficient to induce mtDNA damage in rat midbrain neurons, 

but not in cortical neurons. Additionally, midbrain neurons produced more mitochondrial 

H2O2 than cortical neurons, in response to rotenone-induced complex I inhibition. The same 

study showed post-mortem nigral neurons, but not cortical neurons, from PD patients 

displayed mtDNA damage (Sanders et al. 2014). Increases in somatic point mutations, 

deletions and mtDNA copy number have been reported in brain regions of PD patients, 

including the SNpc (Dölle et al. 2016; Bender et al. 2006; Nido et al. 2018; Reeve et al. 

2008; Bury et al. 2017; Coxhead et al. 2016). 

There have been many genetic associations between mitochondrial quality control related 

genes and PD. Mutations in PINK1 and PRKN genes, which encode PINK1 and Parkin, 

lead to mitophagy defects and cause familial autosomal recessive forms of early-onset PD 

(Kitada et al. 1998; Valente et al. 2001; Narendra et al. 2010). Moreover, increased 

pSer65Ub formation has been observed in post-mortem PD brain, significantly correlating 
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with LBs and neurofibrillary tangle levels, and diminished in patients with PINK1/PRKN 

mutations, highlighting the importance of mitophagy (Hou et al. 2018; Fiesel et al. 2015). 

Assessing post-mortem brain tissue from PD patients carrying heterozygous mutations in 

the GBA gene, identified increased mitochondrial content, increased mitochondrial 

oxidative stress, and impaired autophagy, consistent with iPSC-derived dopaminergic 

neuronal cultures from patients with GBA-L444P mutations and GBA-KO neurons (Li et al. 

2019; Schöndorf et al. 2018). In 2015, CHCHD2, which encodes a protein that modulates 

mitochondrial function in conjunction with the ALS/FTD-associated gene CHCHD10, was 

identified as a novel familial PD gene (Funayama et al. 2015; Liu et al. 2020). Mutations in 

CHCHD2 culminate in altered mitochondrial structure, cytochrome C destabilisation, 

impaired respiration, increased mitochondrial ROS, and have been linked to α-synuclein 

aggregation and oligomerisation in human post-mortem brain tissues and iPSC-derived 

DAn (Meng et al. 2017; Ikeda et al. 2019). Mutations in DJ-1, a deglycase protein that acts 

as a redox sensor and chaperone, are associated with impaired mitochondrial quality 

control, causing autosomal recessive PD (Strobbe et al. 2018; Kojima et al. 2016). 

Interestingly, a mutation in VPS35 induces mitochondrial fragmentation and dysfunction 

through interaction with dynamin-like protein (DLP) 1 and enhances turnover of the 

mitochondrial DLP1 complexes via the mitochondria-derived vesicle-dependent trafficking 

towards lysosomal degradation. Notably, VPS35-DLP1 interaction was increased in the 

brains of sporadic PD cases (Wang et al. 2016). PD-causing point mutations in α-synuclein, 

such as A53T, E46K, H50Q, lead to various mitochondrial alterations (Appel-Cresswell et 

al. 2013; Khalaf et al. 2014; Cannon et al. 2013; Ryan et al. 2015). In turn, α-synuclein has 

been shown to accumulate in mitochondria, interfering with complex I function and 

increasing mitophagy (Chinta et al. 2010). All these key interactors highlight the crosstalk 

between mitochondria homeostasis and lysosomal activity and how its impairment leads to 

neurodegeneration. 

 

1.7. LRRK2 and mitochondrial network dynamics 

1.7.1. LRRK2 and mitochondrial function   

In LRRK2-related PD different cellular pathways are impaired and contribute to molecular 

pathology. These have been extensively reviewed and include autophagy (Madureira, 

Connor-Robson, and Wade-Martins 2020), vesicular trafficking (Singh and Muqit 2020), 

endolysosomal system (Erb and Moore 2020) and the mitochondrial network (Malpartida et 

al. 2021). Animal models have shown reduced rate of OXPHOS, decreased intracellular 

basal ATP production and mitochondrial fragmentation in LRRK2-G2019S mouse 
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embryonic fibroblasts (MEF) (Toyofuku et al. 2020). In human LRRK2-G2019S fibroblasts, 

mitochondria show reduced mitochondrial membrane potential, decreased OXPHOS 

activity and decreased basal ATP production (Mortiboys et al. 2010). A study in LRRK2-

R1441G transgenic mice showed altered mitochondria morphology and dysfunction with 

decreased mitophagy in MEFs and mouse brain (Liu et al. 2021). On the other hand, not 

many studies have investigated mitochondrial function in LRRK2-R1441C. 

 

1.7.2. LRRK2 regulation of mitophagy   

It is vital for cells to clear damaged mitochondria to prevent further stress and cell death. 

Therefore, mitochondrial autophagy (mitophagy) is a crucial cellular process and its 

disruption has been associated with PD (Malpartida et al. 2021; Singh and Ganley 2021). 

Basal mitophagy inversely correlates with LRRK2 kinase activity in vivo and LRRK2-

G2019S impairs basal mitophagy in reporter mouse models (Singh et al. 2021). In human 

patient-specific neuroepithelial stem cells and primary fibroblasts, LRRK2-G2019S exhibits 

abnormal mitochondrial function and morphology and decreased mitophagy (Bonello et al. 

2019; Korecka et al. 2019; Walter et al. 2019; Wauters et al. 2020). In LRRK2-R1441C, 

depolarization-induced mitophagy and mitochondrial function are impaired in primary 

fibroblasts (Wauters et al. 2020). However, the effect of LRRK2-R1441C mutation on 

mitochondrial network, function, and clearance in dopaminergic neurons, which are the 

most important neuronal subtypes in PD, is still poorly understood. Recently, independent 

studies have identified three main mechanisms linking LRRK2 and regulation of mitophagy. 

In iPSC-derived dopaminergic neurons, LRRK2-G2019S exhibits decreased interaction 

with OMM protein MIRO1, which leads to MIRO1 decreased degradation in depolarised 

mitochondria and consequent decrease in mitophagy levels (Hsieh et al. 2016). Also in 

depolarised mitochondria, LRRK2 mutations G2019S and R1441C block PINK1/parkin-

dependent mitophagy through increased phosphorylation of RAB10, which inhibits its 

interaction with the autophagy receptor OPTN in primary fibroblasts (Wauters et al. 2020). 

In parallel, LRRK2-G2019S interferes with protein–protein interactions involving Parkin and 

fission protein DRP1 on the OMM, resulting in decreased mitophagy in primary fibroblasts 

(Bonello et al. 2019). 

Ultimately, research into the relation of LRRK2, mitochondrial pathways and lysosomal 

activity could have an impact on new drug screening approaches to potentially find novel 

compounds to treat LRRK2 related PD. 
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1.8. Aims of the project 

Mitochondrial health and autophagy-lysosomal pathways have been linked to LRRK2-PD 

pathophysiology, therefore this research project will focus on these two cellular pathways 

to characterise disease mechanisms in PD using animal and human models. 

• Aim 1: LRRK2 and vATPase-a1 interaction 

The first aim of our study is to further characterise this interaction in human cellular models 

and assess the effects of anti-malaria drug Clioquinol in LRRK2-vATPase-a1 interaction 

using human cellular models. Recent evidence has shown that expression of LRRK2-

G2019S or LRRK2-WT inhibited autophagosome production, whereas LRRK2-R1441C 

shows impaired autolysosome fusion and increased lysosomal pH. A novel interaction has 

been described in rat primary cultures between LRRK2 and the a1 subunit of the lysosomal 

H+-pump vATPase. This interaction was abolished in the LRRK2-R1441C mutation, leading 

to a decrease in a1 protein levels and cellular mislocalisation.  

• Aim 2: LRRK2 and Autophagy 

The second aim is to characterise the impact of LRRK2-R1441C and LRRK2-G2019S 

mutations on autophagy and lysosomal function using LRRK2 rat cortical primary cultures 

and LRRK2 human model of iPSC-derived dopaminergic cultures. 

• Aim 3: LRRK2 and Mitochondria 

The third aim is to investigate mitochondrial health and mitophagy, both under basal and 

stress conditions, using in vivo and in vitro LRRK2 models of Parkinson’s disease. With a 

focus specifically on LRRK2-R1441C using rat primary cortical neurons and iPSC-derived 

dopaminergic neuronal models characterise mitochondrial health, morphology and function. 

We assess PINK1/parkin-dependent mitophagy and uncover the molecular mechanism 

underlying the phenotypic alterations observed. Finally, we explore the role of LRRK2 

kinase activity by treating neuronal cultures with LRRK2 kinase inhibitor MLi-2. 
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Chapter 2 - Materials and Methods 

 

2.1. Cell culture and transfection 

2.1.1. Human embryonic kidneys 293T cell culture 

Human embryonic kidneys 293T (HEK293T) cells were cultured in Dulbecco’s modified 

Eagle’s medium, high glucose, GlutaMAX™ Supplement (Gibco), containing 10% fetal 

bovine serum and penicillin (100 U/ml)/streptomycin (100 µg/ml). Cells were kept in the 

incubator at 37°C, 5% CO2, 95% relative humidity, trypsinised with 0.25% Trypsin-EDTA 

solution (Sigma Aldrich) and passaged every third/fourth day in the culture. 

Freezing Medium  

Full medium with 20% FBS and 10% DMSO (Sigma)  

Freshly prepared when required 

2.1.2. Transfection 

HEK293T cells were seeded at 80% confluency in poly-l-lysine coated plates (1 x 106 

cells/ml for 6-well plates, 4 x 105 cells/ml for 12 well-plates and 1 x 106 cells/ml for 96-well 

plates). The following day, cells were changed to Opti-MEM® Reduced-Serum Medium 

(Gibco) before transfection. Plasmid DNA constructs were mixed with Lipofectamine 2000 

and incubated at room temperature for a maximum of 25 minutes to allow formation of 

complexes before being added to the corresponding well. Cells were incubated for 5 hours 

and then changed to DMEM medium. Cells were incubated to undergo transient transfection 

for 48 hours and then were lysed and collected as described. Cell lysates were accessed 

by SDS-PAGE. 

2.1.3. Treatment with compounds 

For some experiments, HEK293T cultures were treated with compounds before cells were 

lysed and collected (see Table 2.1). 

Table. 2.1. Compounds used for cell culture treatment 

Compound Supplier 
Catalogue 

Number 

Concentration Incubation 

Time 

MLi-2 Tocris 5756 100 nM 2h or 48h 

PF-06447475 
MedChem 

Express 

HY-12477 50 nM 2h 

Clioquinol Abcam ab120355 1 µM 48h 
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Chloroquine Merck C6628 100 nM 24 h 

CCCP Merck 215911 10 µM 6h or 24h 

 

2.2. Construct library 

2.2.1. LRRK2 and vATPase a1 constructs 

All LRRK2 construct plasmids are in a pCMV-Tag 3B vector background, with two myc-tag 

cassettes in the N-terminal region. LRRK2 plasmids were a gift from Dr. Mark Cookson and 

were purchased from Addgene (https://www.addgene.org/Mark_Cookson/), except for 

2xMyc-LRRK2-ROC that was built in-house (see Table 2.2). Both vATPase-a1 construct 

plasmids contain two flag-tag cassettes in the C-terminal region and were a kind gift from 

Prof. Morris Manolson (Esmail et al. 2018) (see Table 2.2). 

 

Table. 2.2. Construct Library 

 Construct Plasmid Number Insert Sequence (aminoacids) 

L
R

R
K

2
 

2xMyc-LRRK2-WT 25361 Full length (1-2527) 

2xMyc-LRRK2-LRR 25072 879-1278 

2xMyc-LRRK2-RCK 25065 1329-2219 

2xMyc-LRRK2-COR 25069 1408-1850 

2xMyc-LRRK2-Kinase 25071 1863-2218 

2xMyc-LRRK2-WD-40 25073 2155-2527 

2xMyc-LRRK2-3xKD 25366 Full length, "Kinase Dead" construct. Lysine 

1906 mutated to Alanine. Aspartate 1994 

mutated to Alanine. Aspartate 2017 mutated 

to Alanine 

2xMyc-LRRK2-G2019S 25362 Full length, Glycine 2019 mutated to Serine 

2xMyc-LRRK2-R1441C 25363 Full length, Arginine 1441 mutated to 

Cysteine 

2xMyc-LRRK2-ROC Built in-house 1388-1515 

https://www.addgene.org/Mark_Cookson/
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v
A

T
P

a
s
e
 2xFlag-vATPase-a1 Gift from Manolson Full length (1-858) 

2xFlag-vATPase-a1 

Mutated (N495Q) 

Gift from Manolson Full length, Asparagine 495 mutated to 

Glutamine 

 

2.2.2. LRRK2-ROC construct 

To build a construct containing the LRRK2-ROC domain only, a gBlock gene fragment was 

ordered from Integrated DNA Technologies, Inc. (IDT) 

(https://eu.idtdna.com/site/order/gblockentry). LRRK2-ROC sequence was obtained from 

LRRK2 gene reference sequence available from NCBI (GenBank: AY792511.1). 

LRRK2-ROC gBlock (IDT): 

5’-

GATCTGAGCCCGGGATCCGAGCAGAAACTCATCTCCGAGGAAGCATTGCTGCAAGA

GTTCGATATCACTAGCCTCTACAAAAAGGCAGGGTCCGAGTTTGCGCTCAGGATGAA

ACTTATGATAGTTGGCAATACTGGTAGCGGGAAAACTCTTCTGCAACAACTTATGAAG

ACCAAAAAGTCCGATCTTGGCATGCAATCTGCTACGGTGGGAATAGATGTCAAGGAC

TGGCCTATTCAAATCCGGGACAAGCGGAAGCGAGACCTCGTGCTCAATGTGTGGGA

TTTCGCTGGGCGCGAGGAATTCTATTCTACCCATCCACACTTTATGACCCAACGGGC

GCTGTATTTGGCAGTTTATGATTTGAGCAAAGGTCAAGCGGAGGTAGACGCGATGAA

ACCTTGGCTGTTTAATATCAAAGCTCGCGCTTCAAGCTCACCTGTCATCCTTGTCGG

GACGCATCTCGACGTGAGTGATGAAAAGCAGCGGAAAGCGTGCATGAGCAAGATCA

CAAAGGAACTGCTCAACAAGCGGGGTTTCCCCGCTATCCGAGATTACCATTTTGTGA

ACGCCACTGAAGAGTCCGACGCCCTTGCAAAATTGAGGAAAACCATTATCAACGAAT

CTCTGAATTTTAAGATTCGGGATCAGGAACGACGCGCAAACAGTACCCAATTGTCCT

GCACTAAGTGGTAATCAGTGCCATAGTTGATAAAGGTCCCCGGTAAGTGTACCCAAT

TCGCCCTATAGTGAGTCGTATTACAATTCACTCGATCGCCCTTCCCAACAGTTGCG-3’ 

2.2.3. Restriction enzyme digestion  

LRRK2 constructs were digested with BamHI and PvuI whereas vATPase-a1 constructs 

were digested with SacI and SacII. Restriction enzymes were purchased from New England 

Biolabs (NEB) and used according to protocol provided by the manufacturers. A mastermix 

containing DNA, the respective enzymes at 1 unit/μg of DNA, 5 μl CutSmart buffer and 

MilliQ H2O up to a 50 μl total volume was incubated at 37°C for a minimum of one hour. The 

reaction was then run on an agarose gel to assess fragment size (Table 2.3). 

https://eu.idtdna.com/site/order/gblockentry
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Table 2.3.  Colony screening with restriction enzymes for LRRK2 and vATPase-a1 

constructs.  

LRRK2 Construct Restriction Enzymes 
Expected bands (base 

pairs) 

LRRK2-WT 

BamHI and PvuI 

8515 and 3470 

LRRK2-LRR 3979 and 1768 

LRRK2-RCK 3797 and 3240 

LRRK2-ROC 4188 and 767 

LRRK2-COR 3797 and 3240 

LRRK2-Kinase 3797 and 1635 

LRRK2-WD-40 3979 and 1689 

LRRK2-G2019S 7797 and 4188 

LRRK2-R1441C 7797 and 4188 

vATPase-a1-WT 

SacI and SacII 
4600 and 2635 

vATPase-a1-Mut 4600 and 2635 

 

2.2.4. DNA fragment purification from agarose gel  

Following the digestion of approximately 10 μg of 2xMyc-LRRK2-WT DNA with restriction 

enzymes BamHI and PvuI, the resultant DNA was run on an agarose gel and visualised on 

the UV lamp at 312 nm. Using a clean scalpel, the correct sized fragment was excised from 

the gel. The selected portion of the gel was then weighed, and the DNA purified from it using 

the QIAquick gel extraction kit (Qiagen). This was done following the supplied manufacturer 

instructions. This method was required for excising the pCMV-Tag 3B vector backbone after 

enzymatic digestion. The resulting fragments were purified before ligating the LRRK2-ROC 

gBlock gene fragment. 

2.2.5. Ligation reactions 

To ligate the pCMV-Tag 3B vector backbone and LRRK2-ROC gBlock, the vector/insert 

ratio was calculated using New England Biolabs Ligation Calculator online tool 

(http://nebiocalculator.neb.com/#!/ligation). A ligation mastermix was prepared containing 

vector and insert at the estimated molar ratio of 1:5, ligase buffer and T4 DNA ligase. The 

mix was incubated at 37°C for 2 hours. Following this, 2μl of the reaction were used for 

transformation of high efficiency competent cells. 

http://nebiocalculator.neb.com/#!/ligation
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2.2.6. Transformation of competent cells 

For transformation, One Shot Stbl3 chemically competent E. coli (Invitrogen) or DH5αTH 

high efficiency cells (New England Biolabs) were thawed on ice. Plasmid DNA (1-5 μl) of 

the appropriate plasmid were added and mixed gently, followed by incubation on ice for 30 

minutes. The cells then underwent heat shock at 42°C for 30 seconds to allow the bacterial 

membranes to become permeable, allowing the entrance of plasmid DNA. The cells were 

then placed back on ice for 2 minutes to allow the membranes to recover. Warmed SOC 

medium was then added to the competent cells and incubated for 1 hour at 37°C, with 

shaking to allow the expression of antibiotic resistance genes. Then, 150 μl of cell 

suspension was plated and spread on appropriate selective agar plates, followed by 

incubation overnight at 37°C. 

2.2.7. Preparation of Agar Plates and Luria Broth 

For Luria Broth (LB) medium, 25g of Luria Broth Base (Invitrogen) were added per 1L of 

RO H2O. For agar plates, LB mixed with agar (Invitrogen) was added to 1L of RO H2O, for 

a final concentration of 2%. These were then autoclaved. LB medium was stored at room 

temperature until required. Selective antibiotics were added to LB + agar at a concentration 

of 50μg/ml (Ampicillin for vATPase a1 constructs and Kanamycin for LRRK2 constructs), 

then the solution was poured into 6-cm Petri dishes and plates stored at 4°C until required. 

2.2.8. Selection of bacterial colonies 

After plates were incubated at 37°C overnight they were then used to select single bacterial 

colonies in order to further amplify recombinant plasmid DNA. Single colonies were picked 

from plates using sterile pipette tips and placed in 6 ml selective LB medium with the 

respective selective antibiotic, overnight at 37°C with shaking to aerate the suspension. For 

growing positively selected bacteria from glycerol stocks, a similar process was used, 

picking colonies from glycerol stocks with sterile pipette tips. 

2.2.9. DNA extraction from bacterial suspension 

Glycerol stocks were made by collecting 300 μl from overnight inoculations, mixing with 

50% glycerol solution and storing at -80°C. Overnight inoculations were centrifuged at 

10,000 rpm for 5 minutes and the resulting suspension discarded to obtain a pellet. The 

bacterial pellet was then resuspended and purified using mini prep columns from the 

QIAprep Spin Miniprep Kit (Qiagen). This system relies on alkaline lysis of the bacterial cells 

followed by adsorption of the DNA onto a silica membrane under high salt conditions. The 

resulting DNA was eluted in 30 μl Elution Buffer (Qiagen) and used for further analysis of 

the clone. All DNA samples were stored at -20°C until needed. 
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2.2.10. DNA Quantification 

DNA concentration was estimated by measuring solution absorbance at 260nm on the 

Nanodrop CellDrop™ (DeNovix). 

2.2.11. Sanger Sequencing 

DNA sequence verification of plasmids was performed by SourceBioscience, using PCR 

primers Forward Reverse obtained from IDT or universal primers from SourceBioscience 

(see Table 2.4). Alternatively, samples were first processed with Big Dye sequencing 

reaction in a 96-well plate (see Table 2.5 for sequencing reaction and Table 2.6 for PCR 

conditions), using the same primers Forward and Reverse mentioned above. Then, 

samples were purified by adding 4μl of Precipitating Master Mix (125Mm EDTA, 3M NaAc) 

and 50μl of 100% Ethanol per sample and vortexed briefly. DNA was separated by 

centrifugation at 3,000 x g for 30 minutes, at 4°C. Supernatant was discarded and plate was 

centrifuged at 185 x g for 10 seconds, in an inverted position to discard remaining 

supernatant. To precipitate DNA, 70μl of 70% Ethanol were added to each sample followed 

by centrifugation at 1650 x g for 15 minutes, at 4°C. Supernatant was discarded and plate 

was centrifuged at 185 x g for 10 seconds, in an inverted position to discard remaining 

supernatant. Plate was aired for 5 minutes to eliminate remaining Ethanol. Sequencing was 

then carried out by the University of Oxford - Department of Zoology sequencing core. 

Analysis of the sequences was carried out using BioEdit (v7.2) software and SnapGene 5 

(v5.0.7), GSL Biotech LLC. The sequenced constructs were aligned to the LRRK2 gene 

reference sequence available from NCBI (NCBI Reference Sequence: NG_011709.2). 

Additionally, a blastx query was performed to confirm whether the generated LRRK2 

construct aligned with the LRRK2 sequence in an unbiased search through a nucleotide 

database 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi?LINK_LOC=blasthome&PAGE_TYPE=BlastSearc

h&PROGRAM=blastx), where the first hits found were positive for human LRRK2 sequence, 

with 100% identity. 

Table. 2.4. Sequencing primers 

Primer Target Source Sense Oligo Sequence (5' to 3') 

Forward  Human CMV 

immediate early 

promoter 

IDT CGCAAATGGGCGGTAGGCGTG 

Reverse SV40 polyA IDT GAAATTTGTGATGCTATTGC 

https://blast.ncbi.nlm.nih.gov/Blast.cgi?LINK_LOC=blasthome&PAGE_TYPE=BlastSearch&PROGRAM=blastx
https://blast.ncbi.nlm.nih.gov/Blast.cgi?LINK_LOC=blasthome&PAGE_TYPE=BlastSearch&PROGRAM=blastx
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Forward  M13F SourceBioscience TGTAAAACGACGGCCAGT 

Reverse M13R SourceBioscience CAGGAAACAGCTATGACC 

 

Table. 2.5. Big Dye Sequencing reaction 

 

 

 

 

 

 

 

 

Table. 2.6. Big Dye Sequencing PCR conditions 

 

 

 

 

 

 

 

2.3. Animal husbandry 

Sprague Dawley (SD) rats were maintained in accordance with UK Home Office regulations, 

under the Animals (Scientific Procedures) Act of 1986. Animals were grouped in (55 x 40 

cm) cages with bedding, with ad libitum access to food and water. Animals were fed RM1 

diet (special Diets Services). Room atmosphere was maintained at 22°C at 60-70% 

humidity and animals were kept in a 12-hour light/dark cycle. Schedule 1 culling was 

 1x (μl) 

BigDye 0.5 

5x sequencing buffer 1.75 

Primer (either F or R, 

10μM) 

1.0 

DNA (10ng/μl) 1.0 

MilliQ H2O 6.75 

Total 10 

Temperature Duration Cycles 

96°C 1 minute  

96°C 10 seconds 

x30 50°C 5 seconds 

60°C 4 minutes 

4°C ∞  
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performed via rising concentrations of CO2 and confirmed via cervical dislocation. All 

experiments were conducted in the light cycle. 

 

2.4. Genotyping 

2.4.1. DNA extraction from tail clippings 

Tail clips were collected from animals and incubated in 450 µl lysis buffer (50 mM KCl, 1.5 

mM MgCl2, 10 mM Tris, 0.45% NP40, 0.45% Tween-20 and 0.5 mg/ml proteinase K, pH 

8.5) for 2 hours at 55°C and then at 95°C for 20 minutes to inactivate proteinase K, with 

brief vortexing throughout. 

2.4.2. Genotyping PCR 

To genotype extracted DNA, Polymerase chain reaction (PCR) was performed using 

reagents from Phire Green Hot Start II PCR Master Mix (ThermoScientific, F126L) (see 

Table. 2.7 and Table. 2.8 for genotyping PCR components and programme, respectively). 

Human specific primers were designed for exons 8, 20 and 38 of the LRRK2 transgene and 

one primer set specific for the rat Prolactin gene was used as positive control (see Table 

2.9). 

 

Table. 2.7. Genotyping PCR reaction 

 

 

 

 

 

 

 

Table. 2.8. Genotyping PCR conditions 

Reaction components Volume (μl) 

Genomic DNA 2 

Primer pair (10 mM forward and reverse) 1.5 

2X Phire Green HS II Master Mix 10 

MilliQ H2O 6.5 

Total Volume 20 

Temperature Duration Cycles 

98°C 30 seconds  

98°C 5 seconds x34 
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Table. 2.9. Genotyping PCR primers 

Target Sense Oligo Sequence (5' to 3') Anti-Sense Oligo Sequence (5' to 3')  

Rat Prolactin  GCTTCTGAGCAATGACACCA ATTCCAGGAGTGCACCAAAC  

LRRK2 Exon 08  AAAGCTGTGCAGCAGTACCC CACAGGACAGAAAAGGCATTG  

LRRK2 Exon 20 GCTGTGGAAGAAGGAACAGC  CAGATGATTTAGGTCAGGTTTTTG  

LRRK2 Exon 38 CTCAGATTGCCCCTGACTTG GGCTGCTTCACTTAACTCACC  

 

2.4.3. Agarose Gel Electrophoresis 

PCR products were prepared by mixing 10 μl of sample and 1x loading buffer. Samples 

were loaded alongside 5 μl of DNA ladder and ran to visualise fragment size. PCR products 

were separated using an agarose gel (1% agarose, 0.005% ethidium bromide in TBE 

(Tris/Borate/ethylenediaminetetraacetic acid (EDTA)) buffer at 90 V. Gels were imaged 

using the ChemidocTM Touch Imaging System (BioRad). 

PCR Loading Buffer 

100 mM Tris-Cl  

4 % (w/v) SDS  

0.2 % (w/v) Bromophenol Blue  

20% (v/v) Glycerol 

 

2.5. Generation of cortical primary cultures 

TG male rats were bred with a SD female to produce transgenic and non-transgenic 

offspring litters. P1 rats were tail clipped and marked for genotyping. A minimum of 3 

animals per genotype were pooled for each experiment. Tail clips were lysed to extract DNA 

and genotyped as described above. Genotyped pups were culled (P2-P5) in accordance 

58°C 5 seconds 

72°C 2 minutes 

72°C 1 minute  

4°C ∞  
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with UK Home Office regulations, under the Animals (Scientific Procedures) Act of 1986. 

Brains were extracted and placed in fresh, ice cold Neurobasal(A) media for transportation. 

Meninges were removed and cortical areas were dissected and shredded into ~0.5 mm 

pieces in a sterile petri dish with sterile scalpels and collected in ice cold, fresh 

Neurobasal(A) media. Tissue was incubated in water bath at 37°C in Neurobasal(A) 

medium (Life Technologies) plus 0.1% trypsin, for 20 minutes. Trypsin was inactivated with 

Neurobasal(A) containing 20% foetal bovine serum (FBS) and samples were then 

centrifuged at 1000 x g at 37°C for 5 minutes. FBS containing media was then replaced with 

Neurobasal(A) wash media and centrifuged at 1000 x g at 37°C for 3 minutes. The wash 

step was repeated one more time. Wash media was removed and replaced with growth 

media (Neurobasal(A) media, 2 mM L-glutamine, 1X B27, 1ml MycoZapTM (Lonza)). Tissue 

was triturated using a P1000 pipette (15x) and then with a P200 pipette (~30x). Processed 

tissue was stained for dead cells using Solution 18 (Chemotec) containing 80 µg/ml Acridine 

Orange and 40 µg/ml DAPI, counted using NucleoCounter® NC-250™ (ChemoMetec, 

Denmark). and seeded accordingly (see Table. 2.10 for cell densities). Cells were kept in 

the incubator at 37°C, 5% CO2, 95% relative humidity and 50% of medium was replaced 

every 2 days. All assays were completed at DIV 14-15. 

Table. 2.10. Seeding cell densities 

Plate type Cell density Volume 

24-well 8 x 105 / ml 500 µl 

24-well; coverslip 1.875 x 106 / ml 80 µl 

96-well 7.5 x 105 / ml 100 µl 

T75 1 x 106 / ml 10 ml 

 

2.6. iPSC-derived dopaminergic neurons 

Participant recruitment and LRRK2 mutation screening, culture and reprogramming of 

primary fibroblasts, genotyping of iPSC lines and maintenance of iPSC lines were all carried 

out by Sally Cowley’s group. The generation and characterization of the iPSC lines from 

healthy individuals and from PD patients carrying the LRRK2-R1441C or LRRK2-G2019S 

mutation have been previously described (Connor-Robson et al. 2019; Lang et al. 2019). 

Cells were replated at DIV 20 and seeded at 5 x 105 cells/ml, followed by 15 days of 

maturation. All experiments were carried out at 35 DIV and data was gathered from 2-3 

independent differentiations. 
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2.6.1. Modified Kriks Protocol 

iPSCs were patterned for 11 days to become ventral midbrain precursors cells with 

LDN193189 (100nM, Merck), SB431542 (10 mM, Tocris), SHH C24II N-terminus (100 ng 

ml-1, Bio-Techne), Purmorphamine (2 mM, Millipore), FGF8a (100 ng ml-1, Bio-Techne) 

and CHIR99021 (3 mM, Tocris). Two days prior neuronal induction, iPSCs were dissociated 

to single cells and plated at a density of 150,000 cells/cm2 on Geltrex (Life Technologies) 

and cultured until sub-confluent. Cells were then grown 11 days in knockout serum 

replacement medium (KSR) containing KO DMEM (Life Technologies), 15% knockout 

serum replacement (Life Technologies), 2 mM L-glutamine (Life Technologies) and 10 mM 

β-mercaptoethanol (Merck). KSR medium was gradually shifted to NNB medium containing 

Neurobasal medium, 0.5X N2, 0.5X B27 and 2 mM L-glutamine (Life Technologies) starting 

on day 5 of differentiation as described previously. On day 11, media was changed to NB 

medium containing Neurobasal medium, B27 and 2 mM L-glutamine (Life Technologies) 

supplemented with CHIR (until day 13) and with BDNF (brain-derived neurotrophic factor, 

20n ml-1; Peprotech), ascorbic acid (0.2 mM, Merck), GDNF (glial cell line-derived 

neurotrophic factor, 20 ng ml-1; Peprotech), TGFβ3 (transforming growth factor type β3, 1 

ng ml-1; Peprotech), dibutyryl cAMP (0.5mM; Merck), and DAPT (10mM; Abcam) for 9 days. 

On day 20, cells were dissociated using Accutase (Life Technologies) and replated at the 

cell density of 300,000 cells/cm2 in dishes pre-coated with Geltrex in final differentiation 

medium (NB supplemented with BDNF, GDNF, TGFb3, DAPT, dbcAMP and ascorbic acid). 

On day 22, cells were treated for an hour with 1 μg ml-1 of Mitomycin C (Life Technologies) 

in NB medium. Cells were then cultured in final differentiation medium for two weeks until 

DIV35 before any given experiment. 

2.6.2. Expansion Protocol 

Feeder-free iPSC lines were routinely cultured on Matrigel (BD Biosciences) in mTeSR1 

(StemCell Technologies). Differentiation of dopaminergic neurons was based on previously 

described protocols (Williamson et al. 2023).   

Briefly, two days prior to neuronal induction, iPSCs were dissociated to single cells and 

plated at a density of 1.5 x 105 cells/cm2 on Geltrex (Life Technologies). iPSCs were 

patterned for 10 days to become ventral midbrain precursor cells (Zambon et al. 2019). 

After patterning (DIV 10), cells were expanded for 19 days in KSR and NNB medium (1:3) 

supplemented with LDN193189 (100nM, Merck) and CHIR99021 (3 μM, Tocris) (Fedele et 

al., 2017). Cells were passaged four times 1:2 with Accutase on days 10+1, 10+7, 10+13 

and 10+18 and plated with 10 μM Y-27632 onto Geltrex coated plates. Cells were frozen at 

DIV 10+18 in 1:3 of KSR:NNB medium supplemented with 10 % (v/v) DMSO.   
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Following the expansion of ventral midbrain precursor cells (DIV 11), media was changed 

to NB medium containing Neurobasal medium, B27 and 2 mM L-glutamine (Life 

Technologies) and differentiated into dopaminergic neuronal cultures (Zambon et al. 2019). 

Cells were replated at DIV 20 and seeded at 2.5 x 105 cells/cm2, followed by 15 days of 

maturation. All experiments were carried out at DIV 35 and data was gathered from 2-3 

independent differentiations. 

 

2.7. Fixation and immunocytochemistry staining 

Cells were washed with DPBS+/+, fixed with 4% paraformaldehyde solution for 20 minutes 

and then washed twice with DPBS+/+. Fixed cells were incubated for 1 hour at room 

temperature in Blocking Solution (0.1% Triton-X, 10% normal goat serum, in DPBS+/+) to 

block non-specific binding, and then incubated with primary antibodies diluted in Blocking 

Solution for 1 hour (see Table 2.11). Cells were washed 3x DPBS+/+ and incubated with 

secondary antibodies in diluted in Blocking Solution for 2/3 hours. Secondary antibodies 

were donkey anti-mouse and anti-rabbit Alexa Fluor-488 and −555 (Thermo Fisher, a21202, 

a31570, a21206, a31572), donkey anti-rabbit Alexa Fluor 647 (Invitrogen, a31573), goat 

anti-chicken Alexa Fluor-555 (Invitrogen a32932), donkey anti-rat Alexa Fluor 594 

(Invitrogen, a21209) and donkey anti-mouse Alexa Fluor-647 (Thermo Fisher, a31571). 

Cells were then washed twice in DPBS+/+, then incubated in 1 μg/ml DAPI (Life 

Technologies) for 10 minutes at room temperature and washed once with DPBS+/+. 

Coverslips were mounted onto Superfrost® plus (VWR) microscope slides using 

Fluorosave reagent (Millipore) and stored in the dark at 4°C. Cells were imaged using the 

Invitrogen™ EVOS™ FL Auto cell imaging system at 20 x magnification and the Opera 

Phenix™ High Content Screening System at 63 x magnification. 

 

2.7.1. Antibodies 

Table. 2.11. Antibodies for immunocytochemistry staining 

Antibody Manufacturer Catalogue 

Number  

Species Dilution 

58-k Golgi Abcam ab27043 Mouse 1:500 

Calnexin Abcam ab192439 Goat 1:500 
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Calreticulin Abcam ab22683 Mouse 1:500 

C-Myc Cell Signalling #2276 Mouse 1:500 

EEA1 Abcam Ab70521 Mouse 1:500 

Flag-tag Abcam Ab1162 Rabbit 1:500 

GFAP  Dako Z0334 Rabbit 1:500 

GFP Invitrogen A11122 Rabbit 1:500 

LAMP1 Santa Cruz Biot. sc-20011 Mouse 1:100 

LC3 Sigma SAB1305552 Mouse 1:200 

LRRK2 Antibodies Inc. 73-253 Mouse 1:500 

LRRK2 Abcam ab133474 Rabbit 1:500 

MAP2  Abcam ab92434 Chicken 1:1000 

MIRO1 (RHOT1) Merck HPA010687 Rabbit 1:100 

NucBlue Thermo Scientific R37605 - 1:1000 

Phosphorylated 

S65 Ubiquitin 

Merck ABS1513-I-

AF488 

Rabbit 1:500 

Rab7 Abcam ab50533 Mouse 1:500 

TH Millipore AB152 Rabbit 1:250 

TOM20 Santa Cruz Biot. sc-17764 Mouse 1:500 

TOM20 Abcam ab289670 Rat 1:250 

vATPase-a1 Abcam ab176858 Rabbit 1:500, 

1:250 

 

2.8. Electron Microscopy  

Electron microscopy (EM) was performed by Dr. Natalie Connor-Robson as previously 

described (Connor-Robson et al. 2019; Janezic et al. 2013). Briefly, rats were terminally 

anesthetized and perfused with 4% PFA and 0.1% glutaraldehyde. Free-floating coronal 

brain sections were cut to 60 μm using a vibratome and then incubated with tyrosine 
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hydroxylase primary antibody (anti-TH, IHC 1:1000; Chemicon AB152). Dopaminergic 

terminals were revealed by silver-intensified immunogold conjugated secondary antibodies 

(Nanoprobes) and samples were dehydrated and embedded in Durcapan ACM resin 

(Fluka). Serial sections of dorsal striatum ~50 nm were cut and collected onto copper grids. 

Using ImageJ, a circumference was drawn around individual mitochondria and area and 

roundness measurements were recorded (50-100 mitochondria were analysed per animal). 

The formula for circularity is 4π(area/perimeter^2), with a value of 1.0 indicating a perfect 

circle (Takashimizu & Iiyoshi, 2016). ImageJ analysis performed by Dr. Matthew Williamson 

and statistical analysis performed by Marta Madureira. 

 

2.9. Protein biochemistry 

2.9.1. Cellular lysis 

For in vitro cellular lysis, cells were washed with DPBS+/+ and lysed using either radio-

immunoprecipitation (RIPA) buffer (50 mM Tris, 150 mM NaCl, 0.1% sodium dodecyl 

sulphate (SDS), 0.5.% Na deoxycholate, 1% Igepal (pH 7.4)) or Co-Immunoprecipitation 

(Co-IP) Lysis Buffer (50 mM Tris-HCl, 150 mM NaCl, 0.5 mM EDTA, 1% Igepal (pH 7.4)), 

both containing protease (cOmplete EDTA-free, Roche) and phosphatase (PhosSTOP, 

Roche) inhibitors (see Table 2.11 for lysis details). Cells were detached using a cell scraper 

(Falcon®) and collected to Eppendorf tubes. Lysates were centrifuged at 10,000 x g at 4°C 

for 10 minutes. Supernatants were retained and stored at -20°C or -80°C until needed. 

Table. 2.12. Cellular lysis details  

 

 

 

 

 

Plate type Cell type Lysis Buffer Volume 

24-well  HEK 293T Co-IP Lysis Buffer 40 µl 

12-well HEK 293T Co-IP Lysis Buffer 40 µl 

6-well HEK 293T Co-IP Lysis Buffer 50 µl 

6-well iPSC-derived neurons RIPA Buffer/Co-IP 

Lysis Buffer 

50 µl 

T75 Cortical Primary 

Cultures 

RIPA Buffer 500 µl 
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2.9.2. Post-mortem tissue homogenisation 

Samples were thawed on ice for 15 minutes followed by incubation with Co-IP Lysis Buffer 

containing protease and phosphatase inhibitors, for another 15 minutes on ice. Tissue was 

then homogenised on ice using a tissue tearer (Biospec Products), in Co-IP Lysis Buffer. 

Tissue homogenates were then centrifuged at 10,000 x g at 4°C. The supernatant and the 

pellet were separated, and both stored at -20°C. 

 

2.9.3. Protein quantification (BCA Assay) 

Bicinchonic acid solution was combined with Copper (II) Sulfate Pentahydrate 4% Solution 

(50:1) to make BCA solution. Protein sample was diluted in lysis buffer and 10 μl was added 

to a well of a 96-well plate. Then, 100 μl BCA solution was added to each well and incubated 

at 37°C for 30 minutes. Absorbance was read at 562 nm and the concentration of protein 

calculated from a bovine serum albumin standard curve.  

 

2.9.4. Western blotting 

Cells were lysed in the respective lysis buffer (see Table 2.12) and diluted to 5 μg/μl and 5 

x Laemmli sample buffer added (12% SDS, 30% β-mercaptoethanol, 60% Glycerol, 0.012% 

Bromophenol blue and 375 mM Tris pH 6.8). Samples were reduced and denatured at 95°C 

for 5 minutes. Samples were loaded into 4-15% Criterion Tris-HCl polyacrylamide gels 

(BioRad) alongside BLUeye Prestained Protein Ladder (Geneflow) and Magic Mark XP 

(Invitrogen) to determine target protein molecular weight. Electrophoresis was performed at 

200 V for ~60 minutes and proteins transferred to a polyvinylidene difluoride (PVDF) 

membrane using a Trans-Blot Turbo Transfer System (BioRad) which utilises Trans-Blot 

Turbo Midi PVDF transfer packs (BioRad) in accordance to manufacturer’s instructions. 

Membranes were incubated in Blocking Solution (5% non-fat milk (Sigma) in PBS/0.1% 

Tween-20 (PBS-T)) for 1 hour at room temperate and subsequently incubated with primary 

antibody (see Table 2.13) in Blocking Solution overnight at 4°C. Membranes were washed 

with PBS-T (3x, 10 minutes) and incubated in horseradish peroxidase (HRP)-conjugated 

secondary antibody (1:1000) (BioRad) in blocking solution for 1 hour. Peroxidase-linked 

secondary antibodies used for WB were Goat anti-mouse IgG (H + L)-HRP Conjugate 

(1706516) and Goat anti-rabbit IgG (H + L)-HRP Conjugate (1706515) (Biorad). 

Membranes were washed in PBS-T (3x, 10 minutes) and developed using ECL solution 

(Millipore). Membranes were imaged using the ChemidocTMTouch Imaging System 

(BioRad) and quantified using ImageLab (BioRad). 
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10x Running Buffer (10x) 

144g glycine 

30.3g Tris Base 

10g SDS 

MilliQ H2O up to 1L  

 

PBS-T  

PBS (Sigma) dissolved in 999 ml MilliQ H2O  

0.01% Tween-20 (VWR) 1 ml 

2.9.5. Co-Immunoprecipitation of cultured cells 

DynabeadsTM Protein G (Invitrogen) were washed in PBS+/+ using a magnetic rack 

(BioRad), using 1.5 mg/sample. Beads were incubated with 40 μg of antibody/sample 

overnight at 4°C, with rotation. Beads were washed 3 x in PBS+/+ and were then incubated 

with cell lysates (100 μg of protein for HEK 293T cultured cells, 2.4 mg for cortical primary 

cultures and at least 1mg for iPSC-DAn cultures) for 5 hours at room temperature, with 

rocking. Flowthrough was removed for analysis and beads washed 3 x in PBS+/+. Samples 

were eluted and boiled at 95°C (or 70°C for iPSC-DAn lysates) in 5 x Laemmli sample buffer 

for 5 minutes and assessed via SDS-PAGE. A mouse anti-IgG2a antibody was included as 

an isotype control to measure the level of nonspecific background signal caused by primary 

antibodies, corresponding to the isotype source from anti-Myc-tag antibody. 

 

2.9.6. Co-Immunoprecipitation of post-mortem tissue 

Lysates (6 mg of protein) were pre-cleared by incubation with 40 μl of DynabeadsTM Protein 

G (Invitrogen), for 1 hour at 4°C with rotation. Supernatants were recovered using a 

magnetic rack (BioRad) and incubated with 40 μg of antibody/sample overnight at 4°C, with 

rotation. The following day, 40 μl of DynabeadsTM Protein G were added and incubated for 

5 hours at room temperature, with rocking. Flowthrough was removed for analysis and 

beads washed 5 x in PBS+/+ using a magnetic rack. Samples were eluted and boiled at 

95°C in 5 x Laemmli sample buffer for 5 minutes and assessed via SDS-PAGE. 

 

2.9.7. Antibodies 

Table. 2.13. Antibodies for Western Blotting 
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Antibody Manufacturer Catalogue 

Number  

Species Dilution 

β-actin Biolegend 643807 Mouse 1:50,000 

c-Myc Cell Signalling #2276 Mouse 1:500 

Flag-tag Abcam Ab1162 Rabbit 1:500 

GFP Invitrogen A11122 Rabbit 1:100 

HSP60 Cell Signalling 12165 Rabbit 1:500 

LAMP1 Santa Cruz 

Biot. 

sc-20011 Mouse 1:1000 

LC3B Cell Signalling 2775 Rabbit 1:1000 

LRRK2 Abcam ab133474 Rabbit 1:500 

LRRK2 Antibodies Inc 75-253 Mouse 1:100 

MFN2 Abcam ab56889 Mouse 1:500 

MIRO1 (RHOT1) Merck WH0055288M1 Mouse 1:700 

OPA1 BD Bioscience 612607 Mouse 1:500 

OxPhos Human WB Antibody 

Cocktail 

Thermo 

Scientific 

45-8199 Mouse 1:500 

OxPhos Rodent WB Antibody 

Cocktail 

Thermo 

Scientific 

45-8099 Mouse 1:500 

p62 Abcam ab109012 Rabbit 1:500 

Phosphorylated S106 Rab12 Abcam ab256487 Rabbit 1:250 

Phosphorylated Ser1292 

LRRK2  

Abcam ab203181 Rabbit 1:500 

Phosphorylated Ser935 

LRRK2  

Abcam ab133450 Rabbit 1:500 

Phosphorylated T72 Rab8A Abcam ab230260 Rabbit 1:100 

Phosphorylated T73 Rab10 Abcam ab230261 Rabbit 1:250 
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Rab10 Cell Signalling 8127S Rabbit 1:1000 

Rab12 Proteintech 18843-1-AP Rabbit 1:1000 

Rab8A DB Bioscience 610844 Mouse 1:100 

TH Millipore AB152 Rabbit 1:500 

TOM20 Proteintech 11802-1-AP Rabbit 1:500 

vATPase-a1 (v0a1) Abcam ab176858 Rabbit 1:500 

vATPase-a1 (v0a1) Santa Cruz Biot. sc-293336 Mouse 1:500 

vATPase-A1 (v1A1) Santa Cruz Biot. sc-374475 Mouse 1:500 

 

2.10. Opera Phenix/Harmony image analyses 

For quantitative analysis of immunocytochemistry staining, images were analysed using 

Harmony High-Content Imaging and Analysis Software (v. 9.3.1.471, Opera Phenix, Perkin 

Elmer). Pipelines were created to characterise neuronal-astrocytic populations in cortical 

primary cultures with MAP2, GFAP and DAPI antibody staining (Fig. 3.10). Similar pipelines 

were created to identify cellular distributions of LRRK2 and vATPase-a1 individually and for 

co-localised puncta of both protein complexes in neuronal populations of cortical primary 

cultures with Y-Pet/LRRK2, vATPase-a1, MAP2, organelle markers and DAPI antibody 

staining. Pipelines were also created to identify cellular distributions of LRRK2 and 

vATPase-a1 individually and for co-localised puncta of both protein complexes in HEK293T 

cultures with myc-tag LRRK2, vATPase-a1, organelle markers and DAPI antibody staining. 

Pipelines were created to characterise and quantify neuronal populations and determine 

spot number, spot area and relative spot intensity (corrected), average mean per well. To 

analyse mitochondrial morphology, we created a pipeline to identify nuclei and Mito-QC 

transduced neuronal cells, then applied the proprietary SER ridge filter to analyse 

mitochondrial spots (mCherry-positive puncta) and extracted the morphology 

measurements for area, roundness, width, length and width:length ratio which are 

automatically calculated. 

 

2.11. Assessing proteolytic degradation 
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2.11.1. DQ-BSA assay 

Primary cortical cultures or iPSC-derived DA neuronal cultures were plated in 96-well 

plates, treated with DMSO, Chloroquine (50 nM, 24 hours) or Clioquinol (100 nM, 48 hours) 

and incubated with 30 μg/ml DQ Red BSA (Invitrogen, D12051) and 0.1 μM NeuroFluor™ 

NeuO (StemCell Technologies, 01801) for 2 hours at 37°C with 5% CO2. Then, cells were 

washed with DPBS once and incubated in Hanks' Balanced Salt Solution (HBSS). Cells 

were imaged live on an Opera Phenix™ High Content Screening System (Perkin Elmer) 

using the following channels: DAPI (excitation/emission, 360 nm⁄460 nm), DQ Red BSA 

(excitation/emission, 590 nm/620 nm) and NeuO (excitation/emission, 468 nm/557 nm). 

Lysosomal flux was measured as DQ-BSA number of spots multiplied by relative spot 

intensity in NeuO+ cells, referred to as DQ-BSA Index. 

 

2.12. Assessing mitochondrial health and function 

 

2.12.1. Seahorse assay 

Primary cortical cultures or iPSC-derived DA neuronal cultures were plated in a XF96 

Polystyrene Cell Culture Microplate (Seahorse Bioscience) on day 20 and further matured 

until day 35 before analysis. On the day of the assay, the assay medium was prepared fresh 

using the XF Base Medium (Agilent Technologies) supplemented with 10 mM Glucose 

(Merck), 1 mM Sodium Pyruvate (Merck) and 2 mM L-Glutamine (Thermo Fisher Scientific). 

At least 1 hour before the assay, the cells were washed once with the assay medium and 

then incubated at 37°C in a non-CO2 incubator. Three baseline recordings were made, 

followed by sequential injection of the ATP synthase inhibitor oligomycin (Oligo; Merck, 1 

μM), the mitochondrial uncoupler p-triflouromethoxyphenylhydrazone (FCCP; Merck, 1 

μM), the Complex I and III inhibitors Rotenone and Antimycin A (R/A; Merck, 5 μM) and the 

glucose analog 2-deoxyglucose (2-DG; Merck, 50 mM). Mitochondrial respiration and 

glycolytic activity of DA cultures were measured using a Seahorse XFe96 Analyzer (Agilent 

Technologies) and normalized to total well protein content. 

 

2.12.2. ATP Production measurement 

Media was removed from plates and cells were mixed with CellTiter-Glo® 3D Cell Viability 

Assay (Promega). Then, 100µL of substrate medium were transferred to a 96-white plate 

and incubated for 25 minutes at room temperature, shielded from light. To measure ATP 
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production, luminescence was measured using the multi-mode plate reader PHERAstar 

FSX (BMG Labtech) and measurements were normalised to cell number. Cell number was 

measured prior to the start of the assay by adding Hoechst nuclear marker (NucBlue™ Live 

ReadyProbes™ Reagent, R37605, Invitrogen) to cells and imaging live (Opera Phenix™ 

High Content Screening System, Perkin Elmer). 

2.12.3. Mitochondrial Reactive Oxygen Species 

To detect mitochondrial ROS, cells were incubated with 2.5 μM MitoSOX Red Mitochondrial 

Superoxide Indicator (Life Technologies, M36008) and nuclear marker Hoechst (NucBlue™ 

Live ReadyProbes™ Reagent, R37605, Invitrogen) for 10 minutes at 37°C with 5% CO2. 

Following a wash with growth media, Cells were immediately imaged and MitoSOX 

fluorescence was measured at excitation/emission maxima: 488/650-760 nm, using a 

confocal microscope (Opera Phenix™ High Content Screening System, Perkin Elmer). 

 

2.12.4. Mitochondrial Membrane Potential 

To detect changes in mitochondrial membrane potential (ΔΨm), cells were incubated with 

5 μM JC-10 (AAT Bioquest, Inc.) at 37◦C for 1h. The fluorescence intensities were measured 

using the multi-mode plate reader PHERAstar FSX (BMG Labtech) by fluorescence 

excitation/emission maxima: 514/529 nm, monomer form, and 585/590 nm, aggregate form. 

To establish that the JC-10 signal was indicative of ΔΨm, experiments were terminated 

inducing a maximal mitochondrial depolarization by addition of 10μm carbonyl cyanide 3-

chlorophenylhydrazone (CCCP; Merck). 

 

2.13. Assessing mitophagy flux 

Imaging and analysis of the Mito-QC reporter to assess mitophagy was performed as 

previousy described (Allen et al., 2013). In brief, cells were imaged on an Opera Phenix™ 

High Content Screening System (Perkin Elmer) using the following channels: DAPI, eGFP 

and mCherry. Images were then processed and analysed using HarmonyTM software 

(Perkin Elmer). In brief, the HarmonyTM analysis pipeline consisted of the following building 

blocks: Find Nuclei, Find Cytoplasm, Image calculation: GFP/mCherry ratio, Find Spots 

(Red only), Calculate spot properties/cell. 
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2.14. Statistics 

Graphs and statistical significance for all data was generated using Prism GraphPad (v. 

9.3.1.471) software. The results are expressed as mean ± SEM. Statistical tests use were 

one- or two-way analysis of variance test to evaluate the differences between groups. One 

sample t-test or multiple t tests were used to compare between genotypes. Values of P < 

0.05 were considered statistically significant. Details of statistical tests used for each graph 

are described in figure legends. 
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Chapter 3 – Characterising LRRK2 and vATPase-a1 interaction 

3.1. Introduction and aims 

As mentioned previously (section 1.5), LRRK2 mutations affect the autophagy-lysosomal 

pathway. LRRK2-hWT and LRRK2-G2019S cultures have blocked clearance of 

autophagosomes whereas LRRK2-R1441C shows impaired autolysosome fusion and 

lysosomal degradation that is subsequently rescued by treatment with clioquinol, a zinc 

ionophore that restores physiologically acidic pH levels. A novel interaction between LRRK2 

and the a1 subunit of vATPase has also been reported in rat primary cortical cultures, that 

is severely reduced in LRRK2-R1441C neuronal cultures (Wallings, Connor-Robson, and 

Wade-Martins 2019). This interaction has yet to be demonstrated in human cellular models, 

which will be crucial for the relevance of targeting vATPase and lysosomal function as a 

LRRK2-related PD therapeutic approach. Furthermore, the molecular features of this novel 

interaction between LRRK2 and lysosomal vATPase-a1 (v0a1) have not yet been 

characterised. Detailed investigation into the binding sites between LRRK2 and vATPase 

will determine the key interacting domains and advance strategies for potential therapies. 

We set out to recapitulate the interaction between LRRK2 and vATPase-a1 in a human 

cellular context, more specifically in HEK293T cells, human post-mortem tissue 

homogenates from a healthy donor and LRRK2 iPSC-derived dopaminergic neurons. As 

discussed, LRRK2 effects and phenotypes are also dependent on cellular context (Zeng et 

al. 2018), so it is important to include various cell types and models. Using a LRRK2 and 

vATPase library of constructs, we also aim to determine which LRRK2 domains are 

necessary for the interaction between these two protein complexes to occur effectively. 

It has also been described that vATPase-a1 is N-glycosylated in the ER and trafficked to 

the lysosome, where the V0 and V1 domains of the proton pump assemble to form the 

functional complex. When presenilin 1 (PS-1), a genetic risk factor for Alzheimer’s Disease, 

is knocked-out in mice blastocysts, the a1 subunit is retained in the ER and is not trafficked 

to the lysosome, leading to lysosomal defects and indicating PS-1 chaperones a1 subunit 

to its correct cellular coordinates (Lee et al. 2010). Following the impaired interaction 

between LRRK2-R1441C and v0a1 subunit in primary cortical cultures, we hypothesised 

that LRRK2 could also be involved in chaperoning a1, trafficking it from the ER to the 

lysosome, and that the LRRK2-R1441C mutation, located in the ROC domain, would disrupt 

this interaction. This could then result in reduced levels of vATPase-a1 in its respective 

functional site and consequent dysfunction of lysosomal degradation. To investigate this, 

we propose to visualise LRRK2 and vATPase-a1 in cells and analyse their co-localisation 

with various cellular organelles to assess its distribution, for instance in ER, 
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autophagosomes, lysosomes, early and late endosomes, mitochondria and Golgi-

Apparatus. 

Chapter aims: 

- To characterise interaction between LRRK2 and vATPase-a1 in human models. 

- To investigate the role of LRRK2 and vATPAse-a1 interaction in cellular biology. 

 

3.2. Results 

3.2.1. LRRK2 and v0a1 interaction occurs at the LRRK2 ROC domain  

Assessing endogenous expression of v0a1 in HEK cells shows the a1 subunit can be found 

ubiquitously in cellular organelles as a1 co-localised with ER marker calreticulin, late 

endosome marker Rab7, early endosome marker EEA1, mitochondrial marker TOM20, 

lysosomal marker LAMP1, autophagosome marker LC3, Golgi-Apparatus marker 58-k 

Golgi, nuclei marker DAPI and LRRK2 (percentage of co-localised v0a1 spots with 

organelles/protein spots between 25-40%) (Fig. 3.1). 

Further characterisation of the interaction between LRRK2 and vATPase-a1 has not yet 

been studied. To investigate this interaction in more detail, we sought to understand which 

LRRK2 domains were involved in binding to the a1 subunit of vATPase, and whether LRRK2 

kinase enzymatic activity was necessary for this interaction. To tackle this, first we acquired 

a library of plasmid DNA constructs containing hLRRK2 full sequence, LRRK2-R1441C 

mutation and constructs containing each LRRK2 domain individually including LRR, COR, 

ROC-COR-Kinase (RCK), Kinase and WD-40. An additional construct containing 3 

mutations that render LRRK2 kinase-dead (LRRK2-KD), namely Lysine 1906 mutated to 

Alanine, Aspartate 1994 mutated to Alanine and Aspartate 2017 mutated to Alanine was 

also acquired. LRRK2 sequences were tagged with two Myc-tag cassettes in the N-terminus 

region, allowing the detection of transfected LRRK2 expression in cultures using an anti-

Myc-tag antibody. Thus, a LRRK2 library was assembled containing the following 

constructs: LRRK2-WT, LRRK2-LRR, LRRK2-RCK, LRRK2-ROC, LRRK2-COR, LRRK2-

Kinase, LRRK2-WD-40, LRRK2-R1441C and LRRK2-KD (Fig. 3.2 A-B). 
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Figure 3.1. – vATPase-a1 endogenous expression in HEK293T cells. (A) HEK293T 

cells were fixed and immunostained for vATPase-a1 and organelle markers corresponding 

to lysosomes (LAMP1), autophagosomes (LC3), trans-Golgi network (58-k Golgi), early 
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endosomes (EEA1) and late endosomes (Rab7). (B) Co-localisation between vATPase-a1 

and organelle markers was quantified. (Bars represent mean +/- SEM; (N = 3 independent 

cultures; ∗P <0.05; non-significant (not represented); Ordinary one-way ANOVA. Scale bar 

= 50 μm). 

 

We acquired a construct containing vATPase-a1 wildtype sequence and another containing 

vATPase-a1, with the N-glycosylation recognition site mutated (N495Q), therefore 

rendering the site not glycosylated, henceforth referred to as vATPase-a1-Mut. The 

vATPase-a1 constructs express a1 tagged with two Flag-tag cassettes in the C-terminus 

region, allowing for detection of transfected a1 expression in cultures. Also, these constructs 

contained an ampicillin antibiotic resistance cassette to allow for bacterial colony selection 

(Fig. 3.2 C). All plasmids were validated by restriction enzyme digestion followed by 2% 

agarose gel electrophoresis to resolve DNA fragments (Fig. 3.3 A) and Sanger-sequencing 

was performed to verify the correct nucleotide sequence of all plasmids (data not shown). 

Next, LRRK2 and vATPase-a1 plasmids were transfected into HEK293T cells to assess 

expression of transgenes and validate constructs. Lysates were collected and 

immunoblotted for anti-Myc-tag antibody to assess expression of myc-LRRK2 constructs, 

where all constructs showed bands corresponding to the expected sizes of LRRK2 

transgenic protein (Fig. 3.3 B). Full length tagged LRRK2 and vATPase-a1 were transfected 

into HEK cells and co-localisation between myc-tag and LRRK2 or flag-tag and a1 subunit 

was assessed using immunostaining and immunoblotting to confirm successful transfection 

(Fig. 3.4). However, the myc antibody used to assess transfection of myc-LRRK2 showed 

high levels of fluorescence in non-transfected HEK cells, suggesting it lacks specificity as 

assessed by immunostaining. Then, the effect of ATPase-a1 mutation (N495Q) at the 

glycosylation site (vATPase-a1-Mut) on a1 subunit cellular trafficking was investigated, 

using transfected HEK cells and immunostaining to identify a1 subunit spots co-localising 

with different organelle markers for ER, Golgi-Apparatus, mitochondria, early and late 

endosomes (calreticulin, 58-k Golgi, TOM20, EEA1 and Rab7, respectively). Interestingly, 

mutated vATPase-a1 spots accumulated in the Golgi-Apparatus and were significantly 

decreased in mitochondria, downstream of the cellular trafficking cascade (Fig. 3.5). These 

results confirm the previous reports that a1 subunit mutation altered cellular trafficking (Lee 

et al. 2010).  
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Figure 3.2 – LRRK2 and vATPase-a1 Bacterial Plasmids. (A) Example of a LRRK2 

plasmid constructs used in this study (2xMyc-LRRK2-WT). The plasmid vector has a pCMV 

background. Contains a CMV promoter, 2 Myc-tag cassettes, LRRK2 sequence, poly(A) 
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signal and Kanamycin resistance gene cassette. (B) LRRK2 construct library showing 

LRRK2 protein and respective 2xMyc-tagged LRRK2 constructs available. (C) Example of 

2xFlag-vTPase-a1-WT, one of the vATPase-a1 plasmid constructs. The plasmid contains 

a CMV promoter, vATPase-a1 sequence, 2 flag-tag cassettes, poly(A) signal and Ampicillin 

resistance gene cassette. 

 

Figure 3.3 – Validation of Myc-LRRK2 and flag-vATPase constructs. (A) Restriction 

enzyme digestion was performed to verify LRRK2 and vATPase-a1 construct library. (B) 

Immunoblots of 2xMyc-LRRK2 constructs transiently transfected into HEK293T cells. 

Western Blot was probed using anti-Myc-tag antibody to identify LRRK2 and anti-β-actin. 

IB: immunoblot. 
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Figure 3.4 – Transfection of Myc-LRRK2 and flag-vATPase constructs. HEK293T cells 

were transiently co-transfected with 2xMyc-LRRK2-WT and 2xFlag-vATPase-a1 WT 

constructs and immunostained for (A) anti-Myc and anti-LRRK2 antibodies or (B) anti-Flag 

and anti-vATPase-a1 antibodies to observe plasmid expression. (C) Immunoblots of 

HEK293T cells transiently transfected with 2xMyc-LRRK2 and flag-vATPase constructs. 

Western Blot was probed using anti-Myc-tag antibody to identify LRRK2, anti-flag antibody 

to identify vATPase-a1 and anti-β-actin. N = 3 wells per condition. 
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Figure 3.5 – vATPase-a1 cellular localisation in transfected HEK293T cells. HEK293T 

cells were transiently transfected with 2xFlag-vATPase-a1 WT or 2xFlag-vATPase-a1 MUT 

constructs. (A) Cells were fixed and stained for vATPase-a1 and organelle markers 

corresponding to endoplasmic reticulum (Calreticulin), trans-Golgi network (58-k Golgi), 

mitochondria (TOM20), early endosomes (EEA1) and late endosomes (Rab7). (B) Co-

localisation between vATPase-a1 and organelle markers was quantified as a percentage of 

vATPase-a1 puncta co-localised with respective organelle marker puncta, over the total 
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vATPase-a1 population. (Bars represent mean +/- SEM; (N = 3 independent cultures; ∗∗∗P 

<0.001; non-significant (not represented); Two-way ANOVA. Scale bar = 100 μm). 

 

Recently, the interaction of LRRK2 and vATPase-a1 was discovered in LRRK2 transgenic 

rat primary cortical cultures, which is impaired by LRRK2-R1441C mutation but not LRRK2-

G2019S (Wallings, Connor-Robson, and Wade-Martins 2019). This interaction was 

investigated in human cells (HEK) co-transfected with full length vATPase-a1 WT and 

LRRK2 constructs. By transfecting each LRRK2 construct separately, while concomitantly 

co-transfecting vATPase-a1-WT, and then performing individual co-immunoprecipitation 

experiments, the LRRK2 binding site for vATPase-a1 can be determined. To this effect, 

LRRK2 was immunoprecipitated with anti-Myc-tag antibody and pulled-down v0a1 subunit 

was detected by immunoblotting. A band for a1 was also visible in the input (~130 kDa) and 

a band for LRRK2 was visible in the co-immunoprecipitated sample (285 kDa), which 

reflects the presence of both protein complexes, confirming the LRRK2/v0a1 interaction 

also occurs in human cellular models (Fig. 3.6 A-B). Contrary to LRRK2-WT, co-

immunoprecipitated isotype control did not show a band for a1, while it showed a band for 

LRRK2 (285 kDa) and the presence of a1 in the input (~130 kDa) thereby confirming assay 

specificity (data not shown). An additional negative control was used consisting of co-

immunoprecipitation performed without the pull-down antibody (anti-Myc antibody), which 

also showed absence of a1 subunit band but presence of myc-LRRK2 (data not shown). 

Analysis of the western blot revealed that a bright band was present in the co-

immunoprecipitated sample corresponding to LRRK2-WT, but not for LRR, COR, Kinase or 

WD-40 domains (Fig. 3.6 A-B). There were no differences between LRRK2 inputs, except 

an observed increase in LRRK2-RCK construct, when compared to LRRK2 full length 

construct (Fig. 3.6 C). Therefore, the interaction of the a1 subunit is likely occurring at the 

ROC domain of LRRK2, since all other domains showed a significant loss of LRRK2/v0a1 

co-immunoprecipitation, compared to full length LRRK2 (Fig. 3.6 B, Fig. 3.6 D). 
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Figure 3.6 – LRRK2 and vATPase-a1 interact through the ROC domain region. (A) 

Using lysate from HEK293T transiently co-transfected with 2xMyc-LRRK2 library of 

constructs and 2xflag-vATPase-a1-WT constructs, the vATPase-a1 subunit was 

immunoprecipitated with anti-Myc-tag antibody and detected by anti-v0a1 antibody. (B) For 
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quantification, the intensity of v0a1 band is divided by the total LRRK2 intensity, expressed 

as a fraction of the mean of the 2xMyc-LRRK2-WT construct. (C) Myc-LRRK2 transfection 

efficiency was calculated as the input band for LRRK2 constructs, normalised to LRRK2-

WT band intensity (D) Schematic representation to model the interaction between LRRK2 

and vATPase. (Bars represent mean +/- SEM; (N = 3 independent cultures; ∗P <0.05; ∗∗P 

<0.01; non-significant (not represented); Ordinary one-way ANOVA. 

 

Given that LRRK2 contains a MAPKKK-like domain that functions as a kinase, HEK293T 

cells transfected with full-length constructs containing the kinase domain (LRRK2-WT, 

LRRK2-R1441C and LRRK2-KD) were investigated further. To study the effects of LRRK2 

kinase inhibitor in this interaction, a dose response experiment was performed with two 

different inhibitors (MLi-2 and PF-06447475), to establish the appropriate concentration 

significantly decreasing LRRK2 phosphorylation, as measured by LRRK2 

autophosphorylation site pSer935 in transfected HEK cells. The 48 hours treatment showed 

a good inhibition of MLi-2 and PF-06447475 at 100nM, henceforth used experimentally (Fig. 

3.7). Then, to establish whether kinase activity was required for LRRK2/v0a1 interaction, 

the effect of MLi-2 and PF-06447475 LRRK2 kinase inhibitors and clioquinol in the 

LRRK2/v0a1 interaction was assessed, using immunoprecipitation and immunoblotting of 

co-transfected HEK cells. As before, LRRK2/v0a1 interaction was confirmed in WT 

constructs, and there was an increase in LRRK2-KD and a decrease in LRRK2-R1441C 

constructs, albeit non-significant (Fig. 3.8). Kinase inhibitors and clioquinol did not show any 

significant changes in LRRK2/v0a1 interaction of co-transfected HEK cells and there were 

no significant differences in LRRK2 inputs (Fig. 3.8 B-C). Next, the vATPase-a1 

glycosylation state and its role in LRRK2 interaction was assessed, by performing 

immunoprecipitation and immunoblotting of co-transfected HEK cells with full length LRRK2 

constructs along with full length vATPase-a1 wildtype or mutant (N495Q) constructs (Fig. 

3.9). The LRRK2/v0a1 interaction was confirmed in the LRRK2-WT construct, and there 

was significant increase in the LRRK2-KD construct (Fig. 3.9 B). However, no significant 

differences were observed in the vATPase-a1-Mut construct when co-transfected with full 

length LRRK2 constructs and there were no significant differences in LRRK2 inputs (Fig. 

3.9 B-C). 
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Figure 3.7 – LRRK2 kinase inhibition using MLi-2 and PF-06447475 in transfected 

HEK293T cells. (A) HEK293T cells were transiently transfected with 2xMyc-LRRK2-WT 

construct and treated with MLi-2 or PF-06447475 (0, 25, 50, 100, 200, 400nM) for 2h, prior 

to cell lysis. (B) For quantification, the ratio of phosphorylated LRRK2 (Ser935) over Myc-

LRRK2 was calculated, normalised to the fraction of the non-treated 2xMyc-LRRK2-WT 

construct. (C) Myc-LRRK2 transfection efficiency was calculated as the intensity of the input 

band for LRRK2 constructs, normalised to LRRK2-WT band intensity. IB: immunoblot. Bars 

represent mean +/- SEM; (N = 3 wells per condition). 
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Figure 3.8 – Effect of LRRK2 kinase inhibitors and Clioquinol in LRRK2 interaction 

with vATPase-a1. (A) Using lysate from HEK293T transiently co-transfected with full length 

2xMyc-LRRK2 constructs and 2xflag-vATPase-a1-WT constructs and treated with either 

MLi-2 (100nM, 2h), PF-06647475 (50nM, 2h) or Clioquinol (1µM, 48h), the vATPase-a1 

subunit was immunoprecipitated with anti-Myc-tag antibody and detected by anti-flag tag 

antibody. (B) For quantification, the intensity of v0a1 band is divided by the total LRRK2 

intensity, expressed as a fraction of the mean of the 2xMyc-LRRK2-WT construct. (C) Myc-
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LRRK2 transfection efficiency was calculated as the input band for LRRK2 constructs, 

normalised to LRRK2-WT band intensity. (Bars represent mean +/- SEM; (N = 3 

independent cultures; ∗P <0.05; non-significant (not represented); Two-way ANOVA. 

 

Figure 3.9 – Effect of vATPse-a1 glycosylation state in the interaction with LRRK2. 

(A) Using lysate from HEK293T transiently co-transfected with full length 2xMyc-LRRK2 

constructs and 2xflag-vATPase-a1-WT or 2xflag-vATPase-a1-MUT constructs, the 

vATPase-a1 (v0a1) subunit was immunoprecipitated with anti-Myc-tag antibody and 

detected by anti-flag tag antibody. (B) For quantification, the intensity of v0a1 band is 

divided by the total LRRK2 intensity, expressed as a fraction of the mean of the 2xMyc-
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LRRK2-WT construct. (C) Myc-LRRK2 transfection efficiency was calculated as the input 

band for LRRK2 constructs, normalised to LRRK2-WT band intensity. (Bars represent mean 

+/- SEM; (N = 3 independent cultures; ∗P <0.05; ∗∗P <0.01; non-significant (not 

represented); Two-way ANOVA. 

 

Taken together, these results confirm the LRRK2/v0a1 interaction occurs in human cells, 

mainly within the ROC domain. LRRK2-R1441C impairment was not replicated, however it 

is likely kinase activity of LRRK2 plays a role, as a LRRK2 kinase-dead construct seemed 

to increase the LRRK2/v0a1 interaction. Concomitantly, MLi-2 and PF-06447475 LRRK2 

kinase inhibitors and clioquinol do not show any changes in the LRRK2/v0a1 interaction. 

Finally, glycosylation status of 1 subunit does not seem to determine LRRK2/v0a1 

interaction. 

 

3.2.2. LRRK2-R1441C does not alter v0a1 cellular localisation in primary cortical 

cultures 

Since LRRK2 levels vary between cell types it is possible LRRK2 plays different roles within 

different cell types, and it is important to include models more adequately recapitulate PD. 

First, LRRK2-hWT, LRRK2-R1441C and LRRK2-G2019S primary cortical cultures of BAC 

transgenic P1-P5 rat pups containing human LRRK2 sequence tagged with N-terminal YPet 

protein (26.8 kDa) were generated and characterised. DIV 14 cultures were fixed and 

stained for neuronal marker MAP2, astrocytic marker GFAP and DAPI. Primary cultures 

were characterised using Harmony software to create a pipeline to identify neuronal 

populations (cells positive for neuronal marker MAP2) and astrocytic populations (cells 

positive for astrocytic marker GFAP). The pipeline consisted of building blocks to identify 

nuclei, cell body regions, cytoplasm regions for both neurons and astrocytes, and calculate 

the percentage of MAP2+ and GFAP+ cells relative to total cell number (Fig. 3.10). This 

allowed for the quantification of consistent populations of cells in all cultures, with 30-40% 

of cells identified as neuronal and 25-30% identified as astrocytic (Fig. 3.11 B). The 

remaining percentage of cellular populations present in these cultures were identified as 

“remaining nuclei” from other cell types present within culture.  
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Figure 3.10. – Pipeline for identifying neuron and astrocyte populations in cortical 

cultures. Example for the building blocks used to create the pipeline for analysing primary 

culture populations, using Harmony 4.9 software (PerkinElmer). The pipeline starts by 

identifying nuclei and selecting by size and shape (A), and then creates a new population 

of cells by defining a ring around selected nuclei (B). Other nuclei are labelled as 

“Remaining Nuclei” (C). Based on GFAP staining (D), cells are selected as astrocytes from 

the pool of selected nuclei (E) and cell bodies, cytoplasm and cell membranes identified (F). 

The same process is repeated for MAP2 staining to select cells as neurons (G, H, I) and 
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additional building blocks were created to find and measure neurite trees and neurite 

segments (K, L). Harmony was also used to calculate number of objects, areas and length 

of cells. (Scale bar = 100 μm). 
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Figure 3.11. – Characterisation of neuronal and astrocytic populations in primary 

cortical cultures. Primary cortical cultures from P1-P5 pups were generated and 

characterised. (A) Cultures at DIV 14 were immunostained for neuronal marker MAP2 and 

astrocytic marker GFAP in order to assess cellular populations. (B) Neuronal and astrocytic 

populations were calculated as a percentage of total nuclei count and compared between 

non-transgenic and transgenic animals. Data points in graphs represent independent litters. 

(Bars represent mean +/- SEM; (N = 3 independent litters, per genotype; non-significant 

(not represented); Two-way ANOVA). Scale bar = 100 μm). 

 

As part of the characterisation of cortical cultures, YPet-LRRK2 and a1 subunit expression 

were also confirmed in transgenic LRRK2 cultures using immunoblotting, showing no 

expression of YPet-LRRK2 in non-transgenic littermates as expected. Additionally, 

quantification of YPet-LRRK2 expression showed no significant differences between 

genotypes (Fig. 3.12 A-B). At an initial stage, presence of LRRK2 and v0a1 was also 

assessed by immunostaining in LRRK2-R1441C cortical cultures and respective nTG 

littermates, to validate the antibodies and experimental protocols (Fig. 3.12 C). 

Unfortunately, these immunostaining experiments could not be carried out to completion as 

the commercial v0a1 antibody utilised was discontinued. Therefore, LRRK2 co-localisation 

with v0a1 could not be statistically assessed in LRRK2-R1441C cortical cultures. 
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Figure 3.12 – LRRK2 and vATPase-a1 expression in primary cortical cultures. Primary 

cortical cultures from P1-P5 pups were generated, cultured and cells were fixed or lysates 

collected at DIV 14. (A) Lysates were immunoblotted for YPet-LRRK2 and vATPase-a1 

(v0a1). (B) YPet-LRRK2 expression was calculated as a ratio to β-actin, and compared 

between genotypes. (C) Cells were fixed and immunostained for neuronal marker MAP2, 

LRRK2 and vATPase-a1 to observe presence of respective protein expression in culture. 

IB: immunoblot. Bars represent mean +/- SEM; (N = 3 independent litters, per genotype; ∗P 

<0.05; ∗∗∗∗P<0.0001; non-significant (not represented); Ordinary one-way ANOVA). Scale 

bar = 100 μm. 

 



97 
 

It has been previously shown LRRK2-R1441C cortical primary neuronal cultures show 

impaired LRRK2/a1 subunit interaction, and that impaired a1 trafficking leads to mis-

localisation within cellular compartments in murine models. LRRK2 interaction with 

vATPase-a1 was confirmed in co-transfected HEK cells, likely occurring at the ROC domain 

of LRRK2. Since the LRRK2-R1441C mutation is located in the ROC domain, it was 

hypothesised that LRRK2 chaperones a1 from synthesis in the ER, through modification at 

the Golgi-Apparatus and finally to the lysosome, and this mechanism was dysregulated in 

LRRK2-R1441C. To address this question, we examined v0a1 expression within ER, Golgi 

and lysosomes, performing immunocytochemistry staining for these organelles in LRRK2-

R1441C primary cortical cultures. Co-localisation of vATPase-a1 spots with organelle 

markers such as calreticulin, 58-k Golgi and LAMP1 (ER, Golgi and lysosomes, 

respectively) was quantified (Fig. 3.13-3.15). Interestingly, there is a slight, but not 

significant, increase in v0a1 spots co-localising with ER and Golgi markers in LRRK2-

R1441C cortical neurons, specifically in MAP2+ cells, when compared to non-transgenic 

littermates (Fig. 3.13 A-B, Fig. 3.14 A-B). Furthermore, there was a significant clioquinol-

induced decrease in v0a1 spots co-localised with ER and Golgi markers in LRRK2-R1441C 

cultures, restoring percentages of v0a1/ER and v0a1/Golgi to percentages observed in non-

transgenic littermates (Fig. 3.13 A-C, Fig. 3.14 A-C). There were no significant changes in 

v0a1 spots co-localising with LAMP1 spots, when comparing between LRRK2-R1441C and 

nTG littermate cortical neurons, or in clioquinol treated cultures (Fig. 3.15). 
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Figure 3.13 – vATPase-a1 expression in Endoplasmic Reticulum, in LRRK2-R1441C. 

Primary cortical cultures from P1-P5 pups were generated and treated with Clioquinol (1µM, 

48h) prior to assays at DIV 14. (A) Cells were fixed and immunostained for neuronal marker 

MAP2, ER marker Calreticulin and vATPase-a1 (v0a1). Cellular expression was calculated 

as vATPase-a1 spots co-localised with ER marker Calreticulin measured in MAP2+ cells as 

a fraction of the total v0a1 population, and LRRK2-R1441C were compared to non-

transgenic littermates (B) or between non-treated and Clioquinol treated conditions (C). 

(Bars represent mean +/- SEM; (N = 3 independent litters, per genotype; ∗P <0.05; 

∗∗∗P<0.001; non-significant (ns); Mann-Whitney non-parametric test, Two-way ANOVA). 

Scale bar = 100 μm). 
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Figure 3.14 – vATPase-a1 expression in Golgi Apparatus, in LRRK2-R1441C. Primary 

cortical cultures from P1-P5 pups were generated, treated with Clioquinol (1µM, 48h) prior 

to assays. (A) Cells were fixed and immunostained for neuronal marker MAP2, Golgi 

Apparatus marker 58-k Golgi and vATPase-a1. Cellular expression was calculated as 

vATPase-a1 spots co-localised with Golgi Apparatus marker 58-k Golgi were measured in 

MAP2+ cells as a fraction of the total v0a1 population, and LRRK2-R1441C were compared 

to non-transgenic littermates (B) or between non-treated and Clioquinol treated conditions 

(C). (Bars represent mean +/- SEM; (N = 3 independent litters, per genotype; ∗P <0.05; 

non-significant (ns); Mann-Whitney non-parametric test, Two-way ANOVA). Scale bar = 100 

μm). 
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Figure 3.15 – Lysosomal vATPase-a1 expression, in LRRK2-R1441C. Primary cortical 

cultures from P1-P5 pups were generated, treated with Clioquinol (1µM, 48h) prior to 

assays. (A) Cells were fixed and immunostained for neuronal marker MAP2, lysosomal 

marker LAMP1 and vATPase-a1. Cellular expression was calculated as vATPase-a1 spots 

co-localised with lysosomal marker LAMP1 were measured in MAP2+ cells as a fraction of 

the total v0a1 population, and LRRK2-R1441C were compared to non-transgenic 

littermates (B) or between non-treated and Clioquinol treated conditions (C). (Bars 

represent mean +/- SEM; (N = 3 independent litters, per genotype; non-significant (ns); 

Mann-Whitney non-parametric test, Two-way ANOVA). Scale bar = 100 μm). 
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This evidence could suggest that LRRK2-R1441C mutation, which affects the ROC domain 

of LRRK2, does not significantly alter a1 subunit cellular localisation in cortical primary 

cultures. On the other hand, clioquinol treatment showed no effect in v0a1 presence in 

lysosomes, but significantly decreased v0a1 co-localisation in ER and Golgi spots. 

 

3.2.3. Characterising LRRK2 and v0a1 in LRRK2 iPSC-derived dopaminergic cultures 

Given the mis-localisation of a1 subunit towards the ER and Golgi organelles observed in 

LRRK2-R1441C rat cortical neuronal cultures, we assessed if this dysfunction was present 

in iPSC-derived dopaminergic (DA) neuronal cultures from Parkinson’s patients with LRRK2 

mutations, as an independent model of PD. iPSCs derived from three patients with PD 

carrying the LRRK2-R1441C mutation, four patients with PD carrying the LRRK2-G2019S 

mutation, five healthy Controls, one isogenic Control for LRRK2-R1441C and one for 

LRRK2-G2019S, were differentiated to midbrain dopaminergic neurons using a Modified 

Kriks protocol (Kriks et al. 2011) (Materials and Methods 2.6.1., Fig. 3.16). The presence of 

mature neurons (MAP2+) and the percentage of tyrosine hydroxylase-positive (TH+) 

dopamine neurons was consistent across multiple differentiations (Fig. 3.17). Interestingly, 

both LRRK2-R1441C and LRRK2-G2019S iPSC-derived dopaminergic cultures showed a 

decrease in percentage of TH+ dopamine neurons when compared to Control iPSC-DAn 

cultures (Fig. 3.17 A, D). This decrease in TH+ neurons was confirmed with decreased TH 

expression when compared to iPSC-DAn culture lysates, using immunoblotting (Fig. 3.17 

C, E). Due to this difference in TH content between genotypes, mature neuron marker MAP2 

was used in subsequent experiments to assess expression per neuronal cell. LRRK2 kinase 

activity was decreased in LRRK2-R1441C and LRRK2-G2019S, compared to control iPSC-

DA neuronal cultures, as assessed by western blotting of phosphorylated LRRK2 (Fig. 3.18 

A-C). However, the immunoblotting signal from LRRK2 bands was not clear throughout all 

samples. Quantifications and statistical analysis are therefore limited and would benefit from 

further repeats, which did not happen due to time constraints on the current project. LRRK2 

phosphorylation substrate Rab10 did not show any differences between LRRK2 and control 

iPSC-DA neuronal cultures (Fig. 3.18 D-F). Notably, in these iPSC-DA cultures MLi-2 and 

chloroquine treatment did not have any effect on LRRK2 phosphorylation or Rab10 

phosphorylation levels. The former suggests MLi-2 treatment at 50nM for 48 h was not 

sufficient to inhibit LRRK2 kinase activity in iPSC-DA cultures. 



102 
 

 

Figure 3.16 – iPSC Differentiation protocol for dopaminergic neurons and culture 

strategy. (A) Schematic representation of the protocol for iPSC-DAn culture differentiation 

used throughout this study and (B) detailed information for growth factors and media used 

(Kriks et al. 2011). 
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Figure 3.17 – iPSC-derived Dopaminergic culture characterisation. (A) Representative 

images of iPSC-derived dopaminergic neurons from Control, LRRK2-R1441C, LRRK2-

G2019S  and respective isogenic control lines used throughout this study immunostained 

for MAP2, TH and DAPI. Scale bar represents 50 µm. Quantification of the percentage of 

cells positive for TH within the MAP2+ population, compared between Controls and patient 

lines (D). (B) Table describing patient and control lines used in the study. (C) 
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Immunoblotting of iPSC-DAn lysates using anti-TH antibody to assess TH expression, 

quantified as the ratio of TH/β-actin, compared between genotypes (E). Data points 

represent genotype lines, averaged by number of differentiations. IB: immunoblot. Bars, 

mean ± SEM from two/three independent differentiations (N = 3; ∗P <0.05; ∗∗∗P <0.01; 

∗∗∗P<0.001 ;∗∗∗∗P<0.0001; non-significant (ns); Ordinary one-way ANOVA). 

 

Figure 3.18 – LRRK2 kinase activity and MLi-2 treatment in iPSC-DA cultures. (A) To 

assess LRRK2 kinase inhibition, iPSC-derived dopaminergic cultures from Controls and 

LRRK2-R1441C patient lines were generated and treated with MLi-2 (50nM) for 48 h. (B) 

Western blots for LRRK2 phosphorylation substrate Rab12 (phospho S106) were used to 

assess kinase activity by normalising phosphorylated Rab12 to total Rab12 expression. (ns: 

non-significant; ∗P <0.05; Unpaired t test). (C) The effect of LRRK2 kinase inhibitor MLi-2 
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was quantified by western blot for pRab12 and Rab12 expression to assess pRab12/Rab12 

fold change from basal (DMSO) in response to treatment with 50 nM MLi-2 for 48 h. Data 

points represent genotype lines, averaged by number of differentiations. (D, G) iPSC-

derived dopaminergic neurons from Control, LRRK2-R1441C, LRRK2-G2019S and 

respective isogenic control lines were treated with Chloroquine (50nM for 24 h) or MLi-2 

(50nM for 48 h) prior to lysate collection. LRRK2 kinase activity was measured as the ratio 

of immunoblotted of phosphorylated LRRK2 (Ser935) over LRRK2 (E, F), or as the ratio of 

immunoblotted of phosphorylated Rab10 (phospho T73) over Rab10 (H, I). Bars, mean ± 

SEM from two independent differentiations (ns: non-significant or not represented; ∗P 

<0.05; ∗∗P <0.01; Ordinary one-way ANOVA, Two way ANOVA). 

 

 

To understand the effects of LRRK2 mutations on vATPase-a1 subunit subcellular 

localisation in dopaminergic neurons, cultures were immunostained and immunoblotted in 

various experimental set ups. First, expression levels of LRRK2, vATPAse-a1 and 

vATPase-A1 subunit assessed by Western Blot showed no difference in LRRK2 iPSC-DAn 

when compared to healthy Controls (Fig. 3.19). Then, co-localisation of v0a1 with calnexin, 

a marker for Endoplasmic Reticulum, was calculated as a percentage of total ER area by 

immunostaining LRRK2 iPSC-DA neuronal cultures and compare to healthy controls (Fig. 

3.20). There was a slight decrease in v0a1 spots co-localised with ER spots in LRRK2-

R1441C iPSC-DA but no significant differences were observed in LRRK2 cultures (Fig. 3.20 

B). Using the same immunostaining technique, no significant differences were found in v0a1 

co-localisation with Golgi-Apparatus marker 58-k Golgi, or lysosomal marker LAMP1, in 

LRRK2 iPSC-DA neuronal cultures, compared to healthy controls (Fig. 3.21, Fig. 3.22). 

These results would suggest LRRK2 does not alter vATPase-a1 subunit subcellular 

localisation in dopaminergic cultures. 
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Figure 3.19 – Endogenous vATPase-a1 and LRRK2 expression in iPSC-DAn cultures. 

(A) iPSC-derived dopaminergic cultures from Controls and LRRK2 patient lines were 

generated and immunoblotted to assess endogenous expression of LRRK2, vATPase-a1 

and vATPase-A1. Protein expression was quantified as the ratio of LRRK2/β-actin (B), 

v0a1/β-actin (C) and v0A1/β-actin (D), then compared between genotypes. Data points 

represent genotype lines, averaged by number of differentiations. IB: immunoblot. Bars, 

mean ± SEM from at least two independent differentiations (∗P <0.05; non-significant (ns); 

Ordinary one-way ANOVA). 
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Figure 3.20 – Endoplasmic Reticulum vATPase-a1 expression in LRRK2 mutant iPSC-

Dan cultures. (A) Representative images of iPSC-derived dopaminergic neurons from 

Control, LRRK2-R1441C and LRRK2-G2019S  lines used throughout this study 

immunostained for MAP2, vATPase-a1 (v0a1), Calnexin and DAPI. Scale bar represents 

50 µm. (B) vATPase-a1 spots co-localised with endoplasmic reticulum marker Calnexin 

(puncta area as a percentage of total v0a1 puncta) were measured in MAP2+ cells, 

normalised to average of controls and compared between Controls and patient lines. Data 

points represent genotype lines, averaged by number of differentiations. Bars, mean ± SEM 
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from two independent differentiations (∗P <0.05; non-significant (ns); Ordinary one-way 

ANOVA). 

 

Figure 3.21 – Golgi Apparatus v0a1 expression in LRRK2 mutant iPSC-Dan cultures. 

(A) Representative images of iPSC-derived dopaminergic neurons from Control, LRRK2-

R1441C and LRRK2-G2019S lines used throughout this study immunostained for MAP2, 
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vATPase-a1 (v0a1), 58-k Golgi and DAPI. Scale bar represents 50 µm. (B) vATPase-a1 

spots co-localised with Golgi Apparatus marker 58-k Golgi (puncta area as a percentage of 

total v0a1 puncta) were measured in MAP2+ cells, normalised to average of controls and 

compared between Controls and patient lines. Data points represent genotype lines, 

averaged by number of differentiations. Bars, mean ± SEM from two independent 

differentiations (∗P <0.05; non-significant (ns); Ordinary one-way ANOVA). 
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Figure 3.22 – Lysosomal v0a1 expression in LRRK2 mutant iPSC-DAn cultures. (A) 

Representative images of iPSC-derived dopaminergic neurons from Control, LRRK2-

R1441C and LRRK2-G2019S  lines used throughout this study immunostained for MAP2, 

vATPase-a1 (v0a1), LAMP1 and DAPI. Scale bar represents 50 µm. (B) vATPase-a1 spots 

co-localised with lysosomal marker LAMP1 (puncta area as a percentage of total v0a1 

puncta) were measured in MAP2+ cells, normalised to average of controls and compared 

between Controls and patient lines. Data points represent genotype lines, averaged by 

number of differentiations. Bars, mean ± SEM from two independent differentiations (∗P 

<0.05; non-significant (ns); Ordinary one-way ANOVA). 

 

Given LRRK2/v0a1 interaction was first reported in LRRK2 primary cortical cultures 

(Wallings, Connor-Robson, and Wade-Martins 2019) and established in the present 

experimental work to also occur in co-transfected HEK cells, it is important to confirm 

whether this interaction also occurs in LRRK2 human iPSC-derived dopaminergic cultures. 

To address this, LRRK2 iPSC-DA neuronal cultures were immunostained for endogenous 

LRRK2 and v0a1, and their co-localisation was investigated. LRRK2 spots localised with 

v0a1 spots in iPSC-DA healthy controls, with LRRK2/voa1 spots also co-localising in 

LRRK2 iPSC-DAn with no significant changes (Fig. 3.23 A-B). Since LRRK2/v0a1 

interaction was reported to be abolished in LRRK2-R1441C cortical cultures, the interaction 

between LRRK2 and a1 subunit was also assessed using co-immunoprecipitation in 

LRRK2-G2019S and healthy control iPSC-DA neuronal cultures (Fig. 3.23 C). LRRK2 was 

immunoprecipitated with anti-LRRK2 antibody and pulled-down v0a1 subunit was detected 

by immunoblotting. A band for LRRK2 and a band for a1 was visible in the co-

immunoprecipitated samples for healthy control and LRRK2-G2019S iPSC-DAn lysates, 

which reflects the presence of both protein complexes, confirming the LRRK2/v0a1 

interaction also occurs in LRRK2-WT and LRRK2-G2019S human dopaminergic cultures, 

with no significant differences between genotypes (Fig. 3.23 C-D). 
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Figure 3.23 – LRRK2 and vATPase-a1 interaction in LRRK2 mutant iPSC-Dan 

cultures. (A) Representative images of iPSC-derived dopaminergic neurons from Control, 

LRRK2-R1441C and LRRK2-G2019S lines used throughout this study immunostained for 

MAP2, LRRK2, vATPase-a1 (v0a1) and DAPI. Scale bar represents 50 µm. (B) vATPase-

a1 spots co-localised with LRRK2 (puncta area as a percentage of total v0a1 puncta) were 

measured in MAP2+ cells, normalised to average of controls and compared between 
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Controls and patient lines. (C) Co-immunoprecipitation of LRRK2 and vATPase-a1 under 

basal conditions from LRRK2-G2019S and control iPSC-derived dopaminergic cultures. 

Lysates were immunoprecipitated with LRRK2 and v0a1/LRRK2 protein expression 

observed. For quantification, the intensity of v0a1 band is divided by the total LRRK2 

intensity, expressed as a fraction of the mean of Control iPSC-DA cultures (D). IP: 

Immunoprecipitate; IB: immunoblot. Bars, mean ± SEM from two experimental repeats (∗P 

<0.05; non-significant (ns); Ordinary one-way ANOVA). 

 

To summarise, these data suggest LRRK2/v0a1 novel interaction also occurs in human 

LRRK2-G2019S iPSC-DA neuronal cultures and healthy controls. However, LRRK2 

mutations did not appear to have an effect in the subcellular localisation of vATPase-a1 

subunit within the ER, Golgi and lysosomal organelles. 

 

3.3. Conclusions 

The main conclusions highlighted in this chapter are: 

1. LRRK2 interaction with vATPase-a1, previously reported using rat primary cultures, 

also occurs in the context of human cellular models. 

2. Interaction of LRRK2 with the a1 subunit of vATPase occurs within human cell 

models at the ROC domain of LRRK2. 

3. LRRK2-R1441C mutation does not seem to alter cellular localisation of vATPase-

a1 subunit in rat primary cortical or iPSC-derived dopaminergic neuronal cultures. 
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Chapter 4 – LRRK2 and Autophagy 

4.1. Introduction and aims 

As mentioned previously (section 1.5), LRRK2 mutations affect the autophagy-lysosomal 

pathway (Madureira, Connor-Robson, and Wade-Martins 2020). Previous work 

demonstrated that primary cortical neuronal cultures of BAC transgenic rats expressing the 

LRRK2-R1441C mutation exhibit decreased autophagy-lysosomal fusion, altered 

lysosomal pH and decreased lysosomal protein degradation, deficits not found in LRRK2-

WT or LRRK2-G2019S transgenic neurons (Wallings, Connor-Robson, and Wade-Martins 

2019). Since LRRK2-R1441C rat cortical primary neuronal cultures displayed autophagy 

defects, we aimed to characterise the autophagy pathway in human LRRK2 iPSC-DAn 

models. Utilising LRRK2 patient iPSC dopaminergic neuronal cultures presents a highly 

physiological model of PD, since neuropathology is characterised by progressive loss of 

dopaminergic neurons in the SNpc. 

Chapter aims: 

- To investigate autophagy flux in LRRK2 rat primary cortical cultures. 

- To characterise autophagy markers and autophagy flux in LRRK2 iPSC-derived 

dopaminergic neuronal cultures. 

 

4.2. Results 

4.2.1. Autophagy flux in LRRK2 rat primary cortical cultures. 

Previous work published by our group extensively characterised the autophagy-lysosomal 

pathway in LRRK2 rat cortical primary cultures and showed autophagy defects in LRRK2-

R1441C but not in LRRK2-WT or LRRK2-G2019S (Wallings, Connor-Robson, and Wade-

Martins 2019). As it is important to confirm these autophagy phenotypes, we aimed to 

investigate autophagy flux in the presently established model of rat cortical primary cultures 

(Fig. 3.13). 

Primary cortical neuronal cultures were generated from LRRK2 BAC transgenic rat pups 

(P1-P5) expressing the human LRRK2-WT, LRRK2-G2019S or LRRK2-R1441C transgene, 

and non-transgenic (nTG) littermates (Sloan et al. 2016; Wallings, Connor-Robson, and 

Wade-Martins 2019). Then, lysosomal proteolysis was measured in neuronal cells using 

the fluorogenic substrate for proteases DQ Red BSA in neuronal cells stained with neuronal 

probe NeuO. Briefly, the self-quenched DQ Red BSA is cleaved by proteases in acidic 

compartments, such as lysosomes, resulting in fluorescence dequenching and 



114 
 

consequently increased fluorescence intensity at λex = 590 nm and λem = 620 nm (Frost et 

al. 2017). Increased fluorescence directly correlates with lysosomal proteolytic activity. 

Results were expressed as DQ-BSA Index (DQ-BSA number of spots multiplied by relative 

spot intensity and spot area) in NeuO-positive cells, normalised to non-transgenic 

littermates treated with DMSO (Fig. 4.1 A-B). Treatment with chloroquine, used to inhibit 

lysosomal degradation and macroautophagy/autophagy through blocked autophagosome 

fusion with lysosomes (Mauthe et al. 2018), showed consistent significant decrease in DQ-

BSA Index in LRRK2-WT, LRRK2-G2019S and respective nTG primary cultures, validating 

assay specificity (Fig. 4.1 B-C). Under basal conditions, LRRK2-R1441C cortical neuronal 

cultures show a 1.5-fold increase in DQ-BSA Index compared to nTG littermates, but no 

significant differences were found in LRRK2-WT or LRRK2-G2019S neuronal cortical 

cultures (Fig. 4.1 D-F). Interestingly, chloroquine-treated LRRK2-R1441C cortical neurons 

showed a non-significant decrease in DQ BSA Index, suggesting an intrinsic impairment of 

autolysosomal fusion (Fig. 4.1 B-C). Furthermore, the effect of clioquinol was investigated 

and showed no significant differences between genotypes nor treatment groups (Fig. 4.1 

G). Taken together, these results show autophagy-lysosomal flux is impaired LRRK2-

R1441C rat cortical cultures, but not LRRK2-WT or LRRK2-G2019S. Additionally, this 

impairment could not be rescued with clioquinol. 

In agreement with previous reports of decreased lysosomal activity in LRRK2-R1441C rat 

cortical cultures (Wallings, Connor-Robson, and Wade-Martins 2019), a lack of chloroquine-

induced decrease in DQ-BSA Index would suggest impaired autophagosome fusion with 

lysosomes in LRRK2-R1441C. However, this impairment could not be rescued with 

clioquinol, suggesting the vATPase pump is not sufficient to regulate autophagy-lysosomal 

pathway in this experimental setup. 
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Figure 4.1 – Lysosomal activity in LRRK2 mutant primary cortical cultures. Primary 

cortical neuronal cultures were generated from P1-P5 pups and assays at DIV 14. Primary 

cortical cultures were treated with Chloroquine (50 nM, 24h) or Clioquinol (100 nM, 48h), 

then incubated with 30 μg/ml of DQ Red BSA and NeuroFluor™ NeuO (0.1 μM) for 1 hour, 

prior to assay. (A) Cells were imaged and lysosomal activity was measured as DQ-BSA 

puncta spots multiplied by relative intensity in NeuO+ cells (DQ-BSA Index), normalised to 

non-transgenic littermates and compared to each genotypes DMSO (B). Effect of 

Chloroquine was assessed as the fold change to Untreated. Data represents different 

LRRK2 transgenic litters and respective littermates (Bars represent mean +/- SEM; (N = 3; 

ns or not represented: non-significant; ∗P <0.05; ∗∗P <0.01; ∗∗∗P <0.001; ∗∗∗∗P <0.0001; 

Two-way ANOVA, One sample t test, Mann-Whitney non-parametric test). Scale bar = 100 

μm). 

 

4.2.2. Autophagy flux in LRRK2 iPSC-derived dopaminergic neuronal cultures. 

Given the altered lysosomal degradation observed in LRRK2-R1441C rat cortical neuronal 

cultures, we assessed if this dysfunction was present in iPSC-derived dopaminergic (DA) 

neuronal cultures from Parkinson’s patients with LRRK2 mutations, as an independent 

model of PD. iPSCs derived from three patients with PD carrying the LRRK2-R1441C 

mutation, four patients with PD carrying the LRRK2-G2019S mutation, five healthy Controls, 

one isogenic Control for LRRK2-R1441C and one for LRRK2-G2019S, were differentiated 

to midbrain dopaminergic neurons. TH percentage was calculated in MAP2+ cells using 

immunostainings and LRRK2 phosphorylation was measured using immunoblottings (Fig. 

3.17, Fig. 3.18 A-C). 

To characterise the autophagy-lysosomal pathway in Control and LRRK2 iPSC-derived 

dopaminergic neurons, cultures were treated with chloroquine or clioquinol and incubated 

with neuronal marker NeuO and DQ Red BSA to measure lysosomal proteolysis (Fig. 4.2 

A). Results were expressed as DQ-BSA Index (DQ-BSA number of spots multiplied by 

relative spot intensity and spot area) in NeuO-positive cells, normalised to average of 

Control DMSO (Fig. 4.2 B). Treatment with chloroquine, used to inhibit autolysosome fusion, 

showed consistent significant ~80% decrease in DQ-BSA Index in LRRK2-R1441C, 

LRRK2-G2019S and Control iPSC-derived dopaminergic cultures, validating assay 

specificity (Fig. 4.2 B-C). Under basal conditions measured DQ-BSA Index in LRRK2-

R1441C or LRRK2-G2019S neuronal dopaminergic cultures was slightly increased, but 

there were no significant differences found compared to Control lines (Fig. 4.2 D). 

Furthermore, corrected iPSC-derived isogenic lines for LRRK2-R1441C and LRRK2-
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G2019S were compared to LRRK2-R1441C and LRRK2-G2019S respectively, and there 

were no significant differences in DQ-BSA Index (Fig. 4.2 E-F). 
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Figure 4.2 – Lysosomal activity in LRRK2 mutant primary cortical cultures. iPSC-

derived dopaminergic cultures from LRRK2 patient and control lines were generated and 

treated with Chloroquine (50 nM, 24h) or Clioquinol (100 nM, 48h), then incubated with 30 

μg/ml of DQ Red BSA and NeuroFluor™ NeuO (0.1 μM) for 1 hour, prior to assay at DIV 

35. (A) Cells were imaged and lysosomal activity was measured as DQ-BSA puncta spots 

multiplied by relative intensity in NeuO+ cells (DQ-BSA Index), normalised to average of 

controls and compared to each genotypes DMSO (B). Effect of Chloroquine was assessed 

as the fold change to Untreated. Data points represent genotype lines, averaged by number 

of differentiations. Bars, mean ± SEM from two independent differentiations (ns or not 

represented: non-significant; ∗P <0.05; ∗∗P <0.01; ∗∗∗P <0.001; ∗∗∗∗P <0.0001; Two-way 

ANOVA, one sample t test, Mann-Whitney non-parametric test). Scale bar = 100 μm). 

 

 

4.2.3. Autophagy pathway characterisation in LRRK2 iPSC-DA neuronal cultures. 

Given that lysosomal degradation was altered in LRRK2-R1441C rat cortical neuronal 

cultures, but no differences were observed in LRRK2-R1441C iPSC-DAn, the autophagy-

lysosomal pathway was further characterised in Control and LRRK2 iPSC-derived 

dopaminergic neurons. Cultures were immunostained for autophagosome marker LC3B, 

lysosomal marker LAMP1 and neuronal marker MAP2 (Fig. 4.3 A). Treatment with 

autophagy inhibitor chloroquine showed consistent decrease in LAMP1 spot number and 

increase in LC3B spot number, in Control iPSC-DA MAP2+ neurons (Fig. 4.3 A, B, D). 

Furthermore, LAMP1 spots showed a significant decrease in chloroquine fold change, 

whereas LAMP1 spots co-localised with LC3B spots corresponding to autolysosomes 

showed a significant increase in chloroquine fold change in Control iPSC-DA MAP2+ 

neurons (Fig. 4.3 A, C, E). These chloroquine-induced effects are reflective of decreased 

lysosomal degradation and accumulation of autophagosomes through blocked 

autolysosome fusion, thereby confirming assay specificity. When comparing 

autophagosome (LC3B+ spots), lysosomal (LAMP1+ spots) and autolysosome 

(LC3B+/LAMP1+ spots) marker expression with immunostaining, there were no differences 

between LRRK2-R1441C or LRRK2-G2019S iPSC-DA neuronal cultures and Control lines 

(Fig. 4.3 F-H, respectively). LC3-II is closely correlated with the number of 

autophagosomes, serving as a good indicator of autophagosome formation. Since LC3B 

detects endogenous levels of total LC3B protein, SDS-PAGE and immunoblotting was 

performed in iPSC-DA neuronal lysates in the presence and absence of chloroquine to 

resolve two bands, one representing LC3-I (cytosolic), and the other representing LC3-II, 
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which is conjugated with phosphatidylethanolamine (PE). Blocking autophagy with 

chloroquine treatment showed significant increase in LC3-II expression in Control and 

LRRK2-G2019S iPSC-DA neurons, reflecting autophagosome accumulation (Fig. 4.4 A, B, 

C). LRRK2-R1441C iPSC-DA neuronal cultures showed a chloroquine-induced increase, 

albeit non-significant (Fig. 4.4 C). Lysates were also treated with clioquinol, which showed 

no differences between treatments or genotypes (immunoblot data not shown). When using 

LC3-II as an indicator of autophagy with immunoblotting there was a decrease in 

autophagosome formation in LRRK2-R1441C iPSC-DA neuronal cultures compared to 

Controls (Fig. 4.4 D). There were no differences between Controls and LRRK2-G2019S 

iPSC-DA neuronal cultures or LRRK2-G2019S iPSC-DA neuronal cultures and the isogenic 

Control line (Fig. 4.4 D and E, respectively). 
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Figure 4.3 – Lysosomal markers in LRRK2 iPSC-derived dopaminergic cultures. 

iPSC-derived dopaminergic cultures from LRRK2 patient control and isogenic lines were 

generated and treated with Chloroquine (50 nM, 24h) or Clioquinol (100 nM, 48h), then fixed 

at DIV 35 and immunostained with LC3B, LAMP1, MAP2 and DAPI (A). LAMP1 spots (B) 

and LC3B spots (D) located in treated MAP2+ neurons were quantified and compared 

between genotypes (F and G, respectively). Effects of Chloroquine treatment in LAMP1 (C) 

and LC3B (E) spots was assessed as the fold change to Untreated. Data points represent 

genotype lines, averaged by number of differentiations. Bars, mean ± SEM from two 

independent differentiations (∗P <0.05; non-significant (ns or not represented); One sample 

t test). Scale bar = 100 μm). (H) Autolysosomes were measured as LC3B spots co-localised 

with lysosomal marker LAMP1 (puncta area as a percentage of total v0a1 puncta) were 

measured in MAP2+ cells, normalised to average of controls and compared between 

Controls and patient lines. Data points represent genotype lines, averaged by number of 

differentiations. Bars, mean ± SEM from two independent differentiations (ns or not 

represented: non-significant; ∗P <0.05; ∗∗P <0.01; ∗∗∗P <0.001; Ordinary one-way ANOVA, 

Dunnett's multiple comparisons test Two-way ANOVA). 



123 
 

 

Figure 4.4 – Measuring LC3 expression levels in LRRK2 iPSC-derived dopaminergic 

cultures. (A) iPSC-derived dopaminergic cultures from LRRK2 patient control and isogenic 

lines were generated and treated with Chloroquine (50 nM, 24h), then fixed at DIV 35 and 

immunoblotted for LC3 and β-actin. (B) LC3-II was normalised to β-actin and compared 

between treatments. (C) Effects of Chloroquine treatment in LC3-II was assessed as the 

fold change to Untreated. Data points represent genotype lines, averaged by number of 



124 
 

differentiations. Bars, mean ± SEM from two independent differentiations (∗P <0.05; non-

significant (ns or not represented); One sample t test). Scale bar = 100 μm). LC3-II basal 

expression was compared between patient lines and average of controls (D) and patient 

line to respective isogenic control (E). Data points represent genotype lines, averaged by 

number of differentiations. Bars, mean ± SEM from two independent differentiations (ns or 

not represented: non-significant; ∗P <0.05; ∗∗P <0.01; ∗∗∗P <0.001; Dunnett's multiple 

comparisons test Two-way ANOVA, One sample t test, Ordinary one-way ANOVA). 

 

To further investigate these results, immunoblotting of autophagy-lysosomal markers was 

performed in iPSC-DA neuronal lysates treated with LRRK2 kinase inhibitor MLi-2, 

clioquinol and chloroquine (Fig. 4.5 A-B). The effect of MLi-2 and clioquinol showed no 

significant differences in LAMP1 expression between genotypes nor treatment groups (Fig. 

4.5 B). Consistent with immunostaining, there is a significant chloroquine-induced fold 

change decrease in LAMP1 expression (Fig. 4.5 C), confirming assay specificity. When 

comparing lysosomal marker expression, there were no differences between LRRK2-

R1441C or LRRK2-G2019S iPSC-DA neuronal cultures and Control lines (Fig. 4.5 D). 

Expression of lysosomal H+-pump subunit vATPase-a1 was assessed by immunoblotting 

iPSC-DA neuronal lysates and showed no significant differences between MLi-2, clioquinol 

and chloroquine treatment (Fig. 4.5 E) and no differences between LRRK2 iPSC-DA lines 

or Controls (Fig. 4.5 F). One caveat of this experimental set up was that MLi-2 treatment at 

50nM for 48 h was not sufficient to inhibit LRRK2 kinase activity in iPSC-DA cultures (Fig. 

3.18) and it is likely to not be sufficient to exert any effects in other proteins, such as LRRK2 

phosphorylation substrates Rab family of proteins. 
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Figure 4.5 – Measuring LAMP1 expression levels in LRRK2 iPSC-derived 

dopaminergic cultures. (A) iPSC-derived dopaminergic cultures from LRRK2 patient 

control and isogenic lines were generated and treated with Chloroquine (50 nM, 24h), MLi-

2 (50 nM, 48h) or Clioquinol (100 nM, 48h), then fixed at DIV 35 and immunoblotted for 

LAMP1, vATPase-a1 and β-actin. LAMP1 (B) and vATPase-a1 (E) were normalised to β-

actin and compared between treatments. (C) Effects of Chloroquine treatment in LAMP1 

was assessed as the fold change to Untreated. LAMP1 (D) and vATPase-a1 (F) basal 

expression in patient lines was compared to average of controls. Data points represent 

genotype lines, averaged by number of differentiations. Bars, mean ± SEM from two 

independent differentiations (ns or not represented: non-significant; ∗P <0.05; ∗∗P <0.01; 

∗∗∗P <0.001; Dunnett's multiple comparisons test Two-way ANOVA, One sample t test, 

Ordinary one-way ANOVA). 
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In summary, measuring proteolytic degradation in rat cortical cultures using DQ-BSA 

showed increased levels in LRRK2-R1441C but no differences in LRRK2-G2019S or 

LRRK2-WT, compared to respective nTG littermates (Fig. 4.1). However, proteolytic 

degradation showed no differences between LRRK2 patient iPSC-derived dopaminergic 

cultures compared to controls (Fig. 4.2). Further investigation of autophagy markers of 

lysosomes and autophagosomes (LAMP1 and LC3, respectively) showed no differences 

between LRRK2 patient iPSC-derived dopaminergic cultures compared to controls 

measured by immunostaining (Fig. 4.3). Measuring LC3-II using immunoblotting showed a 

50% decrease in LRRK2-R1441C, but not LRRK2-G2019S iPSC-DA cultures, compared to 

healthy controls (Fig. 4.4), and showed no differences in LAMP1 or vATPase-a1 expression 

levels (Fig. 4.5). 

 

4.3. Conclusions 

 

The main conclusions highlighted in this chapter are: 

1. Proteolytic degradation in rat cortical cultures showed increased levels in LRRK2-

R1441C, but no differences in LRRK2-G2019S or LRRK2-WT, compared to 

respective nTG littermates. 

2. There were no differences in proteolytic degradation in iPSC-derived LRRK2-G2019S 

or LRRK2-R1441C dopaminergic cultures.  

3. Assessing autophagy markers LAMP1 and LC3B showed no changes when 

comparing iPSC-derived LRRK2-G2019S or LRRK2-R1441C dopaminergic cultures 

to healthy controls. 
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Chapter 5 – LRRK2 and Mitochondria 

5.1. Introduction and aims 

As mentioned previously (section 1.6), LRRK2 mutations affect the mitochondrial network. 

Previous work demonstrated that primary cortical neuronal cultures of BAC transgenic rats 

expressing the LRRK2-R1441C mutation exhibit decreased autophagy-lysosomal fusion, 

altered lysosomal pH and decreased lysosomal protein degradation, deficits not found in 

LRRK2-WT or LRRK2-G2019S transgenic neurons (Wallings, Connor-Robson, and Wade-

Martins 2019). Although LRRK2-R1441C cortical primary neuronal cultures displayed 

autophagy defects, mitochondrial health and mitophagy were not characterised in these 

models. 

Chapter aims: 

- To characterise mitochondrial health and mitophagy in LRRK2 rat primary cortical 

cultures. 

- To investigate mitochondrial health and mitophagy markers in LRRK2 iPSC-derived 

dopaminergic neuronal cultures. 

- To investigate molecular mechanisms for mitochondrial dysfunction in LRRK2 iPSC-

derived dopaminergic neuronal cultures. 

 

Figure 5.1 – Schematic representation of the models used to study mitochondrial 

homeostasis in LRRK2 Parkinson’s disease. LRRK2 transgenic rat primary cortical 

cultures and induced pluripotent stem cell-derived dopaminergic neuronal cultures are used 
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to study (1) mitochondrial morphology, (2) mitochondrial health and function and (3) 

mitophagy. 

 

5.2. Results 

5.2.1. Primary rat LRRK2-R1441C cortical neuronal cultures exhibit mitochondrial 

damage and impaired mitophagy. 

To investigate the role of PD-associated LRRK2 mutations on mitochondrial structure and 

function, primary cortical neuronal cultures from LRRK2 BAC transgenic rat pups (P1-P5) 

expressing the human LRRK2-WT, LRRK2-G2019S or LRRK2-R1441C transgene, and 

non-transgenic (nTG) littermates were generated (Sloan et al. 2016; Wallings, Connor-

Robson, and Wade-Martins 2019). First, expression levels of electron transport chain (ETC) 

complexes I (NDUFB8), II (SDHB), III (UQCRC2), IV (MTCO1) and V (ATP5A) were 

measured and normalised to mitochondrial marker Hsp60. Under basal conditions, LRRK2 

cortical neuronal cultures show no significant difference in ETC protein expression levels, 

compared to nTG littermates (Fig. 5.2 A). In the presence of clioquinol, LRRK2-WT cortical 

neuronal cultures show a significant increase in UQCRC2 (Complex III) protein expression 

levels, compared to nTG littermates (Two-way ANOVA, P = 0.0019), but no other 

differences were observed (Fig. 5.2 D). To investigate mitochondrial respiratory function in 

LRRK2 cortical neuronal cultures, cellular oxygen consumption and glycolysis was 

measured. Basal oxygen consumption rates (OCR), proton leak, ATP-linked CO2 

consumption, maximal respiration and spare capacity were not significantly changed in 

LRRK2-G2019S cortical cultures, compared to LRRK2-WT (Supplementary Fig. 5.3). MLi-

2 treatment significantly decreased proton leak (P = 0.0145) and increased ATP-linked CO2 

consumption (P = 0.0354) in LRRK2-WT cortical cultures, but not in LRRK2-G2019S (Fig. 

5.3 C, Fig. 5.3 D). Measuring extracellular acidification rate (ECAR) to evaluate glycolysis 

showed no differences between genotypes (Fig. 5.4). Thus, assessing the ETC complexes 

expression levels and mitochondrial respiratory function, there were no significant 

differences found in LRRK2-G2019S cortical neuronal cultures compared to nTG 

littermates. 
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Figure 5.2 – Mitochondrial OxPhos complexes expression, in cortical cultures from 

mutant LRRK2-R1441C rats. Primary cortical neuronal cultures were generated from P1-

P5 pups and assayed at DIV 14. Lysates were collected and immunoblotted using the 

OxPhos Rodent Western Blot Antibody Cocktail (ThermoFischer) for OxPhos (B) Complex 

I (NDUFB8), (C) Complex II (SDHB), (D) Complex III (UQCRC2), (E) Complex IV (MTCO1), 

(F) Complex V (ATP5A). Respective OxPhos band intensities were normalised to Hsp60, 

averaged to non-transgenic littermates and compared between genotypes. Data points 

represent averaged transgenic genotypes. Bars, mean ± SEM from four technical replicates 

(ns: non-significant; ∗P <0.05; ∗∗P <0.01; Ordinary one-way ANOVA). 
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Figure 5.3 – Mitochondrial function in cortical cultures from transgenic LRRK2 rats. 

Primary cortical neuronal cultures were generated from P1-P5 pups and assayed at DIV 14. 

Oxygen consumption rates (OCRs) in cultures treated with DMSO or MLi-2 (100nM) for 48 
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h prior were measured on an XF24 Analyzer. (A) Normalised OCR profiles (% OCR to Basal 

OCR) from cultures for LRRK2-hWT, LRRK2-G2019S and non-transgenic littermates 

exposed sequentially to oligomycin (8 μM) (Oligo), FCCP (1 μM), rotenone (5 μM) plus 

antimycin A (5 μM) (R/A) and 2-Deoxyglucose (90 mg/ml) (2-DG). (B) Basal respiration was 

calculated as measurements before oligomycin injection (pmol O2/min/µg protein). After 

normalisation to % of Basal OCR, Proton leak, ATP linked to oxygen consumption, maximal 

respiration and spare capacity were calculated and fold change from basal was quantified 

to assess MLi-2 effect. (C) Proton leak was calculated as the measurements after 

oligomycin injection (D) ATP production linked to oxygen consumption was calculated as 

the measurements after oligomycin injection and measurement of basal respiration. (E) 

Maximal Respiration was calculated as measurements after FCCP injection, normalised 

from OCR %. (F) Spare Capacity was calculated as the difference between Maximal and 

Basal respiration, normalised from OCR %. Data points represent averaged litters per each 

genotype. Bars, mean ± SEM from at least three independent litters (ns: non-significant; ∗P 

<0.05; Unpaired t test). 
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Figure 5.4 – Measuring Extracellular Acidification Rates in cortical cultures from 

transgenic LRRK2 rats. Primary cortical neuronal cultures were generated from P1-P5 

pups, treated with MLi-2 (100nM) for 48 h and assayed at DIV 14. Extracellular acidification 

rates (ECARs) in cortical cultures were measured on an XF24 Analyzer. (A) Normalised 

extracellular acidification profiles (% ECAR to Basal ECAR) are represented for LRRK2-

hWT, LRRK2-G2019S and non-transgenic littermates exposed sequentially to oligomycin 

(8 μM) (Oligo), FCCP (1 μM), rotenone (5 μM) plus antimycin A (5 μM) (R/A) and 2-

Deoxyglucose (90 mg/ml) (2-DG). (B) Normalised ECAR was calculated for LRRK2-hWT 

and LRRK2-G2019S relative to respective non-transgenic littermates and fold change from 

basal was quantified to assess MLi-2 effect. Data points represent averaged litters per each 

genotype. Bars, mean ± SEM from at least three independent litters (ns: non-significant; ∗P 

<0.05; Unpaired t test). 
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To assess mitochondrial health in LRRK2-R1441C, mitochondrial membrane potential 

(ΔΨm) was measured using the potentiometric JC-10 dye. Under basal conditions, LRRK2-

R1441C cortical neuronal cultures show a significant decrease in ΔΨm, compared to nTG 

littermates (P = 0.012, Mann-Whitney t test) (Fig. 5.5A). These changes in LRRK2-R1441C 

cultures were coupled with a significant, >1.5-fold, increase in mitochondrial ROS 

production, as assessed using MitoSox dye (P = 0.0166) (Fig. 5.5 C-D), but were 

independent of changes in cellular ATP levels and alterations in mitochondrial morphology 

(Fig. 5.5 B; Fig. 5.6 A-C).  In parallel, mitochondrial function in LRRK2-WT and LRRK2-

G2019S primary cortical neuronal cultures was also assessed and no differences in 

mitochondrial membrane potential, ATP levels, mitochondrial ROS or basal mitophagy flux, 

were observed in LRRK2-WT and LRRK2-G2019S compared to nTG littermates (Fig. 5.6 

D-L). 
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Figure 5.5 – Mitochondrial dysfunction and reduced mitophagy levels in primary 

cortical neuronal cultures from LRRK2-R1441C transgenic rats. Primary cortical 
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neuronal cultures were generated from P1-P5 pups and assayed at DIV 14 for (A) 

Mitochondrial membrane potential measured using JC-10 dye (B) ATP levels measured 

using a luminescent assay and (C, D) Mitochondrial ROS production using MitoSox 

changes measured in LRRK2-R1441C cortical cultures, normalised to non-transgenic 

littermate levels. Data points represent averaged transgenic genotypes. Bars, mean ± SEM 

from three independent litters (ns: non-significant; ∗P <0.05; Mann-Whitney Unpaired t test). 

(E, G) DIV 14 primary cortical cultures were treated CCCP for 8 h and pS65Ub was 

quantified in MAP2 and expressed as number of pS65Ub puncta per neuronal area was 

quantified. (F) DIV 14 primary cortical cultures were transduced with Mito-QC lentivirus 

reporter, treated with CCCP for 8 h. Mitophagic flux was assessed by quantifying mCherry 

puncta intensity and number in transfected cells under basal conditions (H) or after CCCP 

treatment (I). Data points represent averaged litters per each genotype. Error bars: mean ± 

SEM from at least three independent litters (ns: non-significant; ∗P <0.05; ∗∗P <0.01; ∗∗∗P 

<0.001; ∗∗∗∗P <0.0001; Unpaired t test). Panels C, E, F, G and I were cultured and assayed 

by Dr. Matthew Williamson. Data from Panels A, B, D, G-I were analysed, and graphs 

generated by Marta Madureira. 
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Figure 5.6 – Mitochondrial health and mitophagy levels in primary cortical neuronal 

cultures from LRRK2 transgenic rats. Primary cortical neuronal cultures were generated 

from P1-P5 pups and assayed at DIV 14. (A) Mitochondrial morphology was assessed using 

Mito-QC transduced cortical cultures, to calculate mitochondrial area (μm2) (B) and 

mitochondrial width to length (C), normalised to non-transgenic littermates. (D) The full 

dataset (from Fig. 1C) for mitochondrial ROS, measured using MitoSox live dye and 

compared between the genotypes. Mitochondrial health assessed in LRRK2-G2019S and 
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LRRK2-hWT cortical cultures using mitochondrial membrane potential changes measured 

with JC-10 live dye (E, I), by ATP levels measured using a luminescent assay (F, J), and 

by mitochondrial ROS (G, K) normalised to non-transgenic littermate levels. Data points 

represent averaged transgenic genotypes. Error bars: mean ± SEM from 3-4 independent 

litters (ns: non-significant; ∗P <0.05; Mann-Whitney Unpaired t test). (H, L) Mitophagic flux 

was calculated as mCherry-only puncta for Mito-QC reporter transduced primary cortical 

cultures. Values were normalized to non-transgenic littermates and quantified to assess 

mCherry under basal conditions for LRRK2-G2019S and LRRK2-hWT genotypes. Error 

bars: mean ± SEM from three independent litters (ns: non-significant; ∗P <0.05; Mann-

Whitney Unpaired t test). Panels A and D were performed and assayed by Dr. Matthew 

Williamson. Data from Panels B, C, E-L were analysed, and graphs generated by Marta 

Madureira. 

 

Following these findings of impaired mitochondrial health in LRRK2-R1441C primary 

neurons, it was assessed if clearance of damaged mitochondria through mitophagy was 

altered in neuronal cultures. Given mitophagy levels have been reported to be altered under 

both basal and depolarised conditions in LRRK2 models, an immunofluorescence staining 

of phosphorylated Ubiquitin (pS65Ub), a marker of PINK1-activation and mitophagy 

initiation was developed. In addition, the mitophagy reporter Mito-QC was used to assess 

mitophagy in primary neuronal cortical cultures (Fig. 5.5 E-F). CCCP-induced pS65Ub 

puncta number was significantly decreased in LRRK2-R1441C cells when compared to nTG 

cultures (P=<0.0001, Unpaired t test) (Fig. 5.5 E, Fig. 5.5 G). To confirm that decreased 

pS65Ub-induction resulted in impaired mitophagy, mitophagic flux was assessed in LRRK2 

primary cortical neuronal cultures transduced with Mito-QC reporter lentivirus (McWilliams 

et al. 2016; 2018). A 50% decrease in mitophagy was observed in LRRK2-R1441C neuronal 

cultures, as assessed by the number of mito-lysosomes (red puncta per cell) under basal 

conditions (P = 0.0286) (Fig. 5.5 F, Fig. 5.5 H). Additionally, depolarisation-induced 

mitophagy in LRRK2-R1441C primary neuronal cultures was also decreased compared to 

nTG (P=0.0409, two-way ANOVA) (Fig. 5.5 F, Fig. 5.5 I). Together, these data demonstrate 

impairments in mitochondrial function and PINK1-dependent (depolarisation-induced) 

mitophagy in LRRK2-R1441C primary cortical cultures. 

 

Taken together, these data suggest that mitochondrial health is impaired in LRRK2-R1441C 

cortical neuronal cultures but not in LRRK2-WT and LRRK2-G2019S cells in vitro. 
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5.2.2. LRRK2-R1441C iPSC-DA neuronal cultures show mitochondrial alterations 

and dysfunction. 

Given the mitochondrial dysfunction and impaired mitophagy observed in LRRK2-R1441C 

rat cortical neuronal cultures, it was assessed if this dysfunction was present in iPSC-

derived dopaminergic (DA) neuronal cultures from Parkinson’s patients with LRRK2-

R1441C mutations, a highly physiological model of PD. iPSCs derived from three patients 

with PD carrying the LRRK2-R1441C mutation, and three healthy controls, were 

differentiated to midbrain dopaminergic neurons using the Expansion protocol (Williamson 

et al. 2023) to obtain higher neuronal density per differentiation (Materials and Methods 

2.6.2.). The presence of mature neurons (MAP2+) and the percentage of tyrosine 

hydroxylase-positive (TH+) dopamine neurons was consistent across genotypes and 

multiple differentiations (Fig. 5.7). Endogenous LRRK2 expression levels and kinase 

activity, were similar between LRRK2-R1441C and control iPSC-DA neuronal cultures (P = 

0.7686), as assessed by western blotting of LRRK2 and phosphorylation of the LRRK2 

substrates Rab8A and Rab12 (Tasegian et al. 2021)  (P = 0.2358 and 0.2462, respectively; 

Fig. 5.8). 
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Fig. 5.7 – Characterisation of iPSC-DA neuronal cultures. (A) Representative images of 

control and LRRK2-R1441C iPSC-DA neuronal cultures used throughout this study stained 

for MAP2, TH and DAPI. Scale bar represents 50 µm. Quantification of the percentage of 

cells positive for MAP2+ within the total nuclei count (B) and percentage of cells positive for 

TH+ within the MAP2+ population (C), compared between control and LRRK2-R1441C 

iPSC-DA neuronal cultures. Data points represent genotype lines, averaged by number of 
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differentiations. Error bars: mean ± SEM from three independent differentiations (ns: non-

significant; ∗P <0.05; Unpaired t test). (D) Table describing patient and control lines used in 

the study. 
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Fig. 5.8 – LRRK2 kinase activity and MLi-2 treatment in iPSC-DA neuronal cultures. 

To assess LRRK2 expression and kinase inhibition, iPSC-DA neuronal cultures from control 

and LRRK2-R1441C patient lines were treated with MLi-2 (100 nM) for 48 h. (A, C, D) 

Western blots were immunoblotted for LRRK2, Rab12 and Rab8A expression, quantified 

and normalised to average of controls and compared between genotypes. Western blots 

for (B) LRRK2 expression and LRRK2 phosphorylation substrates (E) Rab8A and (G) 

Rab12 were used to assess kinase activity by normalising phosphorylated Rab12 (or 

Rab8A) to total Rab12 (or Rab8A) expression (ns: non-significant; ∗P <0.05; Unpaired t 

test). (F) The effect of LRRK2 kinase inhibitor MLi-2 was quantified by western blot for 

pRab12 (phospho S106) and Rab12 expression to assess pRab12/Rab12 fold change from 

basal (DMSO) and (H) pRab8A (phospho ST72) and Rab8A, in response to treatment with 

100 nM MLi-2 for 48 h. Data points represent genotype lines, averaged by number of 

differentiations. Error bars: mean ± SEM from two independent differentiations (ns: non-

significant; ∗P <0.05; two-way ANOVA, Šídák's multiple comparisons test). 

 

To understand the effects of the LRRK2-R1441C mutation on mitochondrial health in 

dopaminergic neurons, a number of assays of mitochondrial function were performed. 

Consistent with observations in primary cortical neuronal cultures, LRRK2-R1441C iPSC-

DA neuronal cultures demonstrated lower mitochondrial membrane potential (ΔΨm) under 

basal conditions (P = 0.0490) (Fig. 5.9 A) with no change in basal ATP levels (Fig. 5.9 B). 

However, although iPSC-DA neuronal cultures derived from two lines demonstrated 

increased mitochondrial ROS production, as assessed by MitoSox, this effect was not 

significant in LRRK2-R1441C iPSC-DA neuronal cultures overall (Fig. 5.9 C-D). LRRK2 

kinase inhibitors have been described to rescue mitochondrial alterations in PD models 

(Singh et al. 2021; Wauters et al. 2020; Bonello et al. 2019). First it was confirmed that 

LRRK2 kinase activity was efficiently inhibited by 100nM MLi-2 in iPSC-DA neuronal 

cultures after 48 h of treatment, as demonstrated by 40% reduction in the phosphorylation 

of LRRK2 substrate Rab8A and Rab12 (Fig. 5.8 C-D, F, H). However, treatment of LRRK2-

R1441C or healthy control iPSC-DA neuronal cultures with MLi-2 had no effect on 

mitochondrial membrane potential under basal conditions (Fig. 5.10 A). 
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Figure 5.9 – Mitochondrial dysfunction in Parkinson’s iPSC-DA neuronal cultures 

carrying the LRRK2-R1441C mutation. iPSC-DA neuronal cultures from controls and 

LRRK2-R1441C Parkinson’s patient lines were generated to assess (A) mitochondrial 

membrane potential changes measured with JC-10 and (B) ATP Production measured 

using a luminescent assay and normalised to number of nuclei. Data points represent 

genotype lines, averaged by number of differentiations. Error bars: mean ± SEM from three 

independent differentiations (ns: non-significant; ∗P <0.05; Unpaired t test). (C) Oxidative 

stress was measured as abundance of mitochondrial ROS superoxide anion (O2
·−), as 
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revealed by MitoSox fluorescent puncta number per cell (D). Error bars, mean ± SEM from 

four independent differentiations. (ns: non-significant; Unpaired t test). (E) Oxygen 

consumption rates (OCRs) in iPSC- DA neuronal cultures treated with DMSO or MLi-2 (100 

nM) for 48 h were measured on an XF24 Analyzer. Normalised OCR profiles (% OCR to 

Basal OCR) for control and LRRK2-R1441C iPSC-DA neuronal cultures. (F) Maximal 

Respiration was calculated as measurements after FCCP injection, normalised from OCR 

%, and fold change from DMSO treated controls was quantified to assess MLi-2 effect. (G) 

Spare Capacity was calculated as the difference between Maximal and Basal respiration, 

normalised from OCR %, and fold change from DMSO treated controls was quantified to 

assess MLi-2 effect. Data points represent genotype lines, averaged by number of 

differentiations. Error bars: mean ± SEM from three independent differentiations (ns: non-

significant; ∗P <0.05; two-way ANOVA). Panel C was cultured and assayed by Dr. Matthew 

Williamson. Data from Panels A, B and D were analysed, and graphs generated by Marta 

Madureira. Panels E-G were performed by Marta Madureira. 
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Figure 5.10 – Live cell mitochondrial assays in patient iPSC-DA neuronal cultures 

carrying the LRRK2-R1441C mutation. To assess the effects of LRRK2 kinase inhibition 

on mitochondrial membrane potential, iPSC-DA neuronal cultures from control and LRRK2-

R1441C patient lines were treated with MLi-2 (100 nM) for 48 h prior to JC-10 assay (A) or 

treated with 10 µM CCCP for 6 hours and treated with MLi-2 (100 nM) for 48 h prior to JC-

10 assay (B). The fold change from the DMSO treatment of each genotype was quantified. 

Data points represent genotype lines, averaged by number of differentiations. Error bars: 

mean ± SEM from two and four independent differentiations, respectively (ns: non-

significant; ∗P <0.05; ∗∗P <0.01; ∗∗∗P <0.001; ∗∗∗∗P <0.0001; Multiple t test, Bonferroni 

post hoc, two-way ANOVA). ATP production was measured using a luminescence assay 

and compared between control and LRRK2-R1441C patient iPSC-DA neuronal cultures, as 

fold change from basal (DMSO) after treatment with 10 µM CCCP for 6 hours (C) or with 10 

µM CCCP for 6 hours MLi-2 (100 nM) for 48 h prior to assay (D). Data points represent 
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genotype lines, averaged by number of differentiations. Error bars: mean ± SEM from three 

independent differentiations. (ns: non-significant; ∗P <0.05; Multiple t test, Bonferroni post 

hoc, two-way ANOVA). Oxidative stress was measured as abundance of mitochondrial 

ROS superoxide anion (O2
·−), as revealed by MitoSox fluorescent puncta fold change after 

treatment with 10 µM CCCP for 6 hours (E) or with 10 µM CCCP for 6 hours MLi-2 (100 

nM) for 48 h prior to assay (F) prior to assay. Data points represent genotype lines, 

averaged by number of differentiations. Error bars: mean ± SEM from four and three 

independent differentiations, respectively. (ns: non-significant; ∗P <0.05; ∗∗P <0.01; 

Multiple t test, Bonferroni post hoc, two-way ANOVA). Cells cultured and assayed by Dr. 

Matthew Williamson. Data analysed and graphs generated by Marta Madureira. 

 

To understand the effect of LRRK2 kinase activity on cellular response to mitochondrial 

stress, cultures were treated with the LRRK2 kinase inhibitor MLi-2 for 48 h, prior to 

depolarisation with CCCP. Both control and LRRK2-R1441C iPSC-DA neuronal cultures 

treated with CCCP for 6 h showed a significant decrease in mitochondrial membrane 

potential, as expected. Furthermore, MLi-2 treatment was not able to rescue mitochondrial 

membrane potential in control and LRRK2-R1441C iPSC-DA neuronal cultures after CCCP-

induced depolarisation (Fig. 5.10 B). Similarly, LRRK2 kinase inhibition was unable to 

rescue CCCP-induced decreases in ATP levels (Fig. 5.10 C-D) or increased mitochondrial 

ROS production (Fig. 5.10 E-F), regardless of genotype. Thus, MLi-2 treatment was not 

able to rescue mitochondrial health in CCCP-induced depolarising conditions. 

Next, it was investigated if the observed changes in mitochondrial membrane potential were 

associated with impaired cellular oxygen consumption and glycolysis in iPSC-DA neuronal 

cultures. Basal oxygen consumption rate (OCR) was not significantly changed in LRRK2-

R1441C iPSC-DA neuronal cultures (P = 0.3084) (Fig. 5.11 A). To assess the relative 

changes in cellular oxygen consumption in each line, OCR rates were calculated relative to 

the basal respiration rates (Fig. 5.9 E, Fig. 5.11 B-C). Maximal respiration was decreased 

by approximately 20%, with spare capacity reduced by 25% in LRRK2-R1441C iPSC-DA 

neuronal cultures, when compared to control cells (P = 0.0333 and 0.0385, respectively) 

(Fig. 5.9 F, Fig. 5.9 G). MLi-2 treatment significantly increased maximal respiration (P = 

0.0139) and showed a non-significant increase in spare capacity (P = 0.0619) in LRRK2-

R1441C iPSC-DA neuronal cultures, which suggests a partial rescue of mitochondrial 

function (Fig. 5.9 F, Fig. 5.9 G). Measuring extracellular acidification rate (ECAR) to 

evaluate glycolysis showed no differences between genotypes (Fig. 5.11 D-F). Investigating 

mitochondrial health in LRRK2-G2019S iPSC-DA neuronal cultures showed no significant 
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differences in mitochondrial membrane potential (ΔΨm) under basal conditions (P = 0. 

0.4017), with no change in basal ATP levels or mitochondrial ROS production (Fig. 5.12). 

Assay specificity was confirmed with CCCP-induced decreases in mitochondrial membrane 

potential and ATP levels in all cultures, compared to DMSO treated iPSC-DAn (Fig. 5.12 B-

C). 

 

 

Figure 5.11 – Measuring oxygen consumption and extracellular acidification rates in 

iPSC-DA neuronal cultures. Oxygen consumption rates (OCRs) in iPSC-DA neuronal 

cultures were measured on an XF24 Analyzer. Oxygen consumption profiles (pmol 

O2/min/µg of protein) are represented for controls and LRRK2-R1441C iPSC-DA neuronal 

cultures. (A) Basal respiration was calculated as measurements before oligomycin injection, 

for controls and LRRK2-R1441C iPSC-DA neuronal cultures (pmol O2/min/µg protein). After 

normalisation to % of Basal OCR, Proton leak, ATP linked to oxygen consumption, maximal 

respiration and spare capacity were calculated. (B) Proton leak was calculated as the 

measurements after oligomycin injection (C) ATP production linked to oxygen consumption 

was calculated as the measurements after oligomycin injection and measurement of basal 

respiration. Data points represent genotype lines, averaged by number of differentiations. 

Bars, mean ± SEM from three independent differentiations (ns: non-significant; ∗P <0.05; 

Unpaired t test). (D) Extracellular acidification rates (ECARs) in iPSC-DA cultures were 
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measured on an XF24 Analyzer. Normalised Extracellular acidification profiles (% ECAR to 

Basal ECAR) are represented for control and LRRK2-R1441C iPSC-DA neuronal cultures. 

(E) Normalised ECAR was calculated for control and LRRK2-R1441C iPSC-DA cultures. 

Control and LRRK2-R1441C iPSC-DA neuronal cultures were treated with MLi-2 (100 nM) 

for 48 h and normalised ECAR were calculated. Data points represent genotype lines, 

averaged by number of differentiations. Error bars: mean ± SEM from two independent 

differentiations (ns: non-significant; ∗P <0.05; Unpaired t test). 

 

Figure 5.12 – Mitochondrial health assessment in LRRK2-G2019S iPSC-DA cultures. 

iPSC-derived dopaminergic cultures from Controls and LRRK2-G2019S patient lines were 

generated to assess (A) mitochondrial membrane potential changes measured with JC-10 

and treatment with CCCP, MLi-2 and Clioquinol was assessed as fold change to DMSO 

(B). (C) ATP Production measured using a luminescent assay and normalised to number 

of nuclei. Treatment with CCCP and MLi-2 was assessed as fold change to DMSO. (D) 

Oxidative stress was measured as abundance of mitochondrial ROS superoxide anion 

(O2
·−), as revealed by MitoSox fluorescent puncta number per cell (E). Data points represent 

genotype lines, averaged by number of differentiations. Bars, mean ± SEM from two 
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independent differentiations (ns: non-significant or not represented; ∗P <0.05; ∗∗P <0.01; 

∗∗∗P <0.001; Unpaired t test). 

 

 

Expression levels of electron transport chain (ETC) complexes I (NDUFB8), II (SDHB), III 

(UQCRC2), IV (COX II) and V (ATP5A) were measured in LRRK2-R1441C and LRRK2-

G2019S and compared to controls iPSC-DA neuronal cultures. Consistently with the results 

obtained with LRRK2 transgenic primary cortical cultures, under basal conditions LRRK2 

dopaminergic neuronal cultures show no significant difference in ETC protein expression 

levels, compared to healthy controls (Fig. 5.13). Interestingly, clioquinol treatment induced 

a significant increase in UQCRC2 (Complex I) protein expression levels in LRRK2-R1441C 

iPSC-DAn as well as in COX II (Complex IV) and ATP5A (Complex V) levels in LRRK2-

G2019S Corrected iPSC-DAn, compared to each genotypes untreated cultures (Fig. 5.13 

B, Fig. 5.13 E-F). Using immunoblotting to assess expression of mitochondrial markers 

MFN2, OPA1, ubiquitinated OPA1 and TOM20 as well as initiation of autophagy marker 

p62 under basal conditions, there were no significant differences between LRRK2 iPSC-

derived dopaminergic neuronal cultures and healthy controls (Fig. 5.14). It is noteworthy to 

mention MFN2 expression levels in LRRK2-R1441C iPSC-DAn under basal conditions 

seem to be increased, albeit non-significantly, when compared to healthy controls. Thus, 

DMSO-, MLi-2- and clioquinol-induced effects were observed in these cultures, when 

compared to untreated LRRK2-R1441C iPSC derived dopaminergic cultures, but no 

differences were found when compared to genotype DMSO treated (Fig. 5.14 B). 
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Figure 5.13 – Mitochondrial OxPhos complexes expression in LRRK2 iPSC-DA 

cultures. iPSC-derived dopaminergic cultures from Controls, LRRK2-R1441C and LRRK2-

G2019S patient lines were generated, treated with Chloroquine (CQ), MLi-2 and Clioquinol 

(Clio) prior to assays at DIV 35. Lysates were collected and immunoblotted using the 

OxPhos Human Western Blot Antibody Cocktail (ThermoFischer) for OxPhos (B) Complex 

I (NDUFB8), (C) Complex II (SDHB), (D) Complex III (UQCRC2), (E) Complex IV (COX II), 

(F) Complex V (ATP5A). Chloroquine (CQ), MLi-2 and Clioquinol (Clio) effect was assessed 

as the fold change to either Untreated (Unt.) or DMSO measurements. Respective OxPhos 

band intensities were normalised to average of control lines and compared between 

genotypes. Data points represent genotype lines, averaged by number of differentiations. 
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Bars, mean ± SEM from two independent differentiations (ns: non-significant or not 

represented; ∗P <0.05; ∗∗P <0.01; ∗∗∗P <0.001; ∗∗∗∗P <0.0001; Unpaired t test). 

 

 

 

Figure 5.14 – Mitochondrial marker expression in iPSC-DA cultures. iPSC-derived 

dopaminergic cultures from Controls, LRRK2-R1441C and LRRK2-G2019S patient lines 

were generated, treated with Chloroquine (CQ), MLi-2 and Clioquinol (Clio) prior to assays 

at DIV 35. (A) Lysates were collected and immunoblotted for mitochondrial marker TOM20, 

mitochondrial fission and fusion markers Mitofusion (MFN2) and Optic Atrophy-1 (OPA1) 

and phagophore marker p62. Respective OxPhos band intensities were normalised to β-

actin, averaged to controls and compared between genotypes. Chloroquine (CQ), MLi-2 

and Clioquinol (Clio) effect was assessed as the fold change to either Untreated (Unt.) or 

DMSO measurements. Data points represent genotype lines, averaged by number of 

differentiations. Bars, mean ± SEM from two independent differentiations (ns: non-

significant or not represented; ∗P <0.05; ∗∗P <0.01; ∗∗∗P <0.001; Unpaired t test). 
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Taken together, these results show subtle changes in the mitochondrial function in patient 

LRRK2-R1441C iPSC-derived DA neurons, including decreased mitochondrial membrane 

potential, decreased maximal respiration and mitochondrial spare capacity, but not in 

LRRK2-G2019S iPSC-derived dopaminergic cultures. 

 

5.2.3. Levels of PINK1-dependent pS65Ub are decreased in LRRK2-R1441C iPSC-DA 

neuronal cultures. 

To further investigate the effects of the LRRK2-R1441C mutation on mitochondria in iPSC-

DA neurons and to understand the cell-type specific effects of the mutation, mitochondrial 

morphology in patient and control iPSC-DA neuronal cultures was assessed by 

immunostaining for the protein TOM20 under basal conditions. It was observed that 

mitochondria were significantly smaller, rounder and more fragmented in LRRK2-R1441C 

iPSC-DA neuronal cultures (Fig. 5.15 A-D). Furthermore, it was confirmed CCCP-induced 

fragmentation and depletion of the mitochondrial network in both control and LRRK2-

R1441C iPSC-DA neuronal cultures (Fig. 5.16 A-C). 

Given these observations of changes in mitochondrial morphology in patient LRRK2-

R1441C iPSC-DA neuronal cultures, and our observations that LRRK2-R1441C primary 

cortical cultures demonstrated decreased mitophagy initiation through impaired PINK1-

dependent pS65Ub levels upon mitochondrial depolarisation (Fig. 5.9), depolarisation-

induced pS65Ub was assessed in iPSC-DA neuronal cultures from LRRK2-R1441C 

patients. Co-immunostaining of pS65Ub and TOM20 allowed us to assess the mitochondria 

labelled for mitophagy in LRRK2-R1441C and control iPSC-DA neuronal cultures following 

mitochondrial depolarisation (Fig. 5.15 E). Whilst CCCP induced a large increase in both 

the number of pS65Ub spots and pS65Ub spot area in iPSC-DA neuronal cultures 

(Controls: P = 0.0002 and P < 0.0001; LRRK2-R1441C: P = 0.0025 and P = 0.0002, for 

pS65Ub spot number and area respectively) (Fig. 5.15 F, Fig. 5.15 H), the fold induction of 

pS65Ub after depolarisation was decreased in LRRK2-R1441C iPSC-DA neuronal cultures 

(P = 0.0132 and P = 0.0020 for spot number and area, respectively) (Fig. 5.15 G, Fig. 5.15 

I). These deficits in pS65Ub induction in LRRK2-R1441C neurons were not rescued by 

LRRK2 kinase inhibition by MLi-2 (Fig. 5.16 D-E). Consistent with our observations in 

primary cortical cultures, these data indicate that the activation of PINK1-dependent 

mitophagy marker pS65Ub is impaired in LRRK2-R1441C neurons, independent of LRRK2 

kinase activity.  
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Figure 5.15 – PINK1-dependent pS65Ub formation is impaired in patient iPSC-DA 

neuronal cultures carrying the LRRK2-R1441C mutation. iPSC-DA neuronal cultures 
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from control and LRRK2-R1441C patient lines were fixed, stained for MAP2, pS65Ub and 

TOM20. (A) TOM20 puncta were identified per neuronal area (MAP2+) and measured to 

assess mitochondrial morphology in control and LRRK2-R1441C iPSC-DA neuronal 

cultures. The measurements for mitochondrial area (μm2) (B), mitochondrial roundness (C), 

and mitochondrial width to length (D) were compared between genotypes. Data points 

represent genotype lines, averaged by number of differentiations. Error bars: mean ± SEM 

from five independent differentiations (ns: non-significant; ∗P <0.05; ∗∗P <0.01; Unpaired t 

test). (E) pS65Ub puncta were quantified as fold change from basal (DMSO) after treatment 

with 10 µM CCCP for 6 hours and total spot number (F), and total spot area (H) were 

measured per neuronal area (MAP2+) and compared between genotypes. (ns: non-

significant; ∗P <0.05; ∗∗P <0.01; ∗∗∗P <0.001; ∗∗∗∗P <0.0001; two-way ANOVA). CCCP-

induced pS65Ub total spot number (G) and total spot area (I) fold change to DMSO was 

measured and compared between genotypes. Data points represent genotype lines, 

averaged by number of differentiations. Bars, mean ± SEM from three independent 

differentiations (ns: non-significant; ∗P <0.05; Unpaired t test). Panels A and E were cultured 

and immunostained by Dr. Matthew Williamson, Rachel Heon-Roberts and Martha Lavelle. 

Images for Panels A and E composed by Marta Madureira. Data analysed, and all graphs 

generated by Marta Madureira.  

 



154 
 

Fig. 5.16 – p65 Ubiquitination levels in iPSC-DA neuronal cultures. To confirm CCCP-

induced depolarization effect, cells were fixed, stained for MAP2, pS65Ub and TOM20, and 

confocal microscopy images acquired. Mitochondrial morphology was assessed by 

calculating (A) mitochondrial area (μm2), (B) roundness and (C) mitochondrial width to 

length, normalised to DMSO treated controls and compared between DMSO and CCCP 

treatment. To assess the effects of LRRK2 kinase inhibition, control and LRRK2-R1441C 

iPSC-DA neuronal cultures were treated with 10 µM CCCP for 6 hours and treated with MLi-

2 (100 nM) for 48 h. Normalised pS65Ub puncta number (to average of controls) was 

quantified, and total spot number (D) and total spot area (E) was measured per neuronal 

area (MAP2+) and compared between genotypes. Data points represent genotype lines, 

averaged by number of differentiations. Error bars, mean ± SEM from two independent 

differentiations (ns: non-significant; ∗P <0.05; ∗∗P <0.01; ∗∗∗P <0.001; ∗∗∗∗P <0.0001; two-

way ANOVA). Cells used to obtain Panels A-E were cultured by William McGuinness, 

immunostained and imaged by Rachel Heon-Roberts and Martha Lavelle. Data from Panels 

A-E were analysed, and graphs generated by Marta Madureira. 

 

 

5.2.4. MIRO1 degradation is impaired in LRRK2-R1441C iPSC-DA neuronal cultures. 

As accumulation of the PINK1-substrate pS65Ub, an early event in mitophagy, was 

impaired in LRRK2-R1441C iPSC-DA neuronal cultures, the molecular mechanism behind 

this cellular phenotype was assessed. Several mechanisms have been proposed to link 

LRRK2 and regulation of mitophagy through the impaired degradation of MIRO1 and 

increased phosphorylation of Rab10 (Hsieh et al. 2016; Wauters et al. 2020). Consistent 

with the lack of altered kinase activity in LRRK2-R1441C iPSC-DA neuronal cultures, no 

difference in Rab10 phosphorylation was observed following mitochondrial depolarisation 

(Fig. 5.17). Given the observed impairment in early mitophagy initiation, the role of MIRO1 

in depolarisation-induced mitophagy was investigated. This mitophagy regulatory 

mechanism has been described to rely on LRRK2 and MIRO1 forming a complex after 

mitochondrial depolarisation, which is independent of LRRK2 kinase-mediated 

phosphorylation (Hsieh et al. 2016). Under basal conditions, there is no difference in MIRO1 

expression, comparing healthy, LRRK2-R1441C and LRRK2-G2019S iPSC-DA neuronal 

cultures (Fig. 5.18 A-B). Treatment with MLi-2 and clioquinol did not seem to have any 

effect, except a clioquinol-induced decrease in MIRO1 expression in LRRK2-G2019S iPSC-

DA neuronal cultures, compared to untreated (Fig. 5.18 C). 
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Figure 5.17 – Investigating Phosphorylated Rab10 LRRK2-regulated mitophagy 

mechanism using iPSC-DA neuronal cultures. Protein lysates were prepared from iPSC-

DA neuronal cultures from control and LRRK2-R1441C patient lines. Western blots for 

phosphorylated Rab10 (phospho ST73) and Rab10 expression were quantified to assess 

pRab10/Rab10 fold change from basal (DMSO) in response to treatment with 10 μM CCCP 

for 6 h or 24 h (A, B). Data points represent genotype lines, averaged by number of 

differentiations. Bars, mean ± SEM from two independent differentiations (ns: non-

significant; ∗P <0.05; ∗∗P <0.01; two-way ANOVA). 
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Figure 5.18 – Mitochondrial protein MIRO1 expression in iPSC-DA cultures. iPSC-

derived dopaminergic cultures from Controls, LRRK2-R1441C and LRRK2-G2019S patient 

lines were generated, treated with Chloroquine (CQ) and LRRK2 kinase inhibitor MLi-2 prior 

to assays at DIV 35. (A) Lysates were collected and immunoblotted for outer mitochondrial 

membrane protein MIRO1. (B) Respective band intensities for MIRO1 were normalised to 

β-actin, averaged to controls and compared between genotypes. (C) Chloroquine (CQ) and 

MLi-2 effect was assessed as the fold change to Untreated (Unt.) measurements. Data 

points represent genotype lines, averaged by number of differentiations. Bars, mean ± SEM 

from two independent differentiations (ns: non-significant or not represented; ∗P <0.05; ∗∗P 

<0.01; ∗∗∗P <0.001; Unpaired t test). 
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Consistent with the literature, in the present iPSC-DA neuronal culture model LRRK2 and 

MIRO1 co-localise within mitochondrial network (TOM20 positive) regions, (Fig. 5.19 A, Fig. 

5.20 A-E).  However, the percentage of LRRK2-MIRO1 co-localised within mitochondrial 

regions was not significantly different in LRRK2-R1441C iPSC-DA neuronal cultures under 

basal or CCCP-induced conditions (Fig. 5.19 B), in contrast to previous findings which 

reported a decreased LRRK2-G2019S /MIRO1 interaction (Hsieh et al. 2016). As expected, 

there was a CCCP-dependent decrease in the number of mitochondria-localised MIRO1 

events (spot number) by immunocytochemistry in both control and LRRK2-R1441C iPSC-

DAn (Fig. 5.19 C-E). Importantly, no differences in MIRO1 spots not co-localised with 

mitochondrial marker TOM20 upon CCCP-induced depolarisation were observed (Fig. 5.20 

A, F-G). Moreover, LRRK2 spots in mitochondria show no differences between genotypes 

or CCCP-treated conditions (Fig. 5.20 H-I). 

To further understand the effect of LRRK2-R1441C on MIRO1 degradation, iPSC-DA 

neuronal cultures were treated with CCCP for 6 hours and 24 hours to induce mitochondrial 

depolarisation and assessed levels of MIRO1 and MIRO1 ubiquitination in iPSC-DA lysates. 

In agreement with our results from immunocytochemistry, control iPSC-DA neuronal 

cultures exhibited decreased levels of MIRO1 expression after 24 h of treatment (Fig. 5.19 

F, Fig. 5.19 G). However, the decrease in MIRO1 expression was impaired in LRRK2-

R1441C iPSC-DA neuronal cultures (P = 0.0441), demonstrating MIRO1 removal from 

depolarised mitochondria is impaired in mutant LRRK2-R1441C cells (Fig. 5.19 G). 

Moreover, as the ubiquitination of MIRO1 is necessary for its degradation (Safiulina et al., 

2019), ubiquitinated MIRO1 was also quantified. Consistent with the impaired degradation 

of MIRO1, a decreased proportion of MIRO1 was found to be ubiquitinated in LRRK2-

R1441C iPSC-DA neuronal cultures 24 h after CCCP treatment compared to control (P = 

0.0311) (Fig. 5.19 H). 
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Figure 5.19 – The LRRK2-R1441C mutation impairs MIRO1 degradation. (A) To 

investigate interaction of LRRK2 and MIRO1 at mitochondria LRRK2 and MIRO1 were co-

immunostained under basal conditions in LRRK2-R1441C and control iPSC-DA neuronal 
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cultures. An example from control iPSC-DA neurons (SFC067) illustrates MIRO1 and 

LRRK2 co-localisation within mitochondria (TOM20) and shows that the analysis pipeline 

identifies mitochondrial staining (TOM20) as the region of interest, then finds total MIRO1 

spots within mitochondrial regions (yellow spots within white border), and total LRRK2 spots 

within mitochondrial regions (green spots within white border). Finally, the pipeline identifies 

all LRRK2 spots co-localised with MIRO1 within mitochondrial regions (cyan blue spots) 

and all the LRRK2 spots not co-localised with MIRO1 within mitochondrial regions (purple 

spots). (B) Quantification of the LRRK2 spots co-localised with MIRO1 within mitochondrial 

regions, as a percentage of all LRRK2 spots, normalised to the number of nuclei per well. 

(C) MIRO1 spots within mitochondrial regions, defined by TOM20 staining (yellow spots 

within white border) from LRRK2-R1441C and control iPSC-DA neuronal cultures. (D) 

Quantification of MIRO1 spots within mitochondria, with DMSO and CCCP treatment, 

normalised to the number of nuclei per well, compared to DMSO control levels. (E) CCCP-

fold change compared between controls and LRRK2-R1441C iPSC-DA neuronal cultures. 

Protein lysates of iPSC-DA neuronal cultures from LRRK2-R1441C patient and control lines 

after 6 or 24 h treatment with 10 μM CCCP were quantified by western blot to assess 

changes in (F, G) MIRO1 and (F, H) ubiquitinated MIRO1 levels. Data points represent fold 

change in protein levels after CCCP treatment per line, averaged by number of 

differentiations. Error bars: mean ± SEM from two independent differentiations (ns: non-

significant; ∗P <0.05; two-way ANOVA). Data points represent genotype lines, averaged by 

number of differentiations. Bars, mean ± SEM from two independent differentiations (ns: 

non-significant; ∗P <0.05; two-way ANOVA; Unpaired t test). Panels A and C were stained 

and assayed by Dr. Matthew Williamson and Rachael Heon-Roberts. Data from Panels B, 

D, E were analysed, and graphs generated by Marta Madureira. Panels F-H performed by 

Marta Madureira. 
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Figure 5.20 – iPSC-DA neuronal culture expression of LRRK2/MIRO1 and TOM20. (A) 

iPSC-DA neuronal cultures from control and LRRK2-R1441C patient lines were treated with 
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DMSO or CCCP (24 h, 10 μM) then fixed, stained for LRRK2, TOM20 and MIRO1. (B) 

Example Z-stack profile of MIRO1-LRRK2-TOM20 co-localisation in control lines showing 

individual planes (LRRK2, green; MIRO1, red; co-localisation, cyan). (C-E) Correlation plot 

showing the brightest z-plane in co-immunofluorescence images for (C) MIRO1-TOM20, 

(D) LRRK2-TOM20 and (E) MIRO1-LRRK2. The plots demonstrate that the highest 

fluorescence intensity for each marker pair generally occur in the same plane. (F) 

Quantification of MIRO1 spots localised outside of mitochondrial regions, defined by TOM20 

staining from LRRK2-R1441C and control iPSC-DA neuronal cultures, treated with DMSO 

and CCCP, normalised to each well nuclei number, compared to DMSO Control levels and 

(G) CCCP-fold change compared between controls and LRRK2-R1441C iPSC-DA neuronal 

cultures. (H) Quantification of LRRK2 spots within Mitochondria, with DMSO and CCCP 

treatment, normalised to each well nuclei number, compared to DMSO Control levels and 

(I) CCCP-fold change compared between controls and LRRK2-R1441C iPSC-DA neuronal 

cultures. (J) Nuclei number (DAPI), averaged per differentiation from LRRK2-R1441C and 

control iPSC-DA neuronal cultures, treated with DMSO and CCCP. Data points represent 

genotype lines, averaged by number of differentiations. Bars, mean ± SEM from two 

independent differentiations (ns: non-significant; two-way ANOVA; Unpaired t test). Panels 

A-E were cultured by William McGuinness, stained by Rachael Heon-Roberts, devised and 

assayed by Dr. Brent Ryan. Panels A-E composed by Dr. Brent Ryan. Panels F-J generated 

and analysed by Marta Madureira. 

 

 

Overall, LRRK2-R1441C iPSC-DA neuronal cultures exhibit altered mitochondrial 

morphology and mitochondrial dysfunction. These deficits may be driven, in part, by 

impairments in the clearance of damaged mitochondria due to impaired PINK1-dependent 

pS65Ub accumulation and impaired degradation of MIRO1 found in a complex with LRRK2 

after mitochondrial depolarisation. 
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5.2.5. Comparing LRRK2-R1441C patient lines reveals differences in mitochondrial 

health and mitophagy in iPSC-DA neuronal cultures. 

iPSC-derived cellular models reflect the inherent variability between donors, making it 

essential to include lines from multiple patients in any study. To study the variability 

observed between iPSC-DA neuronal cultures derived from the three different LRRK2-

R1441C patient lines in some assays of mitochondrial health and mitophagy, we calculated 

the corresponding Z-scores per patient line for the altered mitochondrial phenotypes 

observed (Fig. 5.21). Reassuringly, we found consistent observations across phenotypes 

within each patient line in addition to the consistent phenotypes within LRRK2 genotypes. 

For example, the iPSC-DA neuronal cultures from LRRK2-R1441C patient line SFC869 

display the most fragmented mitochondria with the most decreased mitochondrial 

membrane potential, which corresponds to the highest mitochondrial ROS burden. 

Conversely, iPSC-DA neuronal cultures from LRRK2-R1441C patient JR207 present the 

least altered mitochondrial network, and the most decreased levels of mitophagy activation 

among LRRK2-R1441C patient lines. 

 

Figure 5.21 – Heterogeneity in mitochondrial phenotypes among Parkinson’s LRRK2-

R1441C patient iPSC-DA neuronal cultures. (A) Z-scores were calculated for iPSC-DA 

neuronal cultures derived from each LRRK2-R1441C Parkinson’s patient line plotted 

relative to control lines to assess inter-patient variation in mitochondrial membrane potential 

(ΔΨm), mitochondrial reactive oxygen species (ROS), pS65Ub levels (fold change in total 

pS65Ub spot area after CCCP treatment) and Ubiquitinated MIRO1 Induction (fold change 
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in Ubiq.-MIRO1 after CCCP treatment as assessed by immunoblot ). Line SFC869 

corresponds to patient line SFC869-03-04, SFC870 corresponds to patient line SFC870-

03-05 and JR207 corresponds to patient line JR207-03. Panel A was devised by Dr. Brent 

Ryan, data analysed and composed by Marta Madureira. 

 

 

5.3. Conclusions 

 

The main conclusions highlighted in this chapter are: 

1. LRRK2-R1441C primary cortical cultures show decreased mitochondrial membrane 

potential, increased ROS production and decreased mitophagy levels, but not 

LRRK2-G2019S. 

2. LRRK2-R1441C iPSC-derived dopaminergic cultures show increased mitochondrial 

fragmentation, decreased mitochondrial membrane potential, decreased maximal 

respiration and spare capacity and decreased PINK-1 dependent phosphorylation of 

p65Ub, a marker of mitophagy initiation.  

3. Treatment with LRRK2 kinase inhibitor MLi-2 did not correct mitochondrial 

phenotypes induced by LRRK2-R1441C in patient iPSC-DA. 

4. Even though LRRK2 and MIRO1 proteins co-localise within mitochondria, the LRRK2-

R1441C mutation results in no significant disruption of that interaction in iPSC-DA 

neuronal cultures. 

5. Different LRRK2-R1441C patient lines displayed different phenotypic severities in 

iPSC-DA neuronal cultures. 
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Chapter 6 – Discussion 

 

6.1. LRRK2 and vATPase-a1 interaction 

Chapter 3 aimed to characterise the interaction between LRRK2 and vATPase-a1 in human 

models and investigate the hypothesis that LRRK2 could play a role in chaperoning a1 

subunit within different subcellular compartments, such as ER, Golgi and lysosomes. 

Co-transfection of each LRRK2 construct individually with the vATPase-a1-WT construct 

and subsequent co-immunoprecipitation and western blot analysis revealed a bright band 

corresponding to a1 was present when pulling-down LRRK2-WT full length and LRRK2-

ROC with magnetic beads conjugated to an anti-Myc antibody but not for LRR, RCK, COR, 

Kinase or WD-40 domains. The present data confirms the LRRK2 interaction with vATPase-

a1 reported previously using rat primary cultures is not species-specific as it also occurs in 

the context of human cellular models (Wallings, Connor-Robson, and Wade-Martins 2019). 

Moreover, this suggests that interaction of LRRK2 with the a1 subunit of vATPase occurs 

within human cell models at the ROC domain (Fig. 3.6). This would support LRRK2/v0a1 

interaction being severely decreased in LRRK2-R1441C cortical cultures, but not in LRRK2-

WT or LRRK2-G2019S, since this mutation is located at the ROC domain (Wallings, 

Connor-Robson, and Wade-Martins 2019). However, vATPase-a1 was co-

immunoprecipitated with LRRK2-R1441C, which indicates this mutation did not affect the 

interaction with vATPase-a1 in co-transfected HEK cells (Fig. 3.8). This difference could 

reflect a cell-type specific mechanism, characteristic of neuronal and glial cells, or an effect 

of LRRK2 overexpression in the rodent model. LRRK2/v0a1 interaction was also 

investigated in LRRK2 patient iPSC-derived dopaminergic cultures, since this is a highly 

physiological model for PD. Immunostaining suggests co-localisation of v0a1 occurs with 

LRRK2 spots in LRRK2-R1441C and LRRK2-G2019S as well as healthy controls. Co-

immunoprecipitation confirmed the interaction between LRRK2 and a1 also occurs in 

dopaminergic cultures, in both LRRK2-G2019S and healthy controls (Fig. 3.23). One caveat 

of the current experimental work was that the protein lysate obtained was insufficient to 

carry out the co-immunoprecipitation in LRRK2-R1441C iPSC-DA neuronal cultures, and 

therefore we were unable to confirm whether the LRRK2-R1441C would disrupt the 

interaction with vATPase-a1, as previously reported in LRRK2-R1441C primary cortical 

cultures (Wallings, Connor-Robson, and Wade-Martins 2019). This key question would be 

very interesting to follow up in future studies. 
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Additionally, there have been reports of co-immunoprecipitation protocols of vATPase-a1 

with other proteins, such as PS-1 and VMA21, that are both suggested to be chaperones 

of a1, driving it from the ER to the lysosome to be fully assembled with V1 domain (Esmail 

et al. 2018; Lee et al. 2010). Esmail and colleagues demonstrated the association of a1 

subunit with the V-ATPase assembly chaperone VMA21 was dependent on the N-

glycosylation of a1 at Asn495 (Esmail et al. 2018). Using immunostainings of transfected 

HEK cells, it was observed that vATPase-a1-Mut, which cannot be glycosylated at the 

N495Q site, accumulates in the Golgi and is less present in mitochondria, an organelle 

downstream of the protein transport pathway (Fig. 3.5). These data corroborate 

glycosylation of a1 subunit is necessary for the correct trafficking within subcellular locations 

(Esmail et al. 2018). 

Since LRRK2-R1441C cortical cultures show abolished LRRK2/v0a1 interaction and correct 

cellular trafficking of v0a1 subunit is important to full vATPase assembly, it was 

hypothesised LRRK2 role could be chaperoning a1 subunit in a wider network within the 

cell, and pathogenic LRRK2 interacting with vATPase-a1 would alter its subcellular 

localisation. In a recent report, overexpression of LRRK2-Y1699C, another pathogenic 

LRRK2 mutation, in HEK cultures showed lysosomes become clustered in a perinuclear 

region, but intracellular positioning of early endosomes, ER, Golgi and mitochondria were 

not affected. Lysosomal localisation was altered in a kinase-dependent manner in 

overexpressing HEK but not SH-SY5Y cultures, suggesting that the mechanisms 

determining subcellular lysosomal location are cell type dependent (Ito et al. 2023). In 

agreement with this, at basal levels it was shown there were no differences in v0a1 spots 

within ER, Golgi-Apparatus or lysosomal regions in LRRK2-R1441C cortical cultures or 

LRRK2 iPSC-derived dopaminergic cultures, when compared to respective controls (Fig. 

3.13-15, Fig. 3.20-22). Ito and colleagues (2023) also reported increase in the 

phosphorylation of Rab12 by pathogenic increase of LRRK2-Y1699C kinase activity would 

compromise intracellular lysosomal transport, via the enhanced interaction of Rab12 with 

RILPL1. This would be consistent with co-immunoprecipitation of co-transfected HEK cells 

showing an increase of LRRK2/v0a1 interaction in the presence of kinase dead LRRK2 

(Fig. 3.9) (Ito et al. 2023). 

Clioquinol, a zinc ionophore used to rescue impaired lysosomal function phenotypes in 

LRRK2-R1441C cortical cultures (Wallings, Connor-Robson, and Wade-Martins 2019), did 

not show any effects in LRRK2/v0a1 interaction measured by co-immunoprecipitation (Fig. 

3.8). Interestingly, clioquinol decreased the presence of vATPase-a1 spots in ER and Golgi-

Apparatus regions in LRRK2-R1441C primary cortical neurons to levels of non-transgenic 
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littermates. This evidence could suggest that LRRK2-R1441C mutation, which affects the 

ROC domain of LRRK2, could alter cellular localisation and therefore cellular trafficking of 

a1 subunit in cortical primary cultures. Clioquinol treatment, which alters lysosome integrity 

and inhibits the proteasome, had no effect in v0a1 presence in lysosomes themselves, but 

significantly decreased v0a1 co-localisation in ER and Golgi spots. This perhaps would 

suggest lysosomes are not the principal destination for a1 subunit being chaperoned by 

LRRK2 within LRRK2-R1441C cortical neurons. Indeed, LRRK2 influences both retrograde 

and post-Golgi trafficking pathways in a manner dependent on its GTP binding and kinase 

activity, which was increased in primary astrocytes from R1441C knock-in animals 

compared WT littermates (Beilina et al. 2020). It could also suggest that if LRRK2 plays a 

role in chaperoning a1 subunit within cells, it would be involved in the earlier steps of a1 

protein trafficking, during synthesis in the ER and post-translational modifications in the 

Golgi-Apparatus. Taken together, these data would suggest that LRRK2 could still be 

involved in chaperoning a1 subunit within subcellular compartments, and this mechanistic 

pathway could have other important players not investigated here, such as Rabs. Finally, 

these datasets would benefit from further experimental work to investigate the role of 

LRRK2 in cellular trafficking of a1 subunit, as well as further work to characterise a1 co-

localisation with ER, Golgi-Apparatus and lysosomal organelles in LRRK2-WT and LRRK2-

G2019S models. 

 

6.2. LRRK2 and Autophagy 

This chapter focused on investigating autophagy-lysosomal pathway in LRRK2 models of 

PD. Measuring proteolytic degradation in rat cortical cultures using DQ-BSA showed 

increased levels in LRRK2-R1441C but no differences in LRRK2-G2019S or LRRK2-WT, 

compared to respective nTG littermates. Chloroquine treatment did not sufficiently decrease 

proteolytic degradation in LRRK2-R1441C primary cortical cultures, also indicating a 

surplus autophagic flux in these cultures (Fig. 4.1). Contrastingly, Wallings and colleagues 

thoroughly characterised the autophagy and lysosomal pathway in LRRK2 BAC transgenic 

rat cortical cultures and reported opposing effects, showing a decrease in lysosomal 

degradation in LRRK2-R1441C but not in LRRK2-G2019S or LRRK2-WT, compared to 

respective nTG littermates (Wallings, Connor-Robson, and Wade-Martins 2019). These 

disparaging results could be due to different assay sensitivities since proteolytic degradation 

was measured using DQ-BSA assay in the present study whereas Wallings and colleagues 

used a radiolabelled pulse-chase assay. Furthermore, it had previously been reported that 

autophagic flux is decreased in LRRK2-R1441C human fibroblasts (Manzoni et al. 2013). 
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However, measuring proteolytic degradation in LRRK2-R1441C and LRRK2-G2019S iPSC-

derived dopaminergic cultures using DQ-BSA assay showed no differences when 

compared to healthy controls (Fig. 4.2) which points to a cell-specific LRRK2 role in 

autophagy-lysosomal pathway (Madureira, Connor-Robson, and Wade-Martins 2020). 

Lysosomal marker LAMP1 expression measured by immunostaining and immunoblotting 

showed no differences in LRRK2 iPSC-DA cultures (Fig. 4.3, Fig. 4.5). However, LC3-II 

expression measured by immunoblotting showed a decrease in LRRK2-R1441C iPSC-

derived dopaminergic cultures (Fig. 4.4). Despite a decrease in LC3-II at basal levels in 

LRRK2-R1441C iPSC-DA cultures, the amount of LC3-II is higher in the presence of the 

autophagosome-lysosome fusion inhibitor chloroquine, which is indicative of autophagic 

flux occurring in these cultures. Additionally, co-localisation of LC3B and LAMP1 spots 

measured by immunostaining showed no differences between LRRK2 iPSC-derived 

dopaminergic cultures and healthy controls, suggesting there were no alterations in 

autolysosomes at basal levels (Fig. 4.3 H). Therefore, it is unlikely this significant change in 

LC3-II is affecting lysosomal degradation downstream of autophagosome formation in 

dopaminergic cultures. Thorough characterisation of autophagic markers in LRRK2-

G2019S iPSC-derived astrocyte cultures showed decreased autophagic flux (di Domenico 

et al. 2019), but the present data suggests there are no changes in LRRK2-G2019S iPSC-

derived dopaminergic cultures, highlighting once again cell-specific differences in LRRK2-

regulated autophagy. Results presented in this experimental setup would benefit from 

further validation using other autophagy lysosomal markers, such as fluorescently tagged-

LC3 or endogenous LC3, unfortunately not carried out due to time restraints. There have 

been many reports of LRRK2 impairing autophagy-lysosomal pathways, using different 

techniques to measure this dynamic pathway. In the future, it is important to achieve a level 

of consistency between different methodologies that would make the comparisons of 

different models more biologically relevant. To this effect, thorough guidelines for carrying 

out and interpreting autophagy assays have been updated and published in 2021 (Klionsky 

et al. 2021). 

DQ-Red BSA is a robust technique to measure proteolytic degradation. A potential caveat 

to this technique is due to the fact DQ-BSA is internalised into cells via the endocytic 

pathway, which shows alterations in aged striatal rat LRRK2-G2019S and LRRK2-R1441C 

(Connor-Robson et al. 2019). Additionally, Connor-Robson and colleagues reported that 

RAB5B, RAB7A and RAB10 proteins, which are localized to the early and maturing 

endosome, were reduced in LRRK2 iPSC-derived dopaminergic neurons and increased in 

striatal tissue of mutant LRRK2 BAC transgenic rats, compared to respective controls. In 

this case, iPSC-derived dopaminergic neurons, as well as cortical LRRK2 transgenic 
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cultures from young rats, likely represent a very early stage of PD pathogenesis, whereas 

the aged BAC transgenic rats represent an intermediate phase. This indicates age of PD 

models is crucial to capture pathophysiological events and it must be recognised LRRK2 

BAC transgenic rat cortical cultures, collected from pups and assessed at DIV14, might not 

recapitulate autophagy and endo-lysosomal impairments previously characterised in 

disease models corresponding to more advanced stages of PD. In parallel, it is important 

to consider the morphological and functional differences between cortical, striatal and 

dopaminergic neurons, as PD-related endo-lysosomal alterations could be cell type-

specific.    

 

6.3. LRRK2 and Mitochondria 

Here we have characterised mitochondrial health in two independent neuronal models of 

LRRK2-R1441C and demonstrated mitochondrial dysfunction and impaired mitophagy 

activation. First using transgenic primary cortical neuronal cultures, we observed that the 

LRRK2-R1441C mutation decreases mitochondrial membrane potential and increases 

ROS production. This mitochondrial dysregulation is linked to a functional impairment of 

mitophagy, both under basal and depolarising conditions. Interestingly, no significant 

changes were found in LRRK2-G2019S cortical neuronal cultures, suggesting divergent 

pathology of LRRK2 mutations (Fig. 5.5). Second, similar perturbations in mitochondrial 

function were demonstrated in human LRRK2-R1441C iPSC-DA neuronal cultures, 

revealing decreased mitochondrial membrane potential, decreased maximal respiration and 

spare capacity in LRRK2-R1441C. In parallel, we observed reduced pS65Ub levels in 

LRRK2-R1441C iPSC-DA neuronal cultures. Interestingly, all LRRK2-R1441C phenotypic 

alterations were shown to be independent of LRRK2 kinase activity. We have investigated 

previously reported mechanisms by which LRRK2 regulates mitophagy, including altered 

interaction of mutant LRRK2 with MIRO1, altered Drp1 and exacerbated phosphorylation of 

Rab10 (Bonello et al. 2019; Hsieh et al. 2016; Wauters et al. 2020). We demonstrate here 

that LRRK2 and MIRO1 proteins co-localise within mitochondria and that the LRRK2-

R1441C mutation results in no significant disruption of that interaction. 

The dopaminergic neurons of the SNpc, which are affected in PD, project to the dorsal 

striatum. Therefore, mitochondrial morphology was investigated in dorsal striatal brain 

tissue from aged (21-22 months old) LRRK2 BAC transgenic rats and nTG littermates.  

Striatal tissue sections were imaged using electron microscopy (EM) to analyse 

mitochondrial morphology (Fig. 6.1 A). Mitochondrial area and mitochondrial roundness 

were calculated and compared between animals expressing LRRK2 wild-type and mutant 
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proteins. It was observed that mitochondrial area was not changed in LRRK2-R1441C and 

LRRK2-G2019S aged striatum (P = 0.2683 and 0.3388, respectively) (Fig. 6.1 B). However, 

mitochondrial roundness was altered in LRRK2-G2019S animals when compared to non-

transgenic littermates (P = 0.0197), but not altered in LRRK2-R1441C and LRRK2-WT (Fig. 

6.1 C). Striatal tissue sections from aged LRRK2-G2019S rats exhibited rounder 

mitochondria, which could indicate a perturbed mitochondrial network, although no change 

in mitochondrial function was seen in LRRK2-G2019S primary cortical neurons in vitro. 

Figure 6.1 – Mitochondrial morphology in striatal tissue from aged LRRK2 rats. (A) 

Representative immunogold labelled dopaminergic terminals, scale bar represents 500 nm. 

Mitochondrial morphology of the dorsal striatum of 21-22 months old LRRK2 BAC 

transgenic rats was assessed by calculating (B) mitochondrial area (μm2) and (C) 

mitochondrial roundness using ImageJ software. Data points represent values averaged 

from each animal. Scale bars correspond to 500 nm. Bars, mean ± SEM from three 

independent litters (ns: non-significant; ∗P <0.05; Kruskal–Wallis non-parametric ANOVA). 
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Data points represent averaged measures per animal analysed for each genotype. Bars, 

mean ± SEM from three independent litters (ns: non-significant; ∗P <0.05; Kruskal–Wallis 

non-parametric ANOVA). Panel A was performed, stained and assayed by Dr. Natalie 

Connor-Robson and Dr. Matthew Williamson. 

 

Mitochondrial dysfunction has been thoroughly described in LRRK2-G2019S PD models to 

date, with the more penetrant but less frequent LRRK2-R1441C mutation less explored. 

Here we show LRRK2-R1441C iPSC-DA neuronal cultures display decreased 

mitochondrial membrane potential, reduced maximal respiration and spare capacity, 

indicating mitochondria are less efficient when compared to control iPSC-DA neuronal 

cultures (Fig. 5.10). We observed specific changes in membrane potential and OXPHOS 

function in LRRK2-R1441C iPSC-DA neuronal cultures although there was no gross 

energetic deficit. However, ATP levels in LRRK2-R1441C iPSC-DA neuronal cultures were 

unchanged, suggesting compensation by other pathways. It has been previously reported 

that mitochondrial uncoupling proteins are altered in LRRK2-G2019S models and similar 

mechanisms may also be operative in R1441C neurons (Papkovskaia et al. 2012). 

Furthermore, calculating LRRK2-R1441C patient line Z-scores for the different assays in 

our study revealed that DA neuronal cultures derived from the LRRK2-R1441C iPSC line 

SFC869 presented with the worst Z-score for mitochondrial morphology, mitochondrial 

membrane potential and mitochondrial ROS, while presenting the highest score for 

mitophagy activation of all the patient lines. Overall, it is clear the LRRK2-R1441C patient 

line SFC869 displayed more severe phenotypical alterations than iPSC-DA neurons derived 

from patient lines SFC870 and JR207 (Fig. 5.21). Although the present study does not 

establish causality between mitochondria damage and mitophagy, our work demonstrates 

how mitochondrial networks are intricately balanced and highlights inter-patient variability 

between LRRK2-R1441C mutation carriers. The link between iPSC-DA neuronal 

mitochondrial phenotypes and patient clinical phenotypes will be interesting to understand 

in large iPSC collections from well-characterised patient cohorts (Marek et al., 2011). 

However, the lack of correction of LRRK2-R1441C phenotypes in patient iPSC-DA cultures 

reported here suggests mechanisms independent of kinase activity.  

We also observe changes in mitochondrial morphology in LRRK2-R1441C iPSC-

dopaminergic cultures. Specifically, mitochondria are smaller, rounder and have an 

increased width to length ratio, which indicates mitochondria are fragmented. Our results 

suggest damaged mitochondria are accumulating in iPSC-DA neuronal cultures (Fig. 5.16). 

Moreover, we report LRRK2-R1441C iPSC-DA neuronal cultures exhibit altered OXPHOS 
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complex activity, confirming that mitochondrial morphology alterations are associated with 

mitochondrial dysfunction. When analysing mitochondrial morphology in primary cortical 

cultures and in aged striatal tissue, there were no differences in LRRK2-R1441C compared 

to nTG littermates, suggesting that PD-related mitochondrial morphology alterations could 

be cell type-specific. 

Taken together, our work illustrates mitochondria are damaged and less efficient in LRRK2-

R1441C neuronal cultures. Removal of damaged mitochondria by mitophagy is a key step 

in limiting the pool of damaged mitochondria and failure of this process is linked to PD 

(Malpartida et al. 2021). We have shown that LRRK2-R1441C primary cortical neurons 

exhibit decreased mitophagy levels under steady state and CCCP-induced depolarising 

conditions, in line with previous reports from LRRK2-G2019S models (Singh et al. 2021; 

McWilliams et al. 2018). We also confirm decreased levels of pS65Ub, which is induced by 

PINK1 activation, after mitochondrial depolarisation in LRRK2-R1441C iPSC-DA neuronal 

cultures. Importantly, the mechanism of decreased pS65Ub levels in LRRK2-R1441C 

mutants could involve altered PINK1 activation or increased activity of ubiquitin 

phosphatases such as PPEF2 or PTEN-L (Wall et al. 2019; Wang et al. 2018). Therefore, 

decreased mitophagy could further exacerbate perturbations on mitochondrial 

homeostasis, since damaged mitochondria are not being degraded and could disturb the 

mitochondrial network, contributing to molecular pathology in PD. 

Investigating the mechanisms of LRRK2-mediated regulation of mitophagy, we were able 

to partially confirm the findings described by Hsieh and colleagues (2016), whereby the 

interaction of LRRK2 with MIRO1 promotes MIRO1 degradation and removal from the 

OMM, leading to mitophagy initiation (Hsieh et al. 2016). In the present study, we 

demonstrate MIRO1 depletion induced by mitochondrial damage is impaired in LRRK2-

R1441C iPSC-DA neuronal cultures. Importantly, we show that LRRK2-MIRO1 co-

localisation occurs within mitochondrial structures in iPSC-DA neuronal cultures but, 

contrary to the mechanism demonstrated for LRRK2-G2019S/MIRO1 interaction, we do not 

observe a significant disruption of LRRK2-R1441C/MIRO1 co-localisation compared to 

control (Fig. 5.20). Additionally, MIRO1 expression at basal levels was increased, but not 

significantly, in LRRK2-G2019S iPSC-derived dopaminergic cultures when compared to 

healthy controls and there was a significant clioquinol-induced increase in MIRO1 levels in 

LRRK2-G2019S dopaminergic cultures. Since clioquinol can alter lysosome integrity and 

inhibits the proteasome, it is plausible this affects MIRO1 degradation in LRRK2-G2019S 

neurons, leading to an abnormal accumulation of this protein, similarly to the observations 

reported by Hsieh and colleagues (2016) (Hsieh et al. 2016; Grossmann et al. 2020). 

Although more experiments would be necessary to confirm these observations, this 
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evidence adds to the ongoing hypothesis that the underlying pathophysiology of the LRRK2-

G2019S and LRRK2-R1441C mutations have distinct mechanisms impacting neuronal cell 

health. These observations are interesting when considering the multi-factored 

susceptibility of dopaminergic neurons of the SNpc. 

Conversely, in iPSC-DA LRRK2-R1441C neuronal cultures we did not observe the 

increased phosphorylation of Rab10 found in LRRK2-G2019S mutant primary fibroblasts. 

The differing results highlight the complex cell-type and mutation specificity of LRRK2-PD 

pathology. In a recent study, Hsieh and colleagues (2019) demonstrated small molecule 

modulators promoting MIRO1 degradation increased mitophagy levels in LRRK2-G2019S 

iPSC-derived cultures (Hsieh et al. 2019) which may also be relevant in LRRK2-R1441C 

models. 

Overall, this study determined that LRRK2-R1441C iPSC-DA neuronal cultures exhibited 

mitochondrial dysfunction and impaired mitophagy. We found that the LRRK2 kinase 

inhibitor MLi-2 did not fully restore OXPHOS function, mitochondrial membrane potential or 

CCCP-induced mitophagy activation defects in LRRK2-R1441C iPSC-DA neuronal cultures 

(Fig. 6.2). Importantly, different LRRK2-R1441C patient iPSC-DA neuronal cultures 

displayed different phenotypic severities at the molecular level, reflecting a need for patient 

stratification in the treatment of LRRK2-related PD. 
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Figure 6.2 – Schematic representation of mitochondrial alterations in LRRK2-R1441C 

PD. LRRK2-R1441C induced pluripotent stem cell-derived dopaminergic neuronal cultures 

(iPSC-DAn) exhibit altered mitochondrial morphology and membrane potential, which is 

linked to mitochondrial dysfunction of OxPhos complexes. Damaged mitochondria undergo 

decreased PINK1-dependent activation of mitophagy. Disrupted LRRK2 regulation of 

mitophagy is caused by loss of interaction between LRRK2-R1441C and outer 

mitochondrial membrane MIRO1. This leads to impaired degradation of MIRO1, anchoring 

damaged mitochondria to microtubules. 

 

6.4. General conclusions and future studies 

The present body of work contributes to further the understanding of LRRK2-related 

mechanisms of action in PD, by investigating the novel interaction of LRRK2 with vATPase-

a1 subunit of the vATPase proton pump complex (Chapter 3), autophagy-lysosomal 

pathways (Chapter 4) and mitochondrial function and mitophagy (Chapter 5) in relevant 

LRRK2 disease models. 

In previous literature, disease pathways involving autophagy-lysosomal pathway and 

mitochondrial function have been suggested to be cell-type specific (Panicker et al. 2021). 
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Thus, it is important to focus on studying these cellular functions in dopaminergic neurons, 

a physiologically relevant disease model for PD. In the present study, dopaminergic 

neuronal cultures were derived using iPSC from healthy controls and LRRK2-R1441C 

patients to assess autophagy. Using immunoblotting to measure expression of autophagy 

markers showed a decrease in LC3-II levels in LRRK2-R1441C iPSC-derived dopaminergic 

cultures (Fig. 4.4), but no change in LAMP1 levels (Fig. 4.3, Fig. 4.5). This could suggest a 

defect in the early stages of autophagy, relating to generation and packaging of 

autophagosomes, which does not seem to be accompanied by defects in lysosomal 

organelles. Furthermore, proteolytic degradation levels were not changed in LRRK2-

R1441C iPSC-derived dopaminergic cultures compared to healthy controls (Fig. 4.2; Fig. 

6.3). Since the autophagy-lysosomal pathway is a dynamic cellular function critical to 

maintain neuronal health, it would be important to further investigate this mechanism in live 

cell models of LRRK2 dopaminergic neurons. Equally as important, it would be essential to 

study this pathway in more complex models that capture neuronal and glial contributions, 

such as brain organoids. Recently, Jarazo and colleagues showed decreased autophagy 

and mitophagy levels in PINK1 (p.I368N) patient-derived cells in midbrain organoids, 

compared to healthy controls (Jarazo et al. 2022). A similar study using LRRK2-R1441C 

patient-derived cells in midbrain organoids would be crucial to understand LRRK2 

contribution to molecular pathways and its role in PD. 

Since bioenergetics are important to maintain neuronal health, dopaminergic neuronal 

cultures were derived using iPSC from healthy controls and LRRK2-R1441C patients to 

assess mitochondrial function and mitophagy. It was demonstrated that mitochondrial 

function is decreased in the OxPhos complexes, since there was decreased maximal 

respiration and spare capacity, mitochondrial are more fragmented, there is decreased 

mitochondrial membrane potential and decreased PINK1-dependent activation of 

mitophagy in LRRK2-R1441C iPSC-derived dopaminergic cultures and primary cortical 

cultures, but not LRRK2-G2019S neuronal models (Fig. 6.2, Fig. 6.3). A recent clinical trial 

was terminated at Phase 2, using MitoQ (Mitoquinone) to treat early onset of PD 

(NCT00329056). This mitochondria-targeted antioxidant was used as a protecting agent 

against mitochondrial redox stress in vitro using human skin fibroblasts (Koopman et al. 

2005). Surprisingly, there are no clinical trials for mitochondrial-targetted drugs in PD 

currently (Source: clinicaltrials.gov, accessed 26-06-2023). The data presented in this study 

highlights an interesting mitochondrial phenotypic difference between the two most common 

LRRK2 mutations in PD patients, and suggests mitochondrial-targeted drugs could soon 

bring very exciting prospects into the pharmacological space for neurodegeneration.   



175 
 

Furthermore, two important interacting partners of LRRK2 have been investigated. Firstly, 

LRRK2 seems to interact with vATPase-a1 subunit of proton pumps in human cellular 

models, but does not seem to be crucial for maintaining lysosomal activity in iPSC-derived 

dopaminergic cultures. Secondly, LRRK2 interacts with MIRO1 to promote MIRO1 

degradation and removal from the OMM, leading to mitophagy initiation, which is impaired 

in LRRK2-R1441C iPSC derived dopaminergic cultures. Additionally, LRRK2 kinase 

inhibitor MLi-2 and zync-ionophore Clioquinol did not rescue any of the mitochondrial or 

autophagic impairments, respectively. Hence, it will be important to take into consideration 

LRRK2 kinase inhibitors currently undergoing clinical trials, such as DNL-151 in Phase 3 

(NCT05418673) and NEU-723 in Phase 1 (NCT05633745) could have better effects in 

LRRK2-G2019S PD patients than in LRRK2-R1441C, highlighting patient stratification in 

complex neurodegenerative disorders. It is important to highlight another LRRK2 targetting 

therapy, ION-859, a LRRK2 antisense oligonucleotide therapy targetting LRRK2 mRNA to 

inhibit the LRRK2 gene (Phase 2 clinical trial, NCT03976349). Future investigation into key 

players of PD molecular disruption such as LRRK2 and GBA, and the respective cellular 

mechanism they regulate such as autophagy and mitochondrial health in relevant disease 

models, will prove most useful to inform drug tractability for PD patients. 

 



176 
 

 

Figure 6.3 – Mitochondrial and autophagy-lysosomal alterations in LRRK2-R1441C 

iPSC-derived DA cultures. LRRK2-R1441C induced pluripotent stem cell-derived 

dopaminergic neuronal cultures (iPSC-DAn) showed decreased LC3-II expression, despite 

showing no changes in autophagy-lysosomal marker LAMP1 or autophagic flux. In parallel, 

LRRK2-R1441C iPSC-DAn exhibit altered mitochondrial morphology and membrane 

potential, which is linked to mitochondrial dysfunction of OxPhos complexes. Damaged 

mitochondria undergo decreased PINK1-dependent activation of mitophagy. Disrupted 

LRRK2 regulation of phosphorylated ubiquitin affects mitophagy in LRRK2-R1441C, while 

still interacting with outer mitochondrial membrane MIRO1. This leads to impaired 

degradation of MIRO1, anchoring damaged mitochondria to microtubules. 
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