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ABSTRACT 

Mitochondrial dysfunction has been identified as a key factor in the progression of Parkinson’s 

disease. Mitochondrial dysfunction has been shown to induce stress pathways, leading to neuronal 

dysfunction and cell death. Our lab has previously identified that, in neurons, reconfiguring the 

mitochondria using supercomplex assembly factors is protective against excitotoxic stress. For this 

thesis, we sought to characterize the stress pathways and synaptic impairment in an in vitro 

mitochondrial dysfunction model. Then, to determine if we can rescue the deficits shown, we 

manipulated mitochondrial integrity using the inner mitochondrial membrane targeted isoform of 

MCL1, which has previously been shown to regulate cristae structure and mitochondrial 

supercomplex assembly. We demonstrate that the integrated stress response is activated upon 

mitochondrial dysfunction. Next, we show mitochondrial dysfunction leads to a downregulation 

of synaptic genes involved in neurotransmission. Finally, our results show that both the anti-

apoptotic outer mitochondrial membrane-targeted isoform, and MCL1-Matrix are able to prevent 

cell death in response to mitochondrial dysfunction; however, MCL1-Matrix confers greater 

reduction in ISR activation and reactive oxygen species production. These data suggest that 

manipulating mitochondrial integrity, using MCL1-Matrix, confers a broad protective effect 

against neuronal stressors and may be used as a novel approach to preventing Parkinson’s disease. 
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INTRODUCTION 

1.1 Overview of Parkinson’s Disease 

1.1.1 Pathology and Clinical Aspects of Parkinson’s Disease 

Parkinson’s disease (PD) is a progressive neurodegenerative condition characterized by a 

loss of dopaminergic (DA) neurons in the Substantia Nigra (SN) within the basal ganglia. The 

most common characteristic is the formation of Lewy bodies made of α-synuclein (αSyn) protein 

aggregates (Armstrong and Okun, 2020). Due to the dopamine depletion, patients show motor 

symptoms such as resting tremor, bradykinesia, and a mask-like face, and non-motor symptoms, 

such as sleep disturbances and, gastric and urinary disorders (Okun, 2012; Rodriguez-Sanchez et 

al., 2021). As the disease progresses, the motor symptoms become more pronounced and patients 

may begin to show cognitive and psychological decline, such as dementia, depression, and anxiety 

(Bereckzi et al.  ̧ 2018). Most incidences of PD are sporadic and are thought to be due to 

interactions between genetic susceptibility and environmental causes, with certain genes known to 

be inheritable risk factors (Subramaniam and Chesselet, 2013). While the causes may be complex, 

PD cases and models do appear to share certain similarities, such as mitochondrial dysfunction, 

increase in oxidative stress, or impairments in cellular respiration. There is currently no cure for 

PD; the current therapies available, such as dopamine replacement therapies and deep brain 

stimulation, only alleviate motor symptoms (Armstrong and Okun, 2020; Servello et al., 2016). 

Furthermore, neither therapy prevents or slows the progression of PD, thus, a therapy that can 

prevent or delay PD progression is necessary. 

1.1.2 Structural deficits in PD 
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The basal ganglia are a group of nuclei which lie below the cerebral cortex and is comprised 

of the striatum, globus pallidus, and the SN (Obeso et al., 2008). The basal ganglia have typically 

been associated with smoothing movements by regulating thalamic and cortical activity; thus, any 

issues in the basal ganglia are typically associated with motor disorders such as PD and 

Huntington’s disease. Furthermore, the basal ganglia projects to other areas of the brain, such as 

the limbic system and non-motor areas of the cortex, which may explain the non-motor, cognitive, 

and psychological disturbances in PD patients (Lanciego et al., 2012). Multiple circuits are used 

to refine movement with inputs arriving from the cortex and the SN (Gerfen and Surmeier, 2011). 

The information is passed from the striatum to the globus pallidus, then to the thalamus, before 

arriving again at the cortex, and involves the coordination of excitatory and inhibitory 

neurotransmitter systems. The SN neurons typically modulate this pathway with dopamine, which 

may be excitatory or inhibitory, depending on the circuit. Upon PD diagnosis and appearance of 

motor symptoms, it is estimated that 50-70% of DA neurons from the SN are already lost, leading 

to dysregulation of these circuits (Cheung et al., 2010). This dysregulation could be modulated 

through the administration of levodopa in a monkey model (Papa et al., 1999). Furthermore, PD-

associated neuronal loss has been observed in in other regions, such as the locus coeruleus in the 

brain stem, ventral tegmental area of the midbrain, and thalamus (Bertrand et al., 1997; McRitchie 

et al., 1997; Henderson et al., 2000). Many studies have sought to examine why DA neurons of 

the SN are particularly vulnerable to environmental stressors. Recently, it has been reported that 

these neurons have high basal energy requirements leading to elevated levels of basal oxidative 

stress and a reduced ability to cope (Pacelli et al., 2015). 

1.1.3 Mitochondrial Dysfunction in Aging and Genetic Risk Factors in PD 
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While the underlying cause of PD progression is yet to be elucidated, many studies have 

identified mitochondrial dysfunction as a key contributor of PD development. (Fig 1). Parkin and 

protein phosphatase and tensin homolog (PTEN)-induced kinase 1 (PINK1) are proteins that 

regulate mitophagy and have been found to be mutated in familial PD (Matsuda et al., 2010; 

Hattori et al., 1998; Valente et al., 2002). Mitophagy is a process where damaged mitochondria 

are identified and are marked for removal by autophagy (Matsuda et al., 2010). PINK1, which is 

normally degraded in cells with healthy mitochondria, is stabilized by damaged ones and 

accumulates on the outer mitochondrial membrane (OMM) (Narendra et al., 2010; Matsuda et al., 

2010). Parkin, an E3 ubiquitin ligase, is recruited by PINK1 accumulation, and tags the 

mitochondria for autophagy (Matsuda et al., 2013). Mutations in PINK1 and Parkin and the 

subsequent disruption of mitophagy leads to the accumulation of dysfunctional mitochondria, 

underscoring the importance of mitochondria in PD progression. During aging, one of the most 

important risk factors for sporadic PD, there is a natural age-dependent formation of Lewy bodies 

and loss of neurons in SNc (Buchman et al., 2012). Furthermore, there is a decline in mitochondrial 

function leading to increased reactive oxygen species (ROS) production, accumulation of 

mitochondrial DNA (mtDNA) mutations, and impaired oxidative phosphorylation (OXPHOS) 

(Grünewald et al., 2019; Khacho et al., 2019). In post-mortem samples of patients with PD, there 

were high levels of mtDNA deletions, many of which coded for proteins associated with 

mitochondrial respiration (Bender et al., 2006). Proofreading mutations in the mitochondrial DNA 

polymerase γ (PolG), crossed with a Parkin knockout, have been used to simulate an accelerated 

aging model, which lead to deficits in OXPHOS complexes and DA neuron dysfunction (Dai et 

al., 2013; Pickrell et al., 2015). Furthermore, a post-mortem analysis of humans with PolG 

mutations showed a decrease in complex I and IV expression, increased presence of α-Synuclein, 
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Fig 1. Mitochondrial dysfunction is associated with PD progression. Multiple genetic 
causes and neurotoxins have been used to induce mitochondrial dysfunction and model PD. 
Aging is associated with mtDNA damage, leading to mutations in important proteins in the 
ETC. Mitophagy has also been shown to be impaired with Parkin/PINK1 mutations, leading to 
the accumulation of dysfunctional mitochondria. Neurotoxins, which produce parkinsonism, 
impair complex I leading to oxidative stress and cell death. Adapted from Grünewald et al. 
(2019). 
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and more severe DA neuron loss in the SN (Reeve et al., 2013). Loss of protein deglycase (DJ-1), 

which has been shown to regulate the antioxidant response, has been associated with recessive 

familial parkinsonism (Aleyasin et al., 2010; Bonifati et al., 2003). DA neurons lacking DJ-1 were 

found to have elevated mitochondrial oxidative stress and increased αSyn accumulation, which 

were rescued with mitochondrial-targeted antioxidants (Burbella et al., 2017). Parkinsonism due 

to mutations in mitochondrial dynamics-regulating proteins have also been observed and will be 

explored later in this dissertation. 

1.1.4 Mitochondrial Dysfunction is Induced by Neurotoxic Models of PD 

Another common method to investigate the cellular mechanisms involved in DA neuron 

death is the use of neurotoxins, which induce mitochondrial dysfunction and Parkinson-like 

symptoms (Chia et al., 2020). 6-Hydroxydopamine (6-OHDA) has been used in both in vitro and 

in vivo PD models (Demmings et al., 2020; Perese et al., 1989). When injected into the SN, it 

oxidizes and produces ROS, leading to death of DA neurons (Perese et al., 1989). 6-OHDA, 

however, does not show Lewy Body formation. Rotenone and 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) both cause mitochondrial dysfunction through the inhibition of 

complex I in mitochondrial respiration (Li et al., 2003; Shishido et al., 2019). Rotenone treatment 

has been shown to increase ROS, and when intraperitonially, lead to a decrease in DA neurons and 

cause Lewy body formation (Li et al., 2003; Inden et al., 2011; Zhang et al., 2022). MPTP is 

selectively taken up by DA neurons through the dopamine transporter and oxidized into methyl-

4-phenylpyridinium (MPP+) (Javitch et al., 1985; Martí et al., 2017). MPP+ then acts in a similar 

fashion to rotenone, leading to increased ROS and loss of DA neurons but does not show formation 

of Lewy bodies (Inden et al, 2011; Zhang et al., 2022). Paraquat is another neurotoxin that has 
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been used as a PD model. Paraquat alters glutathione levels, leading to the formation of ROS and 

subsequent cell death (Kang et al., 2009; Niso-Santano et al., 2010). 

 

1.2 Overview of the Mitochondrion and Dysfunction 

1.2.1 Mitochondrial Structure 

The mitochondrion is an organelle that regulates many essential functions, such as cellular 

respiration, calcium homeostasis, apoptosis, and heme synthesis (Protasoni and Zeviani, 2021). Its 

diverse range of regulation is still being discovered as recent studies have shown mitochondria 

regulating cell fate decisions and immune responses (Khacho et al., 2016; Matheoud et al., 2016). 

Mitochondria have two phospholipid bilayers, the OMM and the inner mitochondrial membrane 

(IMM), that divide the mitochondria in to two spaces, the intermembrane space and the matrix 

(Nunnari and Suomalainen, 2012; Protasoni and Zeviani, 2021). The OMM interacts with other 

subcellular components, such as the endoplasmic reticulum (ER), which is important for signaling 

between organelles (Hu et al., 2021). Invaginations in the IMM are called cristae and greatly 

increase the IMM’s surface area, which is essential for energy production. The matrix is the 

location for many important reactions, such as the Kreb’s cycle (Judge and Dodd, 2020). The 

matrix is also where mtDNA is stored; however, as this DNA only codes for 13 proteins, 

mitochondria still rely on nuclear DNA (Nunnari and Suomalainen, 2012).  

1.2.2 Energy Production and the Electron Transport Chain 

Perhaps the most well-known function of the mitochondria is its role in cellular respiration. The 

conversion of carbohydrates, fatty acids, and protein into energy has been extensively reviewed 
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by Judge and Dodd (2020), and thus for the purposes of this dissertation, we will only be 

overviewing the electron transport chain, the final step of aerobic metabolism.  

The ETC consists of a group of complexes involved in a series of redox reactions to 

generate a proton gradient to power OXPHOS and generate adenosine triphosphate (ATP). The 

OXPHOS complexes are found within the cristae and pumps protons from the matrix to the 

intermembrane space (Protasoni and Zeviani, 2021; Zhao et al., 2019). To provide energy to the 

ETC, electron carriers, nicotinamide adenine dinucleotide (NADH) and flavin adenine 

dinucleotide (FADH2), are reduced throughout the previous steps. NADH-CoQ oxidoreductase, 

complex I, facilitates the passing of the electrons from NADH to Coenzyme Q (CoQ) and pumps 

protons across the inner mitochondrial membrane (IMM). Succinyl-CoQ oxidoreductase, complex 

II, transfers of electrons from FADH2 to CoQ. This complex is intimately integrated into the Krebs 

cycle and unlike complex I, the complex II does not pump protons across the IMM. Complex III, 

CoQ-cytochrome c oxidoreductase, transfers electrons from CoQ to cytochrome to pump protons. 

Complex IV, cytochrome c oxidase, allows the transfer of electrons to the final acceptor, oxygen, 

generating water as a by-product. The final protons are pumped here. The proton-motive gradient 

generated with flow back into the inner membrane space through complex V, F1F0ATP synthase, 

which uses the energy to catalyse oxidative level phosphorylation. For the ETC to function 

efficiently, complexes I, III, and IV arrange into a precise supercomplex (Guo et al., 2017). Other 

supercomplex combinations have been observed such as those between complexes I and III and 

complexes III and IV (Lobo-Jarne et al., 2020; Cogliati et al., 2016). Several proteins are also able 

to promote supercomplex assembly, such as cytochrome c oxidase subunit 7A-related protein 

(COX7RP) and the matrix-targeted isoform of myeloid cell leukaemia-1 (MCL1) (Cogliati et al., 

2016; Perciavalle et al., 2012). As previously discussed, many PD models impair OXPHOS, 
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suggesting that maintaining efficiency may be a possible therapeutic approach (Bender et al., 2006; 

Pickrell et al., 2015; Reeve et al., 2013). 

1.2.3 Mitochondrial Dynamics 

Mitochondrial are dynamic organelles that can respond morphologically to the needs of the 

cell. For example, during autophagy, mitochondria elongate and maintain adequate levels of ATP 

production (Gomes et al., 2011). In contrast, during neural stem cell differentiation, mitochondria 

fragment to activate differentiation genes (Khacho et al., 2016). Mitochondrial dynamics have 

been shown to play a role in many other functions such as apoptosis, the cell stress response, and 

cell cycling (Wu et al., 2011; Mitra et al., 2009). Furthermore, abnormal mitochondrial dynamics 

has been associated with a variety of diseases, including PD (Züchner et al., 2004; Zanna et al., 

2008; Carelli et al., 2015). 

Mitochondrial fission is mediated by the dynamin-related GTPase, dynamin-related protein 

1 (DRP) and OMM resident protein receptors (Smirnova et al., 2001). DRP1 is recruited to the 

OMM by these receptors and promotes complex formation to drive the constriction of the 

mitochondria (Korobova et al., 2013; Smirnova et al., 2001). Maintaining mitochondrial fission is 

important for mitochondrial quality control, as it allows for the removal of dysfunctional 

mitochondria (Han et al., 2020). Fusion of the OMM is mediated through the dynamin-related 

GTPases, Mitofusin 1 (MFN1) and Mitofusin 2 (MFN2), which are able to act cooperatively and 

independently (Chen et al., 2003). IMM fusion is regulated by the dynamin-related GTPase, Optic 

Atrophy 1 (OPA1) and other supporting factors (Song et al., 2007). Mitochondrial fusion is 

initiated when two mitochondria come into close contact, leading to MFN1 and 2 to tether the 

OMM together and allow them to fuse (Song et al., 2009). OPA1 is required for mediating IMM 

fusion, similarly to the OMM, through tethering and pulling the membranes together. OPA1 is 
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alternatively cleaved into long, membrane-bound and short, soluble isoforms, both of which were 

thought to be required for fusion; however, it has been shown that long OPA1 is sufficient for 

fusion (Song et al., 2009). While the role of short OPA1 is less clear, it may also be involved in 

maintaining normal cristae structure and respiration (Lee et al., 2017). Other than fusion, OPA1 is 

also important for cristae remodeling and tightening, giving rise to more ETC proteins and 

supercomplexes, leading to increased OXPHOS (Cogliati et al., 2013; Patten et al., 2014). 

Interestingly, regulation of cristae structure can be independent of IMM fusion. Inhibition IMM 

fusion without disrupting OPA1 did not alter cristae shape, but OPA1 knockdown resulted in 

widened, aberrant cristae (Frezza et al., 2006). Furthermore, OPA1 has been shown to be essential 

for mitophagy regulation, and apoptotic signaling (Glytsou et al., 2016; Liao et al., 2017). 

1.2.4 OPA1 Mutations and Parkinsonism 

OPA1 deficits have been used as a model to investigate the role of mitochondrial 

dysfunction in PD (Iannielli et al., 2018; Iannielli et al., 2019). Not only does in vitro OPA1-

deficient models exhibit key cellular defects of PD, such as ROS production and reduced OXPHOS 

efficiencies, but certain patients with OPA1 mutations also develop parkinsonism (Iannielli et al., 

2018; Carelli et al., 2015). A subset of patients who suffer from dominant optic atrophy have 

OPA1 mutations, leading to progressive visual failure due to optic nerve degeneration (Liao et al., 

2017); however, these patients may also develop further neurological phenotypes (Zanna et al., 

2008). OPA1 mutations have been shown to be partially responsible for the accumulation of 

mtDNA deletions and may play a role mtDNA maintenance (Carelli et al., 2015; Amati-Bonneau 

et al., 2008). In fibroblasts derived from dominant optic atrophy, OXPHOS and mitochondrial 

structure was affected (Zanna et al., 2008). Furthermore, patients with OPA1 missense mutations 

develop parkinsonism and dementia, suggesting that OPA1-mutant neurons can be a viable PD 
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model (Carelli et al., 2015). In induced pluripotent stem cell-derived neurons from OPA1-mutant 

patients showed a reduced number of active synapses, decreased cell viability, reduced OXPHOS, 

and increased oxidative stress (Iannielli et al., 2019; Iannielli et al., 2018). These data suggest that 

impairment of mitochondrial fusion in neurons through OPA1 can be suitable for investigating the 

role of mitochondrial dysfunction in PD. 

1.2.5 Mitochondrial ROS Production 

During the energy production process, electrons can leak from the ETC and produce ROS (Zhao 

et al., 2019). ROS is a broad term that describes oxygen derived free radicals, which is mainly 

generated at complexes I and III (Mailloux et al., 2013). ROS is an important second messenger 

that can regulate functions such as hypoxia, differentiation, activation of the innate immune system, 

and mitochondrial metabolism (Mailloux et al., 2013; Khacho et al., 2016; Nakahira et al., 2011); 

however, ROS can be damaging to the cell, leading to oxidative damage to mtDNA, lipid 

peroxidation, and cell death (Circu et al., 2009; Mailloux et al., 2013). As mentioned previously, 

dysregulated levels of ROS have been associated with the development of PD, damaging mtDNA 

and inducing cell death (Grünewald et al., 2019; Inden et al., 2011; Kang et al., 2009). To prevent 

buildup of ROS, the cell uses multiple antioxidant systems to metabolize free radicals (Sinha et 

al., 2013). Furthermore, antioxidant molecules have also been used to bolster the antioxidant 

response (Khacho et al., 2016; Tardiolo et al., 2018). Many studies have shown a protective effect 

of ROS reduction in PD models (Jin Jung et al., 2021; Pacifici et al., 2022; Chen et al., 2018). As 

mentioned previously, due to their intrinsic high basal energy requirements, DA neurons in the SN 

naturally produce more ROS which may partially explain their vulnerability to environmental and 

genetic insults (Pacelli et al., 2015). 
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1.3 The Integrated Stress Response 

1.3.1 Overview of the Integrated Stress Response 

The integrated stress response (ISR) is a signaling pathway which responds to a variety of 

cell stressors including amino acid and glucose deprivation, virus infection, ER stress, hypoxia, 

and oxidative stress (Pakos-Zebrucka et al., 2016) (Fig 2). These stressors lead to the 

phosphorylation of the 2A subunit of eukaryotic translation initiation factor (eIF2α) by eIF2α 

kinases. There are four eIF2α kinases: double-stranded RNA-dependent protein kinase (PKR), 

PKR-like ER kinase (PERK), heme-regulated eIF2α kinase (HRI), and general control non-

derepressible 2 (GCN2). Each can respond to distinct stressors with some functional overlap 

between them. For example, PERK responses to ROS-induced ER stress, PKR activates in 

response to viral infection, and GCN2 is activated in response to amino acid deprivation (Amodio 

et al., 2019; Verfaillie et al., 2012; Lemaire et al., 2008, Longchamp et al., 2018). The eIF2α 

kinases are activated by self-dimerization and autophosphorylation. They converge on the 

phosphorylation of eIF2α, resulting in a global decrease in protein translation while upregulating 

certain genes to resolve the stress. Activating transcription factor 4 (ATF4) is an important effector 

for the ISR. By upregulating and dimerizing with a wide variety of downstream targets, ATF4 can 

regulate a wide range of functions depending on the cellular needs. Many of ATF4’s downstream 

targets are homeostatic genes; however, if the stress is too severe or prolonged, ATF4 binds to 

other factors to promote apoptosis (Bai et al., 2021; Aimé et al., 2020, Demmings et al., 2021). 

For example, under oxidative stress ATF4 can upregulate solute carrier family 7 member 11 

(Slc7a11), a cysteine transporter, to promote glutathione biosynthesis and resolve the stress (Bai 

et al., 2021). On the other hand, ATF4 has been shown to induce and bind to C/EBP homologous 

protein (Chop) to induce apoptosis via p53 upregulated modulator of apoptosis (PUMA) (Galehdar 
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Fig 2. The ISR is activated by multiple stressors to maintain homeostasis. A diverse range 
of stressors activate eIF2α kinases, HRI, GCN2, PKR, and PERK, which converge on the 
phosphorylation of eIF2α. Global translation is decreased while preferentially translating ISR-
specific genes such as ATF4. Initially, ATF4 will upregulate genes involved in maintaining 
homeostasis, but may switch to a pro-death role if the stress is unresolved. The ISR is 
terminated by the dephosphorylation of eIF2α by GADD34. Adapted from Pakos-Zebrucka et 
al. (2016). 
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et al., 2010). If the stress is resolved, the ISR is terminated by the phosphatase, growth arrest and 

DNA damage-inducible protein (GADD34), which dephosphorylates eIF2α to restore protein 

translation (Kojima et al., 2003). 

1.3.2 The ISR and ATF4 in PD 

While the ISR and ATF4 have been shown to be upregulated in cellular, animal, and post-

mortem models of PD, their role is still unclear. Certain studies have reported that ATF4 is 

protective in cellular PD models (Sun et al., 2013; Sun et al., 2018; Inoue et al., 2018); however, 

numerous studies have also implicated ATF4-induced cell death as a critical player in PD 

progression. In a cellular PD model, induced by MPTP or 6-OHDA treatment, ATF4 was 

upregulated along with its pro-apoptotic downstream targets, Chop, Tribbles homologue 3 (Trib3), 

and Puma (Demmings et al., 2021). Furthermore, neurons cultured from ATF4 knockout mice 

showed less cell death after drug treatment compared to wild type. Interestingly, Adaptaquin, a 

prolyl hydrolase inhibitor was shown to be protective in both cellular and animal models, by 

inhibiting ATF4 in an eIF2α-independent manner (Aimé et al., 2020). The presence of unfolded 

proteins and protein aggregates, which have been seen in PD, can lead to ER stress and activation 

of the ISR (Galehdar et al., 2010). Neurons treated with the ER stressors, tunicamycin and 

thapsigargin, induced cell death through the upregulation of ATF4, and its downstream target, 

Chop and Puma. Neurons from ATF4 knockout mice showed attenuated cell death and reduced 

Chop and Puma activation. Injection of α-Syn-expressing adeno-associated virus (AAV) into rat 

SN showed an increase in ATF4 expression and a subsequent loss of dopaminergic neurons (Gully 

et al., 2016). Furthermore, injecting with an ATF4-expressing AAV produced a similar effect, 

resulting in a decrease in dopaminergic neurons and an increase in caspase activity. Activation of 

the ISR has also been found in the midbrain, hippocampus, and cortex of post-mortem PD brain 
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tissue (Mercado et al., 2018). Interestingly, certain patients had increased αSYN, phosphorylated 

PERK, and phosphorylated eIF2α expression without displaying any clinical symptoms, 

suggesting that ISR activation may occur very early during PD. While the dual actions of ATF4 

are complex, this suggests its downstream effects depend on the extent of the stress as well as the 

cellular context. 

1.3.3 The Intrinsic Apoptosis Signaling Pathway 

Apoptosis, programmed cell death, is a mechanism require for normal development as well 

as a response to cell stress and damage (Protasoni and Zeviani, 2021). Cells undergoing apoptosis 

morphologically show, shrinking cell size, blebbing of the cell membrane, phosphatidylserine 

exposure, and condensed, fragmented nuclei (Elmore, 2007; Sinha et al., 2013). Apoptosis can 

occur by extrinsic pathway or a mitochondria-regulated intrinsic pathway, both of which have been 

extensively reviewed by Elmore (2007). Other than apoptosis, other forms of cell death such as 

ferroptosis and necrosis have been implicated in PD (Kim et al., 2005; Do Van et al., 2016; Callizot 

et al., 2019); however, for the purposes of this dissertation, we will be overviewing the intrinsic 

apoptotic pathway, which acts through a caspase cascade. Caspases are typically present in a 

proenzyme form and must be cleaved to initiate the cell death process, allowing for rapid cell death. 

Caspases can be organized into initiators, which include caspases-2, -8, -9, -10, and executioners, 

caspases-3, -6, -7 (Elmore, 2007). The initiators cleave the proenzyme executioners, which go on 

to cleave other cellular substrates to cause the hallmark apoptotic morphology (Van Opdenbosch 

and Lamkanfi, 2019). Multiple stimuli such as radiation, hypoxia, ROS, toxin, and viral infection, 

are able to trigger the intrinsic pathway. The proapoptotic proteins, BAX and BAK, oligomerize 

and form a mitochondrial permeability transition pore (PTP) on the OMM, leading to the release 

of pro-apoptotic proteins. Cytochrome c, previously mentioned to be an electron carrier of the ETC, 
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binds to apoptotic peptidase activating factor 1 (Apaf1) and to form an apoptosome and activates 

caspase-9 (Elmore, 2007). Smac/DIABLO and HtrA2/Omi promote cell death by inhibiting 

inhibitors of apoptosis proteins (IAP). Finally, apoptosis inducing factor (AIF), Endonuclease G, 

and caspase-activated DNAse (CAD) are translocated to the nucleus to induce DNA 

fragmentations. CAD in particular is cleaved by caspase-3 and promotes advanced chromatin 

condensation while endonuclease G and AIF are caspase independent. Regulation of the 

mitochondrial apoptotic events are tightly regulated by B-cell lymphoma 2 (BCL2) family proteins. 

 

1.4 MCL1 

1.4.1 The BCL2 Family Regulates Apoptosis 

The BCL2 family has long been known for their regulation of apoptosis. All members 

contain the BCL2 homology domain and can be divided into anti-apoptotic and pro-apoptotic 

(Letai et al., 2002). Amongst the pro-apoptotic, BAX and BAK are special, as they form 

mitochondrial PTP. The rest of the pro- and anti-apoptotic BCL2 family members are in constant 

competition to influence the formation of the mitochondrial PTP, which is influenced by a variety 

of damage signals (Certo et al., 2006). A subset of pro-apoptotic BCL2 proteins, such as BID, 

BIM, and PUMA, directly induce BAX/BAK oligomerization, leading to mitochondrial PTP 

formation (Letai et al., 2002; Cartron et al., 2004; Kuwana et al., 2005). Anti-apoptotic proteins, 

which include BCL2, BCL-XL, BCL-w, and MCL1, can bind to pro-apoptotic BCL2 family 

members to prevent their interaction with BAX/BAK, or directly binding to BAX/BAK (Kuwana 

et al., 2005). The other subset of pro-apoptotic BCL2 proteins, such as BAD, Noxa, and BIK, 
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promote cell death by sequestering the anti-apoptotic proteins, allowing for BAX and BAK 

oligomerization (Letai et al., 2002; Lopez et al., 2010). 

1.4.2 MCL1 and its Isoforms 

MCL1 was first identified as a protein induced in human myeloblastic leukemia (Sancho 

et al., 2021). MCL1, an anti-apoptotic BCL2 family protein, has been shown to play an important 

role in development of neurons, lymphocytes, and neutrophils, and regulates autophagy (Arbour 

et al., 2008; Fogarty et al., 2019; Dzhagalov et al., 2008; Steimer et al., 2009; Germain et al., 

2011). Interestingly, MCL1 appears to play an important role in the development and survival of 

DA neurons (Robinson et al., 2018). MCL1 undergoes alternative cleavage at the N-terminus, 

possibly by the matrix processing peptidase, generating different isoforms (Perciavalle et al., 2012; 

Huang and Yang-Yen, 2010). These different isoforms are targeted to different areas of the 

mitochondria and have distinct functions (Fig 3). The OMM-targeted form (MCL1-OM) 

demonstrates the traditional anti-apoptotic BCL2 family function, blocking apoptosis presumably 

by sequestering and preventing the translocation of BAK and BAX to the OMM (Willis et al., 

2005; Chen et al., 2005). The matrix-targeted form (MCL1-Matrix), however, has been shown to 

have distinct functions which have been demonstrated to be essential for proper mitochondrial 

function (Perciavalle et al., 2012). 

1.4.3 MCL1-Matrix’s Role in Maintaining Mitochondrial Function 

MCL1-Matrix has been demonstrated to regulate cristae structure, fusion, and OXPHOS 

(Perciavalle et al., 2012). The deletion of MCL1 in mouse embryonic fibroblasts resulted in 

swollen, disorganized cristae and impaired fusion, which could be rescued with wildtype MCL1 

or MCL1-Matrix, but not MCL-OM. This cristae disruption was also associated with impairment 
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Fig 3. MCL1 is alternatively cleaved and translocated. MCL1 has two identified isoforms 
that are translocated to different regions of the mitochondria. MCL1-OM functions as a 
traditional anti-apoptotic BCL2 protein and sequesters BAX/BAK. MCL1-Matrix localizes to 
the inner mitochondrial membrane where it regulates respiration through supercomplex 
assembly. From Perciavalle and Opferman, (2013). 
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with the ETC due to alterations in supercomplexes assembly, particularity those containing 

complexes I, III, and IV. Furthermore, F1F0ATP synthase oligomerization was reduced along with 

ATP production. In MCL1 deficient fibroblasts, respiration was decreased but could be rescued 

with wildtype MCL1 or MCL1-Matrix, but not MCL-OM, further emphasizing the important role 

of the matrix isoform in mitochondrial function. Recently, our lab has shown that manipulating 

mitochondrial integrity through MCL1-Matrix can maintain mitochondrial function and prevent 

cell death under acute mitochondrial stress (Anilkumar et al., 2020). Under acute NDMA treatment 

and oxygen/glucose deprivation, both MCL-Matrix and -OM, prevented cell death; however, these 

appeared to be done through different mechanisms. Where MCL1-OM predominantly acts in a 

traditional anti-apoptotic BCL2 manner, MCL1-Matrix was shown to prevent cell death by 

blocking the formation of the mitochondrial PTP through interactions with complex V. In both 

NMDA-induced stress and oxygen/glucose deprivation, MCL-Matrix was effective in maintaining 

respiration and ATP production similar to a sham treatment. Under the excitotoxic stress, MCL1-

Matrix infected neurons maintained mitochondrial membrane potential compared to the control 

and OM infected neurons. In MCl1 deficient mouse embryonic fibroblasts, MCL1-Matrix infected 

neurons showed improved Ca2+ retention suggesting that Matrix increases the maximal capacity 

to delay mitochondrial PTP opening. Furthermore, in parkin knockout DA neurons, MCL1-Matrix 

promoted survival, demonstrated by an increase in number at day 11 in culture, compared to an 

mCherry control. These data suggest that MCL1-Matrix, through mitochondrial reconfiguration, 

provides a broad protective effect which may lead the way for the development of neuroprotective 

treatments.  

 

1.5 Rational and Hypothesis 
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There is now compelling evidence that mitochondrial dysfunction is a key player in PD 

progression. The goal of this thesis is to determine if enhancing mitochondrial integrity may be a 

strategy to prevent neurodegeneration in PD. First, to identify key stress pathways involved, we 

used a mitochondrial dysfunction model to investigate pathways which are activated and its 

subsequent downstream effects as a readout for neuronal stress and impairment. Next, we 

determined if manipulating mitochondrial integrity and efficiency, using MCL1-Matrix which can 

function as a supercomplex assembly factor, will reduce the activation of these stressors and 

promote neuronal survival. We induced mitochondrial dysfunction by knocking down OPA1 in 

embryonic neurons, an in vitro model that exhibits key hallmarks of PD, to characterize and rescue 

deficits. We hypothesize that mitochondrial dysfunction induces stress pathways which is a 

key mechanism in neuronal impairment. By manipulating mitochondrial integrity through 

the manipulation of MCL1 isoforms, -OM and -Matrix, we will reduce neuronal deficits in 

PD models. To test this hypothesis, there are two aims: 

Aim 1: Characterizing changes in a mitochondrial dysfunction model. 

Aim 2: Manipulating mitochondrial integrity to rescue neuronal impairment under stress. 
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MATERIALS AND METHODS 

2.1 Human Embryonic Kidney 293T (HEK293T) Culture 

HEK293T cells were purchased from American Type Culture Collection (ATCC; CRL-

3216). HEK293T cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS) and 100 Units/mL of Penicillin/Streptomycin. 

HEK293T cells were cultured at 37°C with 5% carbon dioxide (CO2) in a humidified incubator 

and passaged at 80% confluency. 

2.2 Recombinant Lentivirus Production 

Lentivirus packaging plasmids, pMd2.g (Addgene; 12259) and psPax2 (Addgene; 12260) 

were provided by Dr. Didier Trono through Addgene. The pWPXLd-GFP, -MCL1-OM, and -

MCL1-Matrix plasmids were generated as described in Perciavalle et al. (2012) and Anilkumar et 

al. (2020). In brief, MCL1-OM was developed by replacing arginine 5 and 6 with alanine of mouse 

MCL1 cDNA. MCL1-Matrix was developed by deleting 67 amino-terminal amino acids by and 

fusing 50 amino acids of Neurospora crassa ATP-synthase to the amino terminal using polymerase 

chain reaction (PCR). These constructs were inserted into the pWPLXd lentivirus expression 

plasmid (Addgene; 12258). shRNA scramble control (5’-CAACAAGATGAAGAGCACCAA-3’) 

and mouse specific shRNA to OPA1 (5’-GCCTGACTTTATATGGGAAAT-3’) were inserted 

into the pLKO.1-TRC backbone (Addgene; 10878) as previously described in Khacho et al. (2014).  

Lentiviruses were generated in HEK293T cells by polyethyleneimine (PEI) co-transfection 

of the packaging plasmids and the gene of interest plasmids. Plasmids used are reported in Table 

1. Media was changed 16 hours post-transfection, and virus-containing media was collected 40- 

and 56-hours post-transfection. Virus-containing media was filtered through a 0.45 μm  
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Plasmid Gene of Interest Source 
pMD2.G VSV-G envelope Addgene; 11259 
psPAX2 2nd generation lentiviral packaging plasmid Addgene; 12260 
pLKO-shOPA1 Short hairpin targeting OPA1 Khacho et al., 2016 
pLKO-shCtrl Short hairpin scramble control Khacho et al., 2016 
pWPXLd-GFP GFP Anilkumar et al., 2020 
pWPXLd-
MCL1-OM 

MCL1-OM Perciavalle et al., 2012 
Anilkumar et al., 2020 

pWPXLd-
MCL1-OM 

MCL1-Matrix Perciavlle et al., 2012 
Anilkumar et al., 2020 

 

Table 1: List of plasmids used for Lentivirus preparation 
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Polyvinylidene Fluoride (PVDF) filter, then concentrated by centrifugation at 68,300 g for 2 hours 

at 4°C. Virus was resuspended in phosphate buffered saline (PBS) and stored at -80°C until use. 

Virus was titred using the QuickTitre Lentivirus titre kit (Cell Biolabs; VPK-107) as per 

manufacturer’s instructions. Titre is expressed in transduction units (TU) per mL. 

2.3 Primary Embryonic Neuron Culture 

All experimental protocols involving mice were approved by the University of Ottawa 

Animal Care Committee. Embryos aged E13-14 from pregnant CD1 genetic background mice 

(Charles River Laboratories; Montreal, QC) were extracted. Cortices were extracted by removing 

the olfactory bulbs, cerebellum, and meninges. To dissociate into single cells, tissues was 

chemically digested with trypsin and mechanically digested using flame-polished pasteur pipette. 

Neurons were cultured at 37°C with 5% CO2 in a humidified incubator in neurobasal media 

containing 1X B27; 1X N2; 100 Units/mL Penicillin/Streptomycin, and 0.6 mM L-glutamine. Full 

media change was performed upon day 3 in vitro and half media change every subsequent third 

day. For shOPA1 experiments, neurons were treated with 6 MOI (multiplicity of infection) of 

OPA1 knockdown lentivirus (shOPA1) or a scrambled control (shCtrl) on day 6 in vitro. For 

MCL1 experiments, neurons were treated with 5 MOI of MCL1-OM, MCL-Matrix, or a GFP 

control on the day of seeding. For rotenone experiments, neurons were treated with 15, 25, 30 nM 

of rotenone, or a vehicle containing dimethyl sulfoxide (DMSO) on day 6 in vitro for 6, 12, or 24 

hours. 

2.4 Western Blot 

To extract protein, cells were washed once with cold PBS, radioimmunoprecipitation assay 

(RIPA) buffer (containing 400 μM sodium orthovanadate, 1 mM DTT, and 1X protease inhibitor 
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cocktail [Sigma; P8340]) was added, and cells were scraped. Cells were titrated with a pipette to 

lyse and centrifuged at 16,200 g for 15 min. Protein-containing supernatant was taken and protein 

was quantified using the BioRad DC protein assay (BioRad; 5000116) as per manufacture’s 

instructions. Protein was diluted in RIPA buffer and 1X Laemmli’s buffer with 2% β-

mercaptoethanol and boiled for 5 min. Proteins were run on an SDS-Page gel and transferred to a 

PVDF membrane. Membranes were blocked in 5% skim milk in tris-buffered saline with Tween 

20 (TBST) for one hour at room temperature. Membranes were incubated in primary antibody 

overnight at 4°C. A list of antibodies used are found in Table 2. Membranes were washed for 7 

minutes 3x in 1X TBST before incubation with the appropriate 1:10,000 secondary antibody. 

Membranes were washed for 15 minutes for 3x in 1X TBST. Blots were incubated in Clarity 

Western ECL Substrate (BioRad; 170-5061) for 5 mins and imaged. Densitometry analysis was 

done using Fiji (ImageJ) software and normalized to β-actin control. 

2.5 Quantitative Real Time PCR 

To extract RNA, TRIzol Reagent was added, and cells were scraped. Cells were incubated 

with chloroform, then centrifuged to separate the aqueous phase. The aqueous phase was taken, 

and glycogen was added. The aqueous phase was incubated with isopropanol to precipitate the 

RNA, and centrifuged. The isopropanol was removed, washed twice with 75% ethanol, and air 

dried for 10 minutes. The RNA pellet was resuspended in sterile water containing 0.1 mM of 

ethylenediaminetetraacetic acid (EDTA) and incubated at 55°C for 10 minutes. The RNA was 

treated with DNase using the RNase-free DNase set (Qiagen; 79254) as per manufacturer’s 

instructions. 250 ng of RNA was converted to cDNA using the SupersScript IV VILO Master Mix  
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Primary 
Antibody 

Host Species Manufacturer Dilution 

Opa1 Rabbit Abcam; ab42364 1:3000 
Atf4 Rabbit Cell Signaling Technology; 11815 1:1000 
Mcl1 Rabbit Rockland; 600-401-394 1:5000 
Snap25 Mouse Santa Cruz Biotechnology; sc-

20038 
1:1000 

Total Oxphos 
Cocktail 

Mouse Abcam; ab110413 1:1000 

β-Actin Mouse Santa Cruz Biotechnology; sc-8432 1:10,000 
Secondary 
Antibody 

 Manufacturer Dilution 

Anti-Rabbit HRP Goat Promega; W4011 1:10,000 
Anti-Mouse HRP Goat Promega; W402B 1:10,000 

 

  
Table 2: List of primary and secondary antibodies used for immunoblotting. 
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(Invitrogen; 11756050) as per manufacturer’s instructions. Converted cDNA was diluted to 1 

ng/μL in 10 mM Tris-HCl. 

Gene expression was quantified using the HostStarTaq DNA polymerase (Qiagen; 203205) 

as per manufacturer’s instructions. The cDNA was amplified using the BioRad CFX96 Real-Time 

PCR system (BioRad; 3600037) using the following protocol: 95°C for 15 min, 94°C to 60°C to 

72°C for 15 sec each cycled 45 times, 95°C for 1 min, 60°C for 30 sec, then 95°C for 1 min. A list 

of primers used are found in Table 3. Relative gene expression was analysed using the 2-ΔΔCT 

method (Livak and Schmittgen, 2001) and normalized to Gapdh control. 

2.6 Cell Viability Assay 

To analyse cell viability under rotenone treatment, neurons were plated at 2e6 cells/well in 

6-well plates cultured in phenol red free media. After rotenone treatment, 100 uL of CellTitre 6 

AQueous One Solution (MTS) (Promega; G3580) was added to each well an incubated for 1 hour. 

Colorimetric intensity was read at 490 nm (690 nm reference). Each control condition was set to 

100% viability, and no-cell blank was set as 0%. The cell viability was calculated as follows: 

490 690% Viability 100%
Control

A A

A


    

2.7 MitoSOX Assay 

Cells were treated with 1 μg/mL of Hoechst 33342 for 15 min, then media was replaced 

with phenol red-free neurobasal media. Cells were kept on ice before imaging. Media was removed 

and 5 μM of MitoSOX red (ThermoFisher Scientific; M36008) diluted in PBS was added to the 

cells. Cells were incubated for 5 minutes on a heated stage and imaged using the DeltaVision Elite  
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RT-qPCR 
Primer 

Forward Sequence (5’ to 3’) Reverse Sequence (5’ to 3’) 

Opa1 TGG AAT ACA AAG AAA CGT 
ACC GC 

GGG CAG GAT GAT GTG AAC GA 

Atf4 AAA AGG CAT CCT CCT TGC G CTT GAT GTC CCC CTT CGA CC 
Chop ACA GAG GTC ACA GCG ACA TC GGG CAC TGA CCA CTC TGT TT 
E2f1 CTG CAG CAA CTG CAG GAG AG CTC CGA AAG CAG TTG CAG CTG 
Chac1 TGG TGA CCC TCC TTG AAG AC TTG GTC AGG GGT GTC TTG AG 
Slc7a11 GTC TGC CTG TGG AGT ACT GT ATT ACG AGC AGT TCC ACC CA 
Snap47 TGC CAT TGC GTC TTC TGC G AGG AAC AAG ACC AGG AGT 

GGA C 
Syt9 ATC TAC CAC CTG CGG GAC C AGA CCA CAG GCA GTA ACC ACG 
Gapdh GGT GAA GGT CGG TGT GAA CG CTC GCT CCT GGA AGA TGG TG 

 

Table 3: List of primers used for RT-qPCR. 
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microscope. Arbitrary fluorescence intensity was determined by quantifying the MitoSOX red 

intensity that overlaps with Hoechst 33342 and normalized to average control intensity. 

2.8 Statistical Analysis 

Analysis was performed with GraphPad Prism 8 (GraphPad Inc, LaJolla, CA). The 

shOPA1 western blots and qPCRs were analysed with a two-way t-test. Cell viability assays were 

analysed with a two-way analysis of variance (ANOVA), followed by Tukey’s post-hoc test. The 

MCL1 western blots and MitoSOX assay were analysed with a two-way ANOVA followed by a 

Tukey’s post-hoc test. 
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RESULTS 

3.1 OPA1 knockdown leads to the upregulation of Atf4 and its downstream targets 

We first asked what pathways are activated during mitochondrial dysfunction in neurons. 

An RNA bulk sequencing was previously performed on neurons treated with shOPA1 or shCtrl on 

the day of seeding and harvested 4 days in vitro (DIV). Of note, Atf4 transcripts were found to be 

significantly upregulated in shOPA1, along with a downstream target, Redd1 (Bilen and Fong, 

unpublished) (Fig 4a). Thus, to investigate the stress pathways activated from mitochondrial 

dysfunction in post-mitotic neurons, we knocked down Opa1 with lentivirus expressing short 

hairpin RNA (shRNA). As described previously, OPA1 deficiencies have been associated with 

OXPHOS dysfunction and parkinsonism development (Iannielli et al., 2018; Zanna et al., 2008). 

Through immunoblot, we show that Opa1 is significantly decreased by ~86.8% by shOPA1 

treatment compared to control (Fig 4b, c). Furthermore, Opa1 knockdown in neurons lead to an 

~88.9% significant decrease in complex I expression, resembling neurotoxin models of rotenone 

and MPP+ (Fig 4b, c; Inden et al., 2011). To validate the RNA bulk sequencing results, Atf4 

protein expression was quantified in post-mitotic neurons treated with shOPA1 and was found to 

be significantly upregulated compared to shCtrl by ~24.9 fold (Fig 4d, e). Furthermore, Atf4 and 

its downstream targets, Chop, Slc7a11, and Chac1, showed significantly increased gene expression, 

suggesting that the ISR was activated (Fig 4f; Bilen, unpublished). Other pathways may also be 

induced such as the oxidative stress response, from increased Chac1 and Slc7a11 (Fig 4f). These 

data suggest that mitochondrial dysfunction leads to the activation of the ISR. 
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Fig 4. OPA1 knockdown induces ATF4 upregulation and stress markers a) Embryonic neurons 
(E12-E13) were infected with shCtrl or shOPA1 lentivirus DIV0 and mRNA was harvested DIV4. 
mRNA was sequenced and number of reads were plotted. Data suggests an upregulation of Atf4 
following Opa1 knockdown b) Post-mitotic neurons were infected with 6 MOI of shOPA1 DIV 6 and 
harvested DIV 12. Data suggests a decrease in Complex I c) Quantification of Opa1 and Complex I. 
Data shown are mean fold change (N=3) ± SD. d) Post-mitotic neurons infected with shOPA1 and 
harvested DIV11. Data suggests an increase in ATF4 following OPA1 knockdown. e) Quantification of 
Opa1 and Atf4. Data shown are mean fold change (N=3) ± SD. f) Quantification of Opa1; integrated 
stress response (Atf4, Chop); and oxidative stress marker (Chac1, Slc7a11) gene expression. Data 
suggests an increase in Atf4 and its downstream targets. Data shown are mean fold change (N=4) ± SD. 
All data was analysed with two-tailed unpaired t-test. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001
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3.2 OPA1 knockdown leads to down regulation of synaptic genes 

Next, we wanted to ask if mitochondrial dysfunction leads to neuronal impairment. To 

examine the expression of synaptic proteins after shOPA1 knockdown, the RNA bulk sequencing 

was analysed and potential deficits and functions were determined with gene ontology (Fig 5a; 

Bilen and Fong, unpublished). Of note, many synaptic genes involved in signaling between 

neurons, such as vesicle fusion and neurotransmitter transport, was found to be affected. 

Furthermore, it was found that multiple synaptic markers are altered in PD models, and are 

associated with cognitive decline, suggest that synaptic gene expression can be used as a readout 

of neuronal function (Berezcki et al., 2016; Berezcki et al., 2018). In particular, protein regulating 

calcium ion (Ca2+) sensing, such as the synaptotagmins (SYT), and synaptic vesicle exocytosis, 

such as the Synaptosomal-associated proteins (SNAP) have been shown to be impaired (Bereczki 

et al., 2018; Krebs et al., 2013).  We quantified the protein expression of Snap25, an essential 

factor of the SNARE complex involved in synaptic vesicle exocytosis and found it was 

significantly lower by ~37.0% in shOPA1-treated post-mitotic neurons compared to control (Fig 

b, c). Similarity, the gene expression of Snap47, another component of the SNARE complex, and 

Syt9, a Ca2+ sensor involved in exocytosis, was also shown to be significantly decreased by ~70.5% 

and ~77.3% respectively (Fig 5d). These data suggest that mitochondrial dysfunction is associated 

with neuronal impairment. 

3.3 MCL1-OM and -Matrix prevent rotenone-induced cell death 

As cell death is a major component in PD progression, we wanted to ask if manipulating 

mitochondrial integrity with MCL1-Matrix protects from mitochondrial dysfunction-associated 

cell death. Rotenone, a complex I inhibitor, has been used as PD model and causes apoptosis in a
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Fig 5. OPA1 knockdown leads to downregulation of synaptic genes a) Embyronic neurons (E12-
E13) were infected with shOPA1 or shCtrl and RNA was extracted 4 days after for RNA bulk-seq. 
Significantly downregulated and upregulated synaptic-related proteins with fold change > 0.5 were 
selected and run through g:Profiler to determine biological processes. Relevant biological processes 
were selected for Padj < 10-4. Post-mitotic neurons were infected with 6 MOI of shOPA1 DIV6 and 
harvested DIV12. b) Western blot analysis of Snap25 suggesting a decrease in protein expression. c) 
Quantification of S25. d) Quantification of Opa1, Snap47, and Syt9 qPCR, showing a decrease 
following OPA1 knockdown. Data shown are mean fold change (N=4) ± SD. Data shown are mean fold 
change (N=3) ± SD. All data was analysed with a two-tailed, unpaired t-test. ** p<0.01, **** p<0.0001
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dose-dependent manner (Li et al., 2003). Embryonic neurons were treated with MCL-OM, -Matrix, 

or a GFP control lentivirus on the day of seeding. At DIV 6, neurons were treated with various 

doses of rotenone or a DMSO-containing vehicle at various times and cell viability was measured. 

At all time points and concentrations, excluding 15 nM at 24 hours, MCL1-OM and -Matrix 

showed significantly higher cell viabilities than the GFP control (Fig 6a-c). Furthermore, MCL-

Matrix was not significantly different than -OM at any time points or concentrations, suggesting 

that the Matrix isoform conferred similar protection as the OM isoform, which acts as a traditional 

anti-apoptotic BCL2 protein. This suggests that manipulating mitochondrial integrity, through 

MCL1-Matrix, protects post-mitotic neurons against rotenone-induced cell death. 

3.4 MCL1-Matrix decreases ATF4 expression after OPA1 knockdown 

Now that we have determined that manipulating mitochondrial integrity protects neuronal 

death, we wanted to ask if manipulating mitochondrial integrity reduces the mitochondrial 

dysfunction-induced ISR. As previously discussed, many studies have associated the activation of 

the ISR and ATF4 with the progression of PD (Gully et al., 2012; Mercado et al., 2018; Demmings 

et al., 2020).  Embryonic neurons were treated with MCL1-Matrix, -OM, or GFP as described in 

section 3.3 with shOPA1 infection on DIV6, and harvested DIV11. Using Atf4 as a readout for 

ISR activation, we show that MCL1-Matrix significantly reduces Atf4 expression levels by ~37.4% 

in shOPA1-treated neurons when compared to shOPA1 post-mitotic neurons treated with GFP 

(Fig 7a, b). Furthermore, MCL1-OM, which acts mostly in an antiapoptotic manner and previously 

protected from rotenone-induced apoptosis, reduced in Atf4 expression by ~16.0%, but was not 

significant (p = 0.7313). This suggests that manipulating mitochondrial integrity with MCL1-

Matrix reduces mitochondrial dysfunction-induced cell stress. 
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Fig 6. MCL1-OM and -Matrix prevent rotenone-induced cell death. Embryonic neurons (E12-13) 
were harvested and infected with 5 MOI GFP, MCL1-OM, or MCL1-Matrix on the day of seeding. 
Neurons were then treated with DMSO containing vehicle, 15 nM, 25 nM, or 30 nM of rotenone on 
DIV6. Cell viability was determined with an MTS assay after a) 6 hours, b) 12 hours, and c) 24 hours 
post-rotenone treatment. Data suggests that both MCL1-OM and -Matrix are protective against 
rotenone-induced cell death. Data shown are mean fold change (N=4) ± SD. Data was analysed with a 
two-way ANOVA, followed by a Tukey’s post-hoc test. * p<0.05, ** p<0.01, *** p<0.001, **** 
p<0.0001
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Fig 7. MCL1-Matrix reduces ATF4 expression after OPA1 knockdown a) Embryonic neurons were 
harvested and infected with 5 MOI GFP, MCL1-OM, or MCL1-Matrix on the day of seeding. Neurons 
were treated with 5 MOI of shCtrl or shOPA1 on DIV6 and harvested DIV11. Data suggests that MCL1-
Matrix significantly decreases OPA1 knockdown-induced ATF4 expression. b) Quantification of ATF4. 
Data shown are mean fold change relative to shOPA1 + GFP (N=5) ± SD. Data was analysed with a 
two-way ANOVA followed by a Tukey post-hoc test. * p<0.05, ** p<0.01, **** p<0.0001
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3.5 MCL1-Matrix decreases ROS production after mitochondrial dysfunction 

Having shown that Atf4 is significantly reduced by MCL1-Matrix, we wanted to probe 

further upstream to determine how MCL1-Matrix reduces stress. As described before, excessive 

ROS has been associated with the progression of PD and is produced by dysfunctional 

mitochondria. ROS-induced ER stress leads to the activation of PERK, and subsequent stimulation 

of the ISR resulting in cell stress and death (Verfaillie et al., 2012). MitoSOX red is a fluorophore 

which primarily reacts and binds to mitochondrial superoxides and is used to quantify the levels 

of mitochondrial ROS production. To determine if the MCL1 isoforms affect mitochondrial 

dysfunction-induced ROS, we treated neurons with rotenone at 15 nM for 6 hours, and quantified 

MitoSOX red intensity. We show rotenone significantly increases mitochondrial ROS production 

by ~1.548 fold in the GFP treated neurons compared to its DMSO control (Fig 8a, d, g). In OM-

treated neurons, rotenone significantly increased the ROS production by ~1.244 fold compared to 

its control (Fig 8b, e, g). In Matrix-treated neurons, rotenone induced a non-significant increase in 

ROS production by ~1.156 fold (Fig 8c, f, g). Interestingly, both MCL1 isoforms had significantly 

less rotenone-induced ROS when compared to GFP neurons treated with rotenone, suggesting that 

both isoforms confer protection; however, the Matrix isoform does seem to protect at a greater 

extent. 

To further confirm the protective effect of the MCL1 isoforms on mitochondrial 

dysfunction-induced ROS, we quantified MitoSOX red intensity in OPA1 knockdown neurons. 

We show a similar pattern to the rotenone-treated samples. Compared to its control, shOPA1 

induced a significant upregulation in ROS by ~1.507 fold in GFP treated neurons (Fig 9a, d, g). 

In OM-treated neurons, OPA1 knockdown significantly increased ROS production by ~1.362 fold 

compared to its control (Fig 9b, e, g). In Matrix-infect neurons shOPA1, OPA1 knockdown non-
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Fig 8. MCL1-Matrix prevents rotenone-induced ROS production. Embryonic neurons were 
harvested and infected with 5 MOI GFP, MCL1-OM, or MCL1-Matrix on the day of seeding and treated 
with 15 nM rotenone or DMSO containing vehicle on DIV6. 6 hours post-treatment, cells were 
incubated with 5 μM of MitoSOX Red. a-f) Representative fluorescent images 5 minutes after MitoSOX 
incubation. Scale bar = 25 μm g) Quantification of mean MitoSOX intensity per cell. Data suggests that 
rotenone does not significantly increase ROS in MCL1-Matrix samples. Both MCL1 isoforms 
significantly decreased ROS levels compared to GFP + rotenone samples. Data shown is derived from 
3 independent experiments with 3 fields each. Data was analysed with a two-way ANOVA, followed 
by a Tukey’s post-hoc test. ** p<0.01, **** p<0.0001
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Fig 9. MCL1-Matrix prevents shOPA1-induced ROS production. Embryonic neurons were 
harvested and infected with 5 MOI GFP, MCL1-OM, or MCL1-Matrix on the day of seeding and 
infected with 5 MOI shCtrl or shOPA1 on DIV6. On DIV11, cells were incubated with 5 μM of 
MitoSOX Red. a-f) Representative fluorescent images 5 minutes after MitoSOX incubation. Scale bar 
= 25 μm g) Quantification of mean MitoSOX intensity per cell. Data suggests that shOPA1 does not 
significantly increase ROS in MCL1-Matrix samples. Both MCL1 isoforms significantly decreased 
ROS levels compared to shOPA1 + GFP samples. Data shown is derived from 3 independent 
experiments with 3 fields each. Data was analysed with a two-way ANOVA, followed by a Tukey’s 
post-hoc test. **** p<0.0001
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significantly elevated ROS by ~1.151 fold compared to its control (Fig 9c, f, g). Furthermore, 

similarly to the rotenone-treated cells, both MCL1 isoforms significantly prevented ROS 

production compared to the GFP control. This data further reaffirms that the Matrix isoform 

protects against mitochondrial dysfunction to a greater extent than the OM form. Critically, this 

demonstrates that reconfiguring mitochondria with MCL1-Matrix protects against mitochondrial 

dysfunction and stress by preventing excessive ROS production. 
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DISCUSSION 

4.1 Summary of Results 

 Given the central role of mitochondrial dysfunction in the progression of PD, one would 

expect that manipulating mitochondrial integrity would reduce neuronal stress and impairments 

after mitochondrial dysfunction. The goal of this thesis was to determine if enhancing 

mitochondrial integrity through MCL1-Matrix would effect neuronal stress and protect against cell 

death in an Opa1 knockdown model of PD. The results of this thesis support a number of 

conclusions: 

1) Knockdown of Opa1 leads to activation of the ISR 

2) Knockdown of Opa1 results in the reduction of neuronal gene expression, including those 

involved in neurotransmission 

3) Both MCL1-Matrix and -OM are able to reduce rotenone-induced cell death 

4) Manipulating mitochondrial integrity with MCL1-Matrix reduces ATF4 activation 

5) MCL1-Matrix reduces mitochondrial ROS after mitochondrial dysfunction 

 Collectively, these data support the hypothesis that mitochondrial dysfunction induces 

stress pathways and is alleviated by manipulating mitochondrial integrity. Although we show 

both MCL1 isoforms protect neurons from cell death, due to the MCL1-Matrix’s reduction in ROS 

production and stress gene expression, we can infer that the Matrix isoform exerts its protection 

by more than just anti-apoptotic activity. Our proposed pathway is summarized in Figure 10. The 

following section discusses the major findings and their implications. 
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Fig 10. Summary of the proposed pathway. shOPA1-induced mitochondrial dysfunction 
leads to excessive ROS production and activation of the ISR. This results in mitochondrial 
dysfunction and cell death. By stabilizing mitochondrial integrity with MCL1-Matrix, ROS 
levels are reduced, leading to decreased ISR and neuronal protection. 
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4.1.1 Mitochondrial dysfunction leads to Atf4 expression 

Our investigation of the impact of mitochondrial dysfunction in a PD model began with 

probing for potential stress pathways and impairments on post-mitotic neurons infected with   

shOPA1 lentivirus (Fig 4). Mitochondrial dysfunction, and more specifically, Opa1 knockdown 

in neurons, lead to deficits including OXPHOS deficiencies, excessive ROS production, and 

impairment of neuronal function (Iannielli et al., 2019; Iannielli et al., 2018). By validating results 

from an RNA bulk sequencing with western blot, we have identified a robust increase in Atf4 

expression after Opa1 knockdown, suggesting that the ISR is activated. Additionally, analysis of 

gene expression by RT-qPCR showed an upregulation of Atf4 downstream targets, Chop, Chac1, 

and Slc7a11. Chop and Chac1 have been shown to promote apoptosis, while Slc7a11 has been 

shown to be upregulated upon oxidative stress. Numerous studies have demonstrated the role of 

the ISR and ATF4-induced cell death as a player in PD progression (Galehdar et al., 2010; Gully 

et al., 2012; Aimé et al., 2015; Mercado et al., 2018; Yang et al., 2019; Aimé et al., 2020; 

Demmings et al., 2020). Thus, preventing ISR and ATF4 activation may be a key therapeutic 

method of slowing PD progression. Importantly, these data suggest that Atf4 can be used as a 

functional readout for measuring neuronal stress in Opa1 knockdown neurons. 

4.1.2 OPA1 knockdown leads to downregulation of synaptic genes 

Next, we investigated the impact of mitochondrial dysfunction on neuronal impairment. In 

PD, DA neurons in post-mortem tissue and animals show deficits in neurotransmitter levels and 

synaptic communication dysregulation (Galvin and Zivin, 2005; Bereczki et al., 2018; Garcia-

Reitböck et al., 2010; Nemani et al., 2010). Interestingly, reduction in the expression of certain 

synaptic genes involved in exocytosis has been associated with worsening cognition (Berezcki et 
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al., 2018). Particularly in PD and AD, Ca2+ sensing, and synaptic vesicle exocytosis have been 

shown to be impaired (Bereczki et al., 2018; Krebs et al., 2013). Worsening cognitive decline was 

associated with lower levels of the Soluble N-ethylmaleimide-sensitive factor (NSF) attachment 

protein receptor (SNARE) complex proteins, Snynaptosomal-associated protein 47 (SNAP47) and 

synaptic vesicle glycoprotein 2C (SV2C) (Bereczki et al., 2018). Another synaptic protein family 

of interest are the SYTs, a family of proteins regulating synaptic transmission, typically by sensing 

Ca2+ and disassociating from the SNARE complexes, which are shown to be altered under 6-

OHDA and levodopa treatments (Galvin and Zivin, 2005; Grushin et al., 2019). Based on our 

preliminary RNA bulk sequencing data, Opa1 knockdown leads to the dysregulation of genes 

associated with synaptic signaling, vesicle fusion, and exocytosis (Fig 5a). To validate these 

results, we performed immunoblot and RT-qPCR. We showed a downregulation of the SNARE 

complex genes, Snap25 and Snap47, and Syt9, a Ca2+ sensor, all of which are essential for 

neurotransmitter release. These data suggest that inducing mitochondrial dysfunction through 

OPA1 knockdown leads to neuronal impairments which bear certain hallmarks of PD. 

4.1.3 MCL1-OM and -Matrix prevent rotenone-induced cell death 

Next, we investigated if MCL1 isoforms were able to maintain cell viability when stressed 

with rotenone, which has been found to induce cell death through apoptosis (Li et al., 2003). Our 

lab has previously reported the protective effects of both MCL1-OM and -Matrix against cell death 

from NDMA treatment. The Matrix isoform maintained oxygen consumption rate, mitochondrial 

membrane potential, Ca2+ retention, and interacted with complex V to prevent mitochondrial PTP 

formation (Anilkumar et al., 2020). On the other hand, MCL1-OM protected against cell death by 

sequestering pro-apoptotic BCL2 family proteins (Anilkumar et al., 2020; Perciavalle et al., 2012). 

While the OM isoform did show some protective effect on maintaining oxygen consumption rate 
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and membrane potential, overall, it was not to the extent of the Matrix isoform. We compared the 

viability of MCL1-Matrix, -OM, and GFP treated neurons after rotenone-induced stress. Rotenone 

caused a decrease in cell viability, which was prevented with the pre-treatment of either MCL1 

isoform (Fig 6). Furthermore, there were no significant differences between the Matrix or OM 

isoforms confirming that they both confer similar protective effects against cell death (Anilkumar 

et al., 2020); however, due to the previously reported differences in their mechanism, this suggests 

that MCL1-Matrix exerts a protective effect upstream of mitochondrial PTP regulation. 

4.1.4 MCL1-Matrix reduces Atf4 expression in shOPA1 neurons 

After demonstrating that both MCL1-OM and -Matrix prevent cell death, we decided to 

investigate the mechanism by which MCL1-Matrix protects dysfunctional neurons. As our lab 

previously reported that Matrix works upstream of the apoptotic activation, we asked if it had any 

effect on cell stress. We have shown in Figure 1, shOPA1 induces activation of the ISR and 

upregulation of ATF4. As previously mentioned, ATF4 is suggested to be a key player in PD 

progression. Thus, we examined if manipulating mitochondrial integrity effected ATF4 expression. 

We show that MCL1-Matrix significantly reduces Atf4 expression by ~37.0% (Fig 7). MCL1-OM 

non-significantly reduced Atf4 as well, but not to the extent of the Matrix isoform. This suggests 

that MCL1-Matrix confers a broad protective effect upstream of apoptosis activation by reducing 

cell stress. Crucially, this again, demonstrates that MCL1-Matrix protects against neuronal 

dysfunction by a different mechanism than the OM isoform. 

4.1.5 MCL1-Matrix decreases ROS production after mitochondrial dysfunction 

Lastly, we investigated further upstream to elucidate how MCL1-Matrix is able to protect 

against cell stress. Mitochondrial dysfunction from OPA1 knockdown and rotenone treatment have 
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both been shown to induce damaging mitochondrial ROS (Iannielli et al., 2018; Khacho et al., 

2016; Li et al., 2003). This ROS production can lead to further mitochondrial damage, activation 

of the ISR through PERK, and subsequent cell death (Amodio et al., 2019; Verfaille et al., 2012). 

Furthermore, excessive ROS as been seen in multiple PD models (Grünewald et al., 2019; Inden 

et al., 2011; Kang et al., 2009). 

To quantify mitochondrial ROS, we used the mitochondrial superoxide indicator, 

MitoSOX red, and live imaged neurons which were pre-treated with the MCL1 isoforms or a GFP 

control virus. Inducing mitochondrial dysfunction with rotenone showed an upregulation in 

mitochondrial ROS by ~1.548 fold (Fig 8g). Furthermore, both MCL1-OM and -Matrix isoforms 

reduced ROS production by ~1.244 and ~1.156 fold, respectively. MCL1-Matrix protected to a 

greater extent, showing no significant changes between the rotenone and vehicle treated neurons. 

Mirroring the rotenone-treated neurons, OPA1 knockdown also showed a similar pattern: GFP had 

increased ROS by ~1.507 fold, whereas MCL-OM and -Matrix only showed a ~1.362 and ~1.151-

fold increase, respectively (Fig 9). MCL1-Matrix conferred a greater protection compared to -OM, 

as, again, there were no significant differences between its control and shOPA1 treatment. Taken 

together, these data suggest that manipulating mitochondrial integrity with MCL1-Matrix reduces 

cell stress by preventing mitochondrial dysfunction-induced ROS. 

Interestingly, while it was to a lesser extent relative to MCL1-Matrix, the OM isoform did 

reduce ROS and Atf4 expression levels, albeit non-significantly. As an anti-apoptotic BCL2-

family protein, MCL1-OM primarily prevents cell death by sequestering BAX (Perciavalle et al., 

2012); however, Anilkumar et al. (2020) demonstrated that in NDMA treated neurons, OM did 

increase oxygen consumption rate and maintain mitochondrial membrane potential, suggesting 

that it may exert other protective effects, although not as strong or broad as the Matrix isoform. 
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This, however, may explain the slight reduction in ROS and Atf4 expression seen in OM-treated 

cells. 

Importantly, we demonstrate that manipulating mitochondrial integrity with MCL1-Matrix 

protects against mitochondrial dysfunction-induced stress and death by reducing mitochondrial 

ROS production in neurons. Excessive ROS as been associated with PD progression, particularly 

in DA neurons of the SN (Grünewald et al., 2019; Jin Jung et al., 2021; Pacelli et al., 2015). By 

enhancing mitochondrial efficiency with MCL1-Matrix, we can maintain the high bioenergetic 

requirements of these neurons, while at the same time, preventing further dysfunction by reducing 

ROS and cell stress-induced death. 

 

4.2 Future Directions 

In this thesis, we demonstrated that MCL1-Matrix was able to prevent cell death, reducing 

ROS production, and cell stress. While this approach characterizes the protective effect against 

cell stress, we did not characterize Matrix’s effects on bioenergetics and supercomplex assembly. 

OXPHOS impairment and reduced ATP have been shown in many PD models (Bender et al., 2006; 

Pickrell et al., 2015; Reeve et al., 2013; Iannielli et al., 2018). Other studies have demonstrated 

the MCL1-Matrix ability to maintain oxygen consumption rate, ATP production, and promote 

supercomplex assembly (Anilkumar et al., 2020; Perciavalle et al., 2012). Studies have shown the 

association between OXPHOS impairment and disassembly of ETC supercomplexes in PD models 

(Lopez-Fauel et al., 2017); however, it is still unknown if driving this process will be 

neuroprotective. Thus, in future experiments, we will determine if MCL1-Matrix induces 

supercomplex assembly and maintains bioenergetics, and whether these contribute to 
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neuroprotection, both in vitro and in vivo. To do this we can turn to blue native blots which allow 

for the visualization of ETC complexes, and respirometry, which measure oxygen consumption 

and ATP production. Also, it is evident from previous studies that MCL1-Matrix is able to regulate 

more than just supercomplex assembly. This prompts the question, how much does supercomplex 

assembly contribute to the protective effects seen in MCL1-Matrix infected neurons? To isolate 

the effects of supercomplexes in our model, we can use supercomplex assembly factors such as 

Cox7RP or (HIG1 Hypoxia Inducible Domain Family Member 2A) HIG2A. These have been 

shown to increase mitochondrial respiration and promote survival, but no studies have investigated 

their effects on Ca2+, membrane potential, and stress reduction (Ikeda et al., 2019; Balsa et al., 

2019; Chen et al., 2021; Salazar et al., 2019). 

While MCL1-Matrix and supercomplex assembly are attractive therapeutic targets, we can 

also look for other potential targets to enhance mitochondrial efficiency. Adenine nucleotide 

transporter 1 (ANT1) could possibly give rise to a similar protective effect as MCL1-Matrix 

through a different mechanism. ANT1, also known as ATP/ADP Carrier 1 (AAC1), is an abundant 

IMM transmembrane protein which exports ATP into the cytosol for usage, and imports ADP into 

the mitochondria for OXPHOS (Jang et al., 2008; Bertholet et al., 2019). ANT1 is predominantly 

expressed in skeletal muscle, the heart, and the brain, whereas other members of the ANT family 

are expressed in other tissues (Levy et al., 2000). Interestingly, ANT1, in particular, does not only 

regulate ATP transport, but is also involved in regulating the mitochondrial PTP, ETC uncoupling, 

and mitophagy (Jang et al., 2008; Heger et al., 2012; Bertholet et al., 2019; Hoshino et al., 2019). 

ANT1’s role in regulating apoptosis is still unclear. Certain studies have shown that 

overexpression of ANT1 in cervical, epithelial, and lung cancer cell lines induces mitochondrial 

PTP opening and subsequent apoptosis (Zamora et al., 2004; Jang et al., 2008; Zhang et al., 2018); 
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however, overexpressing ANT1 in cardiomyocytes has been shown to decrease cell death and 

prevent the opening of the mitochondrial PTP through the stabilization of the IMM (Wang et al., 

2009; Heger et al., 2012). Recently, ANT1 has been shown to mediate proton leak across the IMM 

(Bertholet et al., 2019). While, it may seem counterproductive to mitochondrial efficiency, ETC 

uncoupling can serve to reduce ROS production and subsequent cell damage (Korshunov et al., 

1997). In fact, it was shown that repression of ANT1 lead to increased ROS production and reduced 

ATP production (Zhang et al., 2017). Knocking out ANT1 reduced uncoupling in cardiomyocytes 

(Bertholet et al., 2019). Furthermore, ANT1-deficient cells had a reduced basal respiration rate. 

Interestingly, independent of its transporter function, ANT proteins have also been shown to 

promote mitophagy (Hoshino et al., 2019). ANT complexes appear to stabilize PINK1, and loss 

of ANT proteins resulted in inability to initiate mitophagy in response to oxidative stress. Together, 

these data suggest that unlike other ATP transporters and uncoupling proteins, ANT1 may act as 

a master regulator of mitochondrial energy output and quality control, dynamically reacting to the 

needs of the cell. Like MCL1-Matrix, ANT1 may reduce ROS production while maintaining the 

energetic requirements of the cell. Manipulating ANT1, in a mitochondrial dysfunction model, 

may serve as another potential therapeutic target in order to demonstrate the importance of 

mitochondrial efficiency in PD. 

While gene therapy approaches are a powerful tool, restoring mitochondrial efficiency 

pharmacologically is a rapid method to affirm our data. Recently, the small molecule, 

mitochondrial fusion promoter hydrazone M1, has been used in a variety of disease models. While 

it does not directly influence supercomplex assembly, M1 induces mitochondrial fusion by 

increasing OPA1 and MFN2 expression, resulting in improved cellular respiration (Ding et al., 

2020; Surinkaew et al., 2020). In MFN1 or 2 knockout MEFs, M1 was able to induce 
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mitochondrial elongation (Wang et al., 2012). Furthermore, M1 pre-treatment reduced MPP+-

induced cytochrome c release and cell death in SH-SY5Y cells. In an Alzheimer’s disease model, 

neurons which were pre-treated with M1 induced mitochondrial fusion and reduced ROS 

accumulation after β-amyloid treatment (Hung et al., 2018). In a diabetic cardiomyopathy model, 

M1 treatment was able to increase OPA1 expression resulting in reduced ROS production, 

increased oxygen consumption, and reduced cardiomyocyte death (Ding et al., 2020). If promoting 

fusion can protect against PD stressors, it would further underscore the importance of 

mitochondrial reconfiguration as a potential therapeutic. 

This thesis and our previous study have demonstrated the protective effect of MCL1 on in 

vitro models (Anilkumar et al., 2020) In vivo rescue experiments can be used to determine if 

MCL1-Matrix is an effective therapeutic in a PD mouse model. We currently have two well studied 

mouse models, the Parkin/PolG and Thy1-SNCA. The Thy1-SNCA leads to the accumulation of 

human αSyn in synapses and neurons throughout the brain, within the basal ganglia, substantia 

nigra, brainstem, and thalamus (Rockenstein et al., 2002). These transgenic mice demonstrate 

several features of PD including early motor deficits and progressive dopamine reduction after 5-

6 months, as well as Parkinson-like motor symptoms, DA neuron loss, and reduced survivability 

after 14 months (Chesselet et al., 2012). Parkin/PolG mouse is a PD model which has a 

proofreading deficiency in PolG, leading to progressive accumulation of mtDNA mutations, and 

Parkin knockout, preventing effective removal of damaged mitochondria (Pickrell et al., 2015). At 

52 weeks of age, the mice show loss of DA neurons in the SN and ventral tegmental area and 

reduced complex I, III, and IV activity (Pickrell et al., 2015). The mice also demonstrated motor 

impairments which were alleviated by L-DOPA treatment. For adequate delivery of MCL1-Matrix, 

we have generated AAV8 which has been used for effective and widespread infection in the brain 
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(Broekman et al., 2006; Rousseaux et al., 2018). AAV are less immunogenic than other virus types 

and has been shown to maintain expression for at least a year, making it ideal for manipulating 

these mouse models (Mays et al., 2014; Vassalli et al., 2003). To determine the efficacy of MCL1-

Matrix, we will investigate at the molecular and behavioral level. At the molecular level, we will 

examine if Matrix is able to reduce cell stress, protect cell viability, promote supercomplex 

formation, and maintain energetic requirements. At the behavioral level, efficacy can be assessed 

through motor tasks, such as the rotorod and pole test. Finally, we can also determine if MCL1 has 

any effect on survivability. By using MCL1-Matrix in a preclinical PD mouse model, we can 

determine if reconfiguring mitochondria restores function and promotes survival to provide a novel 

approach of treating PD.  
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CONCLUSION 

The purpose of this thesis was to briefly characterize stress pathways and neuronal impairment 

from mitochondrial dysfunction induced by Opa1 knockdown, and then to determine if 

manipulating mitochondrial integrity with MCL1-Matrix is protective. In vitro embryonic neurons 

treated with shOPA1 resulted in ISR activation, seen by increased expression of ATF4 and its 

downstream targets, and neuronal impairment, seen by decreased synaptic gene expression. While 

both MCL1 isoforms, were able to maintain cell viability under rotenone treatment, MCL1-Matrix 

was found reduce to ISR activation and ROS production to a greater extent. These finding support 

our hypothesis that stressed induced by mitochondrial dysfunction is alleviated by manipulating 

mitochondrial integrity. Future studies should focus on investigating if MCL1-Matrix is protective 

in in vivo PD mouse models. Furthermore, future studies can also focus on screening for novel 

transgenic and pharmacologic targets that manipulate mitochondrial integrity and efficiency. 

Investigating the efficacy of improving mitochondrial efficiency by preventing neuronal death and 

enhancing neurological function is a promising direction for the development of novel PD 

treatments. 
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APPENDICES 

Appendix I: AAV cloning and production 

AAV expression vector containing the cytomegalovirus enhancer/chicken β-actin promoter, 

a woodchuck post-transcriptional regulatory element, and the bovine growth hormone poly(A) was 

provided by Dr. Maxime Rousseaux (University of Ottawa) which was generated by Levites et al. 

(2006). The fluorescent tag mCherry was amplified by PCR from the pLVX-IRES-mCherry 

plasmid (Takara Bio; 631237). MCL1-OM and -Matrix fragments were generated by Twist 

Bioscience (San Francisco, CA, USA), fused to mCherry and linked to the porcine tecschovirus-1 

2A (P2A) self-cleaving peptide. Primers and 2A sequences are found in Table S1. Fragments and 

the backbone were digested with EcoRI and BamHI, ligated, and transformed into DH5α E. coli. 

Plasmids were sequenced and tested in HEK293T cells prior to AAV production. 

AAV REP/CAP packaging plasmid, pAAV2/8 (Addgene; 112864) was provided by Dr. 

James M. Wilson through Addgene. The pHelper packaging plasmid (Agilent; 240071) was 

provided by Dr. Maxime Rousseaux. AAV8 was generated in HEK293T cells by PEI co-

transfection of the packaging plasmid, pHelper, and the gene of interest plasmids. Media was 

changed 24 hours post-transfection. Cells were harvested after 96 hours, briefly washed with 1X 

PBS, and lysed in 0.1% sodium deoxycholate. Then, 25 units of Benzonase were added to cell 

suspension, and incubated at 37°C for 30 min. Lysate was then centrifugated at 17,420 g, and 

supernatant was collected. AAV8 was purified through an Iodixanol (Millipore Sigma; D1556) 

gradient and washed 4X with 1X PBS. AAV8 was filtered through a 0.22 μm polyethersulfone 

(PES) filter, aliquoted, and stored at -80°C until use. To titre, AAV was lysed and quantified using 

qPCR using the method described in section 2.5. The region amplified was the bovine growth 

hormone (bGH) poly(A) sequence. Quantification was done by plotting against a serially diluted 
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standard curve which was derived from plasmids containing the bGH sequence. Primers are found 

in Table S1. Titre was expressed in genomic content (GC) per mL. 
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Cloning 
Primer 

Forward Sequence (5’ to 3’) Reverse Sequence (5’ to 3’) 

mCherry GAT CGG ATC CGC CAC CAT 
GGT GAG CAA GGG CGA G 

GAT CGA ATT CTC ACT TGT ACA 
GCT CGT C 

DNA 
Sequence 

Sequence (5’ to 3’) 

P2A GCT ACT AAC TTC AGC CTG CTG AAG CAG GCT GGA GAC GTG GAG 
GAG AAC CCT GGA CCT 

qPCR 
Sequence 

Forward Sequence (5’ to 3’) Reverse Sequence (5’ to 3’) 

bGH 
Poly(A) 
Tail 

TCC CAC TGT CCT TTC CTA TGC CTG CTA TTG TCT TCC 

 
Table S1: Primers and sequences used for AAV cloning 
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Appendix II: Permission to Reprint Published Figures
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