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Abstract 

 

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

after Alzheimer disease, affecting 0.8% of the global population with only symptomatic 

treatments available, to date.  It is characterised by decreased levels of dopamine, due to 

progressive loss of dopaminergic neurons in the substantia nigra pars compacta (SNpc) region 

of the mid brain. This depletion of dopamine gives rise to motor symptoms such as slowness 

of movement (bradykinesia), muscular rigidity, resting tremor and postural instability. A 

pathological hallmark of PD is presence of intraneuronal Lewy bodies, comprising the 

aggregation of incorrectly folded α-synuclein (SNCA) protein. Pathological α-synuclein 

aggregates are majorly present in sporadic PD cases. However, the first gene mutation 

identified in PD is located in SNCA, leading to the autosomal dominant familial form of the 

disease. Another form of PD is characterized by loss-of-function of an E3-ubiquitin ligase, 

parkin. Parkin is the second most common gene associated with familial form PD after α-

synuclein. Mutations in the parkin are the predominant cause of autosomal recessive juvenile 

Parkinsonism (AR-JP) and accounts for almost 50% of all individuals with recessive and 

typical early onset PD (~40 years). Parkin mutations are responsible for 77% of sporadic cases 

with juvenile PD onset before 21 years. Mutations in both α-synuclein and parkin are 

considered major contributors in PD pathogenesis. Despite extensive research on individual 

effects of α-synuclein and parkin, their interactions in dopaminergic neurons of disease 

progression remain understudied.   

At cellular level, an involvement of mitochondrial dysfunction has also been implicated in the 

pathogenesis of PD. Mutations in α-synuclein and parkin result in impaired mitochondrial 

morphology, causing loss of dopaminergic neurons. However, mechanism of α-synuclein and 

loss-of-function parkin mutation triggering the defects in mitochondria morphology and how 

it ultimately causes dopaminergic neuronal death is still unclear. 

In this study, we employ Drosophila melanogaster (aka fruit flies) to investigate the genetic 

and molecular interactions of α-synuclein and parkin in the dopaminergic neurons of posterior 

brain and their effect on mitochondrial morphology in time-dependent manner. By inducing α-

synuclein overexpression and downregulating parkin in different tissues, Drosophila has 

effectively recapitulated major PD phenotypes. These include neurodegeneration, locomotor 

dysfunction, and decreased lifespan, offering a convenient experimental platform to investigate 

the genetic and molecular interactions between α-synuclein and parkin. 
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In context of their interactions, we found that overexpression of α-synuclein along with 

downregulation of parkin causes reduction in number of dopaminergic neuronal clusters in 

posterior region of adult brain which is manifested as progressive locomotor dysfunction. 

Overexpression of α-synuclein and downregulation of parkin collectively results in altered 

mitochondrial morphology in a cluster specific manner, only in a subset of dopaminergic 

neurons of the brain. Further, we found that α-synuclein overexpression causes transcriptional 

downregulation of parkin. However, this downregulation is not further enhanced upon 

collective α-synuclein overexpression and parkin downregulation. This suggests that the 

interactions of α-synuclein and parkin may not be additive. Our study thus provides insights 

into a potential link between α-synuclein and parkin interactions. These interactions result into 

altered mitochondrial morphology in cluster specific manner for dopaminergic neurons over a 

period of time thus unravelling the molecular interactions involved in etiology of Parkinson’s 

Disease.  
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1.1 Parkinson’s Disease 

Parkinson's Disease (PD) is a neurological disorder that, similar to other neurological 

conditions, tends to impact individuals more frequently as they age. PD is the second most 

common age-related neurodegenerative disease after Alzheimer disease, initially described as 

"paralysis agitans" in 1817 by an English surgeon James Parkinson in “An Essay on the 

Shaking Palsy”. Two major neuropathological hallmarks of PD are progressive loss of 

dopaminergic neurons in substantia nigra pars compacta region of mid brain, which affects 

the dopamine level in the striatum; and, the presence of intraneuronal Lewy bodies which are 

formed mainly due to aggregation of α-synuclein protein (1,2). Depletion of dopamine level 

within striatum leads to motor symptoms including slowness of movement (bradykinesia), 

muscular rigidity, resting tremor and postural instability (3) (Fig 1.1).  

 

 

Figure 1.1. Major hallmarks of Parkinson’s Disease.  

PD is also associated with many non-motor symptoms  such as rapid eye movement (REM) 

sleep behaviour disorder (RBD), cognitive effects, autonomic disabilities, and sensory 

disturbances that contribute to the impairment of patient’s quality of life (4,5), although clinical 

diagnosis of PD relies on the presence of motor symptoms.  
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The prevalence of PD has doubled in the past 25 years. Global estimates in 2019 showed over 

8.5 million individuals with PD. Current estimates suggest that, in 2019, PD resulted in 5.8 

million disability adjusted life years (DALYs), an increase of 81% since 2000, and caused 

329 000 deaths, an increase of over 100% since 2000. According to WHO Global Burden of 

disease study, PD affects people with the prevalence of 0.8% of the worldwide population (7 

million to 9 million people) among the other neurological disorders and has estimated that 12.9 

million people will be affected by PD by 2040 (Fig 1.2). Age-standardized prevalence of PD 

is higher in men than in women (1.7% for men and 1.2% for the women) at the age of 60 years 

(Fig 1.3) (6,7). In India, prevalence of age-standardized PD has increased from 1990-2019. 

Notably, increased prevalence of PD is higher in those of above 50 years of age, both in males 

and females (8).  

 

 

 

 

Figure 1.2 Global burden of PD: Graph depicting the number of people affecting with PD 

worldwide. (Feigin VL, et al; Global, regional, and national burden of neurological disorders 

during 1990–2015: a systematic analysis for the Global Burden of Disease Study 2015. Lancet 

Neurol. 2017;16 (11):877–97). 
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Figure 1.3 Global prevalence of PD by age and sex: Graph depicting the prevalence of PD 

in males and females. (Ray Dorsey E, et al; Global, regional, and national burden of 

Parkinson’s disease, 1990–2016: a systematic analysis for the Global Burden of Disease Study 

2016. Lancet Neurol. 2018;17 (11):939–53). 

 

Most of PD cases are sporadic in which environmental factors MPTP (1‐methyl‐4‐phenyl-

1,2,3,6-tetrahydropyridine), 6-OHDA (6‐hydroxy dopamine), Rotenone, Paraquat (PQ), are 

involved and cause dopaminergic neuron degeneration (9) . About 10-15% of PD cases are 

familial (genetic) in nature and have been attributed to single gene mutations (10,11). The 

genes consisting these mutations include SNCA (α-Synuclein), LRRK2 (Leucine-rich repeat 

kinase 2), PARK2 (parkin), PINK1(PTEN-induced kinase 1) and  DJ-1 (Daisuke-Junko-1) (12). 

Among these, SNCA and LRRK2 have been found to be associated with autosomal dominant 

form of PD, whereas PARK2, PINK1 and DJ-1 are associated with autosomal recessive form 

of PD, and may have an early onset of PD (13). However, these genes also play vital role in 

sporadic PD (12). It is well known that accumulation of wild type and mutant α-Synuclein 

protein causes loss of DA neurons (14), but the precise function of α-Synuclein in 

dopaminergic neuron degeneration is not known yet.  
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Within the genes associated with familial PD, we have focused on SNCA and PARK2, given 

substantial roles in the onset and development of Parkinson's Disease.  

1.1 α-Synuclein:  

Human α-synuclein is predominantly present in all over the brain, particularly in the neocortex, 

hippocampus, substantia nigra (SN), thalamus, and cerebellum regions.  It is encoded by SNCA, 

present on chromosome 4, which consists of 6 exons ranging from 42 to 1110bp (15).  Because 

of its localization at presynaptic terminals and in nuclei it derives its name, synuclein, from 

synapse and nucleus. It was first isolated from neural tissue in Pacific electric ray in 1988 (16) 

in presynaptic terminal, composed of 140-amino acids and is about 15 kDa in size (16,17). α-

Syn is considered major component of Lewy bodies (18). In 1997, Polymeropoulos et al. 

identified first α-synuclein mutation associated with familial PD (A53T) and since then it is 

identified as an important player in a complex neurodegenerative disease (PD) (11). 

1.1.1 Structure of α-synuclein :  

α-synuclein is a member of synuclein family which also consist of β-synuclein, and γ-synuclein 

(19). It is subdivided into three domains and each responsible for different molecular and 

biological properties (20). An N-terminal domain (AA 1–65), a non-amyloid-β component of 

plaques (NAC) domain (AA 66–95), and a C-terminal domain (AA 96–140) (Fig 1.4 A) (21). 

N-terminal region contains a highly conserved sequence with 11 amino acid repeats 

(KTKEGV) that enable α-synuclein to bind the plasma membrane by forming an amphipathic 

a-helix. N-terminal region is reported to have most of the known mutations in α-synuclein that 

lead to pathologically dysfunctional α-synuclein and hence, emphasizes its importance in 

familial PD pathology. The central NAC domain (residues 61-95) contains a stretch of 12 

amino acids of non-polar side chains, which are hydrophobic in nature and form β-sheet which 

results in polymerization and aggregation of α-synuclein. The C-terminal domain (residues 96-

140) contains negatively charged amino acids. Most of the posttranslational modifications 

(PTM) occur in this region which have been reported on S129, Y133 and Y136. Among all 

posttranslational modifications of α-synuclein, S129 was identified as an important 

modification in  α-synuclein for familial as well as sporadic Lewy body disease (22,25,26). C-

terminal domain is also involved in Ca2+  binding and chaperone-like activity (25). Recently, it 

has been shown that the binding of Ca2+ to the C-terminus of α-synuclein also regulates its 

binding to synaptic membranes (26). 
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Figure 1.4. A. Schematic representation of the structure and function of α-synuclein. The 

arrows indicate mutations and phosphorylation sites. NAC: Nonamyloid component. B. Under 

physiological conditions, α-synuclein (green) is involved in exocytosis process by promoting 

SNARE-complex assembly, hence enabling the fusion of intracellular presynaptic vesicles 

with the presynaptic membrane. Neurotoxic alterations of α-synuclein (red) increase the 

formation of toxic oligomers and fibrils that disrupt intracellular processes. Figure drawn using 

BioRender. 
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1.2.2 Function of α-synuclein: 

Physiological function of α-synuclein in each subcellular organelle is only partially understood, 

however numerous physiological functions of α-synuclein are known. In its native form, α-

synuclein is present in synaptic terminals, nucleus of neuronal cells (16), mitochondria (27), 

endoplasmic reticulum (ER) (28), Golgi apparatus (GA) (29), and in the endolysosomal system 

(30). Different roles of α-synuclein in the regulation of neurotransmitter release, synaptic 

function and synaptic plasticity has been suggested in in vivo and in vitro models (33,34). For 

neurotransmitter release, α-synuclein contributes to the normal functioning of neurotransmitter 

compartmentalization, storage, and recycling (33) (Fig 1.4 B).  

Neurotransmitters are secondary messengers which are secreted several times from presynaptic 

vesicles. For each single neuroanmsmitter release from presynaptic terminal, a cycle of 

assembly and disassembly of the SNARE (Soluble N-Ethylmaleimide-Sensitive Factor 

Attachment Protein Receptor) complex is needed to be repeated. SNARE is a complex of 

proteins involved in membrane fusion. It consists of v-SNAREs (vesicle-associated SNAREs) 

on the vesicle membrane and t-SNAREs (target membrane-associated SNAREs) on the target 

membrane. α-Synuclein is directly bound to the SNARE complex (v-SNARE and t-SNARE), 

and promotes its assembly. This process is made possible through the binding of the N-terminal 

domain to phospholipids and the C-terminal domain to synaptobrevin-2/vesicle-associated 

membrane protein 2 (VAMP-2), ultimately facilitating the fusion of intracellular presynaptic 

vesicles with the presynaptic membrane (Fig 1.4 B) (36,37). Unfolded cytosolic α-synuclein 

monomers bind to presynaptic membranes during the SNARE complex assembly, and form a 

complex of α-helically folded α-synuclein homomers which lead to neuroprotection in 

presynaptic terminals (36). Large oligomers of α-synuclein are harmful, and bind to an 

N-terminal domain of synaptobrevin-2 and prevent assembly of SNARE complex which lead 

to neurodegeneration (37). Also, α-synuclein oligomers may sequester the v-SNARE using 

multiple binding sites for t-SNARE on vesicles and inhibit SNARE-mediated vesicle fusion 

(37). In the context of synaptic function, synapsins, belonging to the cytoplasmic regulatory 

family of synaptic vesicles (SV), promote the interaction between α-synuclein and synaptic 

vesicles. This interaction contributes to the facilitation of synaptic vesicle clustering (38). 

Though, the regulation of neurotransmitter release by α-synuclein is not limited to dopamine 

transmission (39). Additionally, an elevated expression of α-synuclein has been proposed to 

disturb calcium homeostasis, rendering dopaminergic neurons susceptible to potential damage 

(40).  
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1.2.3 α-Synuclein in PD: 

α-Synuclein is defined as a ‘natively unfolded’ monomer; however, it has also been shown that 

endogenous α-synuclein occurs in large part as a folded tetramer (~58 KDa) with little or no 

amyloid-like aggregation potential (41). In PD, α-synuclein forms a pathological β-sheet 

conformation that recruits additional monomers to form oligomers and amyloid fibrils in the 

neuron soma and in axons called Lewy Bodies and Lewy neurites respectively (Fig 1.5) 

(22,28). These misfolded α-synuclein oligomers and fibrils have been shown to cause 

impairment in neuronal homeostasis by targeting sub-cellular functions. This impairment arises 

through various mechanisms, including oxidative and endoplasmic reticulum stress, 

dysfunction in vesicular trafficking, disturbances in the autophagy-lysosomal pathway, and 

mitochondrial dysfunction. (42). Pathologic aggregation of α-synuclein has also been shown 

to be involved in cell-to-cell transmission (Fig 1.5) in PD patients as well as in cellular and 

animal models) (44,45).  

 

 

Figure 1.5. Schematic illustration of α-syn aggregation and transmission.  

Source: Kingwell, K. Zeroing in on neurodegenerative α-synuclein. Nat Rev Drug 

Discov (2017). 

In 1997, the first link between α-synuclein and PD discovered when a missense mutation 

(A53T) was identified in SNCA (also known as PARK1), in a large Italian family. This mutation 
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was subsequently detected in three unrelated Greek families exhibiting autosomal dominant 

early-onset PD (11). Subsequent immunostaining studies demonstrated that α-synuclein is a 

prominent constituent of Lewy bodies (LBs), which are known as a primary pathological 

hallmark of PD (45). Several missense and point mutations of SNCA have linked to early-onset 

autosomal dominant PD. SNCA point mutations include A53T, A30P, E46K, A53E, H50Q, 

G51D, A18T, and A29S. SNCA duplication has been reported to cause late onset of aging and 

slow progression of neurodegeneration in PD (46,47,50,51,52). In contrast, SNCA triplication 

result into earlier onset of the disease and rapid progression (50, 53). Multiplications of SNCA 

has also been reported in PD (53).  Pathologic α-synuclein aggregates are majorly present in 

sporadic PD cases. Together, SNCA mutations and the copy number increase the disease 

severity from different reports and strongly suggest that α-synuclein is a major contributor in 

PD. 

1.3 Parkin:  

Parkin is an E3 ubiquitin ligase encoded by PARK2 gene and is located on the chromosome 

6q. The gene locus (PARK2) was discovered in 1997 (54) and thereafter its encoded protein 

was named parkin (55). It contains 12 exons that are separated by intronic regions and spans 

more than 1.53 Mb (55). It encodes for a protein of 465 amino acids with molecular weight of 

52kDa. It is an evolutionary conserved with orthologs in Caenorhabditis elegans, Drosophila 

melanogaster, mouse, rat, and other species (57,58,59,60).  

Mutations in the PARK2 are the predominant cause of autosomal recessive juvenile 

Parkinsonism (AR-JP) and accounts for almost 50% of all individuals with recessive and 

typical early onset PD (~ 40 years). PARK2 mutations are responsible for 77% of sporadic cases 

with juvenile PD onset (60). The parkin mutations are highly diverse which include 

rearrangements with deletions of single or multiple exons, duplications or triplications of 

exons, frameshifts mutations, missense mutations (resulting in the replacement of one amino 

acid residue by another) and nonsense mutations (resulting in a stop codon), all of them lead to 

protein loss of function or absence of protein by nonsense mRNA degradation (62,63,64,65). 

Parkin is widely expressed throughout the brain, and abundant expression of its mRNA has 

been observed in other tissues such as the heart and skeletal muscles (55). 
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1.3.1 Structure of parkin: 

Parkin is a RING (really interesting new gene)-in-Between-RING (RBR) E3 ubiquitin ligase 

involved in the ubiquitination of various structurally and functionally distinct substrate 

proteins, including itself (65). It consists of a ubiquitin-like (Ubl) domain at N-terminus that is 

followed by four  cysteine-rich regions and each region binds two Zn2+ atoms (66). Three of 

those regions are the RING domains (RING0, RING1 and RING2).  RING1 and RING2 

domains are separated by a 51-residue in-between-RING (IBR) domain in the C-terminal 

region (68,69) (Fig 1.6).  

The N-terminal Ubl domain is 30% identical in amino acid sequence to ubiquitin and it contains 

a serine at position 65 that is phosphorylated by PINK1. RING1 and RING2 catalytic domain 

are the two most important domains for ligase activity; RING1 binds the E2 ubiquitin-

conjugating enzyme, where Rcat contains the catalytic site (Cys431) for ubiquitin transfer. Two 

linkers are present; one is 60 amino acids longer which follows the Ubl domain and contains a 

short activating element (ACT) that helps in stabilizing the active conformation of parkin. The 

second linker is repressor-element-of-parkin (REP) between the IBR and Rcat domains and 

includes a short alpha helical segment which helps in maintaining parkin in an inactive state 

(66,69).  

In absence of PINK1, parkin is present in autoinhibited conformation in the cell cytosol. Parkin 

is maintained in inactive form by intradomain contacts that block the functional sites required 

for ubiquitin transfer. The Ubl domain blocks the E2- binding site on RING1 and part of the 

linker between the IBR and Rcat domain termed the Repressor-element-of-parkin (REP). The 

RING2 domain is bound to the RING0 domain with the catalytic cysteine inaccessible.  

Dissociation of these contacts activates parkin by making the active sites available and able to 

interact with each other (69).  

In 12 exons of PARK2, more than 100 PD-associated mutations have been identified (67). 

Mutations in PARK2 have been found in all the domains of parkin. However, majority of 

mutations occur in RING-IBR-RING domain, in particular to the first RING domain (RING1), 

implying essential functional relevance for this domain of the protein. 
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Figure 1.6. Schematic representation of parkin structure. A. Presence of parkin on 

chromosome 6. B. Parkin at transcript level showing different color-coded functional domains 

and arrows indicate major mutations in PD. Figure drawn using BioRender. 

 

1.3.2 Functions of parkin: 

Parkin as an E3 ubiquitin ligase, involved in ubiqutination of target substrate for the 

proteasomal degradation. It mediates both multiple mono-ubiquitination and poly-

ubiquitination (through lysines K48 and K63) of its substrates (71,72,73,74). The K48-linked 

poly-ubiquitinaton targets substrates for proteasomal-dependent degradation (74), whereas the 

K63-linked poly-ubiquitination regulates substrates through proteasomal-independent 

lysosomal degradation and target whole organelles for autophagy degradation (71). In 

proteasomal-dependent degradation process, ubiquitination occurs through the transfer of an 

ubiquitin molecule from an activated E1 enzyme to the conjugating E2 enzyme, where an E3-

ligase catalyses the transfer of the ubiquitin molecule from the E2 enzyme to a protein destined 

for degradation. Ubiquitin molecules are attached to target proteins via a covalent bond 

between the glycine at residue 76 (G76) in the C-terminal of ubiquitin and lysine at residue 48 

(K48) at the N-terminal of the substrate protein (68) (Fig. 1.7A). Under basal conditions, the 

cytosolic parkin exists in an inactivated form (75). It undergoes substantial conformational 

rearrangements for its activation through binding of ubiquitin phosphorylated at serine65 by 

PINK1 (PTEN-induced putative kinase protein 1) (72). 

In addition to the function of parkin in the ubiquitin proteasomal system, parkin’s E3 ligase 

activity is involved in diverse aspects of mitochondrial functioning which include; 

mitochondrial mitophagy, biogenesis, fusion/fission and trafficking (77,78,79). Parkin 

translocates from the cytosol to dysfunctional mitochondria upon an impaired electrochemical 

membrane potential leading to mitochondrial depolarization. The dysfunctional mitochondria 

are removed by the autophagy-mediated ‘mitophagy’ process (76). Both parkin-dependent and 
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-independent mitophagy mechanisms are reported in removing damaged mitochondria. In 

parkin-dependent mitophagy parkin and PINK1 act together in an ubiquitin-dependent 

mechanism (80,81). When mitochondria are healthy, PINK1 is imported into the mitochondria 

through the translocase of the outer membrane (TOM) complex to the inner mitochondrial 

membrane (IMM), mediated by its N-terminal mitochondrial targeting sequence (80,81). 

Further, it is cleaved by presenilin-associated rhomboid-like protein (PARL), a protease present 

in the IMM, which leads to fragmentation of PINK1. The fragmented protein is released to the 

cytosol where it is rapidly ubiquitylated for proteasomal degradation. Therefore, the 

intracellular levels of PINK1 are low on healthy mitochondria (81). When mitochondria are 

damaged, PINK1 translocation to mitochondria and processing in IMM is inhibited and results 

into accumulation of unprocessed PINK1 to outer mitochondrial membrane (OMM) (82). 

Accumulated PINK1 phosphorylates parkin at serine 65 in the UBL-domain, which increases 

the ubiquitin chain assembly and hence parkin activity (83). Activated parkin ubiquitinate 

proteins present on OMM include mitofusin (MFN1/2), voltage-dependent anion-selective 

channel (VDAC) and mitochondrial fission 1 proteins (FIS1) (74). These ubiquitinated 

substrates recruit several autophagy receptors (such as optineurin (OPTN) and sequestosome 1 

(SQSTM1/p62)) forming autophagosomes, which then fuses with lysosomes and lead to 

degradation of damaged mitochondria by lysosomal proteases (Fig 1.7C) (84).  

Mitochondria fusion and fission process is essential to maintain its shape, size and number and 

critical for organelle distribution and bioenergetics. Mitofusin-1 and -2 (Mfn1 and 2, 

respectively) on outer mitochondrial membrane and OPA1 (Optic Atropy-1) on inner 

mitochondrial membrane are responsible for fusion process. Fis1(Fission 1 protein) outer 

membrane protein and Drp1 (dynamin related protein), the cytoplasmic proteins are 

responsible for fission process (85). A change in number, distribution may cause cell 

dysfunction. Parkin has been shown to maintain mitochondria integrity by regulating of fusion 

and fission process. Many in-vitro and in-vivo studies have reported that parkin promote 

mitochondrial fission and/or inhibit fusion by negatively regulating Mfn and Opa1 function, 

and/or positively regulating Drp1 (Fig 1.7D) (78).  

In mitochondrial biogenesis, parkin regulates the expression of the mitochondrial 

transcriptional coactivator peroxisome-proliferator-activated receptor gamma coactivator 1-

alpha (PGC-1a) (86). It degrades the parkin interacting substrate (PARIS), inhibitor of PGC1-

α, and leads to activation of the transcription factors nuclear respiratory factor 1 and 2 

(NRF1/2), which will switch on mitochondrial biogenesis factors such as mitochondrial 

transcription factor A (TFAM) (Fig 1.7B) (88,89,89). 
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In mitochondria trafficking, parkin is involved in ubiquitination of the mitochondrial Rho 

GTPase (Miro) proteins (Miro1/2).  Miro is a part of the motor adaptor complex that connects 

mitochondria to the microtubules and involved in anterograde transport process of 

mitochondria (89). Both Miro1 and Miro2 are direct substrates of parkin and multi-

monoubiquitinated by parkin (90). Upon depolarization of the mitochondria, parkin degrades 

Miro, that leads to dissociation of the motor adaptor complex from the mitochondrial surface, 

eventually resulting in arrest of mitochondrial motility (92,93). Hence, parkin induces a 

decrease in the anterograde transport and a comparative increase in the retrograde transport. 

These functions of parkin highlight its pivotal role in the ubiquitin-proteasome system as well 

as its essential function in production and degradation of mitochondria. 
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Figure 1.7. A schematic model depicting the various function of parkin in mitochondrial 

quality control. A. Parkin degrades toxic aggregates through the ubiquitin-proteasome system. 

B. Parkin affects mitochondrial biogenesis via the PARIS-PGC1α pathway. C. Parkin and 

PINK1 cooperatively participate in mitophagy to clear damaged mitochondria. D. Parkin 

preserves mitochondrial integrity by regulating mitochondrial fusion and fission process. 

Figure drawn using BioRender. 

1.3.3 Parkin in PD: 

Parkin is the second most common gene associated with familial form of PD after SNCA (α-

synuclein) (63). To date, 479 parkin mutations have been recorded in the Human Gene 

Mutation Database (HGMD) (93). Among these mutations approximately 350 mutations are 

reported to be causing PD (93). Clinical features of PD patients with and 

without parkin mutations are very similar (95, 96). There are reports suggesting  that usually, 

Lewy bodies are not detected in brain of PD patients with parkin mutations (97-101). However, 

there are some reports which show LBs presence in parkin mutant patients (102- 106). The 

presence of LBs in parkin mutation mediated PD is therefore not certain. The parkin mutation 

carriers are characterized by slow progression, early onset (21–50 years) of the disease, good 

response to levodopa treatment (95, 96, 107). Post-mortem analysis of sporadic PD patients’ 

brains has shown reduced expression of parkin protein along with increased levels of 

ubiquitinated proteins in striatum region (101). In PD patients, PARIS, has been detected in 

the striatum and Substantia Nigra region of the brain (88). Considering the role of parkin in 

autosomal recessive juvenile Parkinsonism (AR-JP), various substrates are identified which are 

needed to be degraded for proper functioning of dopaminergic neurons. Among these 

substrates, CDCrel-1 (cell division control-related protein 1), is predominantly expressed in 

the nervous system, where it is associated with synaptic vesicles and in neurotransmitter 

release. Synphilin-1, α-Synuclein–interacting protein, is  a component of LBs in PD. Pael-R 

(Parkin associated endothelin receptor-like receptor), identified as a putative G protein-coupled 

receptor protein with homology to endothelin receptor type B, is enriched in Lewy bodies and 

accumulates in dopaminergic neurons of autosomal-recessive PD patients (102).  

1.2 Functional interaction between α-Synuclein and parkin in PD:  

Since both the proteins are involved in progression of PD, investigating the functional 

interaction between α-synuclein and parkin is crucial for understating how this interaction 

affects the dopaminergic neurons, There are much evidences that α-synuclein undergoes 
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extensive post translational modification including phosphorylation, ubiquitination and 

nitration. Many of these PTMs are present in Lewy bodies which suggest a primary role of α-

synuclein in aggregation and neurotoxicity in PD (103).  Phosphorylation of a-synuclein at 

serine 129 occurs in conjunction with dopaminergic neuronal cell death in PD (111,112,113). 

Parkin overexpression causes activation of protein phosphatase 2A (PP2A), which 

de-phosphorylates a-synuclein at Ser 129 and results into attenuation of a-synuclein-induced 

cell death in in-vivo model (107). Parkin has also been shown to interact with a novel insoluble 

glycosylated form of α-synuclein (αSp22) in the human brain, specifically associating with 

cases of juvenile-onset Parkinsonism featuring mutations in the parkin gene. This interaction 

does not occur with the soluble form of α-synuclein (108). Synphilin-1, α-synuclein–interacting 

protein and Pael-R (Parkin associated endothelin receptor-like receptor), a putative G protein-

coupled receptor protein, are enriched in Lewy bodies and accumulates in dopaminergic 

neurons of autosomal-recessive PD patients and these are the other substrates for parkin-

mediated ubiquitination (109). Parkin suppresses DA neuronal death induced by 

overexpression of α-synuclein and Pael-R in Drosophila model (110). WT α-synuclein has 

been shown to increase PLK2 (Polo-Like-Kinase-2) levels and GSK-3β (Glycogen synthase 

kinase 3β) activity and which lead to cell death in in-vivo model(111). Co-expression of parkin 

in Drosophila and rat model has reduced the PLK2 level and increased the PP2A (protein 

phosphatase-2A) activation leading to attenuation of the cell death (118, 117). Moreover, a-

synuclein undergoes nitration on four tyrosine residues (Tyr39, Tyr125, Tyr133, and Tyr136) 

(112). The overexpression of monoamine oxidase B (MAO-B) results in a nine-fold increase 

in 3-nitrotyrosine at Tyr39 of a-synuclein which leads to its oligomerization (113). Parkin 

suppresses the transcription and expression of MAO-B (114). Parkin has been shown to 

suppress the neurotoxicity caused by α-synuclein overexpression in an in-vitro study and 

Drosophila model of PD (124,125). Thus, there are evidences that parkin reduces the 

neurotoxicity caused by α-synuclein, but the exact molecular mechanism remains unexplored. 

1.5 Role of mitochondria in manifestation of Parkinson’s disease 

At cellular level, an involvement of mitochondrial dysfunction has been implicated in the 

pathogenesis of PD. Neurons, due to high metabolic demand; require high-quality of functional 

mitochondria in order to survive. Mitochondria  is an extremely dynamic organelle which 

undergoes frequent fission and fusion process to maintain its shape, size and number and is 

critical for organelle distribution and bioenergetics. A change in number, distribution of 

mitochondria may cause cell dysfunction. The first link between mitochondria and PD has been 
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originated from the observation that mitochondrial toxin (MPTP) inhibit the respiratory chain 

complexes and leads to PD-progression (117). Additionally, rotenone and paraquat, two 

pesticides that inhibit mitochondrial complex I activity, have been reported to cause PD 

symptoms (Fig 1.8A) (118). Clinical studies have also reported the impaired mitochondrial 

complex I activity in post-mortem SN, striatum, frontal cortex, and cortical brain tissue of 

patients with PD (128-131). Mitochondrial dysfunction in PD, further supported by the findings 

from the mutations in autosomal-recessively (Parkin, PTEN-induced kinase 1 (PINK1), and 

DJ-1) and autosomal-dominantly (SNCA and LRRK2) inherited genes (Fig 1.8 B) (96,51). 

Patients with mitochondrial polymerase gamma (POLG) alteration also exhibit PD symptoms 

(121). Reduced membrane potential and abnormal morphology of mitochondria were found in 

the brains of PD patients (122). Mitochondrial defects have also been reported in in-vitro and 

in-vivo models (134,135,136). Since, mitochondria are the most important intracellular source 

of reactive oxygen species (ROS) generation, inhibition of respiratory chain complexes also 

lead to increased reactive oxygen species production (126).  

Extensive studies are being conducted to investigate the mechanisms underpinning the 

degeneration of dopaminergic neurons induced by α-synuclein. These studies suggest the 

involvement of multiple pathways, including mitochondrial dysfunction and increased 

oxidative stress, impaired calcium homeostasis through membrane permeabilization, synaptic 

dysfunction, impairment of quality control systems, disruption of microtubule dynamics and 

axonal transport, endoplasmic reticulum/Golgi dysfunction, nucleus malfunction, and 

microglia activation leading to neuroinflammation (125). Among all these pathways, 

mitochondrial dysfunction has been considered as the most prime target of α-synuclein induced 

toxicity which leads to neuronal cell death in both sporadic and familial forms of PD (138,139). 

Wild-type α-synuclein overexpression or mutations have been shown to disrupt mitochondrial 

function. α-Synuclein has been shown to accumulate in mitochondria and impairing its function 

via interaction with complex I, complex III and cytochrome c oxidase (Complex IV) (121). 

Recently, oligomer form of α-synuclein has been shown to interact with mitochondrial ATP 

synthase (Complex V) and induces toxicity (129). Together, studies suggest that α-synuclein 

induces deficiency in ETC complexes and it might be a predominant feature of PD 

pathogenesis, which can in turn lead to the increased level of intracellular ROS (reactive 

oxygen species) and bioenergetics defects that are frequently observed in both sporadic and 

familial forms of PD. 
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There are several lines of evidences which suggest that α-synuclein alters mitochondrial 

morphology through regulating fusion and fission process (136,141,142). In mitochondrial 

fusion process Mfn1 and 2 respectively on outer mitochondrial membrane and OPA1 on inner 

mitochondrial membrane, where in fission process, fis1 (Fission 1 protein) outer membrane 

protein and drp1, the cytoplasmic proteins are involved (85). It has been reported that wild-

type α-synuclein produce fragmented mitochondria and leads to neural degeneration in in-vitro 

and in-vivo models (130). In several PD models, the balance between mitochondrial fusion and 

fission is disrupted and there are studies which report that Drp1 dependent mitochondrial 

fragmentation plays an important role in mitochondrial abnormalities and cellular dysfunction 

in Parkinson’s Disease (132). α-Synuclein has been shown to directly interact with 

mitochondrial membrane and produce mitochondrial fragmentation even in absence of Drp1 

(133). It has been reported that A53T α-synuclein can affect the mitochondrial morphology and 

reduce Mfn1 and Mfn2 in mice in an age-dependent manner and can modulate mitochondrial 

dynamics through Mfn1 and Mfn2 dependent mechanism (131). The rat model of PD has also 

shown that over expression of WT or mutant α-synuclein and loss of PINK1 mutation increased 

the mitochondrial fission and Golgi fragmentation (134). 

 

 

Figure 1.8. Mitochondria in Parkinson’s disease. A. Environmental toxins causes 

dysfunctional mitochondria via inhibiting respiratory complexes, increasing ROS (reactive 

oxygen species) production and reducing ATP production which eventually cases cell death in 

sporadic form of PD .B. Genetic mutations in Parkin, PINK1, SNCA, LRRK2 genes cause 

mitochondrial dysfunctions through affecting fusion, mitophagy, increasing ROS production 
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and mitochondrial respiratory complexes and lead to the progression of PD. Figure drawn using 

BioRender. 

 

In parkin mutant flies, defective swollen mitochondria with fragmented cristae have been 

shown in male germline and adult flight muscles tissues which lead to death of flight muscles 

(146,147). Parkin loss-of-function mutation has been shown to promote mitochondrial fission 

in Drosophila (137). In dopaminergic neurons of parkin mutant flies, the mitochondria were 

observed to be swollen (138). Many in-vitro and in-vivo studies have also reported that Pink1 

and Parkin promote mitochondrial fission and/or inhibit fusion by negatively regulating Mfn 

and Opa1 function, and/or positively regulating Drp1 (143,150,151). In an in-vitro study, 

parkin has been shown to interact with the mitochondrial fusion factors, Mfn1 and Mfn2, but 

not with Drp1 or OPA1 in human cells, where it ubiquitinates the Mfn1 and promotes the 

turnover of Mfn1 through enhancing its degradation by the proteasome (141). There are reports 

showing that, inhibition of mitochondrial fission in α-Synuclein (A53T) and PINK1 mutant 

mouse model attenuated the neurotoxicity.  

Thus, there are evidences that show that disrupted mitochondrial dynamics is due to loss of 

function mutation in parkin and overexpression of WT or mutant α-Synuclein. However, 

mechanism of α-Synuclein and loss-of-function parkin mutation triggering the defects in 

mitochondria fusion and fission dynamics and how it ultimately causes dopaminergic neuronal 

death is still unclear. 

1.6 Apoptosis in PD: 

Apoptosis is a programmed cell death and characterized by morphological changes including 

cell shrinkage, nuclear condensation, and DNA degradation. It is caused by a cascade of events 

which involves cysteine proteases known as caspases, lead to the cleavage of multiple cellular 

substrates. Apoptosis mainly consist of two main pathways: Extrinsic and intrinsic pathways. 

The extrinsic pathway triggered by external ligand molecule and involves death receptors 

(DRs), whereas intrinsic pathway is mitochondrial-mediated pathway. In extrinsic pathway, 

initiator caspase-8 and in intrinsic initiator caspase-9 is activated. Both intrinsic and extrinsic 

pathways are converged onto a common pathway of executioner caspases, involving caspase-

3 and caspase-6. It is characterized by the expression of genes, mostly oncogenes that enhance 

the apoptotic process (i.e., bax, bcl-x) and anti-apoptotic genes that inhibit the death process 

(e.g., bcl-2, bcl-xL In PD, apoptosis has been considered main mechanism of the neuronal loss. 
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In post-mortem and in-vitro studies the DNA fragmentation, apoptotic chromatin changes and 

increased expression of active caspase-3 have identified in dopaminergic neurons of PD 

patients. In in-vitro models of PD, dopaminergic neuronal death is inhibited by overexpression 

of anti-apoptotic proteins, such as Bcl-2 and caspase inhibitors have also been shown to rescue 

neurons from death. Increased levels of proapoptotic proteins, such as Bax, have also been 

observed in post-mortem brain tissue from PD patients (153,154,155). Both α-synuclein and 

parkin have also been reported to contribute in apoptosis-mediated cell death in PD (145).  In 

sporadic as well as familial form of PD degeneration of dopaminergic neurons through 

mitochondria-mediated apoptosis has been reported (156,157). Hence, substantial evidences 

support to the notion that apoptosis is the main mechanism of neuronal death in Parkinson’s 

disease. 

1.7 Drosophila Model of PD 

Drosophila melanogaster, a.k.a. fruit fly has been widely used as a model organism and 

emerged as the “Golden Bug” over the past century (182,183). In 1910, Thomas H. Morgan 

first used Drosophila to study genetic inheritance and won the Nobel Prize in Physiology or 

Medicine in 1933 for formulating the chromosomal theory of inheritance and patterns of 

inheritance of the white eye pigment in flies (150). 

Drosophila development and physiology are very similar to complex eukaryotes. Flies are also 

the simplest model organism and many organs are analogous to those in humans for example, 

flies have a gut, a beating heart, and  clearly defined central and peripheral nervous systems, 

allowing them to model multisystem phenotypes associated with disease mutations (151). 

Drosophila is a very powerful genetic model system, at the genome level; it is simpler than 

vertebrate models, with only 4 chromosomes and 13,821 genes. Its genome has relatively 

limited genetic redundancy: classes of genes with multiple members in humans are often 

represented by only a single orthologous gene in flies (148). It has shorter generation time (12-

15 days) (Fig 1.9) (152) and life span (60–80 days). Drosophila genome sequencing has shown 

that 75% of all human disease-related genes have homologs in Drosophila. There are many 

genetics tools available for genetic analysis for e.g. Gal4/UAS, LexA/LexAop, QF/QUAS etc. 

Gal4/UAS system allows for the expression of genes from any organism in a tissue and time-

specific manner. Gal4/UAS system is a transcription activation system co-opted from yeast 

where Gal4 (the yeast transcriptional activator) binds to UAS (upstream activation sequence), 

an enhancer and activate the gene transcription. By fusing Gal4 to a tissue or cell-specific 
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promoter, it is possible to drive the expression or knockdown of genes of interest in specific 

cell type or tissue (153) (Fig 1.10). All these features of Drosophila melanogaster make it 

excellent model system to study the genetic disorders including neurodegenerative diseases 

(154).  

Many cellular and animal models have been used to study PD, among animal models, rodent 

(mice and rat) are common but these do not always recapitulate PD pathology (155). However, 

Drosophila melanogaster has emerged as an effective model for studying PD (156), due to 

presence of homologue of human disease genes including PD genes (except α-Synuclein)(148), 

availability of genetic manipulation tools which are easily accessible, ease of culture and cost-

effective maintenance. 

Though, by expressing human wild-type and mutant forms of SNCA (A30P and A53T) have 

been successfully recapitulated the characteristics of PD in Drosophila (157). Aside from α-

Synuclein overexpression, knockout mutant of parkin in Drosophila, has also been used to 

study PD, which has shown reduced lifespan, male sterility, and adverse defects in both flight 

and climbing abilities (158).  

Drosophila and human mitochondria show a very high degree of conservation in both genetic 

architecture and biochemical pathways. The mitochondrial DNA of Drosophila has very 

similar component to human mitochondria DNA. Drosophila mtDNA genome at 19,517 bp 3 

kb larger than the human mtDNA genome is 16,559 bp, The molecular functions which are 

associated with mitochondria, such as OXPHOS, mitochondria transport, and biogenesis are 

highly conserved (159). Mitochondrial dysfunction has also been studied using parkin mutant 

flies (135) and genetic interaction between parkin and pink1 also shown in flies (160). 
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Figure 1.9 The whole life cycle of Drosophila. Diagram showing different development 

stages: embryo, larva (first instar, second instar and third instar), pupa and adult. Image adapted 

from (Ong, Cynthia et al. 2015). 

 

 

 

 

 



21 
 

 

Figure 1.10:  Schematic representation of Gal4/UAS system. Two transgenic fly lines, Gal4-

driver and UAS-responder are used in this system. The Gal4-driver fly has a transgene 

containing the Gal4, the expression of which is under the control of a tissue-specific promoter. 

The UAS-responder fly has a transgene containing target gene ligated to the UAS promoter, a 

target of Gal4. In the F 1 progeny of these flies will have target gene expression in promoter 

specific tissue. Source: https://slideplayer.com/slide/3461435 
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1.8 Gaps in research: 

1. Studies have shown the involvement of α-Synuclein (WT or mutant) protein accumulation 

and loss-of function mutation in parkin gene in onset of Parkinson’s disease. There are reports 

indicating that parkin reduces neurotoxicity caused by α-Synuclein, however molecular and 

genetic mechanism of this interaction in onset and progression of PD is still unexplored. 

2. Although existing research shows that α-Synuclein accumulation and parkin mutation lead 

to impaired mitochondrial dynamics in PD. Since, maintenance of mitochondrial dynamics is 

required to meet high energy demand within the neurons. However, molecular mechanism of 

α-Synuclein and parkin interaction in context of mitochondrial dynamics is yet to be explored. 

 

 

 

1.9 Objectives of research: 

1. To evaluate and optimize the experimental in-vivo model of PD in Drosophila melanogaster 

 2. Understanding the genetic and molecular interaction between α-Synuclein and parkin in 

Drosophila model of PD 

3 Characterizing the effects of α-Synuclein and parkin interactions on mitochondrial dynamics 

in PD pathogenesis. 
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2.1 Materials 

2.1.1 Fly Stocks 

Driver Gal4 lines: GMR-Gal4 and Actin Gal4; Ubi GFP/TM6bTB (a gift from Pfor. Lakhotia’s 

lab, BHU, India), elav-Gal4 (BL-8760), TH-Gal4 or ple-GAL4 (BL-8848) were used to express 

transgenic lines ubiquitously, in all neurons and in dopaminergic neurons respectively. 

Transgenic responder lines: UAS-GFP, UAS-Mito-HA-GFP.AP (BL-8442), UAS-

Hsap\SNCA.F(BL-8146), UAS-SNCA.J}1/CyO (BL-51375), UAS-ParkinRNAi  (BL-37509), 

UAS-ParkinRNAi (BL-31259) and UAS-park.FLAG.COX-IV(BL-34746) were used. All fly 

stocks, genetic crosses and F1 progenies were maintained on standard fly food containing agar, 

maize powder, yeast, and sugar at 25 °C. GAL4-UAS system was used to obtain desired 

genotype. 

2.1.2 Chemicals 

HMDS (Hexamethyldisilazane) (#SRL-28437), Acetone (#MERCK- 1.94500.2521), TRIzol 

method (#INVITROGEN-15596026), Verso cDNA Synthesis Kit (#Thermo Scientific™-

AB1453A), 5x HOT FIREPol® EvaGreen® qPCR Mix Plus (#Solis BioDyne-08-24-0000S), 

2′,7′-dichlorofluorescin diacetate (DCFDA, # D6883), Triton-X100 (#) RIPA 10X (#MERCK- 

20-188), Bradford reagent  (#) Protease inhibtor cocktail (#) (Nitrocellulose Membrane 0.2 µm 

(#BIORAD-1620112), 2X Laemelli buffer (#),BSA, Tween-20 (#) Protein ladder 

(#PUREGENE-PMT2922) were used. 

2.1.3 Instruments: The major instruments used are enlisted below in Table 2.1. 

Table 2.1  List of major instruments used. 

Name of instruments Company 

Stereomicroscope OPTIKA 

Confocal Microscope Zeiss 

Scanning Electron Microscope Thermo fisher scientific 

Multiskan GO microplate 

Spectrophotometer 

Thermo fisher scientific 

Cooling Centrifuge Thermo fisher scientific 

Vertical/ Horizontal gel electrophoresis unit Bio-Rad 

Semi-dry transfer apparatus Bio-Rad 
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Real-time PCR Bio-Rad 

Thermocycler Bio-Rad 

Chemi Doc/Gel Doc Bio-Rad 

Concentrator plus Eppendorf 

Fluoroskan Ascent Thermo fisher scientific 

 

2.2 Methods 

2.2.1 Life span assay 

For life span analysis, all F1 progenies of desired genotypes were collected and aged at 25 °C. 

Flies were transferred to new fresh food vials alternate day without anesthetization and the 

numbers of dead & surviving flies were recorded each day until the desired age (30 days). 

Three replicates were carried for each genotype and percentage (%) of survival was calculated. 

The statistical analysis was done using Gehan-Breslow-Wilcoxon test. 

 

2.2.2 Climbing assay 

To determine locomotor activity, climbing assays were performed. 10 flies per genotype were 

transferred into cylindrical glass tube after anesthetization and left for 5-10 min for the revival 

and acclimatisation at room temperature. Tubes were marked up to 8cm above the bottom of 

the vial. After acclimatization, gently tapped the flies down to the bottom of vial and the 

number of flies crossed the 8cm mark were recorded after 10 sec. Three trials were performed, 

and numbers were then averaged, and the resulting mean was used as the overall value for each 

single group of flies. For all genotypes 3 replicates were carried out. 

2.2.3 Quantitative real-time PCR 

Total RNA was extracted from 25-30 fly heads using the TRIzol method (Invitrogen) referred 

from Jove protocol (Jensen, K. et al; Purification of Transcripts and Metabolites 

from Drosophila Heads. J. Vis. Exp. (73), e50245, doi: 10.3791/50245 (2013). RNA 

concentrations were measured with a Nanodrop ND-1000 Spectrophotometer and equal 

amounts of RNA were reverse transcribed using Verso cDNA Synthesis Kit (AB1453A). 

QPCR was performed using 5x HOT FIREPol® EvaGreen® qPCR Mix Plus (Solis BioDyne). 
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2.2.4 Adult Brain Immunohistochemistry 

Adult brains of desired genotype were dissected in cold 1X PBS and incubated with fixative 

solution (4% formaldehyde in 1XPBST (0.1%TritonX-100) for 20 min at room temperature. 

After three washes with 1XPBST for 10 min each wash, blocking was done using 1% BSA for 

1 hr at room temperature. Brains were probed with rabbit anti-TH (#AB152) at 1:1000, mouse 

anti- synuclein(H3C) (DSHB-S1-890) at 1:200 overnight (12-16) at 4 °C. Following three 

washes for 10 mins, brains were incubated with goat Anti-Mouse IgG Antibody, Cy3 conjugate 

(#AP124C) (1:200) and goat anti-Rabbit, Alexa Fluor Plus 555 (#A32732) (1:4000) secondary 

antibodies at room temperature for 2hr. Brains were washed three times for 15 min, then they 

were mounted between two glass coverslips by using antifade medium on microscope slides. 

Confocal microscope was used to acquire z-stacks at 1µm intervals with 20×/N.A.0.60 and a 

63×/N.A.1.30 oil (for mito-GFP) Plan-Apochromat objective. The numbers of TH-positive 

neurons were counted manually within each cluster of posterior regions of the brains.  

2.2.5 Immunoblotting 

For western blot analysis, F1 progenies of desired genotype were collected in 1.5ml Eppendorf 

tubes and snap-frozen in liquid nitrogen. Drosophila heads (~30-50) were decapitated and 

homogenized in 100ul 1x RIPA buffer (Merck, #20-188) containing 1% protease inhibitor 

(Sigma, P8340) using sterilized pestle. The homogenates were centrifuged at 10,000 rpm at 4̊ 

C for 10min. The supernatant was collected into a new Eppendorf tube and assayed for protein 

concentration. The protein (80µg) was resolved on 12% SDA-PAGE and then transferred to 

.2µm nitrocellulose membrane (Bio Rad, #1620112). After blocking the membrane with 3% 

BSA in TBS-T (.05%Tween-20), membrane was incubated overnight at 4̊ C with primary 

antibodies. The primary antibodies used were rabbit anti- Drosophila Parkin (Merck, 

SAB1300355, 1:500), mouse E7 anti-beta tubulin (DSHB-S1-810, 1:200), mouse ATP 

synthase beta (Sigma; #A-21352, 1:1000) and rabbit Mitofusin-2 mAb (Cell Signalling 

#D2D10, 1:1000).  Following three washes with TBS-T, membrane was incubated with an 

appropriate HRP-conjugated secondary antibodies: goat anti-mouse (Thermo Scientific # 

31430, 1:1000), mouse anti-Rabbit (GenScript, #A01856, 1:1000) for 2 hr at room temperature 

and signal was detected using ECL substrate (Bio Rad #1705061). Image analysis and 

quantification was done using ImageJ software. Western blot was done on the same membranes 

after stripping between each application of the antibody. 
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2.2.6 Mitochondrial morphology measurement 

To assess the mitochondrial morphology in dopaminergic neurons, UAS-Mito-GFP fly strain 

was used to tag the mitochondria and dopaminergic neurons were stained using anti TH 

antibody. Z-stack of one PPL1 and one PPM3 DA neuronal cluster per brain was imaged using 

confocal microscope at 63×/N.A.1.30 oil with 1.5 zoom. A total of 3-4 brains per genotype 

were scanned. Publically available ImageJ Mito-Morphology Macro created by Dagda et al. 

(2009) was used to quantify the mitochondria. Average area, circularity and 

(Area/Perimeter)/minor axis were calculated representing elongation, fragmentation and 

swelling of mitochondria respectively. 

2.2.7 Mitochondrial fractionation 

Mitochondrial fractionation was done from the heads of desired genotypes using differential 

centrifugation as described previously (161) with slight modifications. Briefly, ~150 heads of 

desired genotypes were collected and homogenized in an ice-cold mitochondrial isolation 

buffer (250 mM sucrose, 10 mM HEPES, 1 mM EDTA and 0.1% fat-free BSA, pH 7.4) using 

sterilized micro-pestles. Lysate was then centrifuged at 1000g for 5 min at 4 °C. The 

supernatant was collected and centrifuged at 10,000g for 10 min at 4 °C. The pellets were then 

resuspended and washed thrice in mitochondrial washing buffer (250 mM sucrose, 10 mM 

HEPES, and 0.1 mM EDTA, pH 7.4) at 10,000g for 10 min at 4 °C. Finally, the pellet was 

resuspended in 80µl of 0.1% fat-free BSA suspension buffer with 250 mM sucrose and 10 mM 

HEPES, pH 7.4.  

2.2.8 ROS (reactive Oxygen Species) quantification 

DCF-DA (2,7-dichlorofluorescein diacetate) assay was used to quantify the ROS as previously 

described (162) with some modifications. 20 flies of desired genotypes were homogenized in 

20mM Tris buffer, pH 7.0. The homogenate was centrifuged at 1600 ×g for 10 minutes at 4°C, 

and the supernatant was collected for quantification of 2,7-dichlorofluorescein fluorescence. 

Aliquot of 5µl of supernatant was incubated with 5µM DCFDA at 37 ˚C for 60 min. The 

fluorescence was monitored at 488nm/530nm excitation/emission using Fluoroskan Ascent. 

2.2.9 Malondialdehyde (MDA) Quantification 

Thiobarbituric acid reactive substances (TBARS) assay was used to assess the oxidative stress 

by quantifying the levels of malondialdehyde (MDA), a stable by-product of lipid peroxidation 
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as previously described (163) with some modifications. 30 flies of desired genotypes were 

homogenized in 1x RIPA buffer (Merck, #20-188) containing 1% protease inhibitor (Sigma, 

P8340) using sterilized pestle. The homogenates were centrifuged at 10,000 rpm at 4̊ C for 

10min. The supernatant was collected and assayed for protein concentration. Aliquots of 

supernatant were adjusted to have an equal amount of protein (1 mg/ml) and then 250 µl of 

10% trichloroacetic acid (TCA) added. Subsequently, 375 µl of thiobarbituric acid (TBA) 

added at a concentration of 1% (w/v) under acidic conditions. The resulting solution was kept 

at 100 ˚C for 15 min, which facilitated the formation of a pink-colored precipitate. The 

absorbance of this precipitate was measured spectrophotometrically at 530 nm (Multiskan FC, 

Thermo Scientific, DE). The obtained values were expressed as micromolar concentration 

(µM) of malondialdehyde per 5 milligram (mg) of protein. 

Table 2.2 List of primary & secondary antibodies used 

Antibodies Catalogue No. 

Rabbit anti-Tyrosine Hydroxylase Antibody MERCK; #AB-152 

Anti- synuclein(H3C) DSHB; #S1-890 

Rabbit anti-Drosophila Parkin (C-term)  Sigma; #SAB1300355 

E7 anti-beta-tubulin DSHB 

Rabbit Mitofusin-2 mAb Cell Signalling #D2D10 

Mouse ATP synthase beta Sigma; #A-21352 

Goat anti-Mouse IgG Antibody, Cy3 conjugate Sigma; #AP124C 

Goat anti-Rabbit, Alexa Fluor Plus 555 Sigma; #A32732 

Goat anti-Mouse IgG (H+L), HRP Invitrogen; #31430 

Mouse Anti-Rabbit IgG Fab (HRP), mAb GenScript; # A01855-200 

 

Table 2.3. List of primers used for real time PCR. 

Gene name Forward primer (5’ to 3’) Reverse primer (5’ to 3’) 

RP49 CCAAGGACTTCATCCGCCACC GCGGGTGCGCTTGTTCGATCC 

Parkin ATTTGCCGGTAAGGAACTAAGC AAGTGGCCGACTGGATTTTCT 
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2.2.9 Statistical Analysis 

GraphPad Prism 8.0.1 was used for statistical analysis and graphical display of the data. 

Statistical significance is expressed as p values which were determined with one-way ANOVA 

and Two-way ANOVA followed by Tukey’s multiple comparison tests as indicated in the 

figure legends. If p-value was more than 0.05, then the difference was considered not 

significant (ns); whereas, if p-value was ≤ 0.05 it was considered significant and denoted by 

symbols *(<.05), ** (<.001), *** (<0.0001), ns-not significant (.12). 
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3.1 Introduction 

More than two centuries ago, clinical syndrome of PD was reported which include selective 

degeneration of dopaminergic neurons in the substantia nigra and locomotor dysfunctions. The 

locomotor dysfunctions’ symptoms include bradykinesia, muscle rigidity, resting tremor, and 

postural instability (3). The cause of PD is still largely unknown, although involvements of 

multiple factors such as genetics, environmental agents, and aging have been suggested (3).  

The only gold standard for confirming the diagnosis of PD condition is post-mortem. Thus, 

due to the lack of accessibility of human brain samples, diverse range of experimental models 

using animals and in vitro cultured cells have been generated that could mimic different aspects 

of PD (195, 196, 197). Cellular-based approach is frequently used because of the ease of 

manipulation and suitability for large-screen assays (165). Two major approaches: neurotoxin 

and genetic-based, are used to generate a variety of animal models such as non-human primates 

(NHP), rodents, zebrafish, Caenorhabditis (C.) elegans, and Drosophila melanogaster to 

understand the pathogenesis and therapeutic development of PD (167).  

In neurotoxin-based approaches, 6-hydroxydopamine (6-OHDA), 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP), rotenone, and paraquat are most commonly used to induce the 

sporadic model of PD (118). In genetic-based approaches, PD-related genes, such as α-

synuclein (SNCA), Leucine-rich repeat kinase 2 (LRRK2), PTEN-Induced Kinase 1 (PINK1), 

parkin (PRKN), and protein deglycase (DJ-1) are used to induce transgenic models (155). 

However, each approach has distinct advantages and limitations which determine the 

applicability of the model for a particular experiment.  

In cellular-based models, molecular and cellular function of a gene can be dissected very 

quickly and robustly using molecular, biochemical, and pharmacologic approaches. Cellular 

models do offer the advantages of dissecting many insights into the function of the proteins 

which is implicated in PD. However, interpretation of cellular studies needs to be done 

cautiously, since they are often prone to artefact and/or misinterpretation (177, 187).  

Animal models are valuable tools for studying cellular processes within the context of 

functional neuronal circuits in unbiased way that can serve as a validation on cellular assays 

(155). For the further validation findings in transgenic animal models are relied on the use of 

human post-mortem tissues. Brain post-mortem analysis typically reveals the advanced stages 

of an illness. However, traces of initial disease pathology often persist in these analyses. These 

persistence makes post-mortem analysis a benchmark for assessing the ability of animal models 

to reflect real disease pathogenic processes (155). Animal models can sometimes reveal 
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valuable insights into the human disease condition that cannot be obtained solely through 

standard neuropathological evaluations.  

Neurotoxins-based animal models of PD generally induce a strong and rapid cell loss in the 

substantia nigra pars compacta (SNpc), elicit motor symptoms and behavioural changes, but 

lack the formation of Lewy bodies (169).  

On the contrary, genetic-based models can demonstrate variable cell loss, motor symptoms 

along with α-synuclein pathology, depending on the specific model, by introducing genetic 

mutations or altering gene expression through transgenic animals or viral transfection (155). 

Some of the major genes used to generate genetic animal models are α-synuclein, PINK1 and 

Parkin. Overexpressing WT, A30P and A53T human α-synuclein in Drosophila recapitulated 

the major characteristics of PD including age-dependent selective DA neuron loss, Lewy body 

inclusions, and locomotor deficits (14, 204). C. elegans also recapitulated DA neuronal loss 

but lack the Lewy body formation after overexpressing WT, A30P and A53T human α-synuclein 

(171). Drosophila and C. elegans lack a homologous gene for α-synuclein. α-synuclein 

transgenic mice have also been generated using different promoters (Mouse Thy1, PrP), 

however, none of these models represented all the PD characteristics (172). Despite the lack of 

progressive DA neuronal loss, some of the α-synuclein transgenic mice models have functional 

abnormalities in the nigrostriatal system and are DA responsive (172). In similarity to humans, 

only A53T α-synuclein transgenic mice with mouse prion promoter (mPrP) exhibit α-synuclein 

pathology including α-synuclein aggregation, fibrils and truncation, α-synuclein 

phosphorylation and ubiquitination along with progressive age-dependent neurodegeneration 

(206, 189). PINK1 and parkin mutation in Drosophila models exhibit age dependent DA loss, 

reduced life span and severe climbing defects (147, 149, 207), whereas the mouse models do 

not completely  mimic the major features of PD (208, 209, 210, 211).  

Thus, to understand the PD mediated cell death and underlying mechanism, first we have 

established genetic model of Drosophila melanogaster model. Drosophila has several 

advantages including a higher degree of conservation in developmental pathways with 

mammals including apoptotic pathway (154). Transgenic Drosophila has been extensively 

used as a model system to study several neurodegenerative diseases: Amyotrophic Lateral 

Sclerosis, Huntington Disease, PolyQ Disease, Alzheimer's Disease (188, 204, 215) and many 

other developmental disorders (157). This model has also been used to screen for therapeutic 

effects of various natural compounds (155). Though, Drosophila doesn’t have SNCA 

homologue, however it recapitulates the major neuropathological features of PD, e.g. Lewy 

Body formation, locomotor defect, and loss of dopaminergic neurons (216, 217).  We therefore 
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have overexpressed human WT-SNCA, A30P and down-regulated parkin in different 

drosophila tissues and it has shown the major phenotypes of PD. 
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3.2 Material and methods 

3.2.1 Fly Stocks 

GMR-Gal4, Actin-Gal4; Ubi GFP/TM6bTB (a gift from Lakhotia lab, BHU, India), w118; Elav-

Gal4, UAS-Mito GFP/CyO (BL-8842), UAS-SNCA (A30P) (BL-8147), UAS-SNCA (BL--

51375), UAS-Park RNAi/ CyO (BL-37509), UAS-Park RNAi (BL-31259) fly lines were used. 

All the stocks were maintained on standard fly food containing agar, maize powder, yeast, and 

sugar at 25°C. Using Gal4/UAS system appropriate genetic crosses were carried out to obtain 

desired genotypes.  

3.2.4 Survival Assays 

For the survival assays, freshly eclosed flies of desired genotypes, were collected. Flies were 

transferred to new fresh food vials every other day without anesthetization and the number of 

dead & surviving flies were recorded each day until the desired age (30 days). The statistical 

analysis was done using Gehan-Breslow-Wilcoxon test. 

3.2.5 Climbing Assay 

 To characterize the locomotor dysfunction, climbing assays were performed. Flies were aged 

up to 30 days. Groups of 10 flies per genotype were transferred into cylindrical glass tube after 

anesthetization and left for 5-10 min for the revival and acclimatisation at room temperature. 

Tubes were marked at 8cm above the bottom of the vial. After acclimatization, the flies were 

gently tapped down to the bottom of vial and the number of flies that crossed the 8cm mark 

was recorded after 10 sec. Three trials were performed, and numbers were then averaged, and 

the resulting mean was used as the overall value for each single group of flies. For all 

genotypes, three replicates were carried out. 

3.2.6 Quantitative Real-Time PCR 

Total RNA was prepared from adult flies or heads using the TRIzol method (Invitrogen) 

referred from Jove protocol (Jensen, K. et al; Purification of Transcripts and Metabolites 

from Drosophila Heads. J. Vis. Exp. (73), e50245, doi: 10.3791/50245 (2013). cDNA was 

synthesized using Verso cDNA Synthesis Kit (AB1453A). RP49 was used as reference gene 

to normalize the Dronc amplicon. Quantitative RT-PCR was performed using 5x HOT 

FIREPol® EvaGreen® qPCR Mix Plus (Solis BioDyne). Primer Sequences were as follows:  
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RP49: Forward: 5'-CCA AGG ACT TCA TCC GCC ACC-3'  

Reverse: 5'- GCG GGT GCG CTT GTT CGA TCC-3' 

Parkin: Forward: 5'- ATTTGCCGGTAAGGAACTAAGC-3' 

Reverse: 5'- AAGTGGCCGACTGGATTTTCT-3' 

3.2.7 Adult Brain Immunohistochemistry 

Adult brains of desired genotype were dissected in cold 1X PBS and incubated with fixative 

solution (4% formaldehyde in 1xPBST (0.1%TritonX-100) for 20 min at room temperature. 

After three washes with 1xPBST for 10 min each wash, blocking was done using 1% BSA for 

1 hr at room temperature. Brains were probed with mouse anti- synuclein (H3C) (DSHB-S1-

890) at 1:200 overnight (12-16) at 4 °C. Following three washes for 10 mins, brains were 

incubated with goat anti-mouse IgG antibody secondary antibody at room temperature for 2hr. 

Brains were washed three times for 15 min, then they were mounted between two glass 

coverslips by using antifade medium on microscope slides. Confocal microscope was used to 

acquire z-stacks at 1µm intervals with 20×/N.A.0.60 Plan-Apochromat objective.  

3.2.8 Statistical Analysis: Statistical analysis was performed using GraphPad Prism 8.0.1 

software. Data are expressed as mean with SEM of replicates. The p-value and statistical 

significance are mentioned in the legends. 
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3.3. Results 

3.3.1 SNCA overexpression (WT and A30P) and parkin downregulation cause rough eye 

phenotype 

To explore the underlying mechanisms of neurotoxicity in terms of α-synuclein and parkin, we 

have established the in vivo Drosophila model of PD using Gal4/UAS expression system. 

Before establishing the model, we have validated the UAS-SNCA, UAS-A30P and UAS-parkinIR 

(parkin downregulation) transgenes. We overexpressed GFP and SNCA, A30P in dopaminergic 

neurons using TH-Gal4 and α-synuclein (SNCA, A30P) expression was confirmed using H3C 

antibody for α-synuclein (Fig3.1). For UAS-parkinIR, we downregulated parkin ubiquitously 

using Actin-Gal4 and downregulation was confirmed with qRT-PCR (Fig 3.2). 

To assess the neurotoxicity, we have overexpressed WT and A30P α-synuclein in Drosophila 

eye using GMR-Gal4 driver line. The Drosophila compound eye is a structured biological 

system which consists of 800 simple units knows as ommatidia. These ommatidia form a 

regular hexagonal pattern and this precise organization allows assessing the effect of altered 

gene expression and mutations in proteins on the external eye morphology. It also allows for 

the detection of subtle modifications in ommatidia geometry caused by cell degeneration. 

Drosophila eye has also been used in various neurodegenerative diseases (Fig.3.3)(204, 218). 

We have found that overexpression of WT and A30P SNCA (Fig.3.4 B & C) has shown rough 

eye phenotype compared to control fly’s eye (Fig. 3.4A). Though, A30P phenotype was more 

robust than WT-SNCA. Downregulation of parkin has also shown the rough eye phenotype as 

compared to control. Here we have tested two different lines of UAS-parkinIR and both of them 

have shown rough eye phenotype. UAS-parkinIR (BL-31259) (Fig. 3.4E) was found to be more 

robust than parkinIR (BL-37509) (Fig.3.4D).  
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Figure 3.1. Validation of UAS-SNCA transgenes: Fluorescence micrograph showing GFP 

(A), WT-SNCA (B) and UAS-SNCA A30P in dopaminergic neuronal clusters of adult fly brain. 
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Figure 3.2. Validation of UAS-parkinIR transgenes: Real-time PCR showing decreased 

mRNA of parkin. . One-way Analysis of variance and Tukey’s multiple comparisons post-hoc 

test indicate the following statistically significant differences: * (<.05), ** (.001), *** (<.0001) 

and ns-not significant, n=3. 

A 
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Figure 3.3. Morphology of an adult Drosophila eye.  

 

Figure 3.4. Overexpression of SNCA and downregulation of parkin cause rough eye 

phenotype. Upper panel is showing bright field and lower panel showing Scanning Electron 

microscopic (SEM) images. Control flies showing normal eye morphology (A). WT-SNCA & 

A30P showing rough eye phenotype (B) & (C). Parkin downregulation showing rough eye 

phenotype (D) & (E). 

3.3.2 SNCA overexpression (WT and A30P) and parkin downregulation cause locomotor 

defects 

Since, locomotor dysfunction is considered as one of the major hallmarks of PD; we assessed 

it through climbing assays. We have overexpressed WT and A30P SNCA and downregulated 

parkin ubiquitously and pan-neuronally and specifically in dopaminergic neurons using Actin-

Gal4, ELAV-Gal4 and TH-Gal4 driver lines respectively. We preformed climbing assays at 7-

day and one-month time points. We have found that, ubiquitous overexpression WT & A30P 

SNCA, and downregulation of parkin have shown significantly reduced locomotor ability at 7-

Kumar, J.P. (2012), Building an ommatidium one cell at a time. Dev. Dyn., 241: 136-149 
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day time point (Fig.3.5A). This phenotype was further enhanced at one-month time point 

(Fig.3.5B) as compared to control flies. Overexpression of WT & A30P SNCA and 

downregulation of parkin pan-neuronally have also shown significantly reduced locomotor 

ability at 7-day time point (Fig 3.5C) and further enhanced at one-month time point (Fig 3.5D) 

as compared to control flies. Also, overexpression of WT & A30P SNCA and downregulation 

of parkin in dopaminergic neurons have shown significantly reduced locomotor ability at 7-

day time point (Fig 3.5D) and further enhanced at one-month time point (Fig 3.5E) as 

compared to control flies. On the whole, SNCA overexpression (WT and A30P) and parkin 

downregulation show locomotor dysfunctions with the age in flies. 
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Figure 3.5 SNCA (WT & A30P) and parkin downregulation affect locomotor ability. 

Climbing activity of 7-day-old (A) and one-month-old (B) flies ubiquitously expressing SNCA 

and parkin downregulation. Climbing activity of 7-day-old (C) and one-month-old (D) flies 

pan-neuronally expressing SNCA and parkin downregulation. Climbing activity of 7-day-old 

(E) and one-month-old (F) flies expressing SNCA and parkin downregulation in dopaminergic 

neurons. One-way Analysis of variance and Tukey’s multiple comparisons post-hoc test 

indicate the following statistically significant differences: * (<.05), ** (<.001) and ns-not 

significant, n=3. 

 

3.3.3 SNCA overexpression (WT and A30P) and parkin downregulation cause reduced life 

span 

PD patients have a reduced life span after diagnosis. Mainly, life span has been found to be 

more reduced in early-onset (at the age of 50 years) as compared to late-onset (at the age of 70 

years) PD patients (216, 217). Thus, we have also assessed the viability of the flies till one 

month. We have found that both SNCA overexpression (WT & A30P) and parkin 

downregulation ubiquitously (Fig 3.6A) as well as pan-neuronally (Fig 3.6B), have reduced 

life span of flies as compared to the control flies.  
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\  

Figure 3.6. Survival of flies is affected by overexpression of SNCA (WT & A30P) and 

downregulation parkin ubiquitously (4A) and pan-neuronally (4B). One-way Analysis of 

variance and Tukey’s multiple comparisons post-hoc test indicate the following statistically 

significant differences: * (<.05), ** (<.001), *** (<.0001) and ns- not significant. n=3  
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3.4. Discussion 

PD, or shaking palsy, results in loss of dopaminergic neurons and causes locomotor defects in 

the patients. At present, a variety of PD models have been developed to study PD pathogenesis 

and for therapeutic development, from unicellular eukaryotes to nonhuman primates. 

Nevertheless, each model comes with its unique strengths and weaknesses, which should be 

considered when selecting a model system to address a particular problem. Drosophila model 

is employed to examine the distinct phase of biological processes that are linked to the 

development of the disease. It is known that the likelihood of developing PD significantly rises 

with advancing age. In this context, the model system that could be most intriguing is 

Drosophila. The limited lifespan of Drosophila allows for the examination of the impact of 

aging on the progression of neurodegenerative processes, a task that proves challenging in 

models with extended lifespans. Despite the fact of that Drosophila lack α-synuclein 

homologue, among the other diseased models, Drosophila has been shown to recapitulate the 

major PD phenotypes including age-progressive neurodegeneration, locomotor dysfunction 

and Lewy bodies formation (14,192,212). Thus, we have also employed Drosophila model to 

study the underlying molecular mechanism in PD-progression. α-synuclein and parkin, 

alteration of both of these genes have been shown to cause PD pathology in Drosophila model 

(155). We have also altered both of these genes in different tissues and observed major PD 

phenotypes. α-Synuclein (WT and A30P SNCA) overexpression and parkin downregulation in 

adult eyes have shown neurodegeneration phenotype. Overexpression of both WT and A30P 

mutated forms of SNCA, and downregulation of parkin ubiquitously, all over the neurons and 

specifically in dopaminergic neurons, have resulted in impaired locomotor function. This effect 

is observed ubiquitously and across all the neurons and specifically in dopaminergic neurons. 

SNCA (WT and A30P) overexpression and parkin downregulation ubiquitously and across all 

the neurons, have also shown a notable decrease in lifespan. These results align with existing 

literature (213, 214, 215, 216, 217, 218). 

Collectively, neurodegeneration, locomotor dysfunctions and reduced life span in Drosophila 

model due to SNCA overexpression and parkin downregulation, provide an experimentally 

convenient platform for exploring the underlying mechanisms of neurodegeneration. 
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4.1 Introduction 

Next, we wanted to understand genetic and molecular interaction between SNCA (α-synuclein) 

and parkin specifically in dopaminergic neurons. Both, SNCA and parkin are the two major 

genes involved in both sporadic as well as genetic form of PD (189). SNCA encodes an α-

synuclein protein and mutations in SNCA are associated with autosomal-dominant form of PD 

(11, 54, 49). Different in-vitro and in-vivo studies have shown that misfolded α-synuclein 

aggregation causes neurotoxicity through influencing the neurotransmission, synaptic vesicle 

exocytosis, recycling as well as endocytosis in the substantia nigra region. Migration of α-

synuclein between neurons in prion-like manner to propagate formation of Lewy bodies 

throughout the substantia nigra have also been suggested (37, 215, 216). Parkin encodes an E3 

ubiquitin ligase, and is the second most common cause of autosomal recessive early-onset PD 

(55). Parkin loss-of-function causes neurodegeneration with or without forming Lewy bodies 

in PD patients (99, 97, 102). Studies have reported that overexpression of parkin results in 

reduced neurotoxicity caused by α-synuclein in different models (125, 124, 217). Studies have 

also reported that parkin mutation results in no aggregation of α-synuclein in mice (197, 218). 

However, very limited in-vivo studies have been done to explore the link between SNCA and 

parkin. 

At cellular level, mitochondria dysfunction has been considered as a major hallmark of PD 

(195). Studies in different model systems have shown that α-synuclein causes mitochondria 

fragmentation, membrane potential, complex I deficits and reduced ATP production. In 

Drosophila, elongated as well as fragmented mitochondria have been reported due to α-

synuclein overexpression (141, 207, 220). Loss-of-function mutation in parkin has also shown 

the mitochondrial pathology demonstrated as mitochondrial elongation, swelling, and cristae 

disruption in in-vitro and in-vivo models (151, 146, 182, 147, 221). Although, fused and 

fragmented mitochondria have also been reported in DA neurons of parkin mutant Drosophila 

(198). Moreover, it has been found that mitochondrial fragmentation caused by α-synuclein 

overexpression can be rescued by co‑expression of parkin, PINK1, or DJ‑1, indicating that α-

synuclein and parkin may function in the same pathway (223, 224). However, limited in-vivo 

studies have been done to test the effect of interaction of SNCA and parkin together on 

mitochondrial morphology in Parkinson’s disease. 

In this report, we have tested the interaction of parkin and SNCA and their effect on 

mitochondria in DA neurons using humanized Drosophila melanogaster model of PD. 

Drosophila adult fly brain contains approximately 100 DA neurons, which are grouped into 
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different clusters according to their anatomical position: PAL (paired anterior lateral), PAM 

(paired anterior medial), PPM1/2 and PPM3 (paired posterior medial), and PPL1 and PPL2 

(paired posterior lateral) (225, 226). It has been suggested that each cluster-specific DA neuron 

project to distinct functional areas of the brain (203),  although the function of each of the DA 

clusters is not completely explored. PPL1 and PPM3 are more explored clusters in case of PD 

using animal models because these are functionally homologous to mammalian substantia 

nigra pars compacta region (204). It has been shown that PPL1 is associated largely with 

memory formation (205) whereas, PPM3 is reported to be a centre for the control of locomotor 

behaviour (206). In PD models of Drosophila, different clusters have been reported to get 

affected in a context dependent manner.  

In this study, we found DA neuronal loss upon genetic alterations is cluster specific, exhibiting 

altered mitochondrial morphology. Our studies provide leads for cellular and molecular 

interactions on DA neuronal degeneration during onset and progression of PD.  
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4.2 Material and Methods 

4.2.1 Fly strains 

All fly stocks, genetic crosses and F1 progenies were maintained on standard fly food 

containing agar, maize powder, yeast, and sugar at 25 °C. GAL4/UAS system was used to 

obtain desired genotype for the experiments (207)(208). Transgenic Drosophila lines: UAS-

GFP (a kind gift from Prof. S.C Lakhotia’s Lab), UAS-Mito-HA-GFP.AP (BL-8442), UAS-

Hsap\SNCA.F (BL-8146), UAS-SNCA.J}1/CyO (BL-51375), UAS-ParkRNAi (BL-37509) were 

used. Driver Gal4 line TH-Gal4 or ple-GAL4 (BL-8848) was used to overexpress or 

downregulate the responder lines of genes in DA neurons. 

4.2.2 Climbing assays 

To determine locomotor activity, climbing assays were performed (209). Ten flies per genotype 

were transferred into cylindrical glass tube after anesthetization and left for 5-10 min for the 

revival and acclimatisation at room temperature. Tubes were marked up to 8cm above the 

bottom of the vial. After acclimatization, flies were gently tapped down to the bottom of vial 

and the number of flies crossed the 8cm mark were recorded after 10 sec. Three trials were 

performed, and numbers were then averaged, and the resulting mean was used as the overall 

value for each single group of flies. For all genotypes 3 replicates were carried out. 

4.2.3 Quantitative real-time PCR 

Total RNA was extracted from 25-30 fly heads using the TRIzol method (Invitrogen) referred 

from Jove protocol (Jensen, K. et al; Purification of Transcripts and Metabolites 

from Drosophila Heads. J. Vis. Exp. (73), e50245, doi: 10.3791/50245 (2013). RNA 

concentrations were measured with a Nanodrop ND-1000 Spectrophotometer and equal 

amounts of RNA were reverse transcribed using Verso cDNA Synthesis Kit (AB1453A). qPCR 

was performed using 5x HOT FIREPol® EvaGreen® qPCR Mix Plus (Solis BioDyne). RP49 

was used as the internal control gene. Primer sequences were as follows: 

RP49 Forward: 5'-CCAAGGACTTCATCCGCCACC-3' 

Reverse: 5'- GCGGGTGCGCTTGTTCGATCC-3' 

Parkin Forward: 5'-ATTTGCCGGTAAGGAACTAAG C-3' 

Reverse: 5'-AAGTGGCCGACTGGATTTTCT-3' 
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4.2.4 Adult Brain Immunohistochemistry 

Brain preparation for confocal microscopy imaging was done as described in Tito et al., 2016. 

Briefly, adult brains of desired genotype were dissected in cold 1x PBS and incubated with 

fixative solution (4% formaldehyde in 1xPBST (0.1%TritonX-100) for 20 min at room 

temperature. After three washes with 1xPBST for 10 min each wash, blocking was done using 

1% BSA for 1hr at room temperature. Brains were probed with rabbit anti-TH (#AB152) at 

1:1000, overnight (12-16) at 4 °C. Following three washes for 10mins, brains were incubated 

with Goat anti-Rabbit, Alexa-Fluor Plus 555 (#A32732) (1:4000) secondary antibodies at room 

temperature for 2hr. Brains were washed three times for 15 min, then they were mounted 

between two glass coverslips by using antifade medium on microscope slides. Confocal 

microscope was used to acquire z-stacks at 1µm intervals with 20×/N.A.0.60 Plan-Apochromat 

objective. The number of TH-positive neurons was counted manually within each cluster of 

posterior regions of the brains. 

4.2.5 Immunoblotting 

Western blot was performed as previously described (211) with some modifications. F1 

progenies of desired genotype were collected in 1.5ml eppendorf tubes and snap-frozen in 

liquid nitrogen. Drosophila heads (~30-50) were decapitated and homogenized in 100ul 1x 

RIPA buffer (Merck, #20-188) containing 1% protease inhibitor (Sigma, P8340) using 

sterilized pestle. The homogenates were centrifuged at 10,000 rpm at 4 ̊ C for 10min. The 

supernatant was collected and assayed for protein concentration. The protein (80µg) was 

resolved on 12% SDA-PAGE and then transferred to 0.2µm nitrocellulose membrane (Bio Rad, 

#1620112). After blocking the membrane with 3% BSA in TBS-T (0.05%Tween-20), 

membrane was incubated overnight at 4̊ C with primary antibodies. The primary antibodies 

used were rabbit anti-Drosophila Parkin (Merck, SAB1300355, 1:500), mouse E7 anti-beta 

tubulin (DSHB-S1-810, 1:200). Following three washes with TBS-T, membrane was incubated 

with an appropriate HRP-conjugated secondary antibodies: goat anti-mouse (Thermo Scientific 

# 31430, 1:1000), mouse anti-Rabbit (GenScript, #A01856, 1:1000) for 2-hr at room 

temperature and signal was detected using ECL substrate (Bio Rad #1705061). Image analysis 

and quantification was done using ImageJ software. Western blot was done on the same 

membranes after stripping between each application of the antibody. 
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4.2.6 Mitochondrial morphology measurement 

To assess the mitochondrial morphology in DA neurons, UAS-MitoGFP fly strain was used to 

tag the mitochondria and DA neurons were stained using anti TH antibody. Z-stack of one 

PPL1 and one PPM3 DA neuronal cluster per brain was imaged using confocal microscope at 

63×/N.A.1.30 oil with 1.5 zoom. A total of 3-4 brains per genotype were scanned. We used 

publicly available ImageJ Mito-Morphology Macro created by (212), to quantify the 

mitochondria. Average area and circularity were calculated representing elongation and 

fragmentation of mitochondria respectively. 

4.2.7 Mitochondrial morphology measurement 

To assess the mitochondrial morphology in dopaminergic neurons, UAS-Mito-GFP fly strain 

was used to tag the mitochondria and dopaminergic neurons were stained using anti TH 

antibody. Z-stack of one PPL1 and one PPM3 DA neuronal cluster per brain was imaged using 

confocal microscope at 63×/N.A.1.30 oil with 1.5 zoom. A total of 3-4 brains per genotype 

were scanned. Publically available ImageJ Mito-Morphology Macro created by Dagda et al. 

(2009) (Dagda, R.K., Cherra III, S. J, Kulich, S.M., Tandon, A, Chu, Park, D., Chu, C.T. Loss 

of PINK1 function promotes autophagy through effects on fission in neurons. J.Biol Chem. 

284(20):13843-55, 2009.) was used to quantify the mitochondria. Average area, circularity and 

(Area/Perimeter)/minor axis were calculated representing elongation, fragmentation and 

swelling of mitochondria respectively. 

4.2.8 Mitochondrial fractionation 

Mitochondrial fractionation was done from the heads of desired genotypes using differential 

centrifugation as described previously (161) with slight modifications. Briefly, ~150 heads of 

desired genotypes were collected and homogenized in an ice-cold mitochondrial isolation 

buffer (250 mM sucrose, 10 mM HEPES, 1 mM EDTA and 0.1% fat-free BSA, pH 7.4) using 

sterilized micro-pestles. Lysate was then centrifuged at 1000g for 5 min at 4 °C. The 

supernatant was collected and centrifuged at 10,000g for 10 min at 4 °C. The pellets were then 

resuspended and washed thrice in mitochondrial washing buffer (250 mM sucrose, 10 mM 

HEPES, and 0.1 mM EDTA, pH 7.4) at 10,000g for 10 min at 4 °C. Finally, the pellet was 

resuspended in 80µl of 0.1% fat-free BSA suspension buffer with 250 mM sucrose and 10 mM 

HEPES, pH 7.4.  
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4.2.9 ROS (reactive Oxygen Species) quantification 

DCF-DA (2,7-dichlorofluorescein diacetate) assay was used to quantify the ROS as previously 

described (162) with some modifications. 20 flies of desired genotypes were homogenized in 

20mM Tris buffer, pH 7.0. The homogenate was centrifuged at 1600 ×g for 10 minutes at 4°C, 

and the supernatant was collected for quantification of 2,7-dichlorofluorescein fluorescence. 

Aliquot of 5µl of supernatant was incubated with 5µM DCFDA at 37 ˚C for 60 min. The 

fluorescence was monitored at 488nm/530nm excitation/emission using Fluoroskan Ascent. 

4.2.10 Malondialdehyde (MDA) Quantification 

Thiobarbituric acid reactive substances (TBARS) assay was used to assess the oxidative stress 

by quantifying the levels of malondialdehyde (MDA), a stable by-product of lipid peroxidation 

as previously described (163) with some modifications. 30 flies of desired genotypes were 

homogenized in 1x RIPA buffer (Merck, #20-188) containing 1% protease inhibitor (Sigma, 

P8340) using sterilized pestle. The homogenates were centrifuged at 10,000 rpm at 4̊ C for 

10min. The supernatant was collected and assayed for protein concentration. Aliquots of 

supernatant were adjusted to have an equal amount of protein (1 mg/ml) and then 250 µl of 

10% trichloroacetic acid (TCA) added. Subsequently, 375 µl of thiobarbituric acid (TBA) 

added at a concentration of 1% (w/v) under acidic conditions. The resulting solution was kept 

at 100 ˚C for 15 min, which facilitated the formation of a pink-colored precipitate. The 

absorbance of this precipitate was measured spectrophotometrically at 530 nm (Multiskan FC, 

Thermo Scientific, DE). The obtained values were expressed as micromolar concentration 

(µM) of malondialdehyde per 5 milligram (mg) of protein. 

 

4.2.10 Statistical analysis 

GraphPad Prism 8.0.1 was used for statistical analysis and graphical display of the data. 

Significance is expressed as p values which were determined with one-way ANOVA and Two-

way ANOVA followed by Tukey’s multiple comparison tests as indicated in the figure legends. 
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4.3 Results 

4.3.1 SNCA overexpression and parkin downregulation together exhibit locomotor 

dysfunctions  

The α-synuclein induced neurotoxicity (i.e. survival, locomotor defect, and DA neuronal death) 

is restored by parkin in in-vitro and in-vivo models (213,124, 212,217). Hence, to test whether 

parkin is involved in α-synuclein mediated PD condition, we created double transgene with 

RNAi of parkin (parkinIR here onward) and UAS-SNCA and expressed in DA neurons using 

TH-Gal4. Using H3C (DSHB-S1-890) antibody we confirmed the expression of α-synuclein 

in DA neurons of UAS-SNCA (Fig 4.1A) and double transgene through imaging via 

fluorescence microscopy (Fig 4.1B) and downregulation of parkin though real-time PCR (Fig 

4.5A and 4.5B, 7-day and 21-day respectively). We have found that UAS-SNCA, UAS-

parkinIR and UAS-parkinIR; UAS-SNCA expressing flies shown reduced life span as compared 

to control (Fig 4.2). 

 

  

Figure 4.1. Immunohistochemistry showing α-synuclein expression in DA neurons of (A) 

SNCA transgene, (B) Double transgene: parkin downregulation with SNCA (ParkinIR; SNCA) 

and (C) wild type-parkin with SNCA (UAS-SNCA; UAS-parkin). 

 

However, this reduced life span of UAS-parkinIR; UAS-SNCA expressing flies was at lesser 

extent with respect to SNCA overexpression and parkin downregulation alone in age dependent 

manner. Further, we observed that UAS-parkinIR; UAS-SNCA expressing flies displayed loss of 
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climbing ability as compared to control (Fig 4.3); however, it was also at lesser extent with 

respect to parkin downregulation alone in age dependent manner. Though, both SNCA 

overexpression and parkin downregulation independently, displayed loss of climbing ability 

with the age (3-21 days) as compared to control (TH>GFP) (Fig 4.3), supporting the existing 

studies (179,212,215). We also confirmed phenotype of parkin downregulation by 

overexpressing wild type-parkin with SNCA (UAS-SNCA; UAS-parkin). Notably, wild-type 

parkin overexpression with SNCA was able to restore the life span (Fig 4.2) and climbing 

ability (Fig 4.3). We also confirmed the overexpression of α-synuclein using H3C antibody in 

UAS-SNCA; UAS-parkin transgene through fluorescence microscopy (Fig 4.1C). These 

observations suggest that SNCA and parkin alteration together do not worsen the locomotor 

defects. 

 

 

 

Figure 4.2. SNCA overexpression and parkin downregulation (parkinIR) independently, 

and together (parkinIR; SNCA) in dopaminergic neurons (DA), exhibit reduced life span.  

Survival Curves (Kaplan-Meier) using Gehan-Breslow-Wilcoxon test. 
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Figure 4.3. SNCA overexpression and parkin downregulation (parkinIR) independently, 

and together (parkinIR; SNCA) in dopaminergic neurons (DA), exhibit locomotor 

dysfunctions: Climbing assay indicates loss of locomotor function with age in flies. A total of 

30 (N=30) flies were used per genotype and 10 flies (n=10) were used for the climbing assay. 

Data is represented as mean with SEM. Statistical analysis were performed using Two-way 

ANOVA followed by Tukey’s multiple comparison test. P value: *(<.05), ** (<.001), *** 

(<0.0001), ns-not significant.  

 

4.3.2 SNCA and parkin alterations cause dopaminergic neurodegeneration 

In PD, cardinal motor symptoms are caused by death of DA neurons in the substantia nigra 

pars compacta (SNpc). Thus, we examined the DA neuronal clusters in adult fly brain using 

antibody against tyrosine hydroxylase to investigate whether locomotor defects observed in 

SNCA and parkin alteration are due to loss of DA neurons. We have explored posterior 

protocerebrum DA neuronal clusters: PPM1/2, PPM3, PPL1 and PPL2 (Fig 4.4A). To visualize 

the DA neurons in adult brain, we stained the DA neurons of the TH-Gal4 driving GFP flies 

with TH antibody (Fig 4.4B), hence confirming the activity of TH-Gal4>UAS-GFP and TH 

antibody. In our study, only TH-positive neurons of posterior brain were monitored for DA 

neuron quantification. We have found substantial reduction in specific DA  
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neuronal clusters in UAS-SNCA, UAS-parkinIR and UAS-parkinIR; UAS-SNCA transgene adult 

brain with respect to age matched controls (Fig 4.4). In 7-day-old adult fly brains, 

quantification of PPL1, PPM1&2, PPM3 and PPL2 DA neuron clusters, SNCA and parkinIR 

showed significant reduction in number of DA neurons only in PPL1 and PPM1&2 clusters 

(Fig 4.4C-E’ & 4.4G). UAS-parkinIR; UAS-SNCA also showed significant reduction in number 

of DA neurons in PPL1 and PPM1&2 as compared to control (Fig 4.4F-F’ & 4.4G). However, 

number of DA neuronal loss in UAS-parkinIR; UAS-SNCA adult fly brains were less 

pronounced as compared to SNCA and parkinIR alone (Fig 4.4D-F’ & 4.4G). In 21-day-old fly 

brains, DA neurons numbers were further decreased in PPL1 and PPM1 & 2 cluster in similar 

manner to 7-day-old adult fly brains of SNCA, parkinIR and in UAS-parkinIR; UAS-SNCA (Fig 

4.4H-4K’ & 4.4L). In PPM3 DA neurons clusters, we have observed that numbers of DA 

neurons were reduced only in parkinIR adult fly brain (Fig 4.4G & 4.4L). In PPL2 DA cluster, 

we have observed no change in number of DA neurons in UAS-SNCA, UAS-parkinIR and UAS-

parkinIR; UAS-SNCA of 7-day-old and 21-day-old adult fly brains. These observations suggest 

that SNCA and parkin cause DA clusters specific neuronal loss in posteriors region of adult fly 

brain. 
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Figure 4.4. SNCA and parkinIR expression independently and together (parkinIR; SNCA) 

cause DA cluster specific neuronal loss (A) Schematic representation of DA neuronal clusters 

(PPL1, PPM1&2, PPM3, PPL2) in posterior region of adult  brain. (B) Representative confocal 

Maximum Intensity Projection (MIP) of WT adult brain stained with GFP (green) and Tyrosine 

Hydroxylase (TH) (Red) to reveal DA neurons in posterior region. Adult brain of desired 

genotype were dissected and stained for TH. (C-G) 7-day old adult fly brains show TH stain. 

(C, C’) Control flies, (D, D’) SNCA overexpression, (E, E’) ParkinIR expression, (F, F’) 

ParkinIR; SNCA expression, show the TH-stain which is (G) quantified. (H-L) 21-day old adult 

fly brains flies showing TH stain. (H, H’) Control flies, (I, I’) SNCA overexpression, (J, J’) 

ParkinIR expression, (K, K’) ParkinIR; SNCA expression show the TH-stain and is (L) 

quantified. Scale bar 50µm. A total of four adult brains were used (n=4) per genotype. Data is 

represented as mean with SEM. Statistical analysis were performed using Two-way ANOVA 

followed by Tukey’s multiple comparison test. P value: *(<.05), ** (<.001), *** (<.0001), ns-

not significant.  

4.3.3 SNCA affects the expression of parkin at transcriptional level but not at translational 

level in DA neurons 

Several in-vitro and in-vivo studies have shown the reduced neurotoxicity caused by SNCA 

upon parkin overexpression suggesting that parkin plays a vital role in molecular pathway of 

PD pathogenesis. It has been reported that mutations in SNCA and parkin affect DA neuronal 

loss as well as formation of Lewy bodies (145). However, effect of wild-type SNCA on parkin 

is not much explored. Therefore, we tested parkin mRNA and protein level of flies with UAS-

parkinIR; UAS-SNCA, SNCA overexpression and parkin downregulation independently. We 

found decreased parkin mRNA level in UAS-parkinIR; UAS-SNCA flies as compared to control 

flies; however this reduction in transcript was at a lesser extent compared to parkin 

downregulation and SNCA overexpression alone in 7-day adult fly brains (Fig 4.5A). Similarly, 

at 21-day time point, adult fly brains with UAS-parkinIR; UAS-SNCA did not show further 

decrease in parkin mRNA (Fig 4.5B). We found this intriguing, since Wilkaniec et al., 2019 

have reported the decreased parkin protein level upon α-synuclein oligomerization which 

induces cell death in in-vitro model. In contrast, in our study we have found no significant 

change in parkin protein level upon SNCA overexpression in 7 (Fig 4.5C and 4.5E) and 21 

days old (Fig 4.5D and 4.5F) adult fly brains. However, we observed decreased parkin protein 

level in flies expressing UAS-parkinIR; UAS-SNCA as compared to control but it was at lesser 

extent to parkin downregulation independently (Fig 4.5E and 4.5F). Altogether, these data 
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suggest that SNCA alone has effect on parkin at transcript level. When combined, the effect is 

not pronounced.  

 

 

Figure 4.5. SNCA effect the expression of parkin at transcriptional level but not 

translational level. (A) 7-day old parkin mRNA level (B) 21-day old parkin mRNA level. (C) 

Parkin immunoblot and (E) quantification of 7-day-old adult brains normalized to β-tubulin. 

(D) Parkin immunoblot and (F) quantification of 21-day old adult brains normalized to beta-

Tubulin. Data is represented as mean with SEM. Statistical analysis were performed using One-

way ANOVA followed by Tukey’s multiple comparison test. P value: *(<.05), ** (<.001), ns-

not significant. 
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4.3.4 SNCA and parkin alteration affect mitochondrial morphology independently in 

PPL1 and PPM3 clusters of adult fly brain 

Mitochondria are highly dynamic organelle and maintenance of mitochondrial morphology is 

essential for survival of the neurons. Therefore, we investigated whether α-synuclein and 

parkin alteration induced PD phenotypes have any relation with mitochondrial morphology. 

We have considered only PPL1 and PPM3 DA neuronal clusters for mitochondrial morphology 

assessment. This is because we have found reduction in number of TH-positive DA neurons in 

PPL1 clusters of UAS-parkinIR; UAS-SNCA (Fig 4.6), SNCA overexpression and parkin 

downregulation independently and in PPM3 due to parkin downregulation only. We assessed 

the mitochondrial morphology using UAS-mitoGFP in TH-positive neurons. We have found 

that in PPL1 neuronal clusters, UAS-parkinIR; UAS-SNCA (Fig 4.6D, D’ & 4.6E) has shown 

swollen mitochondria as compared to control (TH>mito-GFP) (Fig 4.6A, A’) in 7-day adult 

fly brains. Whereas, we observed fragmented mitochondria in 21-day old adult fly brains (Fig 

4.6I, I’ & 4.6J) as compared to control (Fig 4.6F, F’ & 4.6J). SNCA overexpression (Fig 4.6B, 

B’ & 4.6E) and parkin downregulation (Fig 4.6C, C’& 4.6E) independently have shown 

swollen and/or enlarged mitochondria, which degenerate, in 7-day adult fly brains, as compared 

to control (Fig 4.6A, A’ & 4.6E). SNCA overexpression (Fig 4.6G, G’ & 4.6J) and parkin 

downregulation (Fig 4.6H, H’ & 4.6J) independently have shown further enhanced 

mitochondrial morphology in 21-day old adult fly brains as compared to control (Fig 4.6F, F’ 

& 4.6J). 

In PPM3 neuronal clusters, UAS-parkinIR; UAS-SNCA (Fig 4.7D, D’ & 4.7E) and SNCA 

overexpression (Fig 4.7B, B’ & 4.7 E) have shown fragmented mitochondria in 7-day adult fly 

brains as compared to control (Fig 4.7A, A’ & E).  In 21-day old adult brains of UAS-parkinIR; 

UAS-SNCA (Fig 4.7 I, I’ and 4.7J) and SNCA overexpression (Fig 4.7A, A’ & 4.7J) have also 

shown fragmented mitochondria as compared control (Fig 4.7F, F’& 4.7J) which do not 

degenerate. The parkin downregulation only has shown enlarged and/or swollen mitochondria 

in PPM3 clusters which degenerate, in 7-day (Fig 4.7C, C’ & 4.7E) as well as in 21-day old 

adult fly brains (Fig 4.7H, H’ & 4.7J) as compared to control (Fig 4.7A, A’ & E).  

In Parkinson's disease models, both SNCA and loss-of-function mutations in parkin, have been 

reported to alter mitochondrial morphology through regulating fusion and fission process. 

Therefore, to understand if there is any role of mitochondrial fission  and fusion machinery in 

determining the mitochondrial morphology under UAS-SNCA, UAS-parkinIR and UAS-
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parkinIR; UAS-SNCA , we tested the protein levels of Mfn2.  We observed that UAS-SNCA and 

UAS-parkinIR individually have shown significantly increased Mfn2 levels as compared to 

control flies (Fig 4.8). Whereas, UAS-parkinIR; UAS-SNCA (together) were found to be almost 

comparable to control flies, however this was significantly less than UAS-SNCA and UAS-

parkinIR individually (Fig 4.8). Thus, altogether these data suggested that α-synuclein causes 

mitochondrial morphology defects independent of parkin. To confirm the role of parkin in 

SNCA induced mitochondrial morphology defects, we performed mitochondrial fractionation. 

This is to quantify the parkin levels in mitochondria and will help us understand its involvement 

in the mitochondrial morphology alteration. We observed non-significant reduction in 

mitochondrial localization of parkin (Fig. 4.9). Hence, these data suggest the role of parkin 

being independent to α-synuclein to cause altered mitochondrial morphology in PD 

progression. 

4.3.5 Altered mitochondrial and oxidative stress 

To understand whether changes in mitochondrial morphology triggered by UAS-SNCA, UAS-

parkinIR, and UAS-parkinIR; UAS-SNCA result into oxidative stress, ultimately contributing to 

locomotor defects and dopamine loss. Both α-synuclein aggregation and parkin mutations have 

been reported to be associated with mitochondrial ROS (Reactive Oxygen Species) production 

that can contribute to oxidative stress in in-vitro and in-vivo models (218). We have performed 

DCFDA assay to detect the ROS production in UAS-SNCA, UAS-parkinIR, and UAS-parkinIR; 

UAS-SNCA (Fig 4.10A). We have found no change in ROS level in UAS-SNCA as compared 

to 21 days old control flies. UAS-parkinIR has shown significantly increase in ROS level as 

compared to 21 days old control flies (Fig 4.10A). Whereas, UAS-parkinIR; UAS-SNCA  flies 

have shown decreased ROS level as compared to control, though at lesser extent to UAS-

parkinIR.  We performed MDA (malondialdehyde) assay, one of the biochemical marker for 

oxidative stress and elevated MDA levels may reflect increased lipid peroxidation and 

oxidative damage. We have found statistically non-significant increase in MDA level in  UAS-

SNCA and UAS-parkinIR  flies as compared to control flies, whereas, UAS-parkinIR; UAS-SNCA  

has shown significant increase in MDA level as compared to 21 days old control flies (Fig 

4.10B).  
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Figure 4.6.  SNCA overexpression results in swollen mitochondria, parkinIR expression 

has shown elongated whereas together (parkinIR; SNCA) shows fragmented mitochondria 

in PPL1 DA clusters. Adult brains of desired genotype expressing the mitochondria targeted 

green fluorescent protein (mitoGFP) in TH- positive (red) cells. (A-J) 7-day & 21-day old adult 

fly brains showing mitoGFP in PPL1 cluster. Control brains showing mitoGFP at (A, A’) 7-

day and (F, F’) 21-day. SNCA overexpressing flies show mitoGFP (B, B’) in 7-day and in (G, 

G’) 21-day. ParkinIR expressing flies show mitoGFP in (C, C’) 7-day and in (H, H’) 21-day. 

ParkinIR; SNCA expressing flies show mitoGFP in (D, D’) 7-day and further enhanced in (I, I’) 

21-day. (E) Quantification of mitochondria morphology (area & circularity) was done using 

ImageJ Mito-Morphology Macro. Scale bar 10µm. A total of four adult brains were used (n=4) 

per genotype. Data is represented as mean with SEM. Statistical analysis were performed using 

Two-way ANOVA followed by Tukey’s multiple comparison test. P value: *(<.05), ns-not 

significant.  
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Figure 4.7. SNCA overexpression and parkinIR; SNCA have shown fragmented 

mitochondria, whereas parkinIR expression has shown elongated mitochondria in PPM3 

DA clusters. Adult brains of desired genotype expressing the mitochondria targeted green 

fluorescent protein (mitoGFP) in TH- positive (red) cells. (A-J) 7-day & 21-day old adult fly 

brains showing mitoGFP in PPM3 cluster. Control brains showing mitoGFP at (A, A’) 7-day 
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and (F, F’) 21-day. SNCA overexpressing flies show mitoGFP (B, B’) in 7-day and in (G, G’) 

21-day. ParkinIR expressing flies show mitoGFP in (C, C’) 7-day and in (H, H’) 21-day. 

ParkinIR; SNCA expressing flies show mitoGFP in (D, D’) 7-day and in (I, I’) 21-day also. (E) 

Quantification of mitochondria morphology (area & circularity) was done using ImageJ Mito-

Morphology Macro. Scale bar 10µm. A total of four adult brains were used (n=4) per genotype. 

Data is represented as mean with SEM. Statistical analysis were performed using Two-way 

ANOVA followed by Tukey’s multiple comparison test. P value: *(<.05), ** (<.001), *** 

(<.0001), ns-not significant. 

 

 

Figure 4.8. SNCA overexpression and parkin downregulation regulate Mfn2 protein 

expression independently. Data is represented as mean with SEM. Statistical analysis were 

performed using One-way ANOVA followed by Tukey’s multiple comparison test. P value: 

*(<.05).  
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Figure 4.9. SNCA-induced mitochondrial morphology defects is independent of parkin: 

Western blot of mitochondria fractionation probed for parkin, ATP synthase and βTubulin (A) 

and (A’) quantification showing reduction in parkin level in mitochondrial and increase in 

cytosolic fraction. 50 flies (n=50) were used for fractionation. Data is represented as mean with 

SEM. Statistical analysis were performed using Two-way ANOVA followed by Tukey’s 

multiple comparison test. P value: (ns) not significant.  

 

 

Figure 4.10. SNCA and parkin causes oxidative stress at cellular level. (A) Measurement of 

spectrophotometric fluorescence intensity of DCF (di-chlorofluorescein) which specifies the 

enhancement of ROS. (B) Levels of malondialdehyde (MDA) as lipid peroxidation marker. 40 

flies (n=40) were used. Data is represented as mean with SEM. One-way ANOVA followed 

by Tukey’s multiple comparison test. P value: *(<.05), ** (<.001), (ns) not significant. 
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4.5 Discussion 

Here, we characterize the cluster specific DA neuronal loss associated with interaction of SNCA 

and parkin. We have highlighted the effect of SNCA overexpression and parkin knockdown 

together in terms of DA neuronal loss in PPL1 and PPM3 clusters of adult fly brain over a time 

period of 21 days.                                                   

SNCA and parkin mutations have been found to be involved in motor (postural instability, 

tremor, bradykinesia) and non-motor symptoms (sleep disorders, depression, anxiety, 

hallucinations) in PD patients. SNCA overexpression and parkin mutation both have also been 

shown to cause the age dependent locomotor dysfunction and neurodegeneration in in-vivo 

models (14,218, 215, 207). In our study, SNCA overexpression and parkin knockdown in DA 

neurons have also shown the progressive locomotor dysfunction. Interaction of SNCA and 

parkin in PPL1 clusters results into progressive locomotor dysfunctions. Although, the effect 

of genetic alterations are not as pronounced to indicate an additive effect. This is further 

supported by observed mitochondrial morphology in UAS-parkinIR; UAS-SNCA. With respect 

to the reports published previously, our work uncovers the relation between SNCA and parkin 

in an in-vivo system in a novel way by bringing the gene alterations together. This enables us 

to understand the relationship, between SNCA and parkin at both transcriptional and 

translational levels.  

Studies have reported that wild-type SNCA causes reduction in number of TH-positive neurons 

in PPM1& 2, PPL1 clusters but not in PPM3 clusters (221 - 224). We have also found that 

SNCA overexpression has reduced number of TH-positive neurons in PPM1&2, PPL1 and not 

in PPM3, which are consistent with aforementioned reports. Flies with parkin mutation have 

also been shown to cause progressive loss of DA neurons in PPL1 cluster but not in PPM3 

(149,215) after 20 days post-eclosion. No loss of neurons has been reported in the dorsomedial 

clusters (DMC) (also known as PPM) in parkin loss of function mutation in adult fly brain after 

21 day post-eclosion (135). However, in our study, parkin knockdown alone shows loss of DA 

neurons in PPM3 along with PPM1&2 and PPL1 clusters in 7 and 21-day old adult fly brains. 

SNCA with parkin knockdown (UAS-parkinIR; UAS-SNCA) showed decreased number of DA 

neurons in PPM1&2, PPL1 clusters as compared to control, though at lesser extent with SNCA 

and parkin knockdown independently. Numbers of DA neurons in PPL2 clusters were 

unaltered in SNCA and parkin knockdown independently and together, in 7-day as well as in 

21-day old fly brains. Hence, these observations suggest that DA neuronal loss was correlating 
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with locomotor dysfunctions. Since, we did not observe aggravated phenotype in SNCA 

overexpression and parkin knockdown together (UAS-parkinIR; UAS-SNCA); this may suggest 

that SNCA doesn’t affect parkin directly. Alternatively, this could also mean that parkin 

downregulation is not the only the mechanism involved in SNCA induced locomotor 

dysfunction and neurodegeneration.  

Neurons have highly dynamic energy requirements, and hence the intact mitochondrial 

morphology is an important aspect to preserve the neuronal health. In post-mortem brains of 

Parkinson’s patients, it has been shown that α-synuclein localize to mitochondria and affect 

mitochondrial homeostasis (223,133, 224, 225). Although, α-synuclein doesn’t have an exact 

mitochondrial targeting sequence, but studies suggest that α-synuclein contains a cryptic 

mitochondrial targeting sequence in the N-terminus region (221). Recently, it has been reported 

that N-terminus of α-synuclein plays a role in mitochondrial fragmentation via a DRP1-

dependent pathway in Drosophila (196). In Drosophila, C. elegans, dorsal root ganglia of 

Danio rerio (zebra fish) and in cellular models also, SNCA overexpression cause mitochondrial 

fragmentation (226, 199 227). In our study, SNCA overexpression has caused more 

elongated/or swollen mitochondria in PPL1 clusters, while in PPM3 clusters, it results in more 

fragmented mitochondria in progressive manner. These results are thus align with the DA 

neuronal loss in PPL1 clusters but not in PPM3 clusters. This may also be an indication of 

some other mechanisms involved in rescuing the effect of SNCA overexpression and parkin 

knockdown together. 

Loss-of-function mutations in parkin are the most prevalent cause of recessive form PD (189). 

Upon mitochondria depolarization, parkin is activated by PINK1 and promotes degradation of 

Mitofusin 1 and 2 (137, 228, 229) and recruits Drp1 to mitochondria which lead to fission 

(228). Parkin is also involved in the selective degradation of damaged mitochondria through 

mitophagy process (229). In tissues of parkin-null Drosophila mutants, swollen mitochondria 

have been observed and this suggests that parkin may either promote fission or inhibit fusion 

(147,146). In our study, we performed mitochondrial fractionation to quantify parkin and found 

non-significant decrease in all three conditions w.r.t. control. This suggests independent and 

non-coinciding roles of parkin with alpha synuclein in regulating mitochondrial morphology. 

Reducing Opa1 or Mitofusin (MFN2 and MFN1) has been reported to ameliorate swollen 

mitochondrial morphology (222,(230)182).  Knockdown of Marf was shown to reduce 

abnormal mitochondrial morphology in the muscles of pink1 and parkin mutant flies (231). 

Conversely, in DA neurons of parkin knockout mice, more fragmented mitochondria have been 
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shown to causes the neuronal loss (197). The presence of parkin mutation in causing 

accumulation of dysfunctional mitochondrial in PD patients has also been established. In our 

study, parkin downregulation caused enlargement of mitochondria in PPL1 and PPM3 clusters 

in age dependent manner. These results were correlating with the DA neuronal loss in PPL1 

and PPM3 clusters.  

Several studies have reported that overexpression of parkin restores mitochondrial morphology 

and function caused by SNCA, but it is still not clear whether this is through a direct link 

between parkin and SNCA, or neuroprotective role of parkin in maintaining mitochondrial 

dynamics (223, 226,220). In in-vitro model, exogenous α-synuclein oligomers or fibrils caused 

reduction in parkin expression and wild-type parkin overexpression rescues α-synuclein 

induced mitochondrial fragmentation (233). However, they have shown that toxic effects of α-

synuclein on mitochondria was higher as compared to parkin silencing induced mitochondrial 

dysfunction and suggested that α-synuclein-induced parkin downregulation is not the only 

mechanism for mitochondrial dysfunction (233). Similarly, in our study, overexpression of 

SNCA with parkin downregulation (UAS-parkinIR; UAS-SNCA) shows more fragmented 

mitochondria in PPL1 as well in PPM3 clusters in age dependent manner, which is just opposite 

to SNCA overexpression and parkin downregulation individually. We have found no changes 

in parkin expression at protein level in SNCA overexpressed flies; however, parkin transcript 

was significantly reduced. This warrants that further studies need to be carried out to validate 

the transcriptional correlation.  

There are several line of evidences suggest that both α-synuclein and parkin mutations cause 

impaired mitochondrial function which further contribute to the generation of ROS and, 

consequently, oxidative stress in in-vitro and in-vivo models (234, 235,134,93,237,137). In our 

study we did not observe any significant increase in ROS level in SNCA and SNCA with parkin 

downregulation flies as compared to control in 21-dyas old flies. Parkin downregulation have 

shown significantly increased ROS level as compared to control flies. α-synuclein and parkin 

have shown non-significant increase in MDA as compared to control in 21-days flies. Whereas, 

α-synuclein with parkin downregulation has shown significantly increased MDA level as 

compared to control in 21-days flies, however, this increased MDA level was comparable 

within SNCA with parkin downregulation individually. Altogether, these suggest that SNCA 

and parkin downregulation independently disrupt cellular homeostasis through regulating 

some other molecular mechanisms in PD progression. 
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Current study provides insights into cellular and molecular etiology in case of PD in a time-

dependent manner specifically in DA neurons, using overexpression system. Since neuronal 

mitochondria are highly dynamic, depending on ever-changing metabolic requirements, the 

morphology changes driving degeneration are limited to only TH positive neurons (Fig 4.11). 

Further work is required to understand if there are any other mechanisms regulating these 

interactions and if so, how does it affect pathogenesis of Parkinson’s disease. Also it would be 

crucial to understand if mitochondria are affected by other direct or indirect genetic and 

molecular factors affecting progression of Parkinson’s disease. 

 

 

 

Figure 4.11. Schematic representation of effect of α-syn and parkin on specific DA neuronal 

clusters in adult fly brain. Figure drawn using BioRender. 
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    5.1 Conclusions: 

1. In this study we have established and characterized the Drosophila genetic model of 

Parkinson’s Disease using Gal4/UAS expression system to investigate genetic and 

molecular interaction between α-synuclein and parkin. Overexpressing α-synuclein and 

downregulating parkin in various tissues of Drosophila successfully replicates the 

phenotype observed in Parkinson's disease.  Observed phenotypes are locomotor 

defects, reduced life span and Dopaminergic neuronal loss in age-dependent manner. 

Thus, both α-synuclein overexpression and parkin knockdown could be useful to 

understand the underlying molecular mechanisms of specific dopaminergic neuronal 

death in PD. Also, employing the Drosophila model for PD may provide valuable 

insights into the pathogenesis of PD.  

2. The present work provides evidence about genetic and molecular interaction between 

α-synuclein and parkin in specific dopaminergic neuronal clusters. The occurrence of 

climbing defect, reduced life span and DA neuronal loss phenotypes resulting from 

genetic manipulation of α-synuclein and parkin implies that α-synuclein and parkin may 

function independently. Alternatively, it could also indicate that parkin downregulation 

is not the sole mechanism involved in α-synuclein induced locomotor dysfunction and 

neurodegeneration. α-Synuclein-induced reduction in the level of parkin transcript, 

without a corresponding decrease in protein expression, further supports the idea of 

independent functions. 

3. In context to mitochondrial morphology, we provide evidence that α-synuclein and 

parkin cause mitochondrial morphology defect in cluster specific DA neurons.  In our 

study, overexpression of α-synuclein with parkin downregulation (UAS-parkinIR; UAS-

SNCA) shows more fragmented mitochondria in PPL1 as well in PPM3 clusters in age 

dependent manner, which is just opposite to α-synuclein overexpression and parkin 

downregulation individually. These results are thus aligning with the DA neuronal loss 

in PPL1 clusters but not in PPM3 clusters.  This could suggest the involvement of some 

other mechanisms aimed at mitigating the effect of α-synuclein overexpression and 

parkin knockdown together. 

 

 

 



70 
 

      5.2 Limitations and future Scope of the work: 

1. To confirm the role of mitochondrial dynamics (fusion/fission), genetic manipulation 

of genes involved in mito-fusion (Marf and OPA1) and fission (Drp1) process with 

SNCA and ParkinIR remains to be explored.  

2. Exploration of some other mechanisms involved in rescuing the effect of SNCA 

overexpression and parkin knockdown together can be further pursued.  

3. Using cell isolation techniques from individual DA neuronal clusters of brains will be 

able to provide more insights at individual neuronal and organelle level, since number 

of these neurons is limited.  

4. To understand the mechanisms involved in regulation at organelle level, more research 

is required in other animal models, if these interactions are conserved at cellular and 

molecular level affecting pathogenesis of Parkinson’s disease.  

5.  Additionally, the vulnerability of specific neuronal clusters in SNCA and parkin is 

essential to be examined. 

6. Limited studies have been done on non-dopaminergic (non-DA) systems that are 

affected in PD condition. Through investigating non-DA neuronal dysfunction, some 

of the initial alterations in PD, including olfactory dysfunction, sleep disturbances and 

gut dysfunctions can be explored. 

7. It will be interesting to explore if different sporadic model of PD will exhibit similar 

cluster specific behavior in terms of mitochondrial dynamics. Further, since sporadic 

models can be induced by feeding different chemicals, a comparison will provide better 

insights into underpinnings of genetic and molecular mechanisms of PD, in order to 

identify therapeutic targets 

 

 
 

 

 

 

 

 

 



71 
 

 

 

 

 

 

 

 

 

 

 

References 

 

 

 

 

 

 

 

 

 

 



72 
 

 

1.  Lotharius J, Brundin P. Pathogenesis of parkinson’s disease: Dopamine, vesicles and α-

synuclein. Nat Rev Neurosci. 2002;3(12):932–42.  

2.  Shults CW. Lewy bodies. Proc Natl Acad Sci U S A. 2006;103(6):1661–8.  

3.  Wood-Kaczmar A, Gandhi S, Wood NW. Understanding the molecular causes of 

Parkinson’s disease. Trends Mol Med. 2006;12(11):521–8.  

4.  Schapira AHV, Chaudhuri KR, Jenner P. Non-motor features of Parkinson disease. Nat 

Rev Neurosci [Internet]. 2017;18(7):435–50. Available from: 

http://dx.doi.org/10.1038/nrn.2017.62 

5.  Tibar H, El Bayad K, Bouhouche A, Haddou EHA Ben, Benomar A, Yahyaoui M, et al. 

Non-motor symptoms of Parkinson’s Disease and their impact on quality of life in a 

cohort of Moroccan patients. Front Neurol. 2018;9(APR):1–12.  

6.  Feigin VL, Krishnamurthi R V., Theadom AM, Abajobir AA, Mishra SR, Ahmed MB, 

et al. Global, regional, and national burden of neurological disorders during 1990–2015: 

a systematic analysis for the Global Burden of Disease Study 2015. Lancet Neurol. 

2017;16(11):877–97.  

7.  Ray Dorsey E, Elbaz A, Nichols E, Abd-Allah F, Abdelalim A, Adsuar JC, et al. Global, 

regional, and national burden of Parkinson’s disease, 1990–2016: a systematic analysis 

for the Global Burden of Disease Study 2016. Lancet Neurol. 2018;17(11):939–53.  

8.  Initiative B, Disorders N. Articles The burden of neurological disorders across the states 

of India : the Global Burden of Disease Study 1990 – 2019. 2021;  

9.  Javoy F, Sotelo C, Herbet A, Agid Y. Specificity of dopaminergic neuronal degeneration 

induced by intracerebral injection of 6-hydroxydopamine in the nigrostriatal dopamine 

system. Brain Res. 1976 Feb 6;102(2):201–15.  

10.  Schulte C, Gasser T. Genetic basis of Parkinson’s disease: Inheritance, penetrance, and 

expression. Appl Clin Genet. 2011;4:67–80.  

11.  Polymeropoulos MH, Lavedan C, Leroy E, Ide SE, Dehejia A, Dutra A, et al. Mutation 

in the α-synuclein gene identified in families with Parkinson’s disease. Science (80- ). 

1997;276(5321):2045–7.  

12.  Lunati A, Lesage S, Brice A. The genetic landscape of Parkinson’s disease. Rev Neurol 

(Paris) [Internet]. 2018;174(9):628–43. Available from: 

https://doi.org/10.1016/j.neurol.2018.08.004 

13.  Kumari U, Tan EK. LRRK2 in Parkinson’s disease: Genetic and clinical studies from 

patients. FEBS J. 2009;276(22):6455–63.  

14.  Feany MB, Bender WW. A Drosophila model of Parkinson’s disease. Nature. 2000;  

15.  Alpha‑synuclein structure, functions, and.pdf.  



73 
 

16.  Maroteaux L, Campanelli JT, Scheller RH. Synuclein: A neuron-specific protein 

localized to the nucleus and presynaptic nerve terminal. J Neurosci. 1988;8(8):2804–15.  

17.  Calabresi P, Mechelli A, Natale G, Volpicelli-Daley L, Di Lazzaro G, Ghiglieri V. 

Alpha-synuclein in Parkinson’s disease and other synucleinopathies: from overt 

neurodegeneration back to early synaptic dysfunction. Cell Death Dis. 2023;14(3).  

18.  McCormack A, Chegeni N, Chegini F, Colella A, Power J, Keating D, et al. Purification 

of α-synuclein containing inclusions from human post mortem brain tissue. Vol. 266, 

Journal of Neuroscience Methods. 2016. p. 141–50.  

19.  Lashuel HA, Overk CR, Oueslati A, Masliah E. The many faces of α-synuclein: From 

structure and toxicity to therapeutic target. Nature Reviews Neuroscience. 2013.  

20.  Fusco G, De Simone A, Gopinath T, Vostrikov V, Vendruscolo M, Dobson CM, et al. 

Direct observation of the three regions in α-synuclein that determine its membrane-

bound behaviour. Nat Commun. 2014;5(May):1–8.  

21.  Jakes R, Spillantini MG, Goedert M. Identification of two distinct synucleins from 

human brain. FEBS Lett. 1994;  

22.  Nicolò Bisi1†, Lucia Feni2†, Kaliroi Peqini2†, Helena Pérez-Peña3†, Sandrine Ongeri1 

SP and SP. α-Synuclein An All-Inclusive Trip.pdf.  

23.  Wang C, Zhao C, Li D, Tian Z, Lai Y, Diao J, et al. Versatile structures of α-synuclein. 

Front Mol Neurosci. 2016;9(JUNE):1–8.  

24.  Meade RM, Fairlie DP, Mason JM. Alpha-synuclein structure and Parkinson’s disease. 

Mol Neurodegener. 2019;14(1):1–14.  

25.  Nielsen MS, Vorum H, Lindersson E, Jensen PH. Ca2+ Binding to α-Synuclein 

Regulates Ligand Binding and Oligomerization. J Biol Chem [Internet]. 

2001;276(25):22680–4. Available from: http://dx.doi.org/10.1074/jbc.M101181200 

26.  Lautenschläger J, Stephens AD, Fusco G, Ströhl F, Curry N, Zacharopoulou M, et al. C-

terminal calcium binding of α-synuclein modulates synaptic vesicle interaction. Nat 

Commun [Internet]. 2018;9(1). Available from: http://dx.doi.org/10.1038/s41467-018-

03111-4 

27.  Li WW, Yang R, Guo JC, Ren HM, Zha XL, Cheng JS, et al. Localization of α-synuclein 

to mitochondria within midbrain of mice. Vol. 18, NeuroReport. 2007. p. 1543–6.  

28.  Hoozemans JJM, van Haastert ES, Eikelenboom P, de Vos RAI, Rozemuller JM, 

Scheper W. Activation of the unfolded protein response in Parkinson’s disease. Biochem 

Biophys Res Commun. 2007;354(3):707–11.  

29.  Gosavi N, Lee HJ, Lee JS, Patel S, Lee SJ. Golgi fragmentation occurs in the cells with 

prefibrillar α-synuclein aggregates and precedes the formation of fibrillar inclusion. Vol. 

277, Journal of Biological Chemistry. 2002. p. 48984–92.  



74 
 

30.  Lee HJ, Khoshaghideh F, Patel S, Lee SJ. Clearance of α-Synuclein Oligomeric 

Intermediates via the Lysosomal Degradation Pathway. J Neurosci. 2004;24(8):1888–

96.  

31.  Brunger AT, Cipriano DJ, Diao J. Towards reconstitution of membrane fusion mediated 

by SNAREs and other synaptic proteins. Crit Rev Biochem Mol Biol. 2015;50(3):231–

41.  

32.  Diao J, Burré J, Vivona S, Cipriano DJ, Sharma M, Kyoung M, et al. Native α-synuclein 

induces clustering of synaptic-vesicle mimics via binding to phospholipids and 

synaptobrevin-2/VAMP2. Elife. 2013;2013(2):1–17.  

33.  Kahle PJ, Neumann M, Ozmen L, Müller V, Jacobsen H, Schindzielorz A, et al. 

Subcellular localization of wild-type and Parkinson’s disease-associated mutant α-

synuclein in human and transgenic mouse brain. J Neurosci. 2000;20(17):6365–73.  

34.  Davidson WS, Jonas A, Clayton DF, George JM. Stabilization of α-Synuclein secondary 

structure upon binding to synthetic membranes. J Biol Chem [Internet]. 

1998;273(16):9443–9. Available from: http://dx.doi.org/10.1074/jbc.273.16.9443 

35.  Burré J, Sharma M, Tsetsenis T, Buchman V, Etherton MR, Südhof TC. α-Synuclein 

promotes SNARE-complex assembly in vivo and in vitro. Vol. 329, Science. 2010. p. 

1663–7.  

36.  Burré J, Sharma M, Südhof TC. α-Synuclein assembles into higher-order multimers 

upon membrane binding to promote SNARE complex formation. Proc Natl Acad Sci U 

S A. 2014;111(40):E4274–83.  

37.  Choi BK, Choi MG, Kim JY, Yang Y, Lai Y, Kweon DH, et al. Large α-synuclein 

oligomers inhibit neuronal SNARE-mediated vesicle docking. Proc Natl Acad Sci U S 

A. 2013;110(10):4087–92.  

38.  Merav Atiasa, b, 1, Yaara Teveta, b, 1 JS, , Alexandra Stavskya, b, Shani Tala, b JK, , 

Subhojit Royc, d 2, Gitlera  and D. atias-et-al-2019-synapsins-regulate-α-synuclein-

functions.pdf.  

39.  Cheng F, Vivacqua G, Yu S. The role of alpha-synuclein in neurotransmission and 

synaptic plasticity. J Chem Neuroanat [Internet]. 2011;42(4):242–8. Available from: 

http://dx.doi.org/10.1016/j.jchemneu.2010.12.001 

40.  Calì T, Ottolini D, Negro A, Brini M. Α-Synuclein Controls Mitochondrial Calcium 

Homeostasis By Enhancing Endoplasmic Reticulum-Mitochondria Interactions. J Biol 

Chem. 2012;287(22):17914–29.  

41.  Bartels T, Choi JG, Selkoe DJ. α-Synuclein occurs physiologically as a helically folded 

tetramer that resists aggregation. Vol. 477, Nature. 2011. p. 107–11.  

42.  Hunot S, Singleton A, Olanow CW, Kalpana M. Mechanistic and Therapeutic 

Considerations. Lancet Neurol. 2017;14(8):855–66.  



75 
 

43.  Vargas JY, Grudina C, Zurzolo C. The prion-like spreading of α-synuclein: From in 

vitro to in vivo models of Parkinson’s disease. Vol. 50, Ageing Research Reviews. 2019. 

p. 89–101.  

44.  Peng C, Trojanowski JQ, Lee VMY. Protein transmission in neurodegenerative disease. 

Nat Rev Neurol. 2020;16(4):199–212.  

45.  Spillantini MG, Schmidt ML, Lee VMY, Trojanowski JQ, Jakes R, Goedert M. a-

synuclein in Lewybodies. Nature. 1997;  

46.  Markopoulou K, Dickson DW, McComb RD, Wszolek ZK, Katechalidou L, Avery L, 

et al. Clinical, neuropathological and genotypic variability in SNCA A53T familial 

Parkinson’s disease. Acta Neuropathol. 2008;116(1):25–35.  

47.  Pasanen P, Myllykangas L, Siitonen M, Raunio A, Kaakkola S, Lyytinen J, et al. A novel 

α-synuclein mutation A53E associated with atypical multiple system atrophy and 

Parkinson’s disease-type pathology. Neurobiol Aging [Internet]. 2014;35(9):2180.e1-

2180.e5. Available from: http://dx.doi.org/10.1016/j.neurobiolaging.2014.03.024 

48.  Appel-Cresswell S, Vilarino-Guell C, Encarnacion M, Sherman H, Yu I, Shah B, et al. 

Alpha-synuclein p.H50Q, a novel pathogenic mutation for Parkinson’s disease. Mov 

Disord. 2013;28(6):811–3.  

49.  Singleton AB, Farrer M, Johnson J, Singleton A, Hague S, Kachergus J, et al. α-

Synuclein Locus Triplication Causes Parkinson’s Disease. Science (80- ). 2003;  

50.  Trinh J, Zeldenrust FMJ, Huang J, Kasten M, Schaake S, Petkovic S, et al. Genotype-

phenotype relations for the Parkinson’s disease genes SNCA, LRRK2, VPS35: 

MDSGene systematic review. Mov Disord. 2018;33(12):1857–70.  

51.  Kachergus J, Roumier C, Mouroux V, Douay X, Lincoln S, Levecque C. α-synuclein 

locus duplication as a cause of familial Parkinson’s disease. Vol. 07. 2004. p. 1167–9.  

52.  Peuralinna T, Dutra A, Nussbaum R, Lincoln S, Crawley A, Hanson M, et al. α-

Synuclein Locus Triplication Causes Parkinson’s Disease. 2016.  

53.  Farrer M, Kachergus J, Forno L, Lincoln S, Wang DS, Hulihan M, et al. Comparison of 

Kindreds with Parkinsonism and α-Synuclein Genomic Multiplications. Ann Neurol. 

2004;55(2):174–9.  

54.  Matsumine H, Saito M, Shimoda-Matsubayashi S, Tanaka H, Ishikawa A, Nakagawa-

Hattori Y, et al. Localization of a gene for an autosomal recessive form of juvenile 

parkinsonism to chromosome 6q25.2-27. Am J Hum Genet. 1997;60(3):588–96.  

55.  Kitada T, Asakawa S, Hattori N, Matsumine H, Yamamura Y, Minoshima S, et al. 

Mutations in the parkin gene cause autosomal recessive juvenile parkinsonism. Nature. 

1998;  

56.  Horowitz JM, Myers J, Stachowiak MK, Torres G. Identification and distribution of 



76 
 

Parkin in rat brain. Neuroreport. 1999;10(16):3393–7.  

57.  Culetto E, Sattelle DB. A role for Caenorhabditis elegans in understanding the function 

and interactions of human disease genes. Hum Mol Genet. 2000;9(6):869–77.  

58.  Kitada T, Asakawa S, Minoshima S, Mizuno Y, Shimizu N. Molecular cloning, gene 

expression, and identification of a splicing variant of the mouse parkin gene. Mamm 

Genome. 2000;11(6):417–21.  

59.  Bael YJ, Park KS, Kang SJ. Genomic organization and expression of parkin in 

Drosophila melanogaster. Exp Mol Med. 2003;35(5):393–402.  

60.  Sapienza L, France AP, Oostra B a, Mari M De. ASSOCIATION BETWEEN EARLY-

ONSET PARKINSON’S DISEASE AND MUTATIONS IN THE PARKIN GENE C. 

October. 2000;  

61.  Shimura H, Hattori N, Kubo SI, Mizuno Y, Asakawa S, Minoshima S, et al. Familial 

Parkinson disease gene product, parkin, is a ubiquitin-protein ligase. Nat Genet. 

2000;25(3):302–5.  

62.  Tanaka K, Suzuki T, Chiba T, Shimura H, Hattori N, Mizuno Y. Parkin is linked to the 

ubiquitin pathway. J Mol Med. 2001;79(9):482–94.  

63.  Periquet M, Latouche M, Lohmann E, Rawal N, De Michele G, Ricard S, et al. Parkin 

mutations are frequent in patients with isolated early-onset parkinsonism. Brain. 

2003;126(6):1271–8.  

64.  Sriram SR, Li X, Ko HS, Chung KKK, Wong E, Lim KL, et al. Familial-associated 

mutations differentially disrupt the solubility, localization, binding and ubiquitination 

properties of parkin. Hum Mol Genet. 2005;14(17):2571–86.  

65.  Spratt DE, Walden H, Shaw GS. RBR E3 ubiquitin ligases: New structures, new 

insights, new questions. Biochem J. 2014;458(3):421–37.  

66.  Hristova VA, Beasley SA, Rylett RJ, Shaw GS. Identification of a novel Zn2+ -binding 

domain in the autosomal recessive juvenile Parkinson-related E3 ligase parkin. J Biol 

Chem [Internet]. 2009;284(22):14978–86. Available from: 

http://dx.doi.org/10.1074/jbc.M808700200 

67.  Lesage S, Magali P, Lohmann E, Lacomblez L, Teive H, Janin S, et al. Deletion of the 

parkin and PACRG gene promoter in early-onset parkinsonism. Vol. 28, Human 

Mutation. 2007. p. 27–32.  

68.  Seirafi M, Kozlov G, Gehring K. Parkin structure and function. FEBS J. 

2015;282(11):2076–88.  

69.  Trempe JF, Gehring K. Structural Mechanisms of Mitochondrial Quality Control 

Mediated by PINK1 and Parkin. J Mol Biol. 2023;435(12).  

70.  Kazlauskaite A, Kelly V, Johnson C, Baillie C, Hastie CJ, Peggie M, et al. 



77 
 

Phosphorylation of parkin at serine65 is essential for activation: Elaboration of a miro1 

substrate-based assay of parkin E3 ligase activity. Open Biol. 2014;4(MARCH).  

71.  Zheng X, Hunter T. Parkin mitochondrial translocation is achieved through a novel 

catalytic activity coupled mechanism. Cell Res. 2013;23(7):886–97.  

72.  Ordureau A, Heo JM, Duda DM, Paulo JA, Olszewski JL, Yanishevski D, et al. Defining 

roles of PARKIN and ubiquitin phosphorylation by PINK1 in mitochondrial quality 

control using a ubiquitin replacement strategy. Proc Natl Acad Sci U S A. 

2015;112(21):6637–42.  

73.  Matsuda N, Kitami T, Suzuki T, Mizuno Y, Hattori N, Tanaka K. Diverse effects of 

pathogenic mutations of Parkin that catalyze multiple monoubiquitylation in vitro. J Biol 

Chem [Internet]. 2006;281(6):3204–9. Available from: 

http://dx.doi.org/10.1074/jbc.M510393200 

74.  Chan NC, Salazar AM, Pham AH, Sweredoski MJ, Kolawa NJ, Graham RLJ, et al. 

Broad activation of the ubiquitin-proteasome system by Parkin is critical for mitophagy. 

Hum Mol Genet. 2011;20(9):1726–37.  

75.  Wauer T, Komander D. Structure of the human Parkin ligase domain in an autoinhibited 

state. EMBO J. 2013;32(15):2099–112.  

76.  Narendra D, Tanaka A, Suen DF, Youle RJ. Parkin is recruited selectively to impaired 

mitochondria and promotes their autophagy. J Cell Biol. 2008;183(5):795–803.  

77.  Narendra D, Tanaka A, Suen DF, Youle RJ. Parkin-induced mitophagy in the 

pathogenesis of Parkinson disease. Autophagy. 2009;5(5):706–8.  

78.  Kamienieva I, Duszyński J, Szczepanowska J. Multitasking guardian of mitochondrial 

quality: Parkin function and Parkinson’s disease. Transl Neurodegener. 2021;10(1):1–

18.  

79.  Becker D, Richter J, Tocilescu MA, Przedborski S, Voos W. Pink1 kinase and its 

membrane potential (Δψ)-dependent cleavage product both localize to outer 

mitochondrial membrane by unique targeting mode. J Biol Chem [Internet]. 

2012;287(27):22969–87. Available from: http://dx.doi.org/10.1074/jbc.M112.365700 

80.  Wade Harper J, Ordureau A, Heo JM. Building and decoding ubiquitin hains for 

mitophagy. Nat Rev Mol Cell Biol [Internet]. 2018;19(2):93–108. Available from: 

http://dx.doi.org/10.1038/nrm.2017.129 

81.  Greene AW, Grenier K, Aguileta MA, Muise S, Farazifard R, Haque ME, et al. 

Mitochondrial processing peptidase regulates PINK1 processing, import and Parkin 

recruitment. EMBO Rep. 2012;13(4):378–85.  

82.  Narendra DP, Jin SM, Tanaka A, Suen DF, Gautier CA, Shen J, et al. PINK1 is 

selectively stabilized on impaired mitochondria to activate Parkin. PLoS Biol. 

2010;8(1).  



78 
 

83.  Kondapalli C, Kazlauskaite A, Zhang N, Woodroof HI, Campbell DG, Gourlay R, et al. 

PINK1 is activated by mitochondrial membrane potential depolarization and stimulates 

Parkin E3 ligase activity by phosphorylating Serine 65. Open Biol. 2012;2(MAY).  

84.  Wong YC, Holzbaur ELF. Optineurin is an autophagy receptor for damaged 

mitochondria in parkin-mediated mitophagy that is disrupted by an ALS-linked 

mutation. Proc Natl Acad Sci U S A. 2014;111(42):E4439–48.  

85.  Cagalinec M, Safiulina D, Liiv M, Liiv J, Choubey V, Wareski P, et al. Principles of the 

mitochondrial fusion and fission cycle in neurons. J Cell Sci. 2013;  

86.  Park JS, Davis RL, Sue CM. Mitochondrial Dysfunction in Parkinson’s Disease: New 

Mechanistic Insights and Therapeutic Perspectives. Curr Neurol Neurosci Rep. 

2018;18(5).  

87.  Hang L, Thundyil J, Lim KL. Mitochondrial dysfunction and Parkinson disease: a 

Parkin–AMPK alliance in neuroprotection. Ann N Y Acad Sci. 2015;1350(1):37–47.  

88.  Shin JH, Ko HS, Kang H, Lee Y, Lee Y Il, Pletinkova O, et al. PARIS (ZNF746) 

repression of PGC-1α contributes to neurodegeneration in parkinson’s disease. Cell 

[Internet]. 2011;144(5):689–702. Available from: 

http://dx.doi.org/10.1016/j.cell.2011.02.010 

89.  Sheng ZH, Cai Q. Mitochondrial transport in neurons: Impact on synaptic homeostasis 

and neurodegeneration. Nat Rev Neurosci. 2012;13(2):77–93.  

90.  Pant S, Sharma M, Patel K, Caplan S, M. Carr C, D. Grant B. Landscape of the 

PARKIN-dependent ubiquitylome in response to mitochondrial depolarization Shireen. 

Nature. 2013;496(7445):372–6.  

91.  Birsa N, Norkett R, Wauer T, Mevissen TET, Wu HC, Foltynie T, et al. Lysine 27 

ubiquitination of the mitochondrial transport protein miro is dependent on serine 65 of 

the parkin ubiquitin ligase. J Biol Chem [Internet]. 2014;289(21):14569–82. Available 

from: http://dx.doi.org/10.1074/jbc.M114.563031 

92.  Wang X, Winter D, Ashrafi G, Schlehe J, Wong YL, Selkoe D, et al. PINK1 and Parkin 

target miro for phosphorylation and degradation to arrest mitochondrial motility. Cell 

[Internet]. 2011;147(4):893–906. Available from: 

http://dx.doi.org/10.1016/j.cell.2011.10.018 

93.  Stenson PD, Mort M, Ball E V., Evans K, Hayden M, Heywood S, et al. The Human 

Gene Mutation Database: towards a comprehensive repository of inherited mutation data 

for medical research, genetic diagnosis and next-generation sequencing studies. Hum 

Genet. 2017;136(6):665–77.  

94.  Grünewald A, Kasten M, Ziegler A, Klein C. Next-generation phenotyping using the 

Parkin example: Time to catch up with genetics. JAMA Neurol. 2013;70(9):1186–91.  

95.  Kasten M, Hartmann C, Hampf J, Schaake S, Westenberger A, Vollstedt EJ, et al. 



79 
 

Genotype-Phenotype Relations for the Parkinson’s Disease Genes Parkin, PINK1, DJ1: 

MDSGene Systematic Review. Mov Disord. 2018;33(5):730–41.  

96.  Johansen KK, Torp SH, Farrer MJ, Gustavsson EK, Aasly JO.  A Case of Parkinson’s 

Disease with No Lewy Body Pathology due to a Homozygous Exon Deletion in Parkin 

. Case Rep Neurol Med. 2018;2018:1–4.  

97.  Van De Warrenburg BPC, Lammens M, Lücking CB, Denèfle P, Wesseling P, Booij J, 

et al. Clinical and pathologic abnormalities in a family with parkinsonism and parkin 

gene mutations. Neurology. 2001;56(4):555–7.  

98.  Pramstaller PP, Schlossmacher MG, Jacques TS, Scaravilli F, Eskelson C, Pepivani I, et 

al. Lewy body Parkinson’s disease in a large pedigree with 77 Parkin mutation carriers. 

Ann Neurol. 2005;58(3):411–22.  

99.  Sasaki S, Shirata A, Yamane K, Iwata M. Parkin-positive autosomal recessive juvenile 

parkinsonism with α-synuclein-positive inclusions. Vol. 63, Neurology. 2004. p. 678–

82.  

100.  Hattori N, Mizuno PY. Pathogenetic mechanisms of parkin in Parkinson’s disease. 

Lancet. 2004;364(9435):722–4.  

101.  Lonskaya I, Hebron ML, Algarzae NK, Desforges N, Moussa CEH. Decreased parkin 

solubility is associated with impairment of autophagy in the nigrostriatum of sporadic 

Parkinson’s disease. Neuroscience [Internet]. 2013;232:90–105. Available from: 

http://dx.doi.org/10.1016/j.neuroscience.2012.12.018 

102.  Von Coelln R, Dawson VL, Dawson TM. Parkin-associated Parkinson’s disease. Cell 

Tissue Res. 2004;318(1):175–84.  

103.  Zhang J, Li X, Li J Da. The Roles of Post-translational Modifications on α-Synuclein in 

the Pathogenesis of Parkinson’s Diseases. Front Neurosci. 2019;13(APR):1–11.  

104.  Gallegos S, Pacheco C, Peters C, Opazo C, Aguayo LG. Features of alpha-synuclein that 

could explain the progression and irreversibility of Parkinson’s disease. Front Neurosci. 

2015;9(FEB):1–11.  

105.  Anderson JP, Walker DE, Goldstein JM, De Laat R, Banducci K, Caccavello RJ, et al. 

Phosphorylation of Ser-129 is the dominant pathological modification of α-synuclein in 

familial and sporadic lewy body disease. J Biol Chem [Internet]. 2006;281(40):29739–

52. Available from: http://dx.doi.org/10.1074/jbc.M600933200 

106.  Fujiwara H, Hasegawa M, Dohmae N, Kawashima A, Masliah E, Goldberg MS, et al. 

α-synuclein is phosphorylated in synucleinopathy lesions. Nat Cell Biol. 2002;  

107.  Khandelwal PJ, Dumanis SB, Feng LR, Maguire-Zeiss K, Rebeck G, Lashuel HA, et al. 

Parkinson-related parkin reduces α-Synuclein phosphorylation in a gene transfer model. 

Mol Neurodegener [Internet]. 2010;5(1):47. Available from: 

http://www.molecularneurodegeneration.com/content/5/1/47 



80 
 

108.  Shimura H, Schlossmacher MG, Hattori N, Frosch MP, Trockenbacher A, Schneider R, 

et al. Ubiquitination of a new form of α-synuclein by parkin from human brain: 

Implications for Parkinson’s disease. Science (80- ). 2001;  

109.  Kah LL, Chew KCM, Tan JMM, Wang C, Chung KKK, Zhang Y, et al. Parkin mediates 

nonclassical, proteasomal-independent ubiquitination of synphilin-1: Implications for 

lewy body formation. J Neurosci. 2005;25(8):2002–9.  

110.  Lo Bianco C, Schneider BL, Bauer M, Sajadi A, Brice A, Iwatsubo T, et al. Lentiviral 

vector delivery of parkin prevents dopaminergic degeneration in an α-synuclein rat 

model of Parkinson’s disease. Proc Natl Acad Sci U S A. 2004;101(50):17510–5.  

111.  Khandelwal PJ, Moussa CEH. The relationship between parkin and protein aggregation 

in neurodegenerative diseases. Frontiers in Psychiatry. 2010.  

112.  Burai R, Ait-Bouziad N, Chiki A, Lashuel HA. Elucidating the role of site-specific 

nitration of α-synuclein in the pathogenesis of Parkinson’s disease via protein 

semisynthesis and mutagenesis. J Am Chem Soc. 2015;137(15):5041–52.  

113.  Danielson SR, Held JM, Schilling B, Oo M, Gibson BW, Andersen JK. Preferentially 

increased nitration of α-synuclein at tyrosine-39 in a cellular oxidative model of 

Parkinson’s disease. Anal Chem. 2009;81(18):7823–8.  

114.  Jiang H, Jiang Q, Liu W, Feng J. Parkin suppresses the expression of monoamine 

oxidases. J Biol Chem [Internet]. 2006;281(13):8591–9. Available from: 

http://dx.doi.org/10.1074/jbc.M510926200 

115.  Oluwatosin-Chigbu Y, Robbins A, Scott CW, Arriza JL, Reid JD, Zysk JR. Parkin 

suppresses wild-type α-synuclein-induced toxicity in SHSY-5Y cells. Biochem Biophys 

Res Commun. 2003;309(3):679–84.  

116.  Haywood AFM, Staveley BE. Parkin counteracts symptoms in a Drosophila model of 

Parkinson’s disease. BMC Neurosci. 2004;5:1–12.  

117.  Langston William J, Ballard Philip, Tetrud W James, Irwin Ian. Chronic parkinsonism 

in humans due to a product of meperidine-analog synthesis. Science (80- ). 

1982;219(1967):979–80.  

118.  Kin K, Yasuhara T, Kameda M, Date I. Animal models for Parkinson’s disease research: 

Trends in the 2000s. Int J Mol Sci. 2019;20(21).  

119.  Schapira AHV, Cooper JM, Dexter D, Clark JB, Jenner P, Marsden CD. Mitochondrial 

Complex I Deficiency in Parkinson’s Disease. J Neurochem. 1990;54(3):823–7.  

120.  Keeney PM, Xie J, Capaldi RA, Bennett JP. Parkinson’s disease brain mitochondrial 

complex I has oxidatively damaged subunits and is functionally impaired and 

misassembled. J Neurosci. 2006;26(19):5256–64.  

121.  Borsche M, Pereira SL, Klein C, Grünewald A. Mitochondria and Parkinson’s disease: 



81 
 

Clinical, molecular, and translational aspects. J Parkinsons Dis. 2021;11(1):45–60.  

122.  Diao X, Wang F, Becerra-Calixto A, Soto C, Mukherjee A. Induced pluripotent stem 

cell-derived dopaminergic neurons from familial parkinson’s disease patients display α-

synuclein pathology and abnormal mitochondrial morphology. Vol. 10, Cells. 2021.  

123.  Parihar MS, Parihar A, Fujita M, Hashimoto M, Ghafourifar P. Alpha-synuclein 

overexpression and aggregation exacerbates impairment of mitochondrial functions by 

augmenting oxidative stress in human neuroblastoma cells. Int J Biochem Cell Biol. 

2009;41(10):2015–24.  

124.  Reeve AK, Ludtmann MHR, Angelova PR, Simcox EM, Horrocks MH, Klenerman D, 

et al. Aggregated α-synuclein and complex I deficiency: Exploration of their relationship 

in differentiated neurons. Vol. 6, Cell Death and Disease. 2015.  

125.  Sohrabi T, Mirzaei-Behbahani B, Zadali R, Pirhaghi M, Morozova-Roche LA, Meratan 

AA. Common Mechanisms Underlying α-Synuclein-Induced Mitochondrial 

Dysfunction in Parkinson’s Disease. J Mol Biol [Internet]. 2023;435(12):167992. 

Available from: https://doi.org/10.1016/j.jmb.2023.167992 

126.  Turrens JF. Mitochondrial formation of reactive oxygen species. J Physiol. 

2003;552(2):335–44.  

127.  Ganjam GK, Bolte K, Matschke LA, Neitemeier S, Dolga AM, Höllerhage M, et al. 

Mitochondrial damage by α-synuclein causes cell death in human dopaminergic 

neurons. Cell Death Dis [Internet]. 2019;10(11). Available from: 

http://dx.doi.org/10.1038/s41419-019-2091-2 

128.  Ammal Kaidery N, Thomas B. Current perspective of mitochondrial biology in 

Parkinson’s disease. Neurochemistry International. 2018.  

129.  Ludtmann MHR, Angelova PR, Horrocks MH, Choi ML, Rodrigues M, Baev AY, et al. 

α-synuclein oligomers interact with ATP synthase and open the permeability transition 

pore in Parkinson’s disease. Nat Commun [Internet]. 2018;9(1). Available from: 

http://dx.doi.org/10.1038/s41467-018-04422-2 

130.  Nakamura K. α-Synuclein and Mitochondria: Partners in Crime? Neurotherapeutics. 

2013.  

131.  Xie W, Chung KKK. Alpha-synuclein impairs normal dynamics of mitochondria in cell 

and animal models of Parkinson’s disease. J Neurochem. 2012;  

132.  Santos D, Cardoso SM. Mitochondrial dynamics and neuronal fate in Parkinson’s 

disease. Mitochondrion. 2012;12(4):428–37.  

133.  Nakamura K, Nemani VM, Azarbal F, Skibinski G, Levy JM, Egami K, et al. Direct 

membrane association drives mitochondrial fission by the Parkinson disease-associated 

protein α-synuclein. J Biol Chem. 2011;  



82 
 

134.  Furlong RM, O’Keeffe GW, O’Neill C, Sullivan AM. Alterations in α-synuclein and 

PINK1 expression reduce neurite length and induce mitochondrial fission and Golgi 

fragmentation in midbrain neurons. Neurosci Lett. 2020;  

135.  Pesah Y, Pham T, Burgess H, Middlebrooks B, Verstreken P, Zhou Y, et al. Drosophila 

parkin mutants have decreased mass and cell size and increased sensitivity to oxygen 

radical stress. Development. 2004;131(9):2183–94.  

136.  Greene JC, Whitworth AJ, Kuo I, Andrews LA, Feany MB, Pallanck LJ. Mitochondrial 

pathology and apoptotic muscle degeneration in Drosophila parkin mutants. Proc Natl 

Acad Sci U S A. 2003;100(7):4078–83.  

137.  Poole AC, Thomas RE, Yu S, Vincow ES, Pallanck L. The mitochondrial fusion-

promoting factor mitofusin is a substrate of the PINK1/parkin pathway. PLoS One. 

2010;  

138.  Whitworth AJ, Theodore DA, Greene JC, Beneš H, Wes PD, Pallanck LJ. Increased 

glutathione S-transferase activity rescues dopaminergic neuron loss in a Drosophila 

model of Parkinson’s disease. Proc Natl Acad Sci U S A. 2005;102(22):8024–9.  

139.  Yang Y, Ouyang Y, Yang L, Beal MF, McQuibban A, Vogel H, et al. Pink1 regulates 

mitochondrial dynamics through interaction with the fission/fusion machinery. Proc 

Natl Acad Sci U S A. 2008;105(19):7070–5.  

140.  Yu W, Sun Y, Guo S, Lu B. The PINK1/Parkin pathway regulates mitochondrial 

dynamics and function in mammalian hippocampal and dopaminergic neurons. Hum 

Mol Genet. 2011;20(16):3227–40.  

141.  Glauser L, Sonnay S, Stafa K, Moore DJ. Parkin promotes the ubiquitination and 

degradation of the mitochondrial fusion factor mitofusin 1. J Neurochem. 2011;  

142.  Lev N, Melamed E, Offen D. Apoptosis and Parkinson’s disease. Prog Neuro-

Psychopharmacology Biol Psychiatry. 2003;27(2):245–50.  

143.  Venderova K, Park DS. Programmed cell death in Parkinson’s disease. Cold Spring 

Harb Perspect Med. 2012;  

144.  Erekat NS. Apoptosis and its Role in Parkinson’s Disease. Exon Publ. 2018;65–82.  

145.  Madsen DA, Schmidt SI, Blaabjerg M, Meyer M. Interaction between parkin and α-

synuclein in park2-mediated parkinson’s disease. Cells. 2021;10(2):1–30.  

146.  ID RJ, Gul-e-Saba Chaudhry#* ID. Understanding Apoptosis and Apoptotic Pathways 

Targeted Cancer Therapeutics. J Cardiovasc Thorac Res [Internet]. 2015;7(3):113–7. 

Available from: http://dx.doi.org/10.15171/jcvtr.2015.24 

147.  Apoptosis and its Role in Parkinson’s Disease - Parkinson’s Disease - NCBI Bookshelf.  

148.  Bier E. Drosophila, the golden bug, emerges as a tool for human genetics. Nat Rev 

Genet. 2005;6(1):9–23.  



83 
 

149.  Verheyen EM. The power of Drosophila in modeling human disease mechanisms. DMM 

Dis Model Mech. 2022;15(3):2020–2.  

150.  Roberts DB. Drosophila melanogaster: The model organism. Entomol Exp Appl. 

2006;121(2):93–103.  

151.  Pandey UB, Nichols CD. Human disease models in Drosophila melanogaster and the 

role of the fly in therapeutic drug discovery. Pharmacol Rev. 2011;63(2):411–36.  

152.  Ong C, Yung LYL, Cai Y, Bay BH, Baeg GH. Drosophila melanogaster as a model 

organism to study nanotoxicity. Nanotoxicology. 2015;9(3):396–403.  

153.  Duffy JB. GAL4 system in Drosophila: A fly geneticist’s Swiss army knife. Genes 

(United States). 2002;34(1–2):1–15.  

154.  McGurk L, Berson A, Bonini NM. Drosophila as an in vivo model for human 

neurodegenerative disease. Genetics. 2015;  

155.  Dawson TM, Ko HS, Dawson VL. Genetic Animal Models of Parkinson’s Disease. 

Neuron. 2010.  

156.  Aryal B, Lee Y. Disease model organism for Parkinson disease: Drosophila 

melanogaster. BMB Rep. 2019;52(4):250–8.  

157.  MB F. Bender WW. A Drosophila model of Parkinson’s disease. Nature. 

2000;404(6776):394–8.  

158.  Vanhauwaert R, Verstreken P. Flies with Parkinson’s disease. Exp Neurol [Internet]. 

2015;274:42–51. Available from: http://dx.doi.org/10.1016/j.expneurol.2015.02.020 

159.  Anoar S, Woodling NS, Niccoli T. Mitochondria Dysfunction in Frontotemporal 

Dementia/Amyotrophic Lateral Sclerosis: Lessons From Drosophila Models. Front 

Neurosci. 2021;15(November):1–22.  

160.  Deng H, Dodson MW, Huang H, Guo M. The Parkinson’s disease genes pink1 and 

parkin promote mitochondrial fission and/or inhibit fusion in Drosophila. Proc Natl 

Acad Sci U S A. 2008;105(38):14503–8.  

161.  Khatoon R, Kaushik P, Parvez S. Mitochondria-Related Apoptosis Regulation by 

Minocycline: A Study on a Transgenic Drosophila Model of Alzheimer’s Disease. ACS 

Omega. 2022;7(23):19106–12.  

162.  Saraiva MA, Da Rosa Ávila E, Da Silva GF, MacEdo GE, Rodrigues NR, De Brum 

Vieira P, et al. Exposure of Drosophila melanogaster to Mancozeb Induces Oxidative 

Damage and Modulates Nrf2 and HSP70/83. Oxid Med Cell Longev. 2018;2018.  

163.  Vitorović J, Joković N, Radulović N, Mihajilov-Krstev T, Cvetković VJ, Jovanović N, 

et al. Antioxidant activity of hemp (Cannabis sativa l.) seed oil in drosophila 

melanogaster larvae under non-stress and h2o2-induced oxidative stress conditions. 

Antioxidants. 2021;10(6).  



84 
 

164.  Foltynie T, Brayne C, Barker RA. The heterogeneity of idiopathic Parkinson’s disease. 

J Neurol. 2002;249(2):138–45.  

165.  Chia SJ, Tan E, Chao Y. Historical Perspective : Models of Parkinson ’ s Disease. 

2020;1–14.  

166.  Postuma RB, Berg D, Adler CH, Bloem BR, Chan P, Deuschl G, et al. The new 

definition and diagnostic criteria of Parkinson’s disease. Lancet Neurol. 

2016;15(6):546–8.  

167.  Banerjee R, Rai A, Iyer SM, Narwal S, Tare M. Animal models in the study of 

Alzheimer’s disease and Parkinson’s disease: A historical perspective. Anim Model Exp 

Med. 2022;5(1):27–37.  

168.  Peng J, Liu Q, Rao MS, Zeng X. Using human pluripotent stem cell-derived 

dopaminergic neurons to evaluate candidate Parkinson’s disease therapeutic agents in 

MPP+ and rotenone models. J Biomol Screen. 2013;18(5):522–33.  

169.  Duty S, Jenner P. Animal models of Parkinson’s disease: A source of novel treatments 

and clues to the cause of the disease. Br J Pharmacol. 2011;164(4):1357–91.  

170.  Bolus H, Crocker K, Boekhoff-Falk G, Chtarbanova S. Modeling neurodegenerative 

disorders in drosophila melanogaster. International Journal of Molecular Sciences. 2020.  

171.  Shadrina M, Slominsky P. Modeling Parkinson’s Disease: Not Only Rodents? Front 

Aging Neurosci. 2021;13(August).  

172.  Chesselet MF. In vivo alpha-synuclein overexpression in rodents: A useful model of 

Parkinson’s disease? Exp Neurol. 2008;209(1):22–7.  

173.  Clark IE, Dodson MW, Jiang C, Cao JH, Huh JR, Seol JH, et al. Drosophila pink1 is 

required for mitochondrial function and interacts genetically with parkin. Nature. 

2006;441(7097):1162–6.  

174.  Gautier CA, Kitada T, Shen J. Loss of PINK1 causes mitochondrial functional defects 

and. 2008;1–6.  

175.  Goldberg MS, Fleming SM, Palacino JJ, Cepeda C, Lam HA, Bhatnagar A, et al. Parkin-

deficient Mice Exhibit Nigrostriatal Deficits but not Loss of Dopaminergic Neurons. J 

Biol Chem. 2003;278(44):43628–35.  

176.  Itier JM, Ibáñez P, Mena MA, Abbas N, Cohen-Salmon C, Bohme GA, et al. Parkin 

gene inactivation alters behaviour and dopamine neurotransmission in the mouse. Hum 

Mol Genet. 2003;12(18):2277–91.  

177.  Perez FA, Palmiter RD. Parkin-deficient mice are not a robust model of parkinsonism. 

Proc Natl Acad Sci U S A. 2005;102(6):2174–9.  

178.  Sarkar A, Irwin M, Singh A, Riccetti M, Singh A. Alzheimer’s disease: The silver 

tsunami of the 21st century. Neural Regen Res. 2016;11(5):693–7.  



85 
 

179.  Morgan JC, Currie LJ, Harrison MB, Bennett JP, Trugman JM, Wooten GF. Mortality 

in levodopa-treated Parkinson’s disease. Parkinsons Dis. 2014;2014.  

180.  Dommershuijsen LJ, Heshmatollah A, Darweesh SKL, Koudstaal PJ, Ikram MA, Ikram 

MK. Life expectancy of parkinsonism patients in the general population. Parkinsonism 

Relat Disord. 2020;77:94–9.  

181.  Chen X, Leon-Salas WD, Zigon T, Ready DF, Weake VM. A programmable optical 

stimulator for the Drosophila eye. HardwareX. 2017;2:13–33.  

182.  Singh A, Irvine KD. Drosophila as a model for understanding development and disease. 

Dev Dyn. 2012;241(1):1–2.  

183.  Todd AM, Staveley BE. Pink1 suppresses α-synuclein-induced phenotypes in a 

Drosophila model of Parkinson’s disease. Vol. 51, Genome. 2008. p. 1040–6.  

184.  Davies SE, Hallett PJ, Moens T, Smith G, Mangano E, Kim HT, et al. Enhanced 

ubiquitin-dependent degradation by Nedd4 protects against α-synuclein accumulation 

and toxicity in animal models of Parkinson’s disease. Neurobiol Dis [Internet]. 

2014;64:79–87. Available from: http://dx.doi.org/10.1016/j.nbd.2013.12.011 

185.  Ordonez DG, Lee MK, Feany MB. α-synuclein Induces Mitochondrial Dysfunction 

through Spectrin and the Actin Cytoskeleton. Neuron [Internet]. 2018;97(1):108-124.e6. 

Available from: https://doi.org/10.1016/j.neuron.2017.11.036 

186.  Zhang S, Xie J, Xia Y, Yu S, Gu Z, Feng R, et al. LK6/Mnk2a is a new kinase of alpha 

synuclein phosphorylation mediating neurodegeneration. Sci Rep [Internet]. 

2015;5(September). Available from: http://dx.doi.org/10.1038/srep12564 

187.  M’Angale PG, Staveley BE, Bell JB. Overexpression of Buffy enhances the loss of 

parkin and suppresses the loss of Pink1 phenotypes in Drosophila. Genome. 

2017;60(3):241–7.  

188.  Sakai R, Suzuki M, Ueyama M, Takeuchi T, Minakawa EN, Hayakawa H, et al. E46K 

mutant α-synuclein is more degradation resistant and exhibits greater toxic effects than 

wild-type α-synuclein in Drosophila models of Parkinson’s disease. Vol. 14, PLoS ONE. 

2018.  

189.  Corti O, Lesage S, Brice A. What genetics tells us about the causes and mechanisms of 

Parkinson’s disease. Physiol Rev. 2011;91(4):1161–218.  

190.  Olanow CW, Brundin P. Parkinson’s Disease and Alpha Synuclein: Is Parkinson’s 

Disease a Prion-Like Disorder? Mov Disord. 2013;28(1):31–40.  

191.  Li JY, Englund E, Holton JL, Soulet D, Hagell P, Lees AJ, et al. Lewy bodies in grafted 

neurons in subjects with Parkinson’s disease suggest host-to-graft disease propagation. 

Nat Med. 2008;14(5):501–3.  

192.  Yokochi M. Familial juvenile parkinsonism. Eur Neurol. 1997;38(1):29–33.  



86 
 

193.  Khandelwal PJ, Dumanis SB, Feng LR, Maguire-Zeiss K, Rebeck G, Lashuel HA, et al. 

Parkinson-related parkin reduces α-Synuclein phosphorylation in a gene transfer model. 

Mol Neurodegener. 2010;5(1):1–13.  

194.  Van Rompuy AS, Oliveras-Salvá M, Van Der Perren A, Corti O, Van Den Haute C, 

Baekelandt V. Nigral overexpression of alpha-synuclein in the absence of parkin 

enhances alpha-synuclein phosphorylation but does not modulate dopaminergic 

neurodegeneration. Mol Neurodegener [Internet]. 2015;10(1):1–14. Available from: 

http://dx.doi.org/10.1186/s13024-015-0017-8 

195.  Nicoletti V, Palermo G, Del Prete E, Mancuso M, Ceravolo R. Understanding the 

Multiple Role of Mitochondria in Parkinson’s Disease and Related Disorders: Lesson 

From Genetics and Protein–Interaction Network. Front Cell Dev Biol. 2021;9(April):1–

20.  

196.  Krzystek TJ, Banerjee R, Thurston L, Huang JQ, Swinter K, Rahman SN, et al. 

Differential mitochondrial roles for α-synuclein in DRP1-dependent fission and 

PINK1/Parkin-mediated oxidation. Cell Death Dis [Internet]. 2021;12(9):1–16. 

Available from: http://dx.doi.org/10.1038/s41419-021-04046-3 

197.  Noda S, Sato S, Fukuda T, Tada N, Uchiyama Y, Tanaka K, et al. Loss of Parkin 

contributes to mitochondrial turnover and dopaminergic neuronal loss in aged mice. 

Neurobiol Dis [Internet]. 2020;136(August 2019):104717. Available from: 

https://doi.org/10.1016/j.nbd.2019.104717 

198.  Cackovic J, Gutierrez-Luke S, Call GB, Juba A, O’Brien S, Jun CH, et al. Vulnerable 

parkin loss-of-function Drosophila dopaminergic neurons have advanced mitochondrial 

aging, mitochondrial network loss and transiently reduced autophagosome recruitment. 

Front Cell Neurosci. 2018;12(February):1–14.  

199.  Kamp F, Exner N, Lutz AK, Wender N, Hegermann J, Brunner B, et al. Inhibition of 

mitochondrial fusion by α-synuclein is rescued by PINK1, Parkin and DJ-1. EMBO J 

[Internet]. 2010;29(20):3571–89. Available from: 

http://dx.doi.org/10.1038/emboj.2010.223 

200.  Jęśko H, Lenkiewicz AM, Wilkaniec A, Adamczyk A. The interplay between parkin 

and alpha-synuclein; possible implications for the pathogenesis of parkinson’s disease. 

Acta Neurobiol Exp (Wars). 2019;79(3):279–89.  

201.  Monastirioti M. Biogenic amine systems in the fruit fly Drosophila melanogaster. 

Microsc Res Tech. 1999;45(2):106–21.  

202.  Mao Z, Davis RL. Eight different types of dopaminergic neurons innervate the 

Drosophila mushroom body neuropil: Anatomical and physiological heterogeneity. 

Front Neural Circuits. 2009;3(JUL):1–17.  

203.  White KE, Humphrey DM, Hirth F. The dopaminergic system in the aging brain of 

Drosophila. Front Neurosci. 2010;4(DEC):1–12.  



87 
 

204.  Strausfeld NJ, Hirth F. Deep homology of arthropod central complex and vertebrate 

basal ganglia. Science (80- ). 2013;340(6129):157–61.  

205.  Heisenberg M. Mushroom body memoir: From maps to models. Nat Rev Neurosci. 

2003;4(4):266–75.  

206.  Strauss R. The central complex and the genetic dissection of locomotor behaviour. Curr 

Opin Neurobiol. 2002;12(6):633–8.  

207.  Brand  a H, Perrimon N. Ature. Development. 1993;118(2):401–15.  

208.  Tare M, Modi RM, Nainaparampil JJ, Puli OR, Bedi S, Fernandez-funez P, et al. 

Activation of JNK Signaling Mediates Amyloid-ß- Dependent Cell Death. 2011;6(9):1–

12.  

209.  Pendleton RG, Parvez F, Sayed M, Hillman R. Effects of pharmacological agents upon 

a transgenic model of Parkinson’s disease in Drosophila melanogaster. J Pharmacol Exp 

Ther. 2002;300(1):91–6.  

210.  Tito AJ, Cheema S, Jiang M, Zhang S. A simple one-step dissection protocol for whole-

mount preparation of adult drosophila brains. J Vis Exp. 2016;2016(118).  

211.  Neha; Sarkar A;, Singh A. An Undergraduate Cell Biology Lab: Western Blotting to 

Detect Proteins from Drosophila Eye. Biotechnol Commons [Internet]. 2017;(November 

2019):236. Available from: https://ecommons.udayton.edu/bio_fac_pub/236 

212.  Dagda RK, Cherra SJ, Kulich SM, Tandon A, Park D, Chu CT. Loss of PINK1 function 

promotes mitophagy through effects on oxidative stress and mitochondrial fission. J Biol 

Chem [Internet]. 2009;284(20):13843–55. Available from: 

http://dx.doi.org/10.1074/jbc.M808515200 

213.  Petrucelli L, O’Farrell C, Lockhart PJ, Baptista M, Kehoe K, Vink L, et al. Parkin 

protects against the toxicity associated with mutant α-Synuclein: Proteasome 

dysfunction selectively affects catecholaminergic neurons. Neuron. 2002;36(6):1007–

19.  

214.  Yang Y, Nishimura I, Imai Y, Takahashi R, Lu B. Parkin suppresses dopaminergic 

neuron-selective neurotoxicity induced by Pael-R in Drosophila. Neuron. 

2003;37(6):911–24.  

215.  Mohite GM, Dwivedi S, Das S, Kumar R, Paluri S, Mehra S, et al. Parkinson’s Disease 

Associated α-Synuclein Familial Mutants Promote Dopaminergic Neuronal Death in 

Drosophila melanogaster. ACS Chem Neurosci. 2018;9(11):2628–38.  

216.  Wang C, Lu R, Ouyang X, Ho MWL, Chia W, Yu F, et al. Drosophila overexpressing 

parkin R275W mutant exhibits dopaminergic neuron degeneration and mitochondrial 

abnormalities. J Neurosci. 2007;27(32):8563–70.  

217.  Wilkaniec A, Lenkiewicz AM, Czapski GA, Jęśko HM, Hilgier W, Brodzik R, et al. 



88 
 

Extracellular Alpha-Synuclein Oligomers Induce Parkin S-Nitrosylation: Relevance to 

Sporadic Parkinson’s Disease Etiopathology. Mol Neurobiol. 2019;56(1):125–40.  

218.  Puspita L, Chung SY, Shim JW. Oxidative stress and cellular pathologies in Parkinson’s 

disease. Mol Brain. 2017;10(1):1–12.  

219.  Trinh K, Moore K, Wes PD, Muchowski PJ, Dey J, Andrews L, et al. Induction of the 

phase II detoxification pathway suppresses neuron loss in Drosophila models of 

Parkinson’s disease. J Neurosci. 2008;28(2):465–72.  

220.  Barone MC, Sykiotis GP, Bohmann D. Genetic activation of Nrf2 signaling is sufficient 

to ameliorate neurodegenerative phenotypes in a Drosophila model of Parkinson’s 

disease. DMM Dis Model Mech. 2011;4(5):701–7.  

221.  Devi L, Raghavendran V, Prabhu BM, Avadhani NG, Anandatheerthavarada HK. 

Mitochondrial import and accumulation of α-synuclein impair complex I in human 

dopaminergic neuronal cultures and Parkinson disease brain. J Biol Chem. 

2008;283(14):9089–100.  

222.  Wang X, Becker K, Levine N, Zhang M, Lieberman AP, Moore DJ, et al. Pathogenic 

alpha-synuclein aggregates preferentially bind to mitochondria and affect cellular 

respiration. Acta Neuropathol Commun. 2019;7(1):41.  

223.  Choi ML, Chappard A, Singh BP, Maclachlan C, Rodrigues M, Fedotova EI, et al. 

Pathological structural conversion of α-synuclein at the mitochondria induces neuronal 

toxicity. Nat Neurosci. 2022;25(9):1134–48.  

224.  Butler EK, Voigt A, Lutz AK, Toegel JP, Gerhardt E, Karsten P, et al. The mitochondrial 

chaperone protein TRAP1 mitigates α-synuclein toxicity. PLoS Genet. 2012;8(2).  

225.  O’Donnell KC, Lulla A, Stahl MC, Wheat ND, Bronstein JM, Sagasti A. Axon 

degeneration and PGC-1α-mediated protection in a zebrafish model of α-synuclein 

toxicity. DMM Dis Model Mech. 2014;7(5):571–82.  

226.  Gegg ME, Cooper JM, Chau KY, Rojo M, Schapira AHV, Taanman JW. Mitofusin 1 

and mitofusin 2 are ubiquitinated in a PINK1/parkin-dependent manner upon induction 

of mitophagy. Hum Mol Genet. 2010;19(24):4861–70.  

227.  Sarraf SA, Raman M, Guarani-Pereira V, Sowa ME, Huttlin EL, Gygi SP, et al. 

Landscape of the PARKIN-dependent ubiquitylome in response to mitochondrial 

depolarization. Nature. 2013;496(7445):372–6.  

228.  Buhlman L, Damiano M, Bertolin G, Ferrando-Miguel R, Lombès A, Brice A, et al. 

Functional interplay between Parkin and Drp1 in mitochondrial fission and clearance. 

Biochim Biophys Acta - Mol Cell Res [Internet]. 2014;1843(9):2012–26. Available 

from: http://dx.doi.org/10.1016/j.bbamcr.2014.05.012 

229.  Pickrell AM, Youle RJ. The roles of PINK1, Parkin, and mitochondrial fidelity in 

parkinson’s disease. Neuron [Internet]. 2015;85(2):257–73. Available from: 



89 
 

http://dx.doi.org/10.1016/j.neuron.2014.12.007 

230.  Poole AC, Thomas RE, Andrews LA, McBride HM, Whitworth AJ, Pallanck LJ. The 

PINK1/Parkin pathway regulates mitochondrial morphology. Proc Natl Acad Sci U S 

A. 2008;105(5):1638–43.  

231.  Ziviani E, Tao RN, Whitworth AJ. Drosophila Parkin requires PINK1 for mitochondrial 

translocation and ubiquitinates Mitofusin. Proc Natl Acad Sci U S A. 

2010;107(11):5018–23.  

232.  Lonskaya I, Desforges NM, Hebron ML, Moussa CEH. Ubiquitination increases parkin 

activity to promote autophagic a-synuclein clearance. PLoS One. 2013;8(12).  

233.  Wilkaniec A, Lenkiewicz AM, Babiec L, Murawska E, Jęśko HM, Cieślik M, et al. 

Exogenous Alpha-Synuclein Evoked Parkin Downregulation Promotes Mitochondrial 

Dysfunction in Neuronal Cells. Implications for Parkinson’s Disease Pathology. Front 

Aging Neurosci. 2021;13(February):1–21.  

234.  Deas E, Cremades N, Angelova PR, Ludtmann MHR, Yao Z, Chen S, et al. Alpha-

synuclein oligomers interact with metal ions to induce oxidative stress and neuronal 

death in Parkinson’s disease. Antioxidants Redox Signal. 2016;24(7):376–91.  

235.  Dexter DT, Carter CJ, Wells FR, Javoy‐Agid F, Agid Y, Lees A, et al. Basal Lipid 

Peroxidation in Substantia Nigra Is Increased in Parkinson’s Disease. J Neurochem. 

1989;52(2):381–9.  

 

 

 

 

 

 

 

 

 

 

 

 

 



90 
 

Appendix I 

List of Publications  

1. Narwal, S., Singh, A., & Tare, M. Analysis of α-Syn and Parkin interaction in 

mediating neuronal death in Drosophila model of Parkinson&#39;s Disease. Frontiers 

in Cellular Neuroscience, 17, 1295805. https://doi.org/10.3389/fncel.2023.1295805 

2. Sonia Narwal, Arushi Rai, Shreyas Iyer, Kirti Tare, Meghana Tare (2023). 

"Neuroprotective potential of “Ras-Sindoor” on Drosophila model of Parkinson’s 

disease". Current Science: (Under Review). 

3. Rajashree Banerjee, Arushi Rai, Shreyas M. Iyer, Sonia Narwal, Meghana Tare. 

(2022). Animal models in the study of Alzheimer's disease and Parkinson's disease: A 

historical perspective. ANIMAL MODEL AND EXPERIMENTAL MEDICINE, 1, 

27-37.  

4. Meghana Tare, Anuradha Venkatakrishnan Chimata, Neha Gogia, Sonia Narwal, 

Prajakta Deshpande, Amit Singh. (2020). An E3 ubiquitin ligase, cullin-4 regulates 

retinal differentiation in Drosophila eye. GENESIS, 10-11 

 

Book Chapters 

1. Arushi Rai, Sonia Narwal, Harsh Kanodia & Meghana Tare. (2020). Eye for an Eye: 

A Comparative Account on Compound Eye of Drosophila melanogaster with 

Vertebrate Eye. MOLECULAR GENETICS OF AXIAL PATTERNING, GROWTH 

AND DISEASE IN DROSOPHILA EYE, 343-357. 

2. Sonia Narwal, Shreyas Iyer, Arushi Rai, Meghana Tare. (2021). Observing surface 

topography of Drosophila eye by Scanning Electron Microscopy. Experiments with 

Drosophila for Biology Courses.441-445  

3. Sonia Narwal, Shreyas Iyer and Meghana Tare. (2021). Visualizing Actin filaments in 

Drosophila tissues. Experiments with Drosophila for Biology Courses.293-296 

 

 

 

https://doi.org/10.3389/fncel.2023.1295805


91 
 

Appendix II 

Conferences 

1. Poster presentation in interdisciplinary conference LSRIEAS-2018 (International 

Conference on Life Science Research & its Interface with Engineering and Allied 
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Appendix III 

Biography of Dr. Meghana Tare 

 

Dr. Meghana Tare joined BITS Pilani in July 2017. Before that, she earned her bachelor's 

degree in Microbiology in 2002 and a master's degree in Biochemistry from Devi Ahilya 

University, Indore, in 2004. She completed her doctoral diploma in Biology at the University 

of Dayton, Dayton, OH, in 2013. During her doctoral studies, Dr. Tare investigated molecular 

and genetic mechanisms involved in organogenesis patterning and neurodegeneration 

associated with Alzheimer's Disease, utilizing Drosophila melanogaster as a model system. 

She received prestigious awards for her presentations and was recognized as the best researcher 

during her PhD tenure. In 2012, Dr. Tare was selected to speak at the Annual Drosophila 

Research Conference organized by the Genetics Society of America in Chicago. 

Following her Ph.D., Dr. Tare worked as a post-doctoral research fellow in Dr. Andreas 

Bergmann's Lab in the Department of Molecular Cell and Cancer Biology at the University of 

Massachusetts Medical School, Worcester, Massachusetts, from 2013 to 2017. Her post-

doctoral research focused on understanding the genetic regulation of apoptosis. Dr. Tare has 

published numerous research articles and book chapters during her Ph.D tenure. After joining 

BITS Pilani, Dr. Tare has independently authored or collaborated on approximately nine 

journal articles, two book chapters and four teaching notes.  

At BITS Pilani, Dr. Tare's lab is the exclusive facility dedicated to Drosophila research on both 

campus and in the state of Rajasthan. Using Drosophila melanogaster (fruit fly) as a model 

organism, she investigates the genetic and molecular mechanisms associated with the onset and 

progression of neurodegenerative diseases. Dr. Tare has successfully completed three research 

projects as a Principal Investigator: Research Initiation Grant (2017-2019), funded by BITS 

Pilani; an additional Competitive Research Grant for new faculty, funded by BITS Pilani 

(2019-2021), and Start up Research Grant funded by DST-SERB, India (2019-2022). She has 

secured a research grant in 2022 from the Indian Council of Medical Research (ICMR), New 

Delhi, India. Additionally, she serves as the Co-Principal Investigator for a research grant with 

Prof. Sandhya Marathe (Department of Biological Sciences, BITS, Pilani) and Prof. Vidya 

Negi (IISER, Mohali) funded by the Department of Biotechnology, New Delhi, India. 

Currently, Dr. Tare mentors two Ph.D. students and has served as undergraduate and Master’s 

thesis supervisor for several undergraduate and postgraduate students both on and off-campus. 
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Additionally, Dr. Tare serves on the editorial board of Scientific Reports (Nature Publishing 

Group) and Frontiers Journal. She is actively engaged as reviewer for PLoS One, Scientific 

Reports, Frontiers in Molecular Neuroscience, and Environmental Sciences and Pollution 

Research. 
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Biography of Prof. Amit Singh 

Prof. Singh is a full-time faculty member at the University of Dayton in Ohio, USA. He earned 

his B.Sc. from the Government Degree College Nahan, H.P. University, India, and his M.Sc. 

and Ph.D. from Devi Ahilya University, Indore, India. Following a brief tenure as a Research 

Associate in Transgenics of Silkworm, Bombyx mori, at the Indian Institute of Sciences (IISc.), 

Bangalore, India, Prof. Singh pursued post-doctoral research in the field of eye development 

using the Drosophila melanogaster model system at Academia Sinica, Taiwan. 

In 2002, Prof. Singh transitioned to Baylor College of Medicine, Houston, Texas, to further his 

work on Drosophila eye development and was promoted to an instructor (non-tenure track 

faculty) position in 2004. He joined the University of Dayton as a tenure-track assistant 

professor in 2007, progressing through the ranks to become a full professor in 2018. Prof. Singh 

has a substantial publication record, including three books with Springer publishers, eight book 

chapters, and approximately 91 journal articles. 

The primary focus of Prof. Singh's lab is to investigate the genetic basis of early eye patterning 

and growth, with a specific emphasis on axial patterning. Additionally, the lab aims to 

understand the mechanisms of complex neuropathological diseases, such as Alzheimer’s 

Disease (AD). Under Prof. Singh's mentorship, ten Ph.D. students have graduated, and he has 

mentored two post-doctoral researchers. At present, he is engaged in supervising four Ph.D. 

students and mentoring three post-doctoral researchers. 

Prof. Singh has been a recipient of several prestigious and highly competitive funding awards. 

These awards include funding from agencies such as NIH (R15 and RO1, twice), NSF Leader 

Consortium Mini-Grant Advance, Ohio Cancer Research Associates, Knights Templar Eye 

Foundation (KTEF), Fight for Sight Foundation, Retina Research Foundation Additionally, he 

has been a recipient of extremely prestigious Schuellein Endowment Fund and STEM Catalyst 

Initiative University of Dayton; along with start-up and seed research funds from University of 

Dayton. 

Prof. Singh is actively engaged in various professional activities, including membership in 

organizations such as the Genetics Society of America (GSA), Ohio Miami Valley Society of 

Neuroscience (OMVSfN), and the Council of Undergraduate Research (CUR). He is an 

honorary member of the Theta Kappa Chapter of the University of Dayton’s Beta Beta Beta 
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Honor Society. Prof. Singh is also part of the mentor network of the American Society of 

Human Genetics (ASHG) GENA project. 

Furthermore, Prof. Singh holds editorial roles in several reputable journals, including Journal 

PLoS ONE, Scientific Reports, BMC Genetics, Peer J, and Frontiers in Cell and Developmental 

Biology. He is also an editorial board member for Frontiers in Genetics, Developmental 

Dynamics, Journal of Biological Sciences, Journal of Cell Science & Therapy, and Current 

Research in Neuroscience. Prof. Singh is a member of the Sigma Xi Honors Society.  

Prof. Singh is also reviewer on several research grant panels including Neurodevelopment, 

Synaptic Plasticity and Neurodegeneration Fellowship (F03A) Study Section (x4 times), 

European Research Council (ERC), Arizona Alzheimer’s Disease Core Center Pilot grants, 

National Science Foundation (NSF) for Major Research Instrumentation (MRI) grant review 

panel, National Science Foundation (NSF) for GFRP grant review panel, NIH Biology of 

Vision (BVS) study section, Parkinson’s UK, American Heart Association, Alzheimer’s 

Association (AZA), Kentucky Science and Engineering Foundation R&D Excellence Award.  

 

Further, Prof. Singh is actively engaged as a reviewer for PLoS Biology, PLoS ONE, PLoS 

Genetics, eLife, Development, Biology Open, Disease Model and Mechanisms, 

Developmental Biology, Developmental Dynamics, Mechanism of Development, Genesis, 

Genetics, Gene, Organogenesis, International J. Developmental Biology, Journal of 

Neuroscience, European Journal of Cell Biology, Human Molecular Genetics, Cell Death & 

Disease, JOVE, Cancer Letters, FEBS, FEBS Letter, Frontiers in Cell and Developmental 

Biology, Frontiers in Molecular Neuroscience, Frontiers in Neuroscience, Neural Regeneration 

and Research, Cell Biology Insights, PNAS, Fly, Alzheimer’s and Dementia, Journal of 

Alzheimer’s Disease, Biophysical Journal, Brain, Technotome, Journal of STEM Education. 
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Appendix IV 

Biography of Candidate 

 

Sonia is currently pursuing her Ph.D. in the Department of Biological Sciences at BITS-Pilani, 

Pilani, Rajasthan, having joined in 2018 under the guidance of Prof. Meghana Tare. Prior to 

her Ph.D., she joined in Prof. Pankaj Seth’s lab at the National Brain Research Institute 

(NBRC), Manesar, Gurgaon, and contributed in the project "Role of Zika Viral E Protein in 

Neural stem cell" from (Nov 2017- July 2018). During this period, she gained valuable 

experience in cell culture and various molecular techniques. She also co-authored a publication 

from his project (Bhagat, R. et. al; 2018). 

Sonia holds a B.Tech degree in Biotechnology from Sobhasaria Group of Institutions, Sikar, 

Rajasthan (2013), and an M.Tech in Biotechnology from Banasthali Vidyapeeth University, 

Bansathali, Rajasthan (2016). As part of her B.Tech degree, she worked on the project "HLA 

typing in HIV Patients" at the Department of Molecular Biology and Transplant Immunology, 

Indraprastha Apollo Hospitals, Sarita Vihar, New Delhi. For her M.Tech degree, she engaged 

in a project titled "Study on selection of promising herbals against Mycoplasma pneumoniae 

by using in-silico bioprospection and molecular docking approach" at the Institute of Nuclear 

Medicine and Allied Sciences (INMAS), DRDO, Timarpur, New Delhi, under the supervision 

of Dr. Raman Chawla (Oct 2015- Aug 2016). This project provided her with experience in 

utilizing various bioinformatics tools. Post her M.Tech, she worked as a Product Specialist at 

Geno-Biosciences Pvt. Ltd., Noida, (March 2017-Aug 2017). 

Throughout her Ph.D. tenure, Sonia has made significant contributions to projects, 

demonstrating meticulous planning and execution of experiments. She has developed a 

profound understanding of Drosophila genetics, cellular, and molecular sciences. Additionally, 

she actively participated in cutting-edge research projects, collaborated in grant writing with 

her supervisor, and mentored undergraduate students in the lab. Sonia has also taken on 

teaching responsibilities, instructing courses on "Biological Laboratory" and "Laboratory 

Techniques" for graduate and master's students. During her Ph.D. tenure, Sonia has published 

four Journal articles and three book chapters, independently and in collaboration. She has been 

awarded a highly competitive and prestigious Senior Research Fellowship from ICMR (Indian 

Council of Medical Research). She actively participated in national and international 

conferences and was awarded a travel grant to attend the 45th All India Cell Biology Conference 

at Banaras Hindu University, Varanasi. 



97 
 

Appendix V 

 


