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Abstract 

Stroke results from disturbance in blood flow to an area of the brain, leading to neuronal 

dysfunction and loss. Mitochondrial dysfunction and oxidative stress are critical factors in 

neuropathology of stroke. They have also been implicated in Parkinson's disease (PD). Select 

cases of PD are caused by homozygous mutations in the PINK1 gene. Critically, this gene works 

with another PD gene, Parkin, to regulate mitochondrial quality control (MQC) mechanisms. 

Additionally, initial studies of the PINK1 protein have suggested that it plays a critical role in 

cellular pro-survival responses to oxidative stress though the mechanism by which it does so is 

unclear. In this dissertation, I explored the potential mechanisms through which PINK1 confers 

neuroprotection, particularly in the case of ischemic insult. I found that PINK1 deficiency 

sensitizes neurons to glutamate-induced excitotoxicity. I also found that the PINK1 kinase 

domain, but not the mitochondrial targeting motif, is essential for its protective effect. 

Additionally, PINK1 or Parkin deficiency significantly increases the infarct volume after middle 

cerebral artery occlusion, in vivo. Importantly, expression of Parkin reduces the sensitivity of 

neurons to cytotoxicity induced by PINK1 deficiency indicating that Parkin functionally 

interacts with PINK1 either through the same or on parallel survival pathways. Moreover, I 

investigated if PINK1 and Parkin confer neuroprotection against ischemia through 

PINK1/Parkin MQC pathways. However, I did not find any evidence indicating Parkin 

mitochondrial translocation following stroke insult suggesting that PINK1/Parkin MQC 

pathways are not involved in the protective functions of PINK1/Parkin.  Interestingly, I found 

that PINK1 or Parkin deficiency decreases the level of phosphorylation of pro-survival protein 

AKT (pAKT) whereas expression of these genes enhances pAKT following glutamate treatment. 
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My data also indicate that the mTORC2/AKT pathway partially mediates the neuroprotective 

effect of PINK1. Taken together, my data indicate that both PINK1 and Parkin play a critical 

neuroprotective role against ischemia and Ca
2+

 dysregulation in a fashion independent of 

mitochondrial control but dependent on AKT function. 
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Thesis format 

 This thesis has been prepared in agreement with the guidelines set forth by the Department 

of Cellular and Molecular Medicine, Neuroscience program; Faculty of Medicine, University of 

Ottawa. It has been written as a collection of 4 chapters, starting with a general introduction 

reviewing the literature surrounding the thesis topic and our current knowledge in the field. The 

second chapter provides readers with the technical specification related to the present thesis 

work including the methods and materials applied in this research study. The third chapter 

contains the results of the thesis project. The final chapter presents the general discussion on the 

thesis findings as well as other findings in the field. 

 Chapter one, the general introduction, presents a brief summary of stroke and the 

processes governing neuronal death following an ischemic attack. It also reviews the current 

body of knowledge surrounding Parkinson’s disease (PD) research. In addition, PINK1, as a 

Parkinson`s gene, is introduced to the reader and its important pro-survival role is also outlined. 

This chapter further provides background knowledge and rationale for chapter three describing 

the experimental work. 

 Chapter two presents a detailed description on the methods and materials employed in this 

thesis project.  

 Chapter three presents the body of the doctoral work. This chapter is devoted to 

elucidation of the critical role of Parkinson`s disease gene PINK1 in defence against ischemia- 

induced neuronal damage. This chapter also, provides strong evidence for the contribution of 

another Parkinson`s disease gene, Parkin in adult models of ischemia. We have also provided 
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functional evidence for involvement of the AKT pathway as the mediator of pro-survival 

function of PINK1 and Parkin. 

 Chapter four summarizes the data contained in chapter three and presents the 

interpretation of the findings. Furthermore, a discussion on the future directions that need to be 

undertaken with regards to our findings is presented. 
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1. Introduction: 

1.1 Stroke: 

1.1.1. Etiology and pathogenesis of stroke: 

 Stroke results from disturbance in blood flow to an area of the brain leading to 

neuronal dysfunction and loss. Based on the cause of the disease, stroke is primarily 

classified into two broad categories: ischemic and hemorrhagic strokes. Ischemic stroke is 

caused by an interruption of blood flow due to a thromboembolic event whereas; 

hemorrhagic stroke is caused by bleeding of an artery to the brain.  In both conditions, 

affected neurons die mainly due to lack of oxygen and glucose. Following a stroke, a 

number of innate pro-survival and pro-death pathways are activated and the final balance 

between them determines neuronal fate. The outcome of activation of these paradoxical 

pathways is determined by the severity, duration and location of the ischemic insult. 

Accordingly, neurons in the core of an infarct region undergo a necrotic or more rapid 

excitotoxic type of cell death. However, neurons in the surrounding tissue, known as the 

stroke penumbra, survive acute ischemic injury for a limited period of time. In fact, if blood 

flow is restored during the early hours of a stroke, the penumbra has a potential for 

recovery but, if it is left untreated, the neurons exhibit a programmed or apoptotic type of 

death (Maulaz et al., 2005). Therefore, penumbra is considered to be the main target for 

therapeutic interventions in a narrow time window. 
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1.1.2. Epidemiology of stroke: 

 Stroke is one of the most common leading causes of death and disability in Canada. 

Approximately, every 10 minutes a Canadian suffers a stroke. That is estimated 50,000 

strokes per year. Almost one third of these strokes cause death within the first year, and a 

further 30% are disabling. Worldwide, 5.5 million people die from stroke every year          

(http://www.who.int/cardiovascular_diseases/resources/atlas/en/).  

 Patients who survive a stroke require expensive care, which is a great burden for the 

Canadian health-care system. The cost of the direct and indirect health-care for the patients, 

just in the first six months after they are hit by a stroke, exceeds more than $2.5 billion a 

year in Canada (Mittmann et al., 2012). (http://www.heartandstroke.on.ca/site/c.pvI3Ie 

NWJwE/b.3581729/k.359A/Statistics.htm#stroke) 

1.1.3. Pathophysiology of Stroke: 

 Glucose is the primary source of energy for the brain. In fact, aerobic metabolism of 

glucose is the predominant source of energy for our brain (Goyal et al., 2014). This energy 

is utilized for the maintenance of ionic gradients, synaptic activity and biosynthesis. 

Therefore, constant and adequate blood supply is necessary to meet the brain's high demand 

for energy (Deb et al., 2010; Markus, 2004; Moustafa and Baron, 2008). Interruption of 

blood flow rapidly leads to energy depletion, and consequently ionic imbalance and 

neuronal depolarization. These initial dysfunctions trigger multiple interplaying pathways 

including but not limited to exitotoxicity, oxidative stress, mitochondrial dysfunction, 



4 

 

protein aggregation, and neuroinflammation (Martin et al., 1994). Among these pathways, 

excitotoxicity plays a key role in initiation and progression of ischemia-induced neuronal 

injury.   

 Excitotoxicity is defined as excessive activation of neurons by excitatory 

neurotransmitters such as glutamate. Primarily, excitotoxicity is initiated by neuronal 

depolarization, which leads to massive release of glutamate from nerve terminals into the 

synaptic cleft (Dirnagl et al., 1999; Dong et al., 2009). Due to the energy depletion caused 

by stroke, astrocytes fail to remove the excessive glutamate from the extracellular space. 

The failure of astrocytic in uptaking of glutamate and the abnormal ionic gradient lead to 

constant activation of glutamate receptors including the N-Methyl D Aspartate (NMDA), α-

amino-3-hydroxy-5-methyl-4-propionate (AMPA) and metabotropic glutamate receptors 

(Brouns and De Deyn, 2009; Durukan and Tatlisumak, 2007; Mergenthaler et al., 2004). 

Intensive activation of the NMDA receptors leads to massive influx of Ca
2+ 

and 

excitotoxicity. Additionally, activation of the AMPA receptors results in excessive 

intracellular Na
+
 and Cl

- 
ions, which in turn induces passive influx of water, and therefore 

brain edema (Dirnagl et al., 1999; Dong et al., 2009).   

 Excessive intracellular Ca
2+

 potentially activates various enzymes such as 

endonucleases, proteases, phospholipases, which can seriously damage the cellular 

components. Additionally, Ca
2+

 activates cyclooxygenases (COXs) and nitric oxide 

synthase (NOS) (Moro et al., 2005). These two enzymes along with other inflammatory 
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factors such as cytokines (IL-1, IL-6, TNF-a) and gliosis are part of the destructive 

inflammatory responses induced by ischemia (Ceulemans et al., 2010).  

 Theoretically, the crisis initiated by ischemia could be reversed by returning the 

blood flow to the affected area. However, the paradoxical consequences of reperfusion 

exacerbate the brain damage by inducing oxidative stress (Saito et al., 2005). Oxidative 

stress is defined by the cellular damage induced by excessive production of reactive oxygen 

species (ROS). In fact, ROS are normal by-products of oxygen metabolism.  These 

oxidizing radicals are highly reactive, and could cause severe damage to proteins, lipids and 

DNA, and consequently lead to neuronal death (Valko et al., 2007). Cells normally have a 

number of defence mechanisms by which they scavenge intracellular ROS (see below). 

Oxidative stress happens when intracellular anti-oxidant mechanisms are overwhelmed by 

the high level of ROS production. 

 Mitochondria are one of the major sources of ROS production. During oxidative 

phosphorylation in mitochondria, electron transport chain utilizes the oxygen consumed by 

cells for electron transfer and ATP synthesis (Moro et al., 2005). It has been shown that 

electrons can leak from the electron transport chain in inner mitochondrial membrane 

(Adam-Vizi, 2005). These leaky electrons target O2, and reduce it to superoxide anion (•O2 
-

). Superoxide anion is highly reactive. Under normal conditions, mitochondrial superoxide 

dismutase (Mn-SOD or SOD2) rapidly catalyzes reduction of superoxide anion to hydrogen 

peroxide (H2O2), which is a mild oxidizing agent. H2O2 is normally removed by activity of 
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anti-oxidant enzymes such as glutathione (GSH) and peroxiredoxin (PRX) (Birben et al., 

2012; Moro et al., 2005). 

 The normal balance between antioxidant defense systems and production of ROS is 

disturbed in many neurological conditions such as ischemia. During the course of 

ischemia/reperfusion, production of superoxide anion (•O2 
-
) dramatically increases when 

oxygen interacts with uncoupled complexes I and III in damaged mitochondrial electron 

transport chains (Birben et al., 2012; Moro et al., 2005).  In the presence of metal ions such 

as Fe
2+

 or Cu
+
, 

 
superoxide anion (O2

.-
) can react with H2O2 to break it down to hydroxyl 

radical (•OH) which is the most reactive  ROS (Birben et al., 2012). Additionally, 

superoxide anion (O2
.-
) can react with nitric oxide (NO) to produce peroxynitrite (ONOO-) 

which is a reactive nitrogen species (RNS). These free radicals interact with lipid and 

protein components of mitochondrial membrane, and as a result interfere with 

mitochondrial function (Szabo et al., 2007). Nitration of mitochondrial complexes and 

mitochondrial permeability transition pore components, such as voltage-dependent anion 

channel, further increases ROS production. Oxidative stress reduces the threshold for 

opening of mitochondrial permeability transition pore through a vicious cycle, which 

permits the release of mitochondrial pro-apoptotic factors such as cytochrome c  and AIF to 

cytosol. Eventually cytochrome-c-dependent apoptosis is trigged in the cytosol (Szabo et 

al., 2007).  

 Together, disturbances in ion homeostasis, intracellular calcium overload, 

mitochondrial damage and oxidative stress are common features of ischemia. In severe 
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cases, ischemic neuronal injury ends in edema and necrosis. In mild prolonged ischemic 

insults, calcium dysregulation causes further damage to the mitochondria, and more 

production of ROS through a vicious cycle. Eventually, cytochrome c is released from 

severely damaged mitochondria to the cytosol where it activates the caspase cascade, which 

triggers apoptotic neuronal death (Dirnagl et al., 1999; Dong et al., 2009) (Fig.1.1).   
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Figure 1.1. Schematic representation of pathophysiological mechanisms activated by 

ischemia induced neuronal insult. Energy failure in the ischemic brain leads to neuronal 

depolarization. Presynaptic neuronal depolarization causes excessive release of glutamate 

to the synaptic cleft.  Activation of post-synaptic glutamate receptors permits massive 

influx of Ca
2+

, Na
+
 and Cl

−
 ions into the cytosol while K

+
 is released into the extracellular 

space. Water shifts to the intracellular space by osmotic gradients induced by Na
+ 

and Cl
−
 

leading to cell swelling (edema). Intracellular Ca
2+

 overload induces excitotoxicity through 

over-activation of numerous calcium dependent enzymes such as proteases, lipases, 

endonucleases, etc. Excitotoxicity leads to mitochondrial damage and generation of reactive 

oxygen species (ROS) and reactive nitrogen species (RNS), which further damage lipid 

bilayer membranes (lipolysis), mitochondria and DNA. Inflammatory reaction in response 

to RNS gliosis which in turn aggravates the crisis by activation of blood-borne 

inflammatory responses (Dirnagl et al., 1999). 

 

 

 

 

  

http://www.sciencedirect.com.proxy.bib.uottawa.ca/science/article/pii/S0166223699014010#200024256
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1.1.4. Characteristics of neuronal death in cerebral ischemia 

 Characterization of the pathways implicated in ischemic neuronal death is crucial to 

design effective therapeutic strategies. Neuronal death in ischemia was originally 

considered to be almost exclusively governed by the process of necrosis. In fact, necrosis is 

the dominant type of neuronal death in the core of infarct where the blood flow falls under 

20% of its normal (Sims and Muyderman, 2010). Necrosis is characterized by cellular 

changes including organelle swelling, disruption of the plasma membrane and release of 

intracellular contents. DNA fragmentation is also happening in the late stage of necrosis 

process (Dong et al., 1997). Although no cellular mechanism appears to be actively 

regulated during necrosis to induce neuronal death, dysregulation of some pathways such as 

Poly (ADP-ribose) polymerase (PARP) has been reported to be involved in necrotic death 

(Hegedus et al., 2008; Szabo et al., 2007). 

 Unlike necrosis, apoptosis orchestrates a number of cellular pathways to execute 

cellular death.  In focal ischemia, apoptotic neuronal death is more prominent in the 

penumbra where the blood flow drops down to 20-40% of its normal (Sims and 

Muyderman, 2010). The complex picture of apoptosis is characterized by DNA 

fragmentation, apoptotic bodies formation and nuclear condensation (Kroemer et al., 2007; 

Li et al., 1995).  The apoptotic process is activated via two distinct pathways so called the 

“intrinsic pathway” and the “extrinsic pathway” (Galluzzi et al., 2009). Caspases are major 

components in both apoptotic death pathways. The caspase family includes highly 

conserved cysteine proteases expressed in the cell as inactive forms.  
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 Mitochondria play a central role in the regulation of apoptosis via the “intrinsic 

pathway”. Upon mitochondrial stress, apoptogenic proteins such as cytochrome c and 

Apoptosis Inducing Factor (AIF) are released from mitochondrial inter-membrane space 

into the cytoplasm to promote apoptosis. In fact, cytochrome c has cellular dual function. In 

association with mitochondrial electron transfer chain, cytochrome c serves as an 

intermediate electron receptor to promote oxidative metabolism. In the cytoplasm and in 

the presence of ATP, cytochrome c binds to the Apoptotic protease activating factor-l 

(Apafl) to form a complex referred to as the apoptosome. Subsequently, the apoptosome 

recruits procaspase-9 (caspase-9 precursor) which is cleaved to its active form of capase-9. 

Upon activation, caspase-9 targets other members of the caspase family such as caspases-3, 

6 and 7 (Rodriguez and Lazebnik, 1999). Later on, these executioner caspases cleave many 

fundamental and structural proteins such as endonucleases, lamin, spectrin and PARP, 

resulting in plasma and nuclear membrane degradation, DNA fragmentation and nuclear 

condensation (Hengartner, 2000). 

 While caspase proteins play an important role in apoptosis, other mitochondrial 

proteins such as AIF could also promote apoptotic cell death in parallel to the caspase 

pathways. In fact, AIF is also released to cytosol in response to mitochondrial stressors. 

Subsequently, AIF is translocated to the nucleus inducing apoptotic nuclear phenotypes 

such as chromatin condensation and DNA fragmentation (Plesnila et al., 2004; Susin et al., 

1999).  
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 As mentioned above, apoptosis could also be activated through the “extrinsic 

pathway” where specific ligands bind to specialized cell death receptors such as FAS and 

Tumor Necrosis Factor (TNF) receptors located in plasma membrane. Through activation 

of cell death receptors, caspase-8 is activated in cytoplasm which in turn activates caspase 3 

to execute apoptosis via a mitochondria- independent pathway (Sims and Muyderman, 

2010). 

 In ischemia, apoptosis is induced by multiple factors such as excessive free radicals, 

DNA damage, death-receptor ligation, p53 induction, growth factor deprivation, TNF 

production, and cytochrome c release from mitochondria (Sims and Muyderman, 2010). 

The transcription factor p53 is considered the master of cell death through apoptosis 

(Schmitt et al., 2002).  A number of pro-apoptotic pathways have been shown to be induced 

by p53 in response to oxidative stress. An example of one of these pathways is the 

involvement of pro-apoptotic members of the Bcl-2 family of proteins, such as BH3 

interacting-domain death agonist (Bid) and Bcl-2-associated X protein (Bax) (Culmsee and 

Mattson, 2005).  

 In normal healthy neurons, these proteins are sequestrated in the cytosol by anti-

apoptotic members of the family such as Bcl-2. Upon oxidative damage, the Bcl-2 pro-

apoptotic proteins are translocated to the mitochondria outer membrane. Through 

interaction with other pro-apoptotic proteins such as Bid, Bim and PUMA, Bax has been 

shown to be involved in the permeabilization of the mitochondrial outer membrane, and 

release of apoptogenic proteins (Borner, 2003; Niizuma et al., 2009).  The pro-apoptotic 
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proteins induce apoptosis by pore formation in the mitochondrial membrane leading to 

release of cytochrome c into the cytosol (Adams and Cory, 2001; Kaufmann et al., 2001).  

 In addition to Bcl-2 family, p53 has been shown to induce a number of other pro-

apoptotic proteins such as p53-upregulated modulator of apoptosis (PUMA) (Culmsee and 

Mattson, 2005).  PUMA, which contains two putative p53 binding sites, has been identified 

as a strong indicator of apoptosis. Similar to Bcl2 family members, PUMA induces 

apoptosis through a mitochondria-dependent pathway (Nakano and Vousden, 2001). 

PUMA has been shown to interact with both pro-apoptotic Bax and anti-apoptotic Bcl-2 or 

Bcl-XL through a BH3 domain to promote apoptosis by cytochrome c release and caspase 

activation, as previously described (Culmsee and Mattson, 2005). 

 The above-mentioned pathways are just a few examples of the pathways involved in 

the pathophysiology of ischemia. These pathways have been briefly discussed to highlight 

the central role of mitochondrial dysfunction in cellular response to ischemia. Delving into 

all of the details related to these complex pathways is beyond the scope of this thesis. 

1.1.5. Treatment strategies: 

 Numerous pharmacological compounds and therapeutic strategies have been 

assessed in clinical trials. Most of them have been focused on re-canalizing occluded 

vessels by surgical intervention or pharmacological therapies using thrombolytic or 

anticoagulant compounds. In some of these clinical trials, the efficiency of pharmacological 

compounds which have anti-oxidant effect or target cytotoxicity by glutamate, AMPA, 
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GABA, glycine, and ion channel antagonists has been assessed (Vosler et al., 2009). 

Accordingly, our understanding of the disease and its treatment strategies has been 

remarkably improved in the last few decades. However, there is no medical or surgical 

intervention to effectively cure the disease. Most current standard treatments for stroke are 

involved in alleviation of the symptoms and not the cure of the disease.   

 Among them, tissue plasminogen activator (tPA) has been the most important 

break-through in stroke treatment (1995; Kwiatkowski et al., 1999). However, effectiveness 

of tPA is limited to a very short window of time. Additionally, because of some medical 

conditions such as subarachnoid hemorrhage or high blood pressure, many patients are not 

good candidates for this kind of treatment (Tsivgoulis et al., 2015). Lack of efficient 

treatments urges us to explore more pro-survival and pro-death mechanisms activated in the 

ischemic brain in order to find new targets for therapeutic interventions. 

 Stroke shares common features of oxidative stress, mitochondrial dysfunction and 

excitotoxicity with other neurologic conditions such as Parkinson's disease (Abou-Sleiman 

et al., 2006b; Koutsilieri and Riederer, 2007; Zuo and Motherwell, 2013). We have 

previously shown that the Parkinson's disease gene DJ-1 plays a significant role in 

protecting brain tissue against ischemia (Aleyasin et al., 2007). In the present study, we 

focus on the role of another Parkinson's disease gene, PINK1, on ischemic neuronal 

damage. As discussed in following paragraphs, PINK1 (PTEN- induced putative kinase 1) 

has a prominent role in defence against oxidative stress, mitochondrial dysfunction and 

calcium homeostasis. Generally, these factors have been frequently reported to be 
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implicated in the pathophysiology of Parkinson's disease (Abou-Sleiman et al., 2006b; 

Koutsilieri and Riederer, 2007; Zuo and Motherwell, 2013). A brief review on different 

aspects of the disease would clarify the rationale for this study.   

1. 2. Parkinson's disease: 

 Parkinson's disease (PD) is the most common neurodegenerative movement 

disorder, affecting approximately one percent of the population age 65 and older.  Nearly, 

100,000 Canadians live with PD (http://www.statcan.gc.ca/pub/82-003-

x/2014011/article/14112-eng.htm). The cardinal signs and symptoms of PD are 

predominantly motor-related and characterized by resting tremor, slowness of movement 

(bradykinesia), loss of movement (akinesia), muscular rigidity, gait impairment and 

postural instability. In many cases, non-motor symptoms including cognitive impairment, 

mood disorders, olfactory dysfunction (hyposmia) and autonomic disturbances such as 

constipation, orthostatic hypotension and sweating may precede motor symptoms by many 

years or even decades (Lees et al., 2009). 

1.2.1. Pathology of PD: 

 The pathology of PD is characterized by progressive dopaminergic neuronal loss in 

substantia nigra pars compacta (SNc) located in the midbrain (Lees et al., 2009). 

Dopaminergic neuronal loss is typically accompanied by Lewy body inclusions, which are 

abnormal protein aggregates in cytoplasm. However, neuronal degeneration is not limited 

to the SNc. In fact, pathologic alterations occur in other regions of brain such as olfactory 
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bulb, anterior olfactory nucleus, dorsal motor nucleus of vagus and locus ceruleus (Braak et 

al., 2004; Haehner et al., 2011; Larsen and Tandberg, 2001). Neurodegeneration of non-

dopaminergic systems lead to non-motor symptoms of PD (Braak et al., 2004; Haehner et 

al., 2011; Larsen and Tandberg, 2001). For instance, neurodegeneration of the locus 

ceruleus has been highly correlated with sleep disturbance in PD patients (Larsen and 

Tandberg, 2001; Stocchi et al., 1998). In addition, neuronal loss in olfactory system causes 

anosmia (loss of the sense of smell) in more than 90% of PD cases years or even decades 

prior to the onset of PD motor symptoms (Haehner et al., 2011). Moreover, degenerative 

alterations in dorsal motor nucleus and its peripheral projections frequently induce 

constipation and other gastrointestinal problems in more that 50% of PD cases (Braak et al., 

2006). These observations constitute the primary basis of the Braak hypothesis describing 

the disease progression in accordance with the temporospatial pattern of Lewy body 

formation in the brain (Braak et al., 2003a; Braak et al., 2003b). 

1.2.2. Etiology and Pathogenesis of PD: 

 In spite of the enormous progress in our understanding of PD during the last decade, 

the etiology and pathogenesis of the disease is still not well understood. In fact, the vast 

majority of PD cases are sporadic with unknown causes, whereas a small number of cases 

are considered familial, with a family history of the disease.  

 α-synuclein was the first PD gene identified to be linked to Parkinson’s disease in 

three unrelated families of Greek origin in an autosomal dominant inheritance manner 

(Polymeropoulos et al., 1997). Through genetic linkage analysis of familial PD, several 



17 

 

other PD genes have been identified as highly associated to the disease. Among them 

Leucine Rich Repeat Kinase 2 (LRRK2) is linked to autosomal dominant and DJ-1, parkin 

and PINK1 are linked to autosomal recessive traits (Bonifati et al., 2003; Kitada et al., 

1998; Valente et al., 2004; Zimprich et al., 2004). It is noteworthy that research on PD of 

this small minority of patients has significantly contributed to our knowledge of the 

disease.  

 Genetic studies together with epidemiological, clinical and biological data indicate 

that a complex combination of genetic and environmental factors is involved in initiation 

and progression of PD (Braak et al., 2004; Tanner, 2003; Tanner and Langston, 1990; 

Thomas and Beal, 2007). The accidental discovery of 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) as a neurotoxin inducing acute Parkinsonism provided strong 

evidence for the role of environmental factors in the pathogenesis of PD (Langston, 1996). 

Based on this finding, together with data obtained from other studies, the Braak hypothesis 

suggests a staging system to describe the pattern of progression of the disease. Accordingly, 

it is hypothesized that pathologic alterations originally occur in the gastrointestinal (GI) and 

olfactory systems which are two major routes for ingestion of pathogens such as virus 

particles or toxins. These pathogenic factors initiate and spread the disease pathology to the 

CNS through the GI nervous plexus (Auerbach and Meissner plexus) residing in the GI 

epithelium and the olfactory nerve endings coating the nasal epithelium (Braak et al., 

2003a; Braak et al., 2003b). Testing the veracity of this hypothesis is currently the target of 

intense research in this field. 
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 Nevertheless, apart from aging, which is the main susceptibility factor for the 

disease, several other risk factors are known to be involved in the pathogenesis of PD. 

These include exposure to heavy metals such as manganese and iron, head trauma, 

radiation and contact with pesticides such as Rotenone and Paraquat (Lees et al., 2009). 

Considering the deleterious properties of these factors, a number of animal models have 

been created to recapitulate Parkinsonism. These laboratory models have provided much 

insight into the pathophysiology of PD, although they may not reflect all aspects of the 

disease. 

1.2.3. Pathophysiology of PD: 

 In spite of the progress in our knowledge of the disease, we still do not know which 

pathophysiologic pathways are mediating the adverse effects of genetic and environmental 

factors. Data from post mortem examination of PD patients and studies using animal 

experimental models have revealed that some pathophysiologic conditions such as 

oxidative stress, mitochondrial dysfunction, neuroinflammation, protein aggregation and 

protein turn over are persistent features in parkinsonism (Bender et al., 2006; Brodacki et 

al., 2008; Chung et al., 2001; Liu et al., 2002; Schapira et al., 1989; Schlossmacher et al., 

2002). These data are particularly interesting as suggesting that these recurrent factors may 

be involved in pathogenesis of PD. Research on familial PD genes strongly supports this 

concept. The following paragraphs are exclusively devoted to autosomal recessive PD 

genes, PINK1 and Parkin, as the main focus of this study. 
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1.2.4. PINK1 and the pathophysiology of PD: 

 PINK1 was first isolated and characterized in cancer cells as a gene responsive to 

the tumor suppressor PTEN (Unoki and Nakamura, 2001). PINK1 protein contains 581 

amino acids with approximate molecular weight of 62 kDa. It is ubiquitously expressed in 

body tissues with highest expression in heart, skeletal muscle, and testis. PINK1 is a 

putative serine/threonine kinase with a mitochondrial targeting motif at its N-terminal 

(Valente et al., 2004).  PINK1 is imported into mitochondria through interaction of its 

mitochondrial targeting motif with Translocase of the inner/outer membrane (TIM/TOM) 

complexes of mitochondria (Silvestri et al., 2005). Since the identification of PINK1 as a 

PD gene, several mutations in PINK1 have been found to be linked to the pathogenesis of 

the disease. Most of the mutations are localized near or within the serine/threonine kinase 

domain, and result in a loss-of-function effect. Kinase activity appears to be important for 

PINK1’s pro-survival function, however, previous published data from our lab indicated 

that mitochondrial localization of PINK1 is not necessary for its neuroprotective effect 

against MPTP-induced apoptosis (Haque et al., 2008; Petit et al., 2005; Sim et al., 2006).  

 In order to elucidate the function of PD genes, multiple in-vitro and in-vivo 

experimental models have been created. Among them, Drosophila melanogaster has 

provided elegant systems to understand the neurodegenerative process in PD context. For 

instance, it was noted that PINK1 and Parkin deficient flies display similar abnormal 

phenotypes, including unusual mitochondrial morphology, impaired mitochondrial function 

and a moderate dopaminergic neuronal loss (Clark et al., 2006; Park et al., 2006; Wang et 
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al., 2006). It has been further demonstrated that over-expression of Parkin in PINK1 null 

flies, but not the reverse, rescues these adverse phenotypes, suggesting that PINK1 is 

upstream of Parkin in the same pathway (Clark et al., 2006; Park et al., 2006; Wang et al., 

2006).   

 PINK1 and its mitochondrial function have since been the focus of intense research 

in both Drosophila and mammalian experimental models (Gautier et al., 2008; Kitada et al., 

2007; Narendra et al., 2010; Venderova et al., 2009). More relevant to the present work, in 

a pioneer study, PINK1 has been shown to regulate a mitochondrial Na+/Ca
2+

 exchanger in 

both human and mouse neuronal cells (Gandhi et al., 2009). In support of this, knock down 

of PINK1, using RNA interference (RNAi), led to accumulation of calcium in mitochondria 

resulting in ROS production via NADPH oxidase. The mitochondrial oxidative state has 

been shown to interfere with its respiratory function by inhibiting the glucose transporter, 

which leads to premature opening of the mitochondrial permeability transition pore, and 

increase in vulnerability to death (Gandhi et al., 2009). Follow-up studies have confirmed 

this regulatory function for PINK1, and emphasized that calcium homeostasis is strongly 

implicated with mitochondrial dysfunction and oxidative stress as key facets of 

neurodegeneration(Akundi et al., 2011; Gomez-Sanchez et al., 2014; Heeman et al., 2011; 

Kostic et al., 2015; Marongiu et al., 2009). Furthermore, electron microscopic analysis of 

lymphoblasts isolated from human PD patients as well as observations of DJ-1 deficient 

murine tissues has revealed that mitochondrial morphology is perturbed in the absence of 

DJ-1 (Irrcher et al., 2010; Thomas et al., 2011). They have also shown that H2O2 production 

is increased in mitochondria isolated from DJ-1 deficient mice. Interestingly, over-
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expression of PINK1 or Parkin in DJ-1 deficient cortical neurons could rescue the 

morphological defect of mitochondria (Irrcher et al., 2010).  

 To this end, a great deal of research has been devoted to elucidate the role of PINK1 

loss of function in calcium dysregulation and mitochondrial dysfunction (Akundi et al., 

2011; Gomez-Sanchez et al., 2014; Heeman et al., 2011; Marongiu et al., 2009). However, 

the molecular mechanisms by which PINK1 regulates mitochondrial function to prevent 

neuronal degeneration remain poorly understood. In the following section, I have reviewed 

the literature on PINK1 substrates to describe the biochemical and physiological functions 

of PINK1 within cells to further address the possible mechanisms underlying neuronal 

damage induced by PINK1 deficiency.  

1.2.5. PINK1's substrates 

 A number of downstream effectors for PINK1 kinase have been identified. The 

mitochondrial chaperone TNF-receptor-associated protein 1 (TRAP1), also known as heat 

shock protein 75 (Hsp75), was reported to be the first specific PINK1 downstream effector 

(Pridgeon et al., 2007). PINK1 has been shown to bind and co-localize with TRAP1 in the 

mitochondrial inner membrane and inter-membrane space. PINK1, but not PD-associated 

PINK1 mutants, has been shown to be protective against oxidative stress-induced cell death 

through phosphorylation of TRAP1 (Pridgeon et al., 2007). In addition, the kinase activity 

of PINK1 was demonstrated to be necessary for suppression of mitochondrial cytochrome c 

release and apoptosis (Pridgeon et al., 2007).  
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 Later, a mitochondrial serine protease, high temperature requirement protein A2 

(HtrA2), was identified to be indirectly phosphorylated by PINK1 (Plun-Favreau et al., 

2007). Indeed, PINK1 forms a complex with mitochondrial HtrA2 thereby enhancing the 

phosphorylation of HtrA2 by the stress-activated kinase P38γ. Interestingly, loss of 

function mutation in HtrA2 is implicated in the pathogenesis of Parkinson's disease (Strauss 

et al., 2005). Consistent with this observation, HtrA2 phosphorylation is reduced in brains 

of PD patients carrying mutations in PINK1 suggesting that PINK1 plays an important role 

in regulating the proteolytic activity of HtrA2 to promote cell survival upon mitochondrial 

damage (Plun-Favreau et al., 2007). 

 Around the same time a couple of studies published in Nature introduced one of the 

most attractive PINK1 effectors; Parkin (Clark et al., 2006; Park et al., 2006). These 

publications introduced the first evidence demonstrating PINK1 and Parkin presumably 

function in the same pathway to regulate mitochondrial function. Since then, the 

relationship between PINK1 and Parkin in regulating mitochondrial function has been a 

topic of great interest in the quest of understanding the interplay between these two genes 

in the context of neurodegeneration.  

 Mutations in the Parkin gene appeared to be responsible for autosomal recessive 

juvenile Parkinson's disease (Kitada et al., 1998). These mutations have been identified in 

nearly 50% of autosomal recessive and, 10 –15% of sporadic early onset PD. Parkin is a 

RING domain-containing E3 ubiquitin ligase involved in regulation of protein turnover by 

proteasomal degradation (Beasley et al., 2007). Parkin protein contains an N-terminal 
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ubiquitin-like (UBL) domain and 2 C-terminal RING finger domains that are separated by 

an in-between ring (IBR) domain (Beasley et al., 2007).  As I will discuss later, the E3 

ubiquitin ligase activity of Parkin is also involved in lysosomal degradation of damaged 

mitochondria by mitophagy.   

 In Drosophila melanogaster cells lacking Parkin or PINK1, the mitochondria are 

highly fused. This mitochondrial phenotype can be rescued upon over-expression of the 

GTPase protein, dynamin-related protein1 (Drp1), which regulates mitochondrial fission 

(Poole et al., 2008; Poole et al., 2010; Yang et al., 2008). Similarly, down regulation of 

mitochondrial fusion factors guanosine triphosphatase mitofusin/mitochondria assembly 

regulatory factor (Mfn/Marf) or Opa1 has been shown to induce the same compensatory 

effect (Poole et al., 2008; Poole et al., 2010). Based on the evidence, PINK1 and Parkin 

appeared to play a central role in regulating mitochondrial morphology and well being, but 

how did they interact to manage this process was unclear.  

 Interestingly, Narendra and colleagues provided exciting data indicating Parkin is 

selectively recruited to damaged mitochondria in the presence of the mitochondrial 

uncoupler, CCCP. This discovery was the first evidence introducing a link between 

mitochondrial quality control pathways and PD genes (Narendra et al., 2008). To this end, 

several studies regarding PINK1 and Parkin have emerged linking these proteins to the 

fission/fusion machinery, and the clearance of damaged mitochondria through a tightly 

regulated process such as mitophagy. Though the functional interaction between PINK1 

and Parkin was demonstrated as early as 2006 (Clark et al., 2006; Park et al., 2006; Wang 
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et al., 2006), it was not until 2008 that PINK1-dependent phosphorylation of Parkin 

through direct binding of Parkin to PINK1 was established (Kim et al., 2008). Follow-up 

studies confirmed this regulatory function, and noted that PINK1-dependent 

phosphorylation of Parkin may play a role in mitochondrial quality control (Caulfield et al., 

2014; Iguchi et al., 2013; Kazlauskaite et al., 2014; Kazlauskaite et al., 2015; Sha et al., 

2010; Shiba-Fukushima et al., 2014a; Shiba-Fukushima et al., 2012; Shiba-Fukushima et 

al., 2014b). 

 In this regard, an exciting breakthrough in the field was made by Richard J. Youle 

laboratory, followed by many other reports, indicating that PINK1 and Parkin 

neurosurvival function is mediated by a mitochondrial quality control (MQC) pathway 

(Geisler et al., 2010; Matsuda et al., 2010; Narendra et al., 2010). The suggested model was 

particularly interesting since for a long time researchers in the field were puzzling over the 

nature of the relationship between PINK1, residing in inner mitochondrial membrane, and 

Parkin as a cytosolic protein. According to this model, in negatively charged mitochondria, 

PINK1 is cleaved by mitochondrial proteases such as MPP, PARL and AFG3L2 to produce 

multiple shorter cleaved products that are released to cytosol to be degraded by proteasomal 

activity (Greene et al., 2012). These PINK1 cleaved products are considered to be non-

functional intermediates; a concept which is still under debate (Ivatt and Whitworth, 2014). 

One example that challenges this point of view is the neuroprotective role of cytosolic 

PINK1 against mitochondrial stressor, which has been reported by work in our lab and 

other laboratories (Dagda et al., 2014; Haque et al., 2008).  
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 Nevertheless, proteolytic activity of PARL has been shown to target the PINK1 

trans-membrane domain promoting re-distribution of PINK1 from mitochondrial inner 

membrane to cytosol or other mitochondrial compartment such as mitochondrial inter 

membrane space (Ivatt and Whitworth, 2014). Mitochondrial membrane depolarization 

prevents PARL proteolytic activity, leading to accumulation of full length PINK1 in 

mitochondrial outer membrane (Jin et al., 2010). PINK1 localization in the mitochondrial 

outer membrane leads to a configuration change causing its kinase domain to face toward 

cytosol where it recruits Parkin to damaged mitochondria through distinct steps (Jin et al., 

2010). Recruitment of Parkin to mitochondria is believed to be involved with targeting of 

dysfunctional mitochondria and their isolation from the mitochondrial network to be 

degraded by autophagy (Geisler et al., 2010; Matsuda et al., 2010; Narendra et al., 2010). 

This process is disrupted by PD associated Parkin mutations (Geisler et al., 2010).  

 Relevant to this pathway, few downstream effectors such as ubiquitin, Mitofusins 

and Miro have been identified for PINK1 and Parkin (Chen and Dorn, 2013; Gegg et al., 

2010; Koyano et al., 2014; Wang et al., 2011). For instance, in response to mitochondrial 

uncouplers such as CCCP, mitochondrial motility has been shown to be restricted via 

phosphorylation of Miro by PINK1 (Wang et al., 2011). Phosphorylated Miro is then 

ubiquitinated by Parkin triggering rapid degradation of Miro through the proteasome-

dependent pathway (Wang et al., 2011). Similarly, PINK1 phosphorylates the 

mitochondrial outer membrane Mfn 2 to promote its ubiquitination in a Parkin-dependent 

manner. Ubiquitination of Mfn2 has been shown to activate cellular autophagic pathways 

directing damaged mitochondria for degradation (Chen and Dorn, 2013; Gegg et al., 2010). 
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 Recently, a number of elegant studies have uncovered that ubiquitin is a target of 

PINK1 phosphorylation(Caulfield et al., 2014; Kane et al., 2014; Kazlauskaite et al., 2015; 

Koyano et al., 2014). Interestingly, this is the first evidence that shows ubiquitin is 

modulated by phosphorylation. As ubiquitination is a prominent feature of quality control 

of mitochondria, phosphorylation of ubiquitin has been studied in detail. For example, 

PINK1 has been shown to phosphorylate both ubiquitin and Parkin ubiquitin like domain 

(UBL) at serine 65 residue. In fact, PINK1-dependent phosphorylation of ubiquitin primes 

Parkin to bind to phosphorylated ubiquitin. Upon interaction with ubiquitin, Parkin 

undergoes a conformational change. The new Parkin configuration removes the inhibitory 

conformation of UBL domain. As a result, Parkin can be more efficiently phosphorylated 

by PINK1 at serine 65 residue of UBL, which leads to maximal activation of Parkin E3 

ubiquitin ligase function (Kazlauskaite et al., 2015). However, as shown in Figure 1.2., the 

precise order of the events is still under debate. For instance, it has been proposed that 

Parkin’ configuration is changed upon interaction with phosphorylated ubiquitin. This 

configuration exposes Parkin to PINK1 dependent phosphorylation. Upon phosphorylation 

by PINK1, Parkin more efficiently interacts with the ubiquitin chain to direct it to its 

specific substrates (Stolz and Dikic, 2014) (Fig.1.2).  

 Although these findings have established one of the most attractive themes in the 

field, the relevance of this pathway or its downstream effectors in the pathogenesis of 

Parkinson's disease has yet to be proven. 

  



27 

 

Figure 1.2. PINK1, Parkin and quality control of mitochondria. Dysfunctional 

mitochondria: PINK1 is accumulated in outer membrane of dysfunctional mitochondria. 

PINK1 phosphorylates the ubiquitin-like domain (UBL) of Parkin on its S65 residue. 

Phosphorylation of Parkin leads to its conformational change, removing the auto inhibitory 

effect of UBL. PINK1 phosphorylates ubiquitin on its S65 residue. Interaction of 

phosphorylated ubiquitin and phosphorylated Parkin primes Parkin ubiquitin E3 ligase 

activity to more efficiently ubiquitinize its substrates on damaged mitochondria. Healthy 

mitochondria: in normal healthy mitochondria, PINK1 is directed to mitochondrial inner 

membrane where it is cleaved by mitochondrial proteases to produce shorter products. 

PINK1 cleaved products are released to cytosol to be degraded by protosomal pathway.  
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1.2.6. PINK1's  pro-survival function in different animal models: 

 PINK1 mutations are rare causes of PD among familial cases, however, the 

presence of PINK1 mutations is considered a significant risk factor in sporadic cases, as 

well (Abou-Sleiman et al., 2006a; Choi et al., 2008; Kumazawa et al., 2008; Rogaeva et al., 

2004). It is still unclear how PINK1 mutations contribute to the etiology of the disease 

although the neuroprotective role of PINK1 has been frequently confirmed in multiple 

experimental models of neurodegeneration. For instance, in Drosophila, PINK1 deficient 

flies display increased sensitivity to oxidative stress; abnormal mitochondrial phenotype, 

especially in testes and flight muscle, and progressive loss of dopaminergic neurons (Clark 

et al., 2006; Park et al., 2006; Yang et al., 2006). These phenotypes can be rescued by over-

expression of human PINK1. Interestingly, antioxidant approaches such as expression of 

human SOD1 or administration of vitamin E prevent this dopaminergic neuronal loss 

(Wang et al., 2006).  These findings further support the idea of a neuroprotective effect of 

PINK1 against oxidative stress, and support the notion that oxidative stress may play an 

important role in pathogenesis of PD. Furthermore, using human dopaminergic neurons and 

human neuroblastoma cell lines, Wood-Kaczmar et. al.,(2008) demonstrated that PINK1 is 

necessary for long-term survival and mitochondrial function in human dopaminergic 

neurons. They showed that over expression of wild-type PINK1, but not the Parkinsonism 

associated mutant, protects cells from apoptosis in response to oxidative stress. 

 The pro-survival effects of PINK1 are not limited to neuronal cells. It has been 

shown that the murine atrial cell line over-expressing PINK1 is more resistance against 
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simulated ischemia-reperfusion injury (Siddall et al., 2013). Additionally, myocardial 

infarct size is increased in PINK1 knockout (Ko) mice subjected to simulated ischemia-

reperfusion injury (Siddall et al., 2013). 

 More relevant to our work, previous studies have established a role for PINK1 in 

protection against ischemic neuronal damage. For example, Chen et al. (2015) have shown 

that PINK1 deficiency sensitizes hippocampal CA1 neurons to transient global ischemia in 

rats. Using commercial antibodies against PINK1, they have also demonstrated that PINK1 

is upregulated in hippocampal CA1 in response to transient global ischemia. They have also 

demonstrated that upregulation of PINK1 can enhance neuronal survival through down 

regulation of Drp-1 phosphorylation (Chen et al., 2015). Interestingly, these findings have 

hinted towards a pro-survival effect of PINK1 in ischemia context through regulation of 

mitochondrial morphology. However, data from our laboratory and others have confirmed 

that endogenous rat or mouse PINK1 is not detectable with the available commercial 

antibodies (Narendra et al., 2010; Zhou et al., 2008). Therefore, that makes it difficult to 

further interpret their data.  

 To further investigate the functional phenotype induced by PINK1 deficiency, 

Kitada and colleagues generated PINK1 null mice. These animals display reduced synaptic 

plasticity and impaired dopamine release in the striatum when compared to controls. 

However, the morphology and numbers of dopaminergic neurons in the substantia nigra are 

not affected by PINK1 deficiency (Kitada et al., 2007). This animal model has been 

extensively used in our laboratory in the present and previous studies. Our previous studies 
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have shown that PINK1 deficient dopaminergic neurons are more sensitive to the toxic 

effects induced by systemic MPTP (1-methyl-4- phenyl-1,2,3,6-tetrahydropyrindine) 

treatment, as an animal model of PD (Haque et al., 2012). However, the precise signalling 

pathways mediated by PINK1 to handle oxidative stress induced by MPTP, are still under 

investigation. 

 In response to oxidative stress, multiple intracellular mechanisms are activated to 

control the damage.  Among them, the AKT (also Protein Kinase B, PKB) pathway most 

commonly responds to oxidative stress in a pro-survival manner (Vivanco and Sawyers, 

2002). AKT is a serine/threonine kinase, which is involved in diverse cellular processes 

including regulation of apoptosis and metabolism, cellular proliferation, cell migration and 

metastasis (Sen et al., 2003; Vivanco and Sawyers, 2002). In human cells, AKT is present 

in three different isoforms: AKT-1, AKT-2, and AKT-3. In spite of structural similarities, 

they exhibit different patterns of tissue expressions. AKT1 protein contains 480 amino 

acids with an N-terminus pleckstrin homology (PH) domain. The PH domain mediates its 

interaction with membrane phospholipid, phophatidylinositol3 phosphate (PIP3). Activity 

of AKT is efficiently regulated through reciprocal phosphorylation and dephosphorylation 

of phosphatidylinositol by PI3K and PTEN, respectively. In fact, phosphorylation of 

phosphatidylinositol allows AKT to bind to PIP3 by its Pleckstrin Homology (PH) domain 

(Andjelkovic et al., 1997). This binding recruits AKT to the plasma membrane where it is 

phosphorylated by phosphatidylinositol dependent kinase 1 (PDK1) at threonine 308 

(T308). However, full activation of AKT requires phosphorylation of another serine residue 

by the mTORC2 complex at serine 473 (S473) (Alessi et al., 1997). Once AKT is fully 
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activated it exerts its kinase function within the cell. A simplified diagram illustrates the 

pathway as following (Fig.1.3). 
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Figure 1.3: The PI3K-AKT-mTOR Pathway. A subset of AKT upstream regulators 

(including PI3K, PTEN, PDK and mTORC2) and downstream effectors are overviewed in 

this diagram.  
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Figure 1.3 
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 Several lines of evidence suggest that AKT plays a neuroprotective role against 

ischemia (Ohba et al., 2004; Zhao et al., 2006a). For example, using the middle cerebral 

artery occlusion (MCAO) model of stroke, Ohba and colleagues have demonstrated that 

AKT overexpressing transgenic mice are more resistance against ischemia (Ohba et al., 

2004). The neuroprotective effects of AKT are not limited to ischemia models. Previous 

studies, including work from our own lab, have established a neuroprotective role for AKT 

in PD (Aleyasin et al., 2010; Ries et al., 2006; Salinas et al., 2001). 

 Interestingly, it has been shown that Parkin deficiency accelerates endocytosis and 

degradation of epidermal growth factor receptor (EGFR) which reduces EGFR signalling 

via PI3K–AKT pathway (Fallon et al., 2006). The authors have proposed that reduction of 

PI3K–AKT signalling would increase susceptibility to neuronal death. Additionally, it has 

been shown that PINK1 enhances AKT phosphorylation (Murata et al., 2011). However, 

they have shown that PI3K signalling pathway is not involved in this enhancement. In fact, 

PINK1 contributes to phosphorylation of AKT via activation of mammalian target of 

rapamycin complex 2 (mTORC2). These findings support the idea of exploring whether 

pAKT mechanistically mediates PINK1 and Parkin neuroprotective function in ischemic 

model of neuronal injury.   
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1.3. Animal experimental models used, in vivo and in vitro 

1.3.1. MCAO; a model of focal ischemia 

 Middle cerebral artery occlusion (MCAO) is the most commonly used animal stroke 

model to recapitulate human focal ischemia. This model was originally developed as an 

experimental stroke model in rats by Koizumi and colleagues in 1986. Later on, availability 

of mice transgenic lines has encouraged a great interest in mouse stroke models. Therefore, 

the experimental procedure for MCAO was extended to the mouse experimental model. 

This animal model has extensively been used to determine the mechanism of neuronal 

death in stroke, and to test novel therapeutic strategies. MCAO is induced by a number of 

surgical procedures including intraluminal suture model, photothrombosis, Endothelin-1, 

MCA clip or cautery, and embolism models (Carmichael, 2005).   

 In this study, MCAO has been achieved by intraluminal suture method. Briefly, an 

intraluminal suture has been inserted into the internal carotid artery via the external carotid 

artery to block the entry of the Middle cerebral artery. In this paradigm, depending on the 

duration of occlusion, MCAO induces ischemic neuronal death in striatum and overlying 

cortex including frontal, parietal, temporal, and occipital lobes. Additionally, MCAO could 

also induce ischemic damage in thalamus, substantia nigra and hypothalamus. Generally, 

MCAO in one hemisphere is associated with motor dysfunction and sensory loss in the 

contralateral side of the body (Fig.1.4).  
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Figure 1.4. Schematic diagram illustrating intraluminal suture MCAO. (A) The left 

middle cerebral artery is occluded with a silicon-coated nylon suture, which is inserted  into 

the left internal carotid artery (ICA) through the stalk of the external carotid artery (ECA). 

(B) Illustration of the middle cerebral artery supply area (O'Neill and Clemens, 2001).  
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Figure 1.4 
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1.3.2. Glutamate treatment; an in vitro model of ischemia  

Glutamate treatment has been widely used as an in vitro model to recapitulate the 

excitotoxicity and neuronal injury after ischemia (Arundine and Tymianski, 2004; Culmsee 

and Mattson, 2005; Culmsee et al., 2005). As mentioned earlier, a high long-lasting rise in 

the extracellular glutamate concentration induces neuronal death through excitotoxicity. 

The term"“Exitotoxicity"was first coined by Olney in 1969 to describe the toxic effect of 

excitatory amino acids, and their involvement in neuronal degeneration (Olney, 1969). 

 Glutamate-induced excitotoxicity is mainly mediated by NMDA receptors 

(NMDARs) (Choi, 1992). Excessive activation of NMDARs is highly implicated in 

neuronal death following acute brain injury such as brain ischemia, hypoxia and 

mechanical trauma (Arundine and Tymianski, 2003). Interestingly, chronic activation of 

NMDARs may also be implicated in the pathophysiology of chronic neurodegenerative 

diseases such as Parkinson`s disease, Alzheimer`s disease, Multiple sclerosis and 

Amyotrophic lateral sclerosis (ALS) (Kalia et al., 2008; Lipton, 2006). 

 Typically, NMDARs are heterotetramers containing two glycine-binding GluN1 

subunits and two glutamate-binding GluN2 subunits. The GluN1 subunit is essential for the 

NMDARs to be functional. Structurally, NMDARs are composed of a heteromeric complex 

of GluN1 subunit and one of the four different GluN2 subunits (GluN2A-D) or two GluN3 

subunits (GluN3A and GluN3B). Predominantly, NMDARs are expressed as a complex of 

GluN1 and GluN2B/ GluN2A. The three dimensional structure of the subunits is defined by 

the properties and the composition of the amino acids. Generally, the N terminus domains, 
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and the ligand binding domains face toward the extracellular space while the 

transmembrane domain spans the membrane to assemble the ion channel pore, and the 

carboxy terminal domain extends within the cytoplasm to convey the signal. The NMDAR 

are expressed in both pre-synaptic and post-synaptic membranes. They are modulated by a 

variety of compounds such as glutamate receptor blocker MK-801 and ketamine (Lee et al., 

2014).  

 In the present study, glutamate treatment has been applied to induce excitotoxic 

neuronal death, thereby investigating the neuroprotective function of PINK1 in ischemia 

context.  

1.3.3. CCCP treatment; to establish a model of mitochondrial quality control 

Over last few years, extensive studies in mammalian cell lines have suggested that Parkin 

and PINK1 are involved in the quality control of mitochondria through mitophagic 

degradation of dysfunctional mitochondria. Carbonyl cyanide m-chlorophenyl hydrazone 

(CCCP) is a mitochondrial membrane uncoupler that has been widely used to induce 

mitochondrial depolarization. This synthetic compound acts as an ionophore in 

mitochondrial inner membrane. As a result, CCCP increases membrane permeability to H
+
, 

which interferes with oxidative phosphorylation leading to mitochondrial depolarization 

(Geisler et al., 2010; Matsuda et al., 2010; Narendra et al., 2008; Narendra et al., 2010).  

 While CCCP has been proven to efficiently induce robust Parkin recruitment to 

damaged mitochondria in immortalized cells, reproducing the same data in neuronal 
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context appeared to be more challenging (Grenier et al., 2013). Recently, interesting work 

from our laboratory has demonstrated that in the absence of antioxidant supplement in the 

culture medium, CCCP efficiently induces Parkin recruitment to the mitochondria in 

cortical neurons (Joselin et al., 2012). 

 In the present study, I have successfully reproduced these data previously 

demonstrated by my colleagues, to establish a positive control for my own experiments.   
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1.4. Statement of research problem, rationale, objectives and hypothesis: 

 The field of stroke recovery has fallen short in terms of curing the disease since 

current standard treatments for stroke are mostly involved in mitigation of the signs and 

symptoms of the disease.  

 There is growing evidence suggesting that common mechanisms are involved in 

pathophysiology of multiple neurological diseases. In support of this concept, a novel study 

from our laboratory has established a key neuroprotective role for PD gene, DJ-1, in models 

of focal ischemia induced by cranial injection of Endothelin-1. The main idea of this study 

stems from the notion that DJ-1 is protective against oxidative stress, an important 

characteristic factor in the pathophysiology of ischemia (Aleyasin et al., 2007). Later on, 

we showed that the interplay of DJ-1 and PINK1 dynamically regulates mitochondrial 

morphology to promote survival against oxidative stress (Irrcher et al., 2010). 

 In light of our findings above, together with the knowledge that PINK1 is involved 

in the survival pathway against oxidative stress and mitochondrial dysfunction, we have 

sought to investigate if PINK1 is also implicated in survival pathways activated in an 

ischemic context. 

 In this regard, we also explored two major potential pathways to provide some 

mechanistic insight into how PINK1 may be protective. First, we aimed to investigate if 

Parkin and its role in mitochondrial quality control (Jin and Youle, 2013; Joselin et al., 

2012; Koyano et al., 2014)) are implicated in the neuroprotective function of PINK1.  
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 Previous studies from our lab have established a neuroprotective role for cytosolic 

PINK1 in a neurotoxin-model of cell death by MPTP, suggesting a putative cytosolic 

pathway for PINK1 signalling (Haque et al., 2012; Haque et al., 2008). Several studies, 

including work from our own lab, have linked PINK1 and Parkin as well as DJ-1 to the 

AKT pathway, a major neuronal pro-survival pathway induced upon oxidative stress 

(Aleyasin et al., 2010; Fallon et al., 2006; Murata et al., 2011). These findings prompted me 

to examine the pro-survival function of cytosolic PINK1 through a putative signalling 

pathway regulated by AKT. 

 Therefore, I hypothesized that PINK1 exerts a neuroprotective function through a 

mechanism distinct from the PINK1/Parkin mitochondrial quality control pathways via 

modulation of the AKT pathway. The elucidation of such a mechanism is the subject of 

chapter three of this thesis. I have aimed to address this hypothesis through a set of 

objectives. 

Objective 1: 

 Determine if PINK1 is important in mediating neuronal survival after acute 

ischemic injury. 

Objective 2:  

 Determine which functional domains of PINK1 are essential for its neuroprotective 

effect.  
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Objective 3:  

 Investigate if Parkin and mitochondrial quality control axis is involved in PINK1 

neuroprotective effect. 

Objective 4:  

 Determine whether PINK1 confers its neuroprotective function through AKT in a 

model of ischemia. 
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Chapter 2 
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2. Methodology: 

2.1. Mice 

 Germ line-deleted Parkin and PINK1 mice have been previously generated and 

described in detail (Itier et al., 2003; Kitada et al., 2007). All animal care and experimental 

procedures were approved by the University of Ottawa Animal Care Committee, and 

carried out in strict accordance with the Guidelines for the Use and Treatment of Animals 

presented by the Animal Care Council of Canada, and approved by the Canadian Institutes 

of Health Research. 

2.2. Cerebellar granule neurons extraction: 

Mouse cerebellar granule neurons were obtained from p7-9 mice. Briefly, mouse 

pups (p7-9) were decapitated. The skulls were cut off to expose the cerebellum.  

Cerebellums were cut from the rest of the brain and meninges were removed. Cerebellums 

were individually transferred to a petri dish (35 mm) containing 1ml dissecting solution 

(124 mM NaCl, 5.37 mM KCl, 1 mM NaH2PO4, 1.2 mM MgSO4, 14.5 mM D-(+)- 

Glucose, 25 mM HEPES, 3 mg/ml BSA, PH 7.4). The cerebellar tissues were broken down 

by pipetting up and down for few times. Then, the broken tissues were transferred to a 

falcon tube and spinned down at 1000 rpm, for 1 min at 4 °C to pellet the cells. The 

resulting pellet were incubated in 3 ml dissecting solution supplemented by 0.25 mg/ml 

trypsin (Sigma), at 37˚C for ~20 minutes. The trypsinization was terminated by adding 3 ml 

ice-cold dissection solution containing 0.2 mg/ml trypsin inhibitor (Roche) and 1 mg/ml 

DNaseI (Gibco). The suspensions were gently mixed by rocking the falcon tubes for 2 
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minutes. The dissected tissues were pelleted at 1000 rpm, for 1 min at 4 °C. The resulting 

pellets were gently suspended in 2 ml dissecting solution containing 2.7 mM MgSO4 and 

0.03 mM CaCl2, by triturating with a flame polished Pasteur pipette, and were further 

incubated for 10 minutes. The top layer of the cells (~1-1.5 ml) was gently removed and 

transferred to a new tube. This step was repeated one more time after adding 2 ml 

dissecting solution containing 2.7 mM MgSO4 and 0.03 mM CaCl2 to the remaining cells. 

The top layers of cells collected during these final steps, were briefly centrifuged at 1000 

rpm, for 1 min at 4 °C.  The pellets were resuspended in EMEM media containing 10% 

dialyzed FBS (Gibco) 25 mM KCl, 2 mM glutamine (Gibco), 25 mM glucose and 0.1 mM 

gentamycin (sigma). The neurons were plated into 96 or 24 well plates at a density of 

approximately 8x10
4 

or 5x10
5
 cells/well, respectively. The plates were coated with poly-D-

lysine (1mg/ml) prior to plating. The CGNs cultures were treated with the antimitotic 

Cytosine-1-β-D-arabinofuranoside (AraC, 10 μM final concentration; 18–24 hrs after 

plating; Sigma) solution, which kills dividing cells. AraC treatment reduces the amount of 

glia cells in the culture. AraC administered at this dose had no toxic effects on CGNs.  

Recombinant adenovirus expressing human E2F-1 or LacZ (multiplicity of infection 

(m.o.i.) of 6 or 10 as indicated) was added to cell suspensions immediately before plating. 

K
+ 

deprivation was performed 7 days after plating by washing each well twice with 750 μl 

of complete medium (final K
+
concentration of 5 mm) and then incubating 

For those experiments requiring protein over-expression, five-day plated CGNs 

were infected with recombinant adenoviruses expressing either GFP along with wild type 

PINK1, kinase dead PINK1 (K219M), a mutant of PINK1 associated with PD (G308D), 
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PINK1 with its mitochondrial localization sequence deleted (∆N PINK1) or GFP by itself 

as control at appropriate multiplicity of infection. Cultured neurons were incubated at 37C˚, 

5% CO2. 24 hrs after viral infection, expression of viral constructs was assessed by 

immune fluorescence microscope. 

2.3. Primary cortical neurons: 

Cortical neurons were obtained from E14-16 C57BL/6 wild type (WT) and 

knockout PINK1 and Parkin mice of either sex. Depending on the experimental procedures, 

the neurons were seeded in 96, 24 and 12 well plates at a density of approximately 80,000, 

5×10
5
 and 1×10

6
 cell/well, respectively.  

Briefly, pregnant mice were deeply anesthetized. Mice's uteruses were dissected 

out from visceral cavity through an abdominal incision. Embryos were removed from the 

uterus and transferred to Hanks' Balanced Salt Solution (HBSS) (modified without Calcium 

and Magnesium) (Hyclone, Gibco). Brains were carefully exposed by cutting the skull 

open. Brains were cut off from the base of the skull. Cerebral cortices were dissected off 

and meninges were removed. Cortices were individually transferred to an eppendorf tube 

containing 1ml HBSS supplemented with trypsin (0.25 mg/mL) (Sigma), incubated for 20 

min at 37˚ C with agitation. Then, trypsinization was stopped by adding 500 μl ice-cold 

neurobasal medium supplemented by Trypsin inhibitor 0.2 mg/ml (Roche Diagnostics) and 

DNase1 (0.2 mg / ml) (Gibco). The tubes were gently turned upside down for 2 minutes by 

hand. Then, the tubes were spined down at 1000 x, for 5 min at 4 °C to pellet the cells. The 

supernatant medium was sucked out by a vacuum suction. The pellets were re-suspended in 
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500 μl ice-cold neurobasal supplemented by of trypsin inhibitor and DNase1. Cells were 

triturated by pipetting up and down, for few times. Viable cells were counted using sterile 

filtered trypan blue solution (0.4 %) (Sigma). Number of cells per ml was calculated by: 

cell count in the central square of hemocytometer x dilution factor x 10
4
. Cells were diluted 

to desired concentration for culture, in Complete Neurobasal Medium containing: 

Neurobasal medium (Gibco, Life Technologies), B27 supplement (Invitrogen), N2 

supplement (Invitrogen), L-Glutamine 200 mM (Gibco, Sigma) and 0.05 mg/ml Penicillin-

Streptomycin. Primary cortical neuron cells were plated. Plates were coated with Poly-D-

Lysine-Hydrobromide (1 mg/ml, sterile) (Sigma) prior to use. Poly-D-Lysine incubation 

was performed for at least 1 hr at 37˚ and then plates were washed. For immunostaining, 

sterilized coverslips were placed into 24 well culture dishes and then coated with poly-D-

lysine. Cultures were incubated at 37 °C in a 5% CO2 atmosphere and fixed or lysed at 

indicated time points.  

After plating, for long-term experiments, 50% of the cultured medium was 

changed with fresh medium every 5 days.  

2.4. Survival assay: 

 Glutamate treatments were performed in the presence or absence of MK801. At the 

end point, neuronal cultures were either lysed or fixed to be assessed for nuclear integrity. 

Each treatment was performed in triplets, and the average for each treatment was calculated 

and recorded as the result. 
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 Briefly, culture media were removed from the wells by vacuum suction. Then, the 

neuronal cultures in 96 well plates were lysed by adding 50 µl lysis buffer to each well. 

Neurons were suspended in the lysis buffer by pipetting up and down for few times. 10 µl 

of lysed cells were placed on a hemocytometer, and neurons were assessed for nuclear 

integrity under the microscope. The total number of intact nuclei per well treated with 

glutamate was evaluated and compared with the number of intact nuclei per control wells.  

  Alternatively, neuronal cultures infected with GFP expressing viruses were fixed 

with Lana’s fixative, and stained with Hoechst 33258 (1:10000, Sigma-Aldrich B2883) for 

30 minutes, for nuclei staining. Using fluorescent microscopy, GFP-positive neurons were 

explored for nuclear integrity. The total number of live GFP-positive neurons per well was 

evaluated and compared with the number of GFP-positive neurons in control wells. 

2.5. Hypoxia: 

 For a more delayed model of death, 7 days-plated CGN cultures or 10 days-plated 

cortical neurons were incubated in hypoxia chamber (1% O2, 5% CO2) in the presence of 

MK801 (10µM) for indicated time points, followed by re-oxygenation at 37ºC. Control 

plates contained MK801, but were not exposed to hypoxia. For a more excitotoxic model of 

death, infected cultures were incubated in the hypoxia chamber in the absence of MK801 

for indicated time points followed by re-oxygenation. After each time course of re-

oxygenation, neurons were fixed with Lana’s fixative, and then stained with Hoechst 

33342.  
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2.6. Glutamate treatment for survival assessment: 

 7 days-plated CGN neurons were exposed to glutamate treatment. Glutamate was 

added to the wells to a final concentration of 50 µM for 45 minutes, and then washed out 

with conditioned medium. Neuronal cultures were then incubated for 1 hr. This was in the 

presence or absence of MK801 (10µM). Conditioned medium was obtained from cultured 

neurons seeded in spare plates.  

 Alternatively, cortical neurons (10 days in vitro, DIV) were subjected to glutamate 

treatment (200µM) for 1 hr. Then, glutamate was washed out with conditioned medium. 

Neuronal cultures were subsequently incubated at 37C˚ for 1 hr. For neuronal cultures 

infected by adenoviruses, glutamate treatment was performed 2 days after infection, and for 

adeno-associated viral infection, glutamate treatment was performed 10 days after 

infection. Survival was evaluated as described above. 

2.7. Detection of mitochondrial localization of Parkin after hypoxia, glutamate 

treatment or CCCP treatment: 

 For immunofluorescence assay of GFP-Parkin, neurons were seeded on PDL-coated 

cover slips in 24-well plates at a density of 3×10
5
 cells per well. At the time of plating, 

AAV-viruses expressing GFP-fused wild type Parkin were introduced into primary cortical 

neuronal cultures of either wild type or knock out PINK1 mice. For a more delayed model 

of death, mitochondrial localization of Parkin was assessed following oxygen deprivation 

for 12, 18 or 24 hrs in presence of MK801 (10 µM), followed by 0, 12, 18 or 24 hrs re-
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oxygenation. For a more excitotoxic model of death, mitochondrial localization of Parkin 

was assessed following oxygen deprivation for 1, 2, 3 or 4 hrs in the absence of MK801 

followed by 0, 1, 2, 3 or 4 hrs re-oxygenation.  Control plates contained MK801 but were 

not exposed to hypoxia. 

 For glutamate treatment, the time points were 0.5, 1 and 2 hrs Glutamate treatment 

(200 µM) followed by 0, 0.5, 1, 2, 3 or 4 hrs incubation after wash out with conditioned 

medium.  

 For CCCP treatment, cortical neurons were treated with 5 µM CCCP for 2 hrs. In all 

experimental paradigms, cultured media were changed to fresh media without B27 at least 

24 hrs before experimental procedure. After treatment, cell cultures were fixed, 

permeabilized, and then stained with Hoechst 33342. Using an antibody against 

mitochondrial TOM20 complex, I assessed co-localization of the GFP-Parkin with TOM20 

signal under confocal microscopy. Neurons displaying GFP-Parkin puncta were visualized 

and scored under fluorescence microscope. 

2.8. Injection of Virus: 

 A midline sagital incision was made in the scalp of anaesthetized animals. Using a 

Hamilton syringe connected to syringe pump (PHD2000; Harvard Apparatus), viral 

constructs were introduced into the left dorsolateral striatum through a 1-mm burr hole 

(coordinates from bregma: anterioposterior 0.5 mm, lateral 3 mm, depth 3.5 mm). Viruses 

were injected during 12 min (0.25 µl/min). 
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2.9. Cerebral Artery Occlusion (MCAO): 

 Transient focal ischemia in 9-12 weeks old male mice was induced by MCAO. A 

midline neck incision was made. MCAO was achieved by introducing 9 mm of a silicone 

coated 7-0 monofilament suture into the MCA via the internal carotid artery. The 

monofilament was inserted to the internal carotid artery via an opening in stalk of the 

external carotid artery. After 30-60 minute MCAO the monofilament was withdrawn to 

permit reperfusion of the ischemic region. Body temperature was monitored with a rectal 

probe and maintained at 37ºC by a heating blanket. Animals were kept in an incubator, for 

2 hrs following surgery.  

 For those experiments requiring protein over-expression, MCAO was performed 2 

weeks after viral injection.  

2.10. Laser-Doppler Flowmetry: 

 Local cerebral blood flow (LCBF) was monitored in the cerebral cortex of the left 

hemisphere in the supply territory of the middle cerebral artery (MCA) by Laser-Doppler 

Flowmetry. LCBF was measured before and 10 minute after occlusion. Blood flow was 

also measured after reperfusion. 

2.11. Immunostaining  

 Neurons were seeded on glass coverslips and fixed in 4 % PFA in 1 x PBS, for 15 

minutes. Fixed cells were permeabilized and blocked for 20 minutes at room temperature, 
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in 0.1 % Triton X-100, and 5 % BSA in 1x PBS, respectively. Coverslips were incubated 

with primary antibodies diluted in 5 % BSA in 1x PBS. The following antibodies were used 

in this study: rabbit anti-MAP2 (H-300) (1:500, polyclonal IgG, SantaCruz, sc-20172), 

rabbit anti-TOM20 (Santa Cruz, 1:500) for 1 hr, at room temperature. Coverslips were 

washed (3x) and incubated with FITC-secondary antibodies.  Alexafluor 594 (1:1000) 

Goat-Anti-rabbit (Molecular Probes, A11037) were diluted in 5% BSA in 1x PBS, and then 

incubated with coverslips for 30 min, at room temperature.  

 To visualize intact nuclei, cells were stained with Hoechst 33258 (1:10000) (Sigma-

Aldrich B2883) in 1x PBS, incubated for 30 min, at room temperature. Slides were 

immersed in distilled water to remove excess salt and then mounted on slides.  

 

2.12. Histological Analysis: 

 Animals were humanely anesthetized with euthansol and perfused with 0.9% saline 

followed by 4% paraformaldehyde buffer (PFA, EMD, PX0055-3) in 1x PBS at pH=7.4. 

Then brains were removed, post-fixed in 4% paraformaldehyde for 24 hr. Consequently, 

brains were cryopreserved in 10% sucrose solution containing 0.2% sodium azide, over a 5- 

day course. The sucrose solution was changed twice per day.  Brains were freezed by 

immerging them in cold Isopentane, for 1 minute. Isopentane was cooled down to -35˚C by 

dry ice before and over the procedure. 
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 Fourteen micrometers coronal sections were obtained from these brains with aid of 

a cryostat. Sections were directly mounted onto Super Frost Plus microscopic slides 25 x 75 

x 1.0 mm (Fisher brand, 12-550-15). In each collection, four sections were skipped in 

between each selection. The slides were stored between −20°C and −80°C until analysis. 

Brain slices were stained with Cresyl violet as described below.  

2.13.Cresyl Violet Staining  

 Sections were thawed on slide warmer for 15-20 min, at 37 °C, and then placed in 

distilled water for 5 min. Sections were then stained with 0.2 % filtered cresyl violet acetate 

(C18H15N3O3, Sigma C5042-10G, pH=3.5), for 10-30 minutes depending on the stain 

concentration. Sections were then dehydrated in graded ethanol solutions (50 %, 70%, 90% 

and 100 %) followed by defatting with xylene. Sections were mounted with coverslips 

using toluene.   

 Live tissue in supply area of Middle Cerebral Artery (Striatum, hippocampus and 

cortex) were considered as a cellular region with clearly intact nuclei and round soma. 

Neurons in dead or infarct area were stained as shrunken eosinphilic inclusion with 

pyknotic nuclei. Computer-controlled microscopic images were captured, and infarct 

volume was measured using Northern Eclipse software.  

2. 14. Antibodies and Western blot analysis: 

 Primary cortical neurons were seeded in 12-well plates, and infected with AAV- 

viruses expressing GFP, GFP-PINK1 or GFP-Parkin. At the indicated experimental time 

points, the total cell lysates were collected and subjected to Western blot analysis.  
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 Briefly, protein extracts were resolved on a 10% SDS - polyacrylamide gel, along 

with Molecular Marker, Blueye Prestained Protein Ladder (GeneDirex, P14007-0500). 

Transfers were done on 0.45 μM PolyVinylidene DiFluoride (PVDF) Transfer membrane 

(Immobilon-P, IPVH00010). Membrane was blocked in 5 % Bovine Serum Albumin 

(BSA) fraction V (Fisher, BP1600-100) in 1 x PBST [Phosphate Buffered Saline (pH=8.0) 

and 0.1 % Tween] at room temperature, for 1 hr. Proteins were detected using antibodies. 

Primary antibodies were diluted in  3 % Bovine Serum Albumin (BSA) fraction V (Fisher, 

BP1600-100) in PBST and 0.1 % Sodium Azide NaN3 (Sigma Ultra, s-8032) and incubated 

with the membranes overnight, at 4 °C, with agitation. Membranes were washed with 1 x 

PBST (3x) and then incubated with secondary antibodies diluted in 5 % non-fat milk, for 1 

hr, at room temperature. Membranes were washed with 1 x PBST (3x). Immunoreactivity 

was detected using chemiluminescence HRP substrate [(Immobilin Western 

Chemiluminescence HRP substrate, Millipore, WBKLS0500) or (Pierce ECL Western 

Blotting Substrate, Thermo Scientific, 32106)] and visualized by autoradiography film 

(HyBlot CL Autoradiography film, Denville Scientific). Protein levels were normalized 

against β-actin signals, and results were reported in reference to control values. 

 The level of over-expressed PINK1 or Parkin, was assessed by immunobloting 

using PINK1 or Parkin antibody. For endogenous AKT or pAKT, the total cell lysates were 

collected after glutamate treatment, and analyzed by Western blot. The following 

antibodies were used in this study:  rabbit anti-PINK1 (Novus, 1:5000), mouse anti-Actin 

(Sigma, 1:50,000), rabbit anti-Parkin (Millipore, 1:1000), Rabbit anti-AKT (Cell signaling, 
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1:5000), Rabbit anti-pAKT (Cell signaling, 1:2500), anti-mouse and anti-rabbit horse 

radish peroxidase-conjugated secondary antibody (Thermo, 1:10,000).  

2.15. Quantification of Signal Density on Images  

 Immunoblots were further analyzed by Image J software to compare the 

density/intensity of the western blot membranes. Following imaging of the blots, 

representative bands were selected and their intensity was quantified. Then quantified 

measurements were transferred to excel and results were normalized against relative 

controls.  

2.16. Rapamycin treatment: 

 Primary cortical neurons were seeded in 96 well plates. At the time of plating, 

neuronal cultures were infected with AAV-viruses expressing GFP-PINK1, GFP-parkin or 

GFP. Eight days after plating, neuronal cultures were treated with Rapamycin (1µM) or its 

vehicle, DMSO. Two days later, the neuronal cultures were subjected to glutamate 

treatment. Survival assay was performed as described above. 

2.17. LY294002 treatment: 

 Primary cortical neurons were seeded in 96 well plates. At the time of plating, 

neuronal cultures were infected with AAV-viruses expressing GFP-PINK1, GFP-parkin or 

GFP. Ten days after plating, neuronal cultures were treated with LY294002 (10µM) or its 

vehicle, DMSO. One hr later, neuronal cultures were subjected to glutamate treatment. 

Survival assay was performed as described above. 
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2.18. Statistical analysis: 

 Data subjected to multiple comparisons using ANOVA. Student’s t-test was applied 

for two group comparisons. All data were presented as mean ± standard error of the mean 

(SEM). Significance at *P < 0.05, **P < 0.01 and ***P < 0.001; no significance is denoted 

by n.s.  
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3. Results 

 In chapter 1, I reviewed the literature surrounding the thesis topic including the 

current body of evidence related to stroke and Parkinson’s disease (PD) research. I further 

provided background knowledge supporting the rationale for this doctoral work. In the 

following sections, I have described the main findings of this thesis. In each section, I 

present the results by stating the rationale, a brief description of the approaches taken to 

achieve the results, and a brief conclusion. 

3.1. Characterization of a novel pro-survival role for PINK1 in response to ischemia-

induced neuronal injury 

3.1.1. PINK1 null neurons are more sensitive to excitotoxicity in model of death 

in vitro. 

 PINK1 deficiency leads to decrease of the mitochondrial calcium capacity. This 

lowers the threshold of opening of the mitochondrial permeability transition pore (mPTP) 

making neurons more vulnerable to death (Gandhi et al., 2009). However, the effect of 

PINK1 deficiency in neuronal death after more acute events such as ischemia is not clear. 

To directly address these issues, and test my hypothesis that PINK1 is involved in neuronal 

survival following stroke injury, we employed glutamate treatment in multiple cell types 

including CGNs and primary cortical neurons as an in vitro model of ischemia. To 

eliminate glial cells, the CGNs cultures were treated with AraC. Moreover, serum-free 

Neurobasal medium, support differential growth of primary cortical neurons obtained from 

cerebral cortex. In these conditions, glial growth was reduced to less than 0.5% of the 
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nearly pure neuronal population which excludes the global effects of PINK1 on the non-

neuronal cells from our study. Consequently, neuronal survival rate was assessed as 

described in Methodology. As shown in Figure 3.1, PINK1-null Cerebellar Granular 

Neurons (CGNs) are significantly more sensitive to glutamate treatment.  
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Figure 3.1. PINK1 deficiency increases sensitivity of CGNs to glutamate-induced 

cytotoxicity. CGNs were harvested from 7-9 days old PINK1 knock out (n=6) and wild 

type (n=6) pups. Seven days after plating, neurons were transiently treated with 50 µM 

glutamate in either the presence or absence of 10 µM MK801 for 45 minutes, followed by 

60 minutes incubation period. Non-treated neurons were used as the control group to 

determine the survival rate. (* p<0.05, ** p<0.01 and *** p<0.001) 
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Later, to confirm if the sensitivity observed in PINK1-null neurons is specifically induced 

by PINK1 deficiency, we expressed GFP alone or GFP-tagged wild-type human PINK1 

(hPINK1) in the CGNs of wild-type and PINK1 knockout pups. Consistent with the 

previous result, we showed that the wild-type neurons infected with wild-type hPINK1 

were significantly more resistant to excitotoxicity induced by glutamate treatment. 

Furthermore, over-expression of hPINK1 rescued the neuronal sensitivity induced by 

PINK1 deficiency (Fig. 3.2). We have also examined if cortical neurons of PINK1 null 

mice are more sensitive to glutamate-induced neuronal damage. Interestingly, our data 

indicated that the effect of PINK1 deficiency was not restricted to CGNs, as it affects 

cortical neurons as well (Fig. 3.3).  
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Figure 3.2. Over-expression of wild type hPINK1 protects CGNs against glutamate-

induced cytotoxicity. Five days after plating, CGNs, harvested from 7-9 days old wild type 

and PINK1-null pups were infected by rAV vectors carrying WT GFP-hPINK1 construct 

along with GFP. (A) Expression of viral constructs in CGNs was shown by Western blot 

analysis. (B) Forty eight hrs after viral infection, neurons were transiently treated with 50 

µM glutamate in the presence and absence of 10 µM MK801 for 45 minutes, followed by 

60 minutes incubation period. Non-treated neurons were used as the control group to 

determine the survival rate. (n=4, * p<0.05, ** p<0.01 and *** p<0.001) 
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Figure 3.3. PINK1 deficiency increases sensitivity of cortical neurons to glutamate-

induced cytotoxicity. Cortical neurons were harvested from 14-16 days old PINK1 knock 

out (n=7) and wild type (n=8) embryos. Ten days after plating, neurons were transiently 

treated with 200 µM glutamate in the presence and absence of 15 µM MK801 for 60 

minutes, followed by 60 minutes incubation period. Non-treated neurons were used as the 

control group to determine the survival rate. (** p<0.01 and *** p<0.001) 
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Figure 3.3       
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3.1.2. PINK1 null mice are more sensitive to brain damage induced by MCAO as in-vivo 

model of ischemia. 

 To validate our in-vitro results, and to test our hypothesis in a more clinically 

relevant paradigm, we examined whether PINK1 deficient mice are more susceptible to 

ischemia-induced brain damage in vivo. To achieve this, we performed transient MCAO 

(30 min) as a model of ischemia/reperfusion. Seventy-two hrs after reperfusion, animals 

were sacrificed and prepared for histological analysis. To assess stroke-induced neuronal 

damage, we first stained coronal brain sections for cresyl violet to visualize the infarct 

lesion (Fig. 3.4A). As described in Methodology, infarct volume was calculated by 

assessing sequential brain slices for infarct lesion. Consistent with our in vitro observations, 

PINK1 deficient animals showed larger infarct volume in response to MCAO when 

compared to the wild type animals (Fig. 3.4B). Together, these findings indicate that 

PINK1 has a critical role in neuronal response to ischemic insult. However, it is not clear 

which functional or structural attributes of PINK1 are required for its pro-survival role 

activated in response to ischemic injury. 
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Figure 3.4. PINK1 deficiency increases sensitivity of brain tissue to 30 minute acute 

focal ischemia. (A)  

Representative pictures of Cresyl violet staining of 14 µm thick brain slices of WT mice 

(n=10) and PINK1 knockout mice (n=6) after 30 minutes MCAO followed by 72 hrs 

reperfusion. (B) Quantification of the infarct volume in the brain slices (* p<0.05).  
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Figure 3.4          
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3.1.3. Intact kinase activity is required for PINK1 neuroprotective function in 

cytosol. 

 The N-terminal mitochondrial targeting motif and the kinase domain are two 

characteristic functional domains of PINK1. As already described, it has been shown that 

the kinase activity of PINK1 is important for its pro-survival function (Petit et al., 2005; 

Sim et al., 2006). Additionally, mitochondrial localization of PINK1 has been proposed to 

be important for its neuroprotective function following CCCP treatment (Joselin et al., 

2012; Matsuda et al., 2010; Narendra et al., 2010). However, it is unclear whether the 

kinase activity of PINK1 or its mitochondrial localization is central to its pro-survival effect 

in a model of stroke. Therefore, to examine which domain exerts PINK1 neuroprotective 

effect against glutamate treatment, I over-expressed wild type hPINK1 along with different 

mutant forms of PINK1 including G309D, K219M and PINK1 with deleted mitochondrial 

motif (ΔN) in 5DIV CGNs.   

 G309D is one of the PINK1 mutants related to familial Parkinson's disease. This 

mutant has shown significant reduction in its kinase activity (Petit et al., 2005). Consistent 

with previous studies (Haque et al., 2008; Petit et al., 2005), our results show that this 

catalytic mutation abrogated PINK1 neuroprotective effect against glutamate-induced 

excitotoxicity (Fig. 3.5). Equally, the kinase dead mutant, K219M, also lead to impaired 

neuroprotective effect. These findings additively support the important role of kinase 

activity of PINK1 in its neuroprotective function in our model. To examine if mitochondrial 

localization of PINK1 is important for its neuro-protective function, we also induced a 
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PINK1 mutant with deleted mitochondrial targeting motif (ΔN). This PINK1 mutant lacks 

the first 111 amino acids from the N terminus. Interestingly, we found that this mutant still 

robustly protects against glutamate toxicity (Fig. 3.5). The latter finding suggests that 

PINK1 mitochondrial localization is not necessary for its neuroprotective function in these 

experimental settings.  

 These findings, in line with our previous studies, strongly support the idea that a 

potential cytoplasmic pathway is involved in the neuroprotective function of PINK1 

(Haque et al., 2008). 
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Figure 3.5. Elimination of kinase activity significantly reduces the neuroprotective 

effects of PINK1. Five days after plating, CGNs harvested from 7-9 days old WT pups 

were targeted by rAV vectors carrying indicated constructs along with GFP. Forty-eight hrs 

after viral infection, neurons were transiently treated with 50 µM glutamate in the presence 

and absence of 10 µM MK801 for 45 minutes, followed by 60 minutes incubation. Non-

treated neurons were used as the control group to determine the survival rate. (n=4, * 

p<0.05, ** p<0.01 and *** p<0.001). 
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Figure 3.5     
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3.1.4. Over-expression of human Parkin partially rescued neuronal sensitivity 

induced by PINK1 deficiency in a model of ischemia. 

 The link between PINK1 and Parkin in regulating mitochondrial function in the 

context of neurodegeneration has been a topic of great interest to many laboratories 

including our own (Geisler et al., 2010; Joselin et al., 2012; Matsuda et al., 2010; Narendra 

et al., 2010).  

 In light of these studies, we sought to determine the role of Parkin as a potential 

mediator of PINK1 neuroprotective function. To do so, we first treated WT and Parkin null 

CGNs with glutamate. As shown in Fig. 3.6, Parkin null CGNs neurons were more 

vulnerable to stress induced by glutamate treatment.  Likewise, Parkin null cortical neurons 

were more sensitive to glutamate treatment when compared to wild type control (Fig.3.7). 

These findings are particularly interesting as this is the first report demonstrating Parkin is 

protective against excitotoxicity. 
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Figure 3.6. Parkin deficiency increases sensitivity of CGNs to glutamate-induced 

cytotoxicity. CGNs were harvested from 7-9 days old Parkin knock out (n=5) and wild 

type (n=6) pups. Seven days after plating, neurons were transiently treated with 50 µM 

glutamate in the presence and absence of 10 µM MK801 for 45 minutes, followed by 60 

minutes incubation period. Non-treated neurons were used as the control group to 

determine the survival rate. (* p<0.05, ** p<0.01 and *** p<0.001) 
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Figure 3.6      
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Figure 3.7. Parkin deficiency increases sensitivity of cortical neurons to glutamate-

induced cytotoxicity. Cortical neurons were harvested from 14-16 days old Parkin knock 

out (n=7) and wild type (n=8) embryos. Ten days after plating, neurons were transiently 

treated with 200 µM glutamate in the presence and absence of 15 µM MK801 for 60 

minutes, followed by 60 minutes incubation period. Non-treated neurons were used as the 

control group to determine the survival rate. (* p<0.05 and ***  p<0.001). 
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Figure 3.7 
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To confirm these results in vivo, we examined whether Parkin deficient mice are more 

susceptible to ischemia-induced brain damage. To achieve this, we performed transient 

MCAO (30 min) as a model of ischemia/reperfusion. Consistent with our in-vitro 

observations, 30 minutes MCAO induced a significantly bigger infarct lesion in the brain 

tissue of Parkin deficient mice (Fig.3.8). 
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Figure 3.8. Parkin deficiency increases sensitivity of the brain to 30 minute acute focal 

ischemia.(A) Representative pictures of the Cresyl violet staining of 14 µm thick brain 

slices of WT mice (n=6) and  Parkin knockout  mice (n=6) after 30 minutes MCAO 

followed by 72 hrs reperfusion (B) Quantification of the infarct volume using the brain 

slices (*  p<0.05).   
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Figure 3.8  
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We next investigated if Parkin functionally interacts with PINK1, or whether Parkin and 

PINK1  function through different pathways. Using recombinant adeno-associated viral 

vectors (rAAV), we expressed GFP alone or GFP-fused wild-type hParkin in WT and 

PINK1 knockout postnatal CGNs. Seven days later, we treated CGNs with glutamate as 

described in Methodology. Interestingly, hParkin was capable of partially rescuing PINK1 

loss mediated sensitivity (Fig.3.9). To examine if PINK1 could rescue Parkin deficiency, in 

the reverse experiment, we over-expressed GFP alone or GFP-fused wild-type hPINK1 in 

the WT and Parkin knockout CGNs (5DIV). Two days later, we treated CGN cultures with 

glutamate as described. Interestingly, our data indicates that neuroprotective effect of 

PINK1 was aberrant in the absence of Parkin (Fig.3.10).  
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Figure 3.9. Over-expression of hParkin protects wild type and PINK1 deficient CGNs 

against glutamate-induced cytotoxicity. At the time of plating, CGNs, harvested from 7-9 

days old WT or PINK1 deficient pups, were infected by rAAV vectors carrying WT GFP-

hParkin construct along with GFP. (A) Expression of constructs in CGNs was shown by 

Western blot analysis. (B) Seven days after viral infection, neurons were transiently treated 

with 50 µM glutamate in the presence and absence of 10µM MK801 for 45 minutes, 

followed by 60 minutes incubation period. Non-treated neurons were used as the control 

group to determine the survival rate. (n=3, ** p<0.01 and *** p<0.001) 
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Figure 3.9      
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Figure 3.10. Neuroprotective effect of over-expressed hPINK1 is reduced but not 

absent in Parkin deficient CGNs. CGNs, harvested from 7-9 days old WT and Parkin 

knock out pups (5DIV), were infected by rAV vectors carrying WT hPINK1 construct 

along with GFP. Two days after viral infection, neurons were transiently treated with 50 

µM glutamate in the presence and absence of 10µM MK801 for 45 minutes, followed by 60 

minutes incubation period. Non-treated neurons were used as the control group to 

determine the survival rate. (n=3, ** p<0.01 and *** p<0.001) 
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Figure 3.10       
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3.1.5. Over-expression of hParkin protects the brain tissue against ischemia and 

reverses the sensitivity induced by PINK1 deficiency. 

 The above evidence demonstrates that Parkin is important in cellular response to 

disturbance of calcium homeostasis in an in vitro model of ischemia. To further support this 

observation, and to examine this response in a more clinically relevant model of stroke, we 

examined whether induction of WT hParkin can protect the brain against ischemia in-vivo. 

To achieve this, we injected adeno-associated viral (AAV) vectors harbouring GFP-fused 

with wild type hParkin or GFP alone into the striatum of WT or PINK1 deficient mice. The 

use of AAV has proven to be useful in obtaining effective neuron- specific, genetic 

modulation in a relatively short period of time (2-4 weeks). This approach in our knockout 

system excludes the global effects of PINK1 deficiency on the non-neuronal cells from our 

study. Two weeks after virus injection, we performed a transient MCAO surgery for 20 

minutes. Seventy two hrs after reperfusion, animals were sacrificed and prepared for 

histological analysis. As described before, infarct volume was assessed using the sequential 

coronal brain sections stained for cresyl violet (Fig. 3.11A & Fig. 3.11B). As indicated in 

Figure 3.11, histological analysis of brain tissues revealed that over-expression of hPINK1 

or hParkin in the striatum of WT mice could significantly reduce the infarct volume, 

compared to GFP expressing control mice (Fig. 3.11D). Interestingly, over-expression of 

hParkin in the striatum of PINK1 knockout mice has also significantly reduced the infarct 

volume, compared to GFP expressing control mice (Fig. 3.11D). There was no significant 

difference between the neuroprotective effect of PINK1 and Parkin either in WT or PINK1-

null mice brains.  
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Figure 3.11. Over-expression of hPINK1 or hParkin in striatum of wild type mice 

protects brain tissues against stroke furthermore, over-expression of hPINK1 or 

hParkin in striatum of PINK1 knockout mice rescues hypersensitivity of brain tissues 

against stroke.  Representative pictures of the Cresyl violet staining of 14 µm thick brain 

slices of (A) WT and (B) Knockout mice after 20 minutes MCAO followed by 72 hrs 

reperfusion. Wild type mice received stereotaxic injection of AA-viruses expressing GFP 

(n=7), hPINK1 (n=5) or hParkin (n=5) and PINK1 knockout mice received stereotaxic 

injection of AA-viruses expressing GFP (n=7), hPINK1 (n=5) or hParkin (n=13) in their 

striatum 2 weeks before being sacrificed. (C) Representative picture of the brain slices 

expressing GFP-hParkin, shown using GFP fluorescence. (D) Quantification of the infarct 

volume in the brain slices (* p<0.05 ** p<0.01 and *** p<0.001).  
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3.2. Mechanism of action 

 The current model in which PINK1 functionally interacts with Parkin to exert 

quality control of mitochondria is well accepted in many laboratories. In this model, 

turnover of damaged mitochondria secures mitochondrial homeostasis, and promotes 

neuronal survival. Understanding how this pathway may be involved in the pro-survival 

functions of these two PD genes is very important since it could provide better 

understanding of the injury process. In this study, we examined this view through 

challenging cortical neurons by different stressors that mimic the ischemic condition. 

However, my data indicates that this pathway is likely dispensable for the neuroprotective 

role of PINK1 and Parkin in ischemic context.  

3.2.1. Parkin is not translocated to damaged mitochondria in response to 

glutamate treatment as a model of ischemia. 

 Since oxidative stress and mitochondrial dysfunction have been implicated as 

driving forces for Parkin mitochondrial translocation, we examined if hypoxia or glutamate 

treatment could induce Parkin translocation to damaged mitochondria. To do so, we 

infected cultured cortical neurons with adeno-associated viral vectors expressing GFP-

fused hParkin or control GFP at the time of plating.  As previously described, media from 

the wells were replaced with fresh growth media without supplementary antioxidants on 

DIV9 (Joselin et al., 2012). The day after, cortical neurons were subjected to glutamate 

treatment. We have also employed CCCP treatment as a positive control. Consistent with 

our previous studies, CCCP treatment could induce a substantial Parkin translocation to the 
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mitochondria (Joselin et al., 2012) (Fig. 3.12A, 3.12C). Co-localization of hParkin and 

mitochondria was confirmed by immunofluorescence studies using confocal microscopy. 

As shown in Figure 3. 12., in spite of mitochondrial fragmentation induced by glutamate 

treatment or hypoxia, cortical neurons did not display any Parkin translocation to the 

mitochondria. We examined various time points for glutamate treatment including 0.5 , 1  

and 2 hrs glutamate treatment followed by 0 , 0.5 , 1 , 2 , 3 or 4 hrs incubation period in 

conditioned medium for all time points. Here, we have presented the results for the 

experiment in which 1 hr glutamate treatment followed by 1 hr incubation period was 

employed (Fig. 3.12B). We chose this representative time point because it was the effective 

time point for the survival assay in my study (Fig. 3.3).  

 We also employed hypoxia to produce both excitotoxic and delayed (apoptotic-like) 

cell death. For excitotoxic model of death, we employed 1 , 2 , 3 , and 4 hrs hypoxia in the 

absence of MK801, followed by 0 , 1 , 2 , 3 , and 4 hrs re-oxygenation for all time points. 

For delayed model of death, neuronal cultures were subjected to 12, 18, and 24 hrs hypoxia 

in the presence of MK801 followed by 0, 12, 18 or 24 hrs re-oxygenation for all time 

points. We have presented the results of the experiment where neurons received 16 hrs 

hypoxia followed by 12 hrs re-oxygenation (Fig. 3.12A). This time point was sufficient to 

induce about 40% neuronal death. Then cultured cortical neurons were extensively assessed 

for Parkin mitochondrial translocation by confocal microscopy. We have also examined 

cultured CGNs in the same experimental setting. In the wide ranges of experimental time 

points, we did not find any evidence of formation of Parkin puncta as an indicator of Parkin 

mitochondrial translocation. 
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Figure 3.12. Parkin translocation to the mitochondria does not occur in cortical 

neurons treated with glutamate or hypoxia. (A&B) Representative confocal images of 

cortical neurons infected with AAV-viruses carrying GFP-hParkin at the time of plating; 

treated with 5 µM CCCP for 2 hrs or 200µM glutamate for 2 hrs in the absence or presence 

of MK801, or 16 hrs hypoxia in the presence of MK801, followed by 12 hrs re-

oxygenation. In all conditions, culture media was replaced with fresh media without 

antioxidant supplement B27, 24 hrs before indicated treatments. (C) Quantification of 

number of neurons displaying GFP–hParkin translocation to mitochondria. Results are 

representative of three independent experiments. 
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Figure 3.12 (continue)     
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3.2.2. Phosphorylation of AKT in response to excitotoxicity is reduced in the 

absence of PINK1 and Parkin. 

 As demonstrated above, we could not find any evidence indicating that Parkin 

mediates PINK1 neuroprotective effect through translocation of Parkin to mitochondria and 

the mitochondrial quality control pathway. However, our results also indicate that cytosolic 

PINK1 exerts neuroprotective effect after glutamate treatment.  

 In light of the above findings, together with the knowledge that AKT is part of the 

survival pathway that is activated after ischemic insult, we examined the hypothesis that  

PINK1 might act as an upstream regulator of AKT pathway to protect against ischemic 

injury. To test this hypothesis, I first determined whether lack of PINK1 affects AKT 

phosphorylation following glutamate treatment. Similarly, I also examined if Parkin 

deficiency affects the level of phosphorylation of AKT. To examine this, neurons harvested 

from PINK1 or Parkin knockout and WT embryos were treated with 200 µM glutamate for 

the indicated times periods.  

 Interestingly, in our experimental paradigm of neuronal death induced by glutamate 

treatment, phosphorylation of AKT (pAKT) was up-regulated. This up-regulation was 

diminished in the absence of PINK1 or Parkin (Fig. 3.13). Conversely, we also found that 

over-expression of human PINK1 or Parkin (hPINK1, hParkin) enhances the level of 

phosphorylation of AKT in response to glutamate treatment (Fig. 3.14).   
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 To further investigate if PINK1 and Parkin function in the same pathway, we over-

expressed hPINK1 in Parkin deficient cortical neurons. Interestingly, in response to 

excitotoxicity, hPINK1 partially rescued the pAKT loss observed with Parkin deficiency.  

(Fig. 3.15). However, over-expression of hParkin could not induce the same effect in 

PINK1 deficient neurons (Fig. 3.16). Expression of hPINK1 or hParkin was confirmed in 

all experiments required PINK1 or Parkin expression. However, it is important to mention 

that there are no commercial antibodies that can detect either endogenous mouse PINK1 or 

Parkin. 
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Figure 3. 13. Phosphorylation of AKT is reduced in PINK1 or Parkin deficient 

cortical neurons in response to cytotoxicity. Cortical neurons of 14-16 days old (A) 

PINK1 or (B) Parkin knock out, and WT embryos (10DIV) were treated with 200 µM 

glutamate in a time-dependant fashion.  Neuronal extracts were subjected to western blot 

analysis and probed for pAKT (S473), total AKT and β-actin. Quantification of pAKT 

protein level based on its ratio to total AKT, corrected with β-actin for loading in PINK1 

(C) and Parkin (D), WT and Ko neuronal extracts. Quantification of pAKT protein level 

corrected with β-actin for loading in PINK1 (E) and Parkin (F), WT and Ko neuronal 

extracts (n=3).      

 

 

 

 

 

 

 

 

 



104 

 

           

                         
 

 

 

                   

 

    

                     Figure 3.13       

(C) (D) 

(A) (B) 

(E) (F) 



105 

 

Figure 3.14. Over-expression of hPINK1 or hParkin enhances phosphorylation of 

AKT in cortical neurons in response to cytotoxicity. Over-expression of either (A) GFP-

hPINK1 or (B) GFP- hParkin, along with GFP as control, in cortical neurons of 14-16 days 

old WT embryos at time of plating, followed by  glutamate treatment (10DIV, 200 µM)  for 

the indicated time course. Neuronal extracts were subjected to western blot analysis and 

probed for pAKT (S473), total AKT, β-actin, hPINK1 and hParkin. Quantification of 

pAKT protein level based on its ratio to total AKT (just for 1 hr time point), corrected with 

β-actin for loading in neuronal extracts expressing hPINK1 (C) and hParkin (D) compared 

with that in non-infected control or GFP expressing samples. Quantification of pAKT 

protein level (just for 1 hr time point), corrected with β-actin for loading in neuronal 

extracts expressing hPINK1 (E) and hParkin (F) compared with that in non-infected control 

or GFP expressing samples (n=3).   
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Figure 3.15. Over-expression of hPINK1 or hParkin enhances phosphorylation of 

AKT in Parkin deficient cortical neurons in response to cytotoxicity. Over-expression 

of either (A) GFP-hPINK1 or (B) GFP- hParkin, along with GFP as control in cortical 

neurons of 14-16 days old Parkin deficient embryos at the time of plating, followed by 

glutamate treatment (10DIV, 200 µM)  for the indicated time course. Neuronal extracts 

were subjected to western blot analysis and probed for pAKT (S473), total AKT and β-

actin. Quantification of pAKT protein level based on its ratio to total AKT (just for 1 hr 

time point), corrected with β-actin for loading in neuronal extracts expressing hPINK1 (C) 

and hParkin (D) compared with that in non-infected control or GFP expressing samples. 

Quantification of pAKT protein level (just for 1 hr time point), corrected with β-actin for 

loading in neuronal extracts expressing hPINK1 (E) and hParkin (F) compared with that in 

non-infected control or GFP expressing samples (n=3).  
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Figure 3.16. Over-expression of hParkin does not enhance phosphorylation of AKT in 

PINK1 deficient cortical neurons in response to cytotoxicity. (A) Over-expression of 

either GFP- hParkin or GFP as control, in cortical neurons of 14-16 days old PINK1 

deficient  embryos at time of plating, followed by glutamate treatment (10DIV, 200 µM)  

for the indicated time course. Neuronal extracts were subjected to western blot analysis and 

probed for pAKT (S473), total AKT, β-actin and hParkin.(B) Quantification of pAKT 

protein level based on its ratio to total AKT (just for 1 hr time point), corrected with β-actin 

for loading in neuronal extracts expressing hParkin compared with that in non-infected 

control or GFP expressing samples ( n=3).  
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3.2.3. PINK1 regulates AKT phosphorylation through mTOR signaling pathway 

to exert its pro-survival function in ischemia context. 

 Evidence has been previously reported indicating that PINK1 enhances the level of 

pAKT through the mTOR pathway (Murata et al., 2011). To assess if that was the case in 

our experimental paradigms, we employed an mTOR inhibitor (Rapamycin) to test if 

PINK1 or Parkin targets the mTOR pathway to introduce their neuroprotective function 

through the AKT pathway. Briefly, eight days after plating, we pre-treated cortical neurons 

with 1 μM Rapamycin or its vehicle for 48 hrs before glutamate treatment. After glutamate 

treatment, the neurons were assessed for survival. Additionally, a conventional 

pharmacological inhibitor of AKT, LY294002 (10 μM) was used for one hr before 

glutamate treatment as a positive control (Aleyasin et al., 2010). Our results confirmed that 

both LY294002 (10 μM, 1 hr) and Rapamycin (1 μM, 48 hrs) could efficiently inhibit 

phosphorylation of AKT in cortical neurons exposed to 1 hr glutamate treatment (Fig. 

3.17). Importantly, Parkin over-expression did not overcome the inhibitory effect of 

LY294002 (10 μM, 2 hrs) or Rapamycin (1 μM, 48 hrs) over the phosphorylation level of 

AKT (Fig. 3.17).  

 My results demonstrate that treatment with Rapamycin significantly reduces the 

neuroprotective effect of PINK1, suggesting that PINK1 acts, at least partially, through the 

mTOR pathway to promote neuronal survival after glutamate treatment (Fig. 3.18). As 

expected, the survival rate was significantly reduced in PINK1 deficient neurons(Fig. 3.19). 

It is noteworthy that Rapamycin treatment did not induce further reduction in survival rate 
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of PINK1 deficient neurons compared with that of non-treated PINK1 deficient neurons, 

further suggesting that PINK1 functions through the mTOR pathway. Interestingly, over-

expression of hParkin could not rescue the sensitivity of PINK1 deficient neurons against 

Rapamycin treatment (Fig. 3.19) This finding is in line with our result showing that over-

expression of Parkin could not enhance AKT phosphorylation in PINK1 deficient neurons. 
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Figure 3.17. Over-expression of hParkin could not reduce the inhibitory effect of 

LY249002 or Rapamycin on the level of phosphorylation of AKT in cortical neurons. 

Over-expression of either GFP- hParkin or GFP as control, in cortical neurons of 14-16 

days old WT embryos at time of plating, treated by either LY249002 (10DIV, 1 hr, 10 µM) 

or Rapamycin (8DIV, 48 hr, 1µM). The treated neurons were subjected to 1 hr glutamate 

treatment. Neuronal extracts were subjected to western blot analysis and probed for pAKT 

(S473), total AKT, β-actin, and hParkin. 
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Figure 3.18. Rapamycin reduces the neuroprotective effect of PINK1 against 

glutamate treatment in vitro. Cortical neurons were harvested from 14-16 days old 

embryos. Eight days after plating, cortical neurons were infected with rAV expressing 

either GFP or GFP-hPINK1, and the day after, neurons were treated with Rapamycin 

(1µM, 48 hrs). After two days, neurons were transiently treated with 200 µM glutamate in 

the presence and absence of 15 µM MK801 for 60 minutes, followed by 60 minutes 

incubation period. Glutamate was then washed out from the treated wells, and neurons were 

fixed with Lana's buffer. Plates were stored and examined in the cold room for survival 

assessment. Non-treated neurons were used as the control group to determine the survival 

rate. (* p<0.05, ** p<0.01 and *** p<0.001) 
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Figure 3. 19. Rapamycin reduces the neuroprotective effect of Parkin against 

glutamate treatment but it does not cause further reduction in survival rate in PINK1 

deficient neurons. Cortical neurons harvested from 14-16 days old WT and PINK1-null 

embryos were infected with either rAAV expressing GFP or GFP-hParkin. Neurons (8DIV) 

were then treated with Rapamycin (1µM, 48 hrs). After two days, neurons were transiently 

treated with 200 µM glutamate in the presence and absence of 15 µM MK801 for 60 

minutes, followed by 60 minutes incubation period. Finally, glutamate was washed out 

from the treated wells, and neurons were fixed with Lana's buffer. Non-treated neurons 

were used as the control group to determine the survival rate. (* p<0.05) 
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Figure 3.19     
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Chapter 4 
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4. Discussion: 

4.1. Summary 

 Over the last few decades, remarkable progress has been made in our knowledge of 

the pathogenesis of ischemic brain injury. However, due to the complexity and dynamic 

nature of its pathophysiology, our understandings have largely failed to translate into 

effective therapeutic outcomes.  For instance, medical interventions targeting either the 

acute or subacute aspects of the ischemic cascade, such as glutamate release and 

neuroinflammation, have not produced any significant improvement in the outcomes in 

clinical trials (Ceulemans et al., 2010; Lai et al., 2014; Tobin et al., 2014). One possible 

explanation for these trial failures is the notion that these neuronal responses have dual 

functions, which makes it difficult to modulate them in favour of neurosurvival. In fact, 

these elements appear to play both detrimental and neuroprotective roles, depending on the 

factors that get involved or the temporal pattern of their activation. Therefore, better 

understanding of the molecular pathways underlying these dual functions is necessary to 

target them more specifically. 

 In this regard, a number of novel putative molecular pathways have been studied in 

our lab in the hope to identify new therapeutic strategies for ischemic injury. For instance, 

we have previously shown that Parkinson's disease gene DJ-1 plays a neuroprotective role 

against ischemia through its anti-oxidant properties (Aleyasin et al., 2007). Additionally, in 

an animal model of PD, we have shown that DJ-1 protects dopaminergic neurons from the 

neurotoxin MPTP by modulation of the AKT pathway; a major neuronal pro-survival 
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pathway induced upon ischemia (Aleyasin et al., 2010).  Moreover, in a series of innovative 

stroke studies, we have identified cell cycle signals as critical mediators of ischemic 

neuronal death (Iyirhiaro et al., 2008; Iyirhiaro et al., 2014; Rashidian et al., 2005; 

Rashidian et al., 2009).  

 The work presented in this thesis also identifies two other Parkinson's disease genes, 

PINK1 and Parkin, as critical mediators of neuronal survival pathways, which are activated 

by ischemia. In the hope of elucidating the mechanism mediating PINK1/Parkin 

neuroprotective function, we explored the role of PINK1/Parkin mitochondrial quality 

control (MQC) pathway in neuronal response to stroke insult, however, our results rule out 

the involvement of this pathway. On the other hand, we found some evidence indicating 

that AKT pro-survival pathway is, at least partially, involved in the neuroprotective 

function of PINK1/Parkin in ischemia. 

In the following section, we have briefly summarized and interpreted the major 

findings presented in the thesis. We have also discussed their implications and potential 

contributions to the field. 

4.2. Overview of major findings 

 Parkinson's disease is primarily considered to be sporadic in nature, a concept that 

has been substantially changed by emerging evidence linking a genetic component to the 

disease. While familial Parkinsonism affects a small minority of cases, comprehensive 

study of the genetic factors has enormously contributed to our understanding of the disease. 
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Particularly, we have gathered invaluable knowledge about their roles in the cells from 

teasing out PD-genes in a context different from the one in which they were originally 

identified. Out of these, Parkinson's disease gene PINK1 is the target of interest in this 

study.  

 Therefore, the principal topic of the present study was to address important 

questions about the physiological and molecular functions of PINK1 in stroke context, 

namely: does PINK1 have any role in pro-survival mechanism against ischemia? What is 

the significance of the PINK1/Parkin MQC pathway in stroke context? What is the 

significance of cytosolic PINK1 in neuronal pro-survival response to ischemia, and finally 

which mechanism is driven by PINK1 in the cytosol? 

 Early studies have described a protective role for PINK1 in multiple cell types and 

animal experimental models (Chen et al., 2015; Dagda et al., 2009; Haque et al., 2012; 

Haque et al., 2008; Zhou et al., 2014). In this thesis, we identified a clear neuroprotective 

role for PINK1 against ischemia/reperfusion injury. In addition, in line with previous 

studies from our lab as well as others, the results presented in chapter three indicate that in 

the ischemia context, PINK1 likely mediates its pro-survival effects through its kinase 

activity (Haque et al., 2008; Petit et al., 2005; Sim et al., 2006). How PINK1 mediates this 

protective effect is unclear.    

 Several lines of evidence have suggested that the role of PINK1/Parkin axis in 

mitochondrial quality control may be responsible for their neuroprotective function (Jin and 

Youle, 2013; Koyano et al., 2014). Considering that PINK1 mitochondrial localization is 
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important for proper function of the PINK1/Parkin MQC pathway, we investigated the 

importance of mitochondrial localization in PINK1 neuroprotective function. Interestingly, 

our results indicate that cytosolic PINK1 [PINK1 with deleted mitochondrial motif (ΔN)] 

resumes its pro-survival function therefore; mitochondrial localization is not necessary for 

PINK1 pro-survival function in ischemic injury context. This data was the first piece of 

evidence indicating that the PINK1/Parkin MQC pathway might be dispensable from the 

neuroprotective effect of PINK1 in our experimental model.  However, the current 

knowledge in the field indicates that in response to mitochondrial membrane 

depolarization, full-length PINK1 is translocated to the mitochondrial outer membrane with 

its kinase domain facing the cytosol to phosphorylate its cytosolic targets (Narendra et al., 

2010; Silvestri et al., 2005). Additionally, it has been reported that upon mitochondrial 

depolarization, PINK1 mitochondrial import is blocked, resulting in accumulation of full 

length PINK1 in the outer mitochondrial membrane (Meissner et al., 2011). These findings 

suggest the possibility that PINK1 kinase domain exert its neuroprotective function while 

either residing at the mitochondrial outer membrane or in some cases, free-floating in the 

cytosol in the vicinity of its mitochondrial or cytosolic targets. Therefore, considering these 

possibilities, we did not completely rule out the role of the PINK1/Parkin MQC pathway in 

the neuroprotective effect of PINK1, at this stage. 

 Therefore, we sought to further examine the relevance of the PINK1/Parkin MQC to 

mitochondrial well being and neuronal survival by challenging neurons in ischemia context. 

This aim was particularly important given that the physiological significance of MQC 
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pathway, and particularly its relevance to pathogenesis of neurological disease such as PD 

and stroke, is not clear. 

 Generally, translocation of Parkin to defective mitochondria, and activation of MQC 

pathway can be induced by chemicals or uncoupler proteins such as CCCP and UCP 

peptides. In the context of immortalized cell lines, mitochondrial depolarization is 

sufficient to induce Parkin translocation to the damaged mitochondria while in neuronal 

cell culture, it fails to induce significant mitochondrial Parkin translocation in the presence 

of antioxidant supplements (Grenier et al., 2013; Joselin et al., 2012). Interestingly, in the 

absence of antioxidant supplements in neuronal culture media, a variety of oxidative agents 

such as H2O2, rotenone and MPP
+ 

can induce recruitment of Parkin to depolarized 

mitochondria (Joselin et al., 2012). These compounds appear to induce mitochondrial 

membrane depolarization, accumulation of misfolded proteins and oxidative stress (Joselin 

et al., 2012; Narendra et al., 2010). Similar adverse events have been shown to be induced 

after ischemic insult, and theoretically are expected to induce Parkin mitochondrial 

translocation.  

 Accordingly, in a number of experimental paradigms involving both excitotoxic and 

more delayed form of neuronal insult, we examined if Parkin regulated MQC is involved in 

neuroprotective function of PINK1 in ischemic context. Although our results demonstrate 

that PINK1 and Parkin functionally interact to protect neurons against ischemia, we did not 

detect any Parkin puncta formation in response to glutamate treatment or hypoxia. This 

suggests that Parkin recruitment to damaged mitochondria may not be involved in pro-
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survival function of PINK1 in our experimental paradigm. Additionally, despite the 

important role of PINK1 in the PINK1/Parkin MQC pathway, our data also indicates that 

Parkin could rescue the sensitivity of PINK1 deficient neurons to excitotoxicity. In this 

regard, previous evidence has shown that even in the presence of exogenous Parkin 

expression, PINK1 is required for Parkin translocation (Joselin et al., 2012; Narendra et al., 

2010). Accordingly, our data that Parkin can rescue in the absence of PINK1 is inconsistent 

with a model by which a PINK1/Parkin regulated MQC pathway plays a significant role in 

ischemic death. Considering that mitochondrial fragmentation, oxidative stress and 

mitochondrial depolarization are presumably prominent elements induced by glutamate 

treatment and hypoxia (Martin et al., 1994), it was surprising not to detect any Parkin 

mitochondrial translocation following glutamate treatment and hypoxia in the present 

study.     

 Thus, a major question remains unanswered: What is the main driving force for 

Parkin recruitment to the damaged mitochondria in neurons? It appears that unexplored 

variables are at play to orchestrate this phenomenon. Therefore, further studies, including 

semi quantitative measurements of ROS level or mitochondrial charge, could give us a base 

to grade and compare these factors in different models of neuronal injury. These systematic 

measurements would potentially help to figure out if this phenomenon merely occurs upon 

complete mitochondrial depolarization and not disease- relevant conditions, or whether an 

optimal combination of these factors is needed for activation of PINK1/Parkin MQC 

pathway and induction of Parkin recruitment to mitochondria.  
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  Just as an example to clarify this view, it has been shown that induction of 

mitochondrial uncoupling proteins (UCPs) can protect neurons from oxidative stress by 

blocking ROS generation (Horvath et al., 2003a). Uncoupling proteins are inner 

mitochondrial membrane proteins that naturally uncouple oxidative phosphorylation and 

ATP synthesis to regulate mitochondrial energy metabolism and ROS generation (Horvath 

et al., 2003b). Interestingly, it has been shown that induction of UCP2 protects neurons 

against ischemia and traumatic brain injury through activation of neuronal redox signaling 

or suppression of caspase activity (Mattiasson et al., 2003). Both ischemia and traumatic 

brain injury are involved in brain oxidative damage. Based on these findings, one can 

speculate that in the course of ischemia, mitochondrial depolarization induced by activation 

of UCPs can activate redox signaling. Theoretically, this neuroprotective mechanism can 

bypasse the PINK1/Parkin MQC pathway, or even suppresse this pathway to protect 

neurons through a pathway distinct of PINK1/Parkin MQC pathway and mitophagy. 

Therefore, it appears that physiological uncouplers such as UCPs activate different 

responses than that activated by synthetic uncouplers such as CCCP and FCCP. This notion 

highlights the importance of systematic evaluations that we proposed above. However, it is 

important to note that, generally, it is hard to interpret negative data and we cannot 

absolutely rule out PINK1/Parkin MQC involvement in stroke.   

 Nevertheless, with regard to mitochondrial homeostasis, pro-survival function of 

PINK1 could be mediated through alternative mitochondrial pathways. For instance, 

PINK1 has been detected in different cellular (e.g. cytosol, mitochondria) and subcellular 

(e.g. mitochondrial outer membrane, inner membrane and intermembrane space) 
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compartments pointing to its multiple functional attributes. Interesting work from our lab 

has identified an important role for PINK1 in regulation of mitochondrial calcium 

homeostasis in connection with a mitochondrial calcium antiporter Letm1 (Huang et al., 

unpublished data). Since, Letm1 resides in inner mitochondrial membrane, PINK1 most 

likely needs to be stabilized in inner mitochondrial membrane (or its vicinity) to interact 

with this protein. Therefore, this pathway most likely introduces a distinct mechanism than 

that of PINK1/Parkin dependent MQC, in which PINK1 is primarily needed to be 

translocated to the mitochondrial outer membrane. 

 Considering the critical role of calcium imbalance in ischemia induced neuronal 

injury, and important role of PINK1 in regulating mitochondrial calcium homeostasis, it 

would be particularly interesting to investigate neuroprotective role of PINK1 by working 

through this pathway in ischemic context as an alternative mitochondrial neuroprotective 

pathway.  

 As mentioned above, consistent with previous studies from our lab, we have found 

that cytosolic PINK1 is neuroprotective against ischemic insult, suggesting a putative 

cytosolic pathway for PINK1 signalling (Haque et al., 2008). In support of this, a recent 

report indicated that PINK1 phosphorylates the Rictor subunit of mTORC2 complex to 

enhance AKT phosphorylation (Murata et al., 2011). Additionally, it has been reported that 

Parkin may also act upstream of PI3K pathway to permit AKT phosphorylation (Fallon et 

al., 2006). Therefore, we evaluated a potential mechanism through which PINK1 and 

Parkin might activate AKT through a cytosolic pathway. In order to confirm this 
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hypothesis, we addressed these two important questions: (i) whether AKT activity (the 

level of pAKT) was changed in the absence of PINK1 or Parkin, particularly in ischemic 

context (ii) whether AKT functionally participated in the pro-survival pathways activated 

by PINK1 or Parkin. 

 Accordingly, in our excitotoxic model of neuronal death induced by glutamate 

treatment, we found that phosphorylation of AKT (pAKT) was up-regulated, and this 

increase was partially dependent on PINK1 and Parkin. Interestingly, over-expression of 

PINK1 could rescue the adverse effect of Parkin deficiency on the level of phosphorylation 

of AKT but the reverse was not true, suggesting that Parkin requires PINK1 to induce AKT 

phosphorylation. These findings indicate that the neuroprotective function of Parkin 

through AKT pathway is potentially PINK1 dependent. Our results also demonstrated that 

Rapamycin significantly reduces the neuroprotective effect of PINK1, suggesting that 

PINK1 acts through the mTOR pathway. However, administration of Rapamycin could not 

completely abolish the neuroprotective effect of PINK1, suggesting that PINK1 may exert 

its pro-survival function through other pathway(s) in addition to the mTOR pathway. 

Consistent with the above findings, Rapamycin did not diminish the pro-survival effect 

induced by over-expression of Parkin in PINK1 deficient neurons, suggesting that Parkin 

rescues PINK1 deficiency through a mechanism distinct of the mTOR/ AKT pathway. One 

possible explanation is that Parkin and PINK1 act through two different converging 

pathways to regulate the prosurvival function of AKT. As illustrated in Figure 4.1, AKT 

contains several phosphorylation sites including two phosphorylation sites on T308 and 

S473 residues. Phosphorylation of AKT on these two residues has been suggested to be 
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important for its activity (Alessi et al., 1997; Zhao et al., 2006b). T308 is phosphorylated 

through the PI3K/ PDK1 pathway, whereas S473 is phosphorylated by mTORC2 (Costa-

Mattioli and Monteggia, 2013; Zhao et al., 2006b). Phosphorylation of T308 residue has 

been shown to be necessary and sufficient for AKT activity (Alessi et al., 1997; Vivanco 

and Sawyers, 2002). However, phosphorylation of S473 residue has been shown to precede 

and enhance AKT phosphorylation on T308 residue (Sarbassov et al., 2005). Therefore 

consistent with previous studies, we suggest a model by which Parkin acts through the 

PI3K pathway to regulate AKT phosphorylation on T308 residue (Fallon et al., 2006). In 

line with data by other groups (Murata et al., 2011), our data indicate that PINK1 promotes 

AKT phosphorylation on S473 residue through mTORC2 pathway. Therefore, our model 

suggests that Parkin regulates AKT phosphorylation on T308 residue whereas; PINK1 

regulates AKT phosphorylation on S473 residue, which potentially enhances 

phosphorylation of T308 residue by Parkin.  However, in the absence of PINK1 or in the 

presence of Rapamycin, Parkin is not capable to enhance AKT phosphorylation to induce 

maximum activity. In other words, the regulatory function of PINK1 on mTORC2 is 

necessary for the sequential activation of the pathway by Parkin. 
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Figure 4.1. Model: PINK1, Parkin and AKT pro-survival pathway. AKT has two 

phosphorylation sites; T308 and S473. mTORC2 promotes AKT phosphorylation on S473 

residue. PI3K/PDK1 directly phosphorylates AKT on T308 residue. PINK1 enhances AKT 

phosphorylation by regulating the mTORC2 pathway. Parkin induces AKT 

phosphorylation through the PI3K/PDK1/AKT pathway. Phosphorylation of the S473 

residue through the PINK1/mTORC2 pathway primes for phosphorylation of the T308 

residue through the Parkin/ PI3K/PDK1 pathway which upregulates AKT activity. The 

regulatory function of PINK1 on mTORC2 is necessary for the activation of the pathway. 

In the absence of PINK1 or by blocking the mTOR pathway, the AKT pathway does not 

reach to its maximum activity by the Parkin/PI3K/PDK1 pathway.  
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Figure 4.1 
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 Collectively, based on the evidence presented as part of this thesis, we have 

introduced the AKT pathway, a major neuronal pro-survival pathway induced upon 

oxidative stress, as a potential mediator for the neuroprotective functions of PINK1 and 

Parkin. Additionally, our data demonstrates that the AKT/mTOR pathway, at least in part, 

serves as a potential cytosolic target for PINK1. We have also proposed that Parkin 

potentially regulates AKT through a pathway (most likely PI3K/AKT pathway) distinct of 

the mTOR pathway. Future studies will more carefully examine if PI3K pathway blockers 

could inhibit the neuroprotective effect of Parkin. It is also important to examine if 

induction of PI3K pathway can rescue the sensitivity of Parkin deficient neurons to 

ischemic insults. Additionally, it would be interesting, in the reverse experimental 

paradigms, to examine if PINK1 can rescue the effect of Parkin deficiency on neuronal 

survival in the presence of the AKT pathway blockers. Since phosphorylation of T308 

residue is important for full activation of AKT pathway, assessment of AKT 

phosphorylation on this residue using our experimental paradigms, would be very 

informative in the future studies.  In this regard, application of PI3K/AKT inhibitors alone 

or in combination with Rapamycin would potentially help to collect valuable data to 

address the interconnection of these two converging pathways as suggested by the model 

presented in Figure 4.1. 

 Lastly yet importantly, it would be very critical to validate our in vitro data using in 

vivo experimental settings. 
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 There is growing evidence suggesting that, under basal conditions, PINK1 is 

cleaved by multiple mitochondrial proteases such as MPP, PARL and AFG3L2 (Greene et 

al., 2012; Jin et al., 2010). After cleavage, PINK1 is believed to be released into the cytosol 

where it is subjected to proteasomal degradation. Despite a growing body of evidence 

supporting this model, the functionality of cleaved PINK1 is still the subject of much 

debate. In fact, the current knowledge of the field does not rule out the possibility that 

cleaved PINK1 might exit mitochondria to regulate targets in the cytosol. Therefore, it 

would be interesting to address if these cleaved forms are capable of activating the AKT 

pathway in our experimental paradigms. These approaches are particularly important given 

that our data from the present and previous studies indicate that cytosolic PINK1 [PINK1 

with deleted mitochondrial motif (ΔN)] is protective against both glutamate treatment and 

mitochondrial neurotoxin, MPTP (Haque et al., 2008).  

 Work from our lab and others have indicated that PINK1, Parkin and DJ-1 

functionally interact to regulate mitochondrial function and promote neuronal survival 

(Haque et al., 2012; Irrcher et al., 2010; Thomas et al., 2011). Additionally, we have shown 

that DJ-1 modulates the AKT pathway to protect the nigrostriatal axis from the neurotoxin 

MPTP (Aleyasin et al., 2010). These observations together with my current data provide a 

strong basis for future studies to further elucidate the interconnection of these three PD 

genes and the AKT pathway.  For instance, in a previous study, we noted that DJ-1 confers 

a neuroprotective role against in vitro and in vivo ischemic insult (Aleyasin et al., 2007). 

Considering functional interaction of PINK1 and Parkin with DJ-1, it would be interesting 

to examine if DJ-1 can rescue the neuronal sensitivity of PINK1 or Parkin deficient neurons 
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to ischemic insults. Conversely, we need to examine whether PINK1 or Parkin can rescue 

the effect of DJ-1 deficiency on neuronal survival in our ischemic experimental paradigms. 

Additionally, it would be interesting, to examine if DJ-1 can rescue the effect of PINK1 or 

Parkin deficiency on neuronal survival in the presence of the AKT pathway blockers. In the 

reverse experimental paradigms, we need to examine if AKT can potentially mediate the 

pro-survival effect of PINK1 or Parkin in the absence of DJ-1.  

4.3. Conclusion: 

 Based on the evidence presented as part of this thesis, we propose that PINK1 and 

Parkin are involved in fine-tuning the neuronal survival responses in ischemic context. Our 

data also suggests a cytosolic role for PINK1 and Parkin in AKT mediated neuroprotection 

in a rodent model of ischemia. In addition, our study suggests that PINK1 acts upstream of 

AKT, thereby facilitating its activation through the mTOR pathway following neuronal 

injury induced by excitotoxicity.  

 Taken together, this experimental setting established a platform to study the 

neuroprotective function of PINK1 and Parkin in more acute brain injury such as ischemia, 

with the opportunity to investigate these genes in a more clinically relevant manner. Our 

findings strengthen the current body of knowledge supporting genetic and biochemical 

interaction between PINK1, Parkin and various cellular processes with a great potential to 

be employed in future translational approaches, as promising targets for developing novel 

therapeutic for stroke and PD.  
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