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ABSTRACT 

 

Cerebral ischemia/reperfusion (I/R) injuries, including stroke and cardiac arrest can lead 

to irreversible neuronal damage and neurological complications. Mitochondrial damage and 

dysfunction are critical components of both ischemia and reperfusion-induced injury. Protecting 

and restoring mitochondrial function during reperfusion is a promising therapeutic strategy for 

limiting potentiation of neuronal damage. Mitochondria are highly dynamic organelles that exist 

in size and shape ranging from small punctate to large sprawling networks. These morphologies 

are dictated by the mechanisms of mitochondrial dynamics and quality control. Mitochondrial 

dynamics, consisting of fission and fusion, generate the complex architecture of mitochondrial 

networks. Recycling of old and damaged mitochondrial components is mediated by the quality 

control pathways of intramitochondrial proteostasis and mitophagy, the autophagic degradation of 

mitochondria. These pathways collectively work to remodel the mitochondrial proteome. The 

processes of mitochondrial dynamics and quality control have been demonstrated to be active in 

neurons during I/R injury.  

The aim of my thesis was to characterize the patterns and interactions of mitochondrial 

dynamics and proteostasis during the temporal window of acute reperfusion. In a primary neuron 

model of in vitro I/R injury, I imaged mitochondrial fission and fusion patterns, along with changes 

in mitochondrial proteostasis. Mitochondrial dynamics were analyzed by a novel machine 

learning-based morphological classification pipeline with single mitochondrion resolution. 

Proteostasis was evaluated using the fluorescent reporter MitoTimer, which allows for 

visualization of new and aged proteins. Combining these imaging techniques, I detailed the 

temporal patterns and partial mechanisms of mitochondrial dynamics and protein turnover. I found 

that mitochondrial fission is highly active during the ischemic-like phase of injury, whereas fusion 

is active during early reoxygenation. However, secondary fragmentation events and fusion 

inhibition were found during the latter stages of reoxygenation. At the same time as changes in 

dynamics occurred during reoxygenation, protein turnover via LonP1 proteolysis and Parkin-
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dependent mitophagy were increased to clear older/oxidized proteins. Additionally, I found that 

fission (Drp1) and fusion (Opa1) machinery alter mitochondrial protein turnover during 

physiological and pathological states. Utilizing live cell recordings of mitochondrial dynamics, I 

identified distinct properties of individual mitochondria performing either fission or fusion. 

Finally, I summarized my data into an agent-based model of mitochondrial dynamics for predictive 

in silico experimentation. Together, my findings and computational tools greatly enhance our 

understanding of mitochondrial homeostatic mechanisms in response to I/R injury in neurons. 
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Chapter I. Introduction 

 

Cerebral ischemia/reperfusion (I/R) injuries, including stroke and cardiac arrest, are leading 

causes of death and disability (1-3). The mammalian brain requires oxygen, glucose, and other 

metabolites supplied through cerebral blood flow for proper metabolism and function (4-7). During 

ischemia, blood flow to the brain is disrupted, leading to an eventual state of energy deprivation. 

Cerebral ischemia induces neuronal damage, glial cell activation, and endothelial cell dysfunction 

(8-12). This is considered the primary injury of the pathology. Upon reperfusion, blood flow is 

restored, along with the supply of oxygen and glucose to the cerebral tissue. Prompt reperfusion is 

the best clinical practice to limit ischemic injury (13-15). Paradoxically, reperfusion induces a 

secondary wave of cerebral damage despite return of essential blood and oxygen (16). Secondary 

injury represents a “treatable” component of the overall injury caused by I/R due to the difficulty 

of predicting ischemia onset and urgency required for re-establishing blood flow. Increasing our 

understanding of the mechanisms driving I/R pathophysiology would greatly enhance our ability 

to treat and limit reperfusion injury. 

1.1 Mitochondria in Ischemia/Reperfusion (I/R) Injury 

Mitochondria are the primary energy producers of mammalian cells. Mitochondria 

additionally play multiple roles in the day-to-day operations of the cell, performing critical 

functions of metabolism, nuclear signaling, organelle-organelle communication, and programmed 

cell death (17-18). Dysregulation of normal mitochondrial function is a hallmark of cerebral I/R 

injury. Neuronal mitochondria heavily favor oxidative phosphorylation, with glucose metabolism 

aid from neighboring astrocytes (19-21). The lack of oxygen and glucose during ischemia disrupts 

mitochondrial oxidative phosphorylation and endangers neuronal ATP supplies. During oxidative 

phosphorylation, oxygen is a key substrate for the final electron acceptor cytochrome c oxidase 

(22,23). The mechanism of electron transport during oxidative phosphorylation drives protons 

across the inner mitochondrial membrane, establishing a proton gradient. This gradient produces 

a proton motive force that is then utilized by ATP synthase for ultimate ATP production (24-25). 
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This proton motive force makes up a majority of the electrochemical gradient that controls the 

electron transport chain and respiration, called the mitochondrial membrane potential (25). During 

ischemia, the mitochondrial membrane potential depolarizes due to reduced proton pumping by 

the complexes of the electron transport chain (28,29). Additionally, ischemic mitochondria act as 

a Ca2+ sink for the cell (30,31). While generally an activator of oxidative phosphorylation, 

mitochondrial Ca2+ during ischemia cannot drive respiration forward due to oxygen scarcity (32-

34). However, Ca2+ can act to dephosphorylate cytochrome c oxidase as a primer for future electron 

transport activity (35-36). Primed cytochrome c oxidase can proceed again upon reperfusion. The 

Ca2+-dependent increase in electron transport chain activity reestablishes the mitochondrial 

membrane potential, but can also cause hyperpolarization of the mitochondrial membrane potential 

and drive the production of reactive oxygen species (ROS) (34,37-39). Prolonged 

hyperpolarization and ROS production can be detrimental to mitochondrial structure and function 

(40,41). Given the important roles of mitochondria in energy production, stress signaling, and 

programmed cell death, mitochondrial dysfunction is a critical lynchpin in the pathophysiology of 

cerebral I/R injury. 

1.2 Mitochondrial Dynamics 

The energy production capacity and overall health of a cell are dependent on the 

maintenance of mitochondrial homeostasis. The mitochondrial life cycle is dictated by several 

physiological mechanisms, including both mitochondrial dynamics and quality control (42). 

Mitochondria are dynamic agents that constantly undergo fission and fusion to maintain 

mitochondrial architecture (Fig. 1-1) (43). Fission acts to segment mitochondria for the isolation 

and removal of damaged proteins, mitochondrial DNA (mtDNA) mutations, and dysfunctional 

components (44,45). In contrast, fusion constructs and stabilizes mitochondrial networks to 

promote efficient energy production and mitochondrial matrix equilibrium (46,47). Together, 

fission and fusion dynamics coordinate the form of the mitochondrial network to protect and 

preserve efficient function and homeostasis (48).  

Mitochondrial Fission 

Division of the mitochondrial network via mitochondrial fission is executed by the GTPase 

dynamin-related protein 1 (Drp1) (49-50). Normally residing in the cytosol, Drp1 translocates to 

the mitochondrial outer membrane upon activation by post-translational modifications (47,51-53). 
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On the surface of mitochondria, Drp1 can bind to four identified receptors: Fis1, Mff, MiD49, and 

MiD51 (54-55). While interactions between Drp1 and all four receptors are capable of executing 

fission, Mff and Fis1 are the best characterized receptors for physiological and stress-induced 

fission, respectively (54,56,57). Drp1 oligomers bound to fission receptors form constrictive rings 

around mitochondria to begin hydrolysis and scission (59-61). ER tubules and actin filaments 

cooperate with fission machinery to complete ultimate membrane division (62-64). The activation 

of Drp1-mediated fission is regulated by calcium transients, ROS, electron transport chain 

integrity, and mitochondrial membrane potential, although it is experimentally difficult to 

determine the singular causality of each of these variables (65-69). Mitochondrial fission 

reciprocally mediates numerous aspects of mitochondrial function. Fission is important for 

isolation and clearance of dysfunctional mitochondrial components (44,50). Overactive 

mitochondrial fission and a fragmented mitochondrial network can lead to increased ROS 

production, dysregulated metabolism, and disruption of energy homeostasis (70-74). It is therefore 

imperative to keep a balanced level of mitochondrial fission to maintain cellular homeostasis.  

Mitochondrial Fusion 

Mitochondrial fusion is driven by separate machineries at the inner and outer mitochondrial 

membranes. On the outer membrane, the GTPases mitofusin 1 and 2 (Mfn1 and Mfn2) unfold and 

adopt a stalk-like structure upon GTP binding. Mfn1/2 monomers then dimerize with counterpart 

Mfn1/2 monomers on adjacent mitochondria. Mfn1/2 GTP hydrolysis brings the membranes of 

the mitochondria close together. The outer membrane then destabilizes for formation of a 

hemifusion diaphragm, allowing fusion to occur (42,75,76). At the inner membrane, optic atrophy 

1 (Opa1) mediates both inner membrane fusion and cristae dynamics. During fusion, Opa1 

oligomers create membrane protrusions with limited stability on adjacent membranes. Lipid 

mixing between the two protruding membranes forms a fusion pore that can be driven to full fusion 

by Opa1 GTPase activity (75,77). Opa1-mediated membrane fusion requires a balance of short (S-

Opa1) and long (L-Opa1) Opa1 isoforms (78,79). The Opa1 assemblies acting during inner 

membrane fusion are composed of equal parts L-Opa1 and S-Opa1 (75). Imbalance of Opa1 

isoforms can lead to incomplete or inefficient fusion (80). Similar to fission, mitochondrial fusion 

has bidirectional relationships with mitochondrial factors, including ROS, Ca2+, and bioenergetics 

(68,74,81). Mitochondrial fusion is the primary mechanism of equilibration across the 
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mitochondrial network of a cell, as few other mechanisms exist for distribution and dispersal of 

mitochondrial proteins, DNA, and metabolites (82,83).  

Mitochondrial Dynamics in Cerebral I/R 

Mitochondrial dynamics are known to be highly active during cerebral I/R injury and can 

modulate injury progression and severity (42,84). In vitro and in vivo studies have demonstrated 

primary mitochondrial fission during ischemic states in neurons and the brain (85-89). This initial 

wave of fragmentation is generally attributed to ROS production at the onset of ischemia and broad 

mitochondrial depolarization throughout the ischemic phase (28). The onset of reperfusion 

generates a large ROS burst during the initial moments of reoxygenation (34,90). Despite this ROS 

burst, mitochondrial fission slows or halts during early reperfusion, with variable onset of 

mitochondrial fusion (85,86,89). Intriguingly, mitochondrial fusion slows during the latter stages 

of reperfusion, bringing forth a secondary wave of mitochondrial fission (85,86,91). This time is 

additionally associated with bioenergetic failure, high ROS production, mitochondrial 

permeability transition, and programmed cell death (42,85,93,94). Critically, modulation of 

mitochondrial dynamics can improve outcomes after neuronal I/R injury (95-99). Increasing our 

understanding of the mechanisms and timing of mitochondrial dynamics in I/R will greatly aid the 

development of therapeutics targeting mitochondria.  

1.3 Mitochondrial Quality Control 

In addition to their own genome and encoded-proteins, mammalian mitochondria contain 

> 1000 proteins that are nuclear-encoded (100). Given their large proteome and critical functions, 

mitochondria require fine-tuned maintenance of structural and functional components to ensure 

cellular health (101,102). Maintenance of the mitochondrial proteome, and resultant 

mitochondrial homeostasis, is mediated by both mitophagy and intramitochondrial proteostasis 

(101,103). Defects in these mitochondrial quality control pathways are linked to neurological 

diseases (e.g. Parkinson’s Disease, amyotrophic lateral sclerosis) and injuries (e.g. stroke, 

traumatic brain injury) (42,104-106). Mitochondrial quality control mechanisms collectively 

remodel and adapt mitochondria and their essential components. 

PINK1/Parkin Mitophagy 

Mitophagy, the autophagic degradation of mitochondria, includes engulfment of whole 

organelles as well as selective removal of mitochondrial components via mitochondrial derived 
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vesicles (107,108). The best characterized form of mitophagy in neurons is the stress-responsive 

PINK1-Parkin pathway (Fig. 1-2) (42,107,109). The kinase PINK1 is continually imported into 

mitochondria under basal conditions where it is quickly degraded by intramitochondrial proteases 

(110). When mitochondria become depolarized, PINK1 import is halted, leading to accumulation 

of PINK1 on the outside of mitochondria (111,112). At the mitochondrial surface, PINK1 

phosphorylates ubiquitin chains to recruit the cytosol-resident E3 ubiquitin ligase Parkin, along 

with other autophagy receptors (113,114,115). Similar to ubiquitin, PINK1 phosphorylates Parkin 

at Ser65 on its ubiquitin-like-domain to activate Parkin activity (116-118). Parkin activation leads 

to ubiquitination of key mitochondrial outer membrane proteins, generating more ubiquitin 

substrates for PINK1 kinase activity (119-121). Phosphorylation of Parkin-constructed ubiquitin 

chains stabilizes Parkin translocation and creates a feedforward loop between PINK1 and Parkin 

(116,122). The K-linkage of Parkin synthesized ubiquitin chains determines the ultimate fate of 

the ubiquitinated protein, although the majority of Parkin activity is associated with initialization 

of macro-autophagy (123-125). K63-linked ubiquitin chains and ubiquitin monomers 

phosphorylated by PINK1 at Ser65 recruit autophagy receptors to mitochondria, namely 

Optineurin, p62, and NDP52 (115,126-129). Autophagy receptors then recruit LC3-expressing 

phagophores to mitochondria for engulfment, with conditional necessity of phosphorylation by the 

kinase TBK1 (125,128,130). Sequestration of mitochondria by the phagophore leads to maturation 

into an autophagosome that will eventually fuse with the lysosome for breakdown of the 

mitochondrial components. The PINK1/Parkin pathway has been extensively studied in neurons 

due to PINK1 and Parkin mutations causing autosomal Parkinson’s Disease (131). While the 

extent of basal PINK1/Parkin mitophagy in neurons is debated (132-134), overwhelming evidence 

in many disease/injury models suggest its critical role in clearing damaged and dysfunctional 

mitochondria (42,108,109).  

Intramitochondrial Proteases 

Mitophagy has long been the focal point of research into mitochondrial quality control and 

its relation to injury and disease. However, mitochondria also have the ability to remodel their 

proteome from within via intramitochondrial proteostasis. Mitochondria are home to their own 

diverse set of proteases and peptidases that work within the organelle to process, cleave, and 

degrade their own proteins and protein complexes (Fig. 1-3) (103,135). These mitochondrial 

proteases serve in distinct roles, often dictated by the compartment in which they reside. Proteases 



6 
 

localized to the intermembrane space and inner mitochondrial membrane serve to regulate 

functions related to protein import and protein complex assembly (136-140). In contrast, matrix-

localized proteases play a larger role in protein maintenance and degradation. The two dominant 

matrix proteases, LonP1 and CLPP, are critical for the degradation of oxidized/misfolded proteins 

and turnover of damaged components of the electron transport chain (141-144). Aside from 

mitochondrial maintenance, mitochondrial proteases additionally act as initiators of critical cell 

signaling pathways. The intermembrane protease Oma1 mediates an unfolded protein response 

(UPR)-like pathway through cleavage and release of DELE1, which traffics back towards the 

nucleus to activate integrated stress response components (145,146). The soluble proteases PARL 

and LonP1 drive PINK1 degradation, a key process for limiting mitophagy of healthy 

mitochondria (110,147). The serine protease Omi (also known as HtrA2) is a critical mediator of 

apoptosis, with apoptosis-inhibiting proteins as its putative substrates (148-150). Collectively, 

mitochondrial proteases mediate numerous aspects of mitochondrial and cellular homeostasis, 

while also activating and modulating key stress pathways.  

Mitochondrial Quality Control in Cerebral I/R 

Due to mitophagy’s role in clearing damaged and dysfunctional mitochondria, its 

prevalence in I/R injury is not surprising. In both cell culture and small animal models of neuronal 

I/R injury, autophagy and mitophagy machinery is upregulated, along with mitophagic flux 

(82,151-153). Despite extensive study, it is still unclear as to the timing of mitophagy with reports 

of induction during both the ischemic and reperfusion phases of injury (82,154-156). Also debated 

is the association between mitophagy and outcomes after neuronal I/R injury. Conflicting reports 

in similar models present mitophagy as either neuroprotective or an overactive mechanism 

potentiating mitochondrial dysfunction. Zhang et al. (153) report that in both in vitro and in vivo 

models of I/R injury that autophagy inhibition (pharmacological and genetic) during reperfusion 

exacerbates neuronal injury. Similarly, enhancing mitophagy has been demonstrated to be a viable 

neuroprotective strategy (157-159). These findings have made enhancing mitophagy during 

reperfusion an attractive mechanism for potential therapeutics (160-163). However, other studies 

demonstrate that excessive mitophagy can exacerbate neuronal damage in cell culture and animal 

models of cerebral I/R injury (156,164-166). Mitophagy is an energetically-expensive process that 

requires coordination between multiple organelles, which can be even further complicated in 

neurons, which require retrograde transport of axonal/synaptic mitochondria back to the soma for 
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autophagic degradation during I/R injury (167). Further work is required to disentangle the 

beneficial versus detrimental effects of mitophagy in I/R, however, much of the variability may be 

related to injury severity, neuronal cell types, and/or energy availability.  

Much less is known about the role of mitochondrial proteases during neuronal I/R injury. 

Mitochondrial proteases are nuclear-encoded, which therefore delays any changes in their 

abundance in mitochondria (103). This complicates our study of mitochondrial proteases during 

acute injuries, as few protease-specific activity assays exist, making expression and protein levels 

the default methodology. Nevertheless, several studies have examined protease levels during 

neuronal and cerebral I/R injury. The proteases LonP1 and Omi/HtrA2 have been shown to 

increase during the later stages of reperfusion (169-171), while the PINK1-degrading protease 

PARL decreases with injury (172). The inner membrane proteases Oma1 and Yme1L are 

responsible for cleaving the fusion protein Opa1 into its short isoforms. The balance of Opa1 

isoforms can therefore be used as a surrogate for Oma1 and Yme1L activity. Opa1 cleavage is 

increased during I/R injury, but the protein levels of Oma1 and Yme1L remain stable (173,174). 

These findings highlight the need for examining mitochondrial protease activity, in addition to 

protease expression, to truly understand their role in I/R injury. In non-neuronal cells, 

mitochondrial proteases degrade misfolded and oxidized mitochondrial proteins, including 

essential components of the electron transport chain, in models of hypoxia and mitochondrial 

dysfunction (143,175-178). Extensive work is needed to increase our understanding of how 

intramitochondrial proteostasis contributes to I/R injury, as greater than 60% of mitochondrial 

protein turnover is regulated by autophagy-independent mechanisms (132).  

1.4 Interplay Between Dynamics and QC Pathways 

Mitochondrial dynamics and quality control systems display coordinated activity to 

maintain mitochondrial homeostasis (179,180). Among the best characterized relationships is that 

of mitochondrial fission and mitophagy. At the basic level, the relationship seems natural, as 

phagophore elongation and autophagosome formation is at some point limited by size, and 

therefore cannot sequester mitochondria over an unknown threshold. Beyond size, fission is 

critical for the isolation of dysfunctional mitochondrial segments/components (44). In certain 

contexts of injury, mitochondrial fission precedes and increases mitophagy, although this 

relationship is potentially only correlative as both fission and mitophagy are triggered by 
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mitochondrial depolarization and dysfunction (181-184). Loss of the fission regulator Drp1 

decreases mitophagic flux and halts Parkin-independent mitophagy (185,186). Reciprocally, loss 

of the mitophagy initiator PINK1 increases mitochondrial fission (185). Burman et al. (187) 

proposed a more nuanced model in which Drp1-mediated mitochondrial fission acts a protector of 

healthy mitochondria by severing dysfunction segments, allowing for PINK1/Parkin mitophagy to 

proceed only on fission-produced dysfunctional mitochondria. Fission thereby regulates the 

specificity of PINK1/Parkin-mediated mitophagy for dysfunctional mitochondria (187). Aside 

from PINK1/Parkin mitophagy, Drp1 is required for the biogenesis of mitochondrial-derived 

vesicles, which act to selectively remove mitochondrial proteins and mitochondrial DNA-

containing nucleoids (108,134,188). The relationships between fission and mitochondrial 

proteases have not been described, although loss of the fission receptor Fis1 impairs overall 

mitochondrial proteostasis in Drosophila muscle (189).  

A bidirectional relationship between mitochondrial fusion and mitophagy has additionally 

been demonstrated (179). As a part of the phospho-ubiquitin cascade that occurs during 

PINK1/Parkin mitophagy, the outer membrane fusion protein Mfn2 becomes ubiquitinated 

(124,190). Ubiquitination of Mfn2 can lead to both selective degradation of Mfn1/2 complexes, as 

well as increased autophagy receptor recruitment for mitophagy initiation (124,190). Therefore, 

Mfn1/2-mediated fusion is inhibited and mitophagy is increased. Similarly, Mfn2 inhibition and 

knockout decreases general autophagy and mitophagy, and Mfn1 overexpression increases 

mitophagy, further strengthening this relationship (151,191,192). These effects may be specific to 

Mfn1/2 rather than fusion, as overexpression of the inner membrane fusion protein Opa1 leads to 

decreased mitochondrial sequestration in autophagosomes (184). Many outstanding questions 

remain as to the relationships between mitochondrial fusion and mitochondrial quality control 

pathways that prompt further investigation.  

1.5 Overview of Thesis  

Secondary injury and mitochondrial dysfunction have been described during acute times 

after reperfusion, presenting a therapeutic window for mitochondrial intervention and 

neuroprotection. The aim of my thesis was to evaluate the patterns and mechanisms of 

mitochondrial dynamics and proteostasis during the therapeutic window of neuronal I/R injury. 

Utilizing a primary neuron model of oxygen-glucose deprivation and reoxygenation (OGD/R), I 
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applied novel imaging techniques and analyses to quantify mitochondrial dynamics and 

proteostasis throughout I/R injury (Chapters II & III). Further, I examined the interplay between 

dynamics, mitophagy, and proteostasis (Chapters III & IV). Finally, I synthesized these techniques 

and findings into a computational agent-based model of mitochondrial dynamics that simulates 

observed patterns from neuron OGD/R experiments (Chapter V). I went on to demonstrate the 

potential utility of this model for therapeutic trial design and execution. These findings provide 

novel insights into the roles of mitochondrial dynamics and protein turnover in neuronal I/R injury 

with high temporal resolution. The data and predictive model produced in this thesis will critically 

inform future research into and trials of mitochondria-targeting neuroprotective strategies in 

cerebral I/R injury. 
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1.6 Figures 

 

Figure 1-1. Mitochondrial fission and fusion  

Mitochondrial fusion (upper row) begins with GTP-activated unfolding of Mfn1/2 monomers on 

adjacent mitochondria. Dimerization of Mfn1/2 bring two mitochondria closer together to being 

outer membrane fusion. Inner mitochondrial membrane fusion is driven by Opa1, which creates 

protrusions in the inner membrane to begin matrix fusing. Mitochondrial fission (lower row) is 

activated by post-translational modification of Drp1 and accumulation of Drp1 receptors (Mff, 

Fis1, MiD49, MiD51) on the outer mitochondrial membrane. Drp1 forms an oligomeric ring 

around the site of fission. ER tubules come in close association with the fission site to complete 

division.  
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Figure 1-2. PINK1/Parkin mitophagy 

PINK1 is continually imported to mitochondria where it is quickly degraded by 

intramitochondrial proteases. Import of PINK1 is dependent on mitochondrial membrane 

potential (ΔΨ), thus ΔΨ depolarization leads to halted import and accumulation of PINK1. On 

the outer mitochondrial membrane, PINK1 phosphorylates ubiquitin monomers and chains to 

recruit Parkin. The E3 ubiquitin ligase Parkin is additionally phosphorylated by PINK1 and 

generates more ubiquitin chains on the outside of mitochondria. The phosphor-ubiquitin chains 

recruit autophagy receptors (e.g. OPTN) to mitochondria and eventually bind to LC3 on 

phagophores to initiate macro-autophagy.  
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Figure 1-3. Intramitochondrial proteases 

Mitochondria have their own unique set of proteases and peptidases that exert different critical 

functions. Embedded in the inner mitochondrial membrane, Oma1 and Yme1L cleave the fusion 

protein Opa1 for balanced Opa1 isoform distribution. Oma1 additionally cleaves DELE1 to 

initiate stress signaling to the cytosol. PARL is the predominant protease for PINK1 degradation, 

a critical step in limiting mitophagy induction. In the matrix, LonP1 and CLPP degrade oxidized 

and damaged proteins, including components of the electron transport chain (ETC). LonP1 is 

additionally responsible for maintaining mitochondria nucleoids that contain mitochondrial DNA 

(mtDNA) and key transcriptional machinery.   
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Chapter II. Machine Learning-based Classification of Mitochondrial Morphology in 

Primary Neurons and Brain 1 

 

2.1 Introduction 

Mitochondria are highly dynamic organelles that exist in a network that is constantly 

elongating and dividing. Under normal conditions the mitochondrial network is in an equilibrium 

state of long, interconnected networks and short punctate mitochondria, and maintaining this 

balanced state is critical for mitochondrial homeostasis, cell stability, and cell survival 

(179,193,194). 

Mitochondrial fission (division) and fusion (elongation) events give rise to distinct 

morphologies. The ever-changing state of mitochondrial morphology is regulated by a family of 

dynamin-like GTPases, which consist of the fission protein dynamin-related protein 1 (Drp1) as 

well as the fusion proteins mitofusin (Mfn) 1&2 and optic atrophy 1 (Opa1). Fission of 

mitochondria plays an important role in segregating unhealthy mitochondria that contain 

dysfunctional proteins, destabilized membranes, and mutated or damaged mitochondrial DNA 

(mtDNA) (183,195-198). Alternatively, fusion aids in the equilibration of matrix metabolites, 

intact mtDNA, and membrane components such as electron transport complexes (195,199-201). 

Dramatic alterations in mitochondrial network architecture have been observed in cell 

cycle progression, cellular differentiation, oxidative stress, metabolic perturbation, and induction 

of programmed cell death pathways (17,42,193,202-206). Despite the effort to study the 

phenotypic heterogeneity of mitochondria under these various conditions, investigations have been 

limited by their measures of mitochondrial morphology, often resorting to manual classification of 

simple morphologic states, e.g. fused versus fragmented. Studies typically utilize a qualitative or 

 
1This chapter contains excerpts of the published manuscripts: “Fogo GM, Anzell AR, Maheras KJ, Raghunayakula S, Wider JM, 

Emaus KJ, Bryson TD, et al. (2021). Machine learning-based classification of mitochondrial morphology in primary neurons and 

brain. Sci Rep. 11(1), 5133.”  

“Anzell AR, Fogo GM, Gurm Z, Raghunayakula S, Wider JM, Maheras KJ, Emaus KJ, et al. (2021). Mitochondrial fission and 

mitophagy are independent mechanisms regulating ischemia/reperfusion injury in primary neurons. Cell Death Dis. 12(5), 475.” 

Anthony Anzell and I co-led the analysis of mitochondrial morphology in OGD/R. I performed all remaining experiments.  
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semi-quantitative approach by developing a scoring system of fission/fusion profiles or binning 

mitochondria based on length (85,158,207,208), both of which lack, on a large-scale, sampling 

size, and an accurate and precise assessment of physiologically relevant mitochondrial 

morphologies. To overcome this, recent studies have shifted to utilizing computational image 

analysis, commonly referred to as image cytometry, which limits observer and selection bias in 

morphological evaluations and demonstrates high throughput capabilities (209-212). 

Computational image analysis of mitochondrial morphology using machine learning 

techniques offers the advantages of generating accurate classification and quantitation of 

different morphologies with fast and efficient large-scale application. Although this method 

provides robust and accurate analysis of mitochondrial morphology, the availability and expertise 

required to utilize machine learning software presents a barrier for investigators. Here, we 

developed a semi-automated image analysis pipeline, that utilizes open-source software for the 

quantitation of mitochondrial morphology for both in vitro and in vivo applications. Utilizing 

mouse primary cortical neurons, our pipeline demonstrates a highly specific and sensitive 

method of efficiently classifying mitochondrial morphology that can be extended to 3D in vivo 

applications through immuno-labeling of brain sections as well as serial block-face scanning 

electron microscopy (SBF-SEM) data. 

2.2 Results  

2.2.1 Identification of distinct mitochondrial morphologies 

Mouse primary cortical neurons were cultured on glass coverslips and immuno-labeled 

with antibodies targeting ATP synthase on the inner mitochondrial membrane and TOM20 on the 

outer mitochondrial membrane. Fluorescent microscopy revealed four distinct mitochondrial 

morphologies: network, unbranched, swollen, and punctate that represent frequent mitochondrial 

size and shape parameters in neurons (85,89) (Fig. 2-1A). Networks were defined as long 

sprawling mitochondrial objects (~ ≥ 5 µm2) with one or more branching points. Mitochondria 

were considered unbranched if they were of intermediate size (~ 1–4 µm2), uniform thickness, and 

did not include a branching point. Punctate objects were defined as small compact objects (~ ≤ 1 

µm2). Swollen mitochondria were identified as intermediate sized objects (~ 1–4 µm2) with high 

circularity and roundness. 
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To validate the independence of these observed morphologies, ATP synthase and TOM20 

signals were merged, processed together, and mitochondrial objects were segmented and analyzed 

using a semi-automated image processing workflow in FIJI (213) (Fig. 2-2). Each mitochondrial 

object was classified using 32 size and shape descriptors and a principal component analysis (PCA) 

was applied to evaluate phenotypic differences (Fig. 2-1B). Mitochondrial objects aggregated at 

discrete quadrants of the PCA plot (Fig. 2-1B), further validating that mitochondrial segregate into 

distinct morphological phenotypes. Comparisons across individual variables, namely roundness 

(Round) and interfacial density (Intfc D), also demonstrated the independence of each morphology 

(Fig. 2-1C). 

2.2.2 Machine learning prediction of morphology 

Mitochondrial objects (1091 total) were segmented, measured, and hand-classified for the 

development of a morphological classification model. This hand-classified data set was split into 

the machine learning train and test sets (80% and 20%, respectively). The training set was used to 

develop a random forest classification model using the R caret package (214,215). In this model, 

a mitochondrial object is classified through 500 parallel decision trees, in which each tree provides 

an output vote. Each object is assigned a predicted morphology at the conclusion of all decision 

trees based on the morphology with the majority of votes. The model accuracy over 25 training 

repetitions was 94.6%. For verification of model accuracy, the test set of mitochondrial objects 

was run through the completed decision tree model. Test accuracy was 95.4% on the 217 hand-

classified objects in the test set (Fig. 2-1D). The R functions implemented for model training and 

evaluation are available on a GitHub repository (https://github.com/sanderson-

lab/mitomorphology). 

2.2.3 Physiological relevance of morphological phenotypes 

To assess physiological relevance, the in vitro machine learning classification workflow 

was applied to microscopy imaging data of primary neurons after genetic and pharmacological 

disruption of mechanisms critical for regulating mitochondrial dynamics. The morphologic state 

of mitochondria in each image is quantified as the percentage of mitochondrial area classified into 

each morphological phenotype. 

https://github.com/sanderson-lab/mitomorphology
https://github.com/sanderson-lab/mitomorphology
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The dynamin-like GTPase Opa1 is critical for the remodeling of mitochondrial 

architecture, namely for its role in mitochondrial inner membrane fusion (195,206,216,217). 

Disruption of Opa1 prevents mitochondrial fusion, and, based on previous studies using qualitative 

or semi-quantitative analyses (85,158,207,208), this would be predicted to shift the mitochondrial 

network toward mitochondrial fragmentation. Primary neurons with conditional knockout (cKO) 

of Opa1 (Fig. 2-3A) were generated using primary cells from Opa1 floxed mice exposed to either 

lentiviral-Cre (LV- EF1ɑ -Cre) or an empty vector lentivirus (LV- EF1ɑ -empty) as a control (Fig. 

2-3C,D). Opa1 cKO produced a fragmented state, with a decrease in mitochondrial networked area 

(p = .0175) and increases in swollen (p = .0015) and punctate area (p = .0002; Fig. 2-3B). These 

changes in morphology are indicative of impaired mitochondrial fusion and increased cellular 

stress (42,85,206,217,218). These results suggest the formation of mitochondrial networks is at 

least partially dependent on Opa1-mediated fusion, as many others have shown (217-220). 

To produce small punctate mitochondria, the GTPase Drp1 will excise and divide 

mitochondria (203,221,222). Drp1 cKO was utilized to disrupt mitochondrial fission and shift the 

mitochondrial network toward a fused network (Fig. 2-4C,D). Drp1 cKO alone did not have any 

significant effects on the distribution of morphological phenotypes without cellular stressors 

(42,203,206,223) (Fig. 2-4A). However, when cultures are subjected to 18 h glucose deprivation 

(GD) as a stressor (Fig. 2-4A), Drp1flx/flx cells show a significant decrease in mitochondrial 

networked area (p = .0003) with concomitant increases in swollen (p < .0001) and punctate area 

(p < .0001) (Fig. 2-4B). Drp1 cKO partially rescued normal mitochondrial morphology resulting 

in significantly lower percent area of punctate mitochondria (p = .0116; Fig. 2-4B), demonstrating 

that the GD-induced punctate phenotype is related to Drp1-mediated mitochondrial fission. 

A major contributor to mitochondrial dysfunction and the induction of cell death is the 

formation and activity of the mitochondrial permeability transition pore (mPTP) (42,224-226). 

Ca2+-induced mitochondrial swelling through the opening of mPTP is a hallmark of cell death in 

pathological conditions, such as ischemia/reperfusion injury (42,85,226-230). To assess the 

reliability of the swollen phenotype and the relevance of this phenotype to pathological mPTP 

opening and Ca2+ influx, cells were exposed to pharmacological modulation of swelling (Fig. 2-

5A). Glutamate and activation of its N-Methyl-D-aspartate (NMDA) receptor are known 

stimulators of mitochondrial swelling and transient mPTP opening (231,232). Cells treated with 
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100 µM glutamate and 10 µM co-agonist glycine caused an increase in swollen (p < .0001) and 

punctate mitochondrial area (p = .0002), along with a subsequent decrease in networked 

(p = .0025) and unbranched area (p = .0118; Fig. 2-5B). To determine the dependence of this 

observation on Ca2+ handling and mPTP activity, cells were pre-treated and co-incubated with 

glutamate and the mitochondrial calcium uniporter (MCU) inhibitor Ru360 and mPTP inhibitor 

cyclosporin A (CsA) (224,233-237). Treatment with the inhibitors alone decreased unbranched 

area (p = .0004) and increased networked area (p = .0449; Fig. 2-5B), potentially due to the 

interconnected relationship between Ca2+ and Drp1 during remodeling of mitochondria 

(51,194,195,238). Furthermore, Ru360 and CsA administration reduced glutamate-induced 

mitochondrial swelling and fragmentation (Fig. 2-5B), suggesting the swollen morphological 

phenotype is associated with mPTP opening and mitochondrial Ca2+ homeostasis. 

2.2.4 Workflow application to 3D resolution 

A critical limitation of standard morphological analyses of mitochondria, including the in 

vitro classification model, is the lack of 3D resolution. Cells and organelles have complex three-

dimensional architecture and morphology, and inclusion of this 3D resolution can add important 

details to mitochondrial morphologic analysis. To address this concern, morphological 

classification workflow was expanded from 2D resolution in cell culture to 3D resolution in tissue 

histology. Mouse brain tissue sections immuno-labeled for ATP synthase were imaged using 

fluorescent confocal microscopy of the CA1 hippocampus. Mitochondrial objects were segmented 

in individual images over a z-series of 50 slices (5 µm total) and stitched together for 3D 

reconstruction in FIJI using the MorphoLibJ Connected Components Labeling plugin (239) (Fig. 

2-6A–D). Mitochondrial objects were then measured using 8 size and 3D shape descriptors (Fig. 

2-6B). Through inspection of 3D renderings, mitochondrial objects were hand-classified by 

morphology (Fig. 2-6A). Identical to the method described for cell culture, a random forest model 

was constructed and evaluated using 170 hand-classified mitochondrial objects. Model training 

with 8 size and 3D descriptors had an accuracy of 76.6%, while the test set was classified with 

84.9% accuracy. An expanded descriptor set can be implemented, similar to the primary neuron 

model, to increase accuracy to meet the needs of each experimental objective. 

The same methodology of 3D object measurement, rendering, and classification was 

applied to serial block-face scanning electron microscopy (SBF-SEM) images of rat brain sections 
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from the CA1 hippocampus (Fig. 2-6E–H). Mitochondrial objects in individual images were 

segmented in an automated manner using trainable Weka segmentation (240) (Fig. 2-7). SBF-SEM 

sections were analyzed in z-series stacks of 100 slices each (7 µm total). A random forest model 

was trained and tested on 231 hand-classified mitochondrial objects. The accuracy for training and 

testing was 74.7% and 86.4%, respectively. Our confocal and SBF-SEM imaging results serve as 

primary evidence that this analytical pipeline can be scaled to 3D resolution with versatility and 

reliability. 

2.2.5 Mitochondrial morphology during primary neuron OGD/R 

 We next sought to determine the temporal pattern of mitochondrial dynamics in a primary 

neuron model of I/R injury, oxygen-glucose deprivation and reoxygenation (OGD/R). We utilized 

our machine learning classification workflow to quantify mitochondrial dynamics during OGD/R 

and the relative contributions of Drp1. We quantified both mitochondrial objects and sum area of 

mitochondria in each morphologic state between conditions LV-empty (negative control) and LV-

Cre (i.e. Drp1 cKO) in Drp1flx/flx neurons. Morphological classification in lentiviral-control 

neurons revealed significant reductions in networks and unbranched mitochondrial objects in cells 

subjected to OGD/R vs control (Fig. 2-8). Drp1 cKO mitigated the OGD/R-associated reduction 

in unbranched mitochondria (Fig. 2-8), and a similar group trend was observed for network objects 

(F = 4.526, p = 0.0516; Fig. 2-8). In agreement with the mitochondrial object counts, the area of 

mitochondrial networks as a percent of total mitochondrial mass was significantly reduced at early 

reoxygenation time points (Fig. 2-8). Moreover, this reduction in mitochondrial area was 

attenuated in Drp1 cKO neurons, thereby implicating Drp1 in mitochondrial network 

fragmentation during OGD/R (Fig. 2-8). Although the number of unbranched mitochondria 

decreased during OGD/R, the area of unbranched mitochondria was not reduced following 

reoxygenation. Drp1 cKO inhibited the decrease in number of unbranched mitochondrial objects, 

and the area occupied by unbranched objects remained comparable in cells subjected to OGD/R 

vs control (Fig. 2-8). This suggests that unbranched mitochondria remain a stable percentage of 

the total mitochondrial pool but increase in size to compensate for the decrease in object number. 

Interestingly, mitochondrial area in the unbranched state was significantly lower in Drp1 cKO 

neurons compared to lentiviral control. These data suggest that Drp1 is essential for maintaining 

unbranched mitochondrial size, and Drp1 cKO results in shorter unbranched mitochondria without 

disrupting the number of mitochondria under control conditions (Fig. 2-8). 
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Interestingly, there was no increase in the number of punctate objects in lentiviral-control 

neurons in response to OGD/R; however, there was a significant increase in the total area of 

mitochondria in a punctate state, an increase that was attenuated with Drp1KO (Fig. 2-8). These 

data suggest that punctate mitochondria are larger during OGD/R, and that Drp1 activity may 

induce a rapid transition from punctate mitochondria to a swollen mitochondrial phenotype. Most 

notably, both the number and the total area of mitochondria in a swollen state increased 

significantly in control neurons throughout OGD/R, and these increases were attenuated by Drp1 

cKO (Fig. 2-8). 

2.3 Discussion 

Mitochondrial morphology is a representative snapshot of the underlying processes of 

mitochondrial dynamics and quality control. Emerging evidence suggests that the paradigm of 

mitochondria as effectors of injury extends beyond the integrity of the organelle to encompass the 

balance between fission and fusion phenotypes and the interface with processes responsible for 

cell death. Analyses of these morphologic alterations have traditionally been performed using 

qualitative approaches or simple quantitative measurements (85,158,207,208). However, recent 

advances in imaging techniques and the availability of computational resources make more 

advanced analysis of morphology feasible. Several groups have developed software and 

codes/macros for the unbiased measurement and classification of mitochondrial morphology (209-

212). To further these efforts, we developed a machine-learning based classification pipeline for 

the identification of distinct physiological and pathological morphologies using free and open-

source software with 2D and 3D capabilities. 

Utilizing software and plugins freely and readily available to investigators in the 

biomedical sciences, we designed a workflow for high throughput image processing, 

segmentation, and analysis that is customizable to various biological models (213,214,239,240). 

Starting in cell culture, we identified morphological phenotypes that we hypothesized to be 

indicative of physiological and pathological mechanisms of mitochondrial dynamics. Using a 

combination of size and geometric descriptors, we verified the distinct nature of these phenotypes 

and our ability to classify them by visual observation. Through the application of machine learning 

in the R caret package, we developed a classification model with high sensitivity and specificity 

for these morphological phenotypes (214). Implementation of machine learning classification and 
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semi-automated image processing removes opportunity for bias and inconsistency in 

morphological analysis, thereby increasing the rigor and reproducibility of these procedures 

(209,241). Furthermore, we have demonstrated the utility and versatility of our pipeline through 

3D analysis in confocal and SBF-SEM imaging. The applications of our workflow in 3D serves as 

proof-of-concept that high throughput analyses of mitochondrial morphology can be accomplished 

with high sensitivity in larger biological models. This technique has the potential to be a significant 

advancement to standard morphological analysis of mitochondria in cell culture, intact tissue 

samples, and tissue in vivo live imaging. 

Mitochondrial analyses in cell culture models have traditionally been performed with 2D 

resolution, as many cell types grow in a monolayer in vitro. Imaging and analyzing in 2D reduces 

the need for advanced imaging techniques and high computational power. However, cells and their 

organelles exist in 3D and therefore 2D analyses may not provide precise results. To address this 

limitation, we utilized our 2D workflow as a foundation for the construction of an adaptable 3D 

analysis methodology. Additionally, a critical limitation of the analyses performed in this study is 

the lack of cell type specificity. The mitochondrial labeling strategies implemented were not 

specific to neurons. It is therefore likely that mitochondria from surrounding glial cells and other 

cells of neurovascular unit were included. The methodologies we have developed have tremendous 

utility for future studies with research questions relating to specific cell types. Our workflows are 

easily adaptable for cell type specific mitochondrial labeling strategies, namely genetically 

encoded fluorescent reporters targeted to mitochondria. 

Although our workflow will require evaluation and confirmation in other cell types, tissues, 

and disease models, we believe our approach has the potential to be customizable for an 

investigator’s biological model of interest and research question. This versatility is a great asset, 

but also presents its own limitations. As is always the case with machine learning, a classification 

model is only as good as its training data. Development of a reliable and sensitive model is 

dependent on consistent and accurate hand-classification of the train/test set and useful input 

variables. Inappropriate selection of input variables or inconsistent hand-classification can lead to 

faulty models. Additionally, with high throughput image analysis, it is critical to verify objects of 

interest are not lost or altered in processing and segmentation. As an example, during analysis of 

3D mitochondrial objects, we observed a “ballooning” effect in which binary objects after 
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segmentation were enlarged compared to the mitochondrial signal in the original images. This 

effect was reduced through the implementation of a morphological erosion step during binary 

image processing (239). A limitation specific to automated SBF-SEM analysis is segmentation 

based on pixel intensity. We trained a Weka segmentation model for the automated extraction of 

mitochondrial objects from SBF-SEM images. This technique greatly improved our sampling 

ability and analysis efficiency. However, application of this method generated a “survivor”-like 

bias, where mitochondria with severe cristae dysfunction were unintentionally discarded during 

segmentation, leading to a likely underestimation of swollen mitochondria. It is important to note 

that application of our proposed pipeline is also possible without automated segmentation. 

Therefore, possible biases introduced during automated processing and segmentation can be 

avoided by implementing the classification protocol without batched image segmentation. 

Our results in primary neuron OGD/R demonstrate a multi-phasic pattern of mitochondrial 

dynamics in neuronal I/R injury, as others have demonstrated (85,86,89,91). The initial OGD (i.e. 

ischemic) phase presents mitochondrial fragmentation to the punctate morphology, an effect that 

is dependent on Drp1. Interestingly, Drp1-dependent fission appears to be required for 

mitochondrial swelling, as swollen mitochondria formation did not increase in Drp1 cKO neurons. 

The onset of reoxygenation slowed mitochondrial fragmentation and produced marginal rebuilding 

of the mitochondrial network. After 2h reoxygenation, the rebuilding halted, and punctate 

mitochondria began to form again. This secondary fragmentation event has also been observed in 

other studies of neuronal I/R injury. Together, our results demonstrate a quantitative timeline of 

mitochondrial dynamics during acute reoxygenation after neuronal OGD and illustrate the key role 

that Drp1 plays in producing punctate and swollen mitochondria.  

There is an increasing need to bridge the fields of computer science, mathematics, and 

artificial intelligence with the biomedical sciences. Detailed analysis with computational and 

imaging techniques will greatly advance our understanding of complex biological processes and 

increase reproducibility in research. Here we describe a semi-automated machine learning-based 

workflow for the 2D and 3D analysis of mitochondrial morphology using free and open-source 

software. Our method of morphological classification offers much needed versatility, such that 

investigators can apply the technique to their biological model and imaging technique of interest. 
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The application of this quantitative method will greatly increase the efficiency and reproducibility 

of assessing mitochondrial morphology throughout the field. 

2.4 Materials and Methods 

Animals 

All procedures were performed in accordance with institutional and ARRIVE guidelines 

and approved by the University of Michigan and Wayne State University Institutional Animal Care 

and Use Committees (IACUC). Mice were maintained on a 12 h light/dark cycle with standard 

rodent chow and water available ad libitum. Wild-type (WT) mice (C57BL/6Crl) were purchased 

from Charles River Laboratories (Wilmington, MA). Drp1 floxed (Drp1flx/flx) mice 

(Dnm1ltm1.1Hise) were generously provided by Hiromi Sesaki, Johns Hopkins University, 

Baltimore, MD (242). Opa1 floxed (Opa1flx/flx) mice were generously provided by Luca 

Scorrano, University of Padua, Italy (243). All mouse models were backcrossed to C57BL/6Crl 

background. Sprague Dawley rats were obtained from Envigo (Indianapolis, IN). 

Primary neuron culture 

Postnatal day 0–2 (P0–P2) mouse pups were sacrificed by decapitation. Cerebral cortices 

were dissected and minced prior to incubation in enzyme digestion solution (1 × hibernate 

complete medium, 0.06 mg/mL l-cysteine (Sigma, 778672), 1.4 × 10−2 N NaOH (Sigma, 43617), 

10 ng/mL APV (2-Amino-5-phosphonopentanoic acid, Sigma, A-5282), with 50 uL Papain 

(Worthington, LS 03126)) for 30 min at 37 °C. Following digestion, tissue was washed with DPBS 

and dissociated in complete Hibernate-A medium. Cells were seeded onto 0.1% PEI-coated glass 

coverslips at a density of 160,000 cells/cm2. After 30 min, complete media change was performed 

with neurobasal complete medium (1 × Neurobasal Plus medium (Gibco, A3582901), 1% B27 Plus 

(Gibco, A3653401), 0.5 mM Glutamax Supplement (Gibco, 35050061), and 1 

Penicillin/Streptomycin Solution (Gibco, SV30010)). Cells were incubated at 37 °C in 5% CO2 

for 14 days. Half-media changes were performed every 3–4 days with neurobasal complete 

medium. 

Lentiviral transduction 

Lentiviral infection was performed 7 days prior to experimentation, on day-in-vitro 7 

(DIV7). Lentiviral plasmids and lentivirus were generated by the vector core at the University of 

Michigan: Lenti-EF1ɑ-Cre-VSVG, Lenti-EF1ɑ-VSVG. Viruses were prepared in Neurobasal 
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Medium (Gibco, 21103049). For cKO experiments, an empty vector lentivirus (Lenti-EF1ɑ-

VSVG) was administered to floxed cells to serve as controls. 

Pharmacological treatment 

For glucose deprivation, cells were incubated in EBSS no glucose medium ((0.20 g/L 

CaCl2 (Spectrum, CA138500GM), 0.4 g/L KCl (Fisher Chemical, P217-500), 0.097 g/L MgSO4 

(Fisher Chemical, M65-500), 6.8 g/L NaCl (Fisher Chemical, S2711), 2.2 g/L NaHCO3 (Acros 

Organics, AC447102500), 0.14 g/L NaH2PO4-H2O (Fisher Chemical, S369-500), and 0.01 g/L 

Phenol red (Fisher Chemical, P74-10)) for 18 h at 37 °C. For glutamate treatment, cells were 

incubated in 100 μM glutamate (Sigma, G8415) and 10 μM glycine (Sigma-Aldrich, G5417) in 

EBSS for 30 min at 37 °C. Prior to glutamate treatment, cells were pre-treated with 1 μM 

Cyclosporin-A (CsA, Sigma-Aldrich, SML1018) and 10 μM Ru360 (Calbiochem, 557440) for 60 

min. Following pre-treatment, cells were incubated with CsA and Ru360 concurrently with 

glutamate treatment for 30 min. 

Oxygen-glucose deprivation and reoxygenation (OGD/R) 

OGD was achieved utilizing an O2 Control InVitro Glove Box (Coy Lab Products). The 

hypoxic chamber was maintained at 0.1% O2 and 5% CO2. OGD media, composed of 0.20 g/l 

CaCl2 (Spectrum, CA138500GM), 0.4 g/l KCl (Fisher Chemical, P217-500), 0.097 g/l MgSO4 

(Fisher Chemical, M65-500), 6.8 g/l NaCl (Fisher Chemical, S2711), 2.2 NaHCO3 (Acros 

Organics, AC447102500), 0.14 g/l NaH2PO4-H2O (Fisher Chemical, S369-500, and 0.01 g/l 

Phenol red (Fisher Chemical, P74-10), was bubbled with 95% N2/5% CO2 inside of the of the 

hypoxic chamber for 60 min. Cells were transferred into the hypoxic chamber, washed 2× with 

OGD media, and then incubated with OGD media inside the hypoxic chamber for 150 min. After 

OGD, cells were removed from the hypoxic chamber, media was replaced with Neurobasal 

medium without antioxidants (complete neurobasal medium with B27-AO (Gibco, 10889038)), 

and incubated at 37 °C in 5% CO2 for 6 h. 

Cryostat sectioning 

Mice were anesthetized with isoflurane then transcardially perfused with 10 mL of 

1 × PBS, followed by 10 mL of 4% PFA in 1 × PBS. Brains were post-fixed overnight in 4% PFA 

at 4 °C, then cryoprotected in 25% sucrose in 1 × PBS. Brains were cut into 20 µm sections using 
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a cryostat (CM1860, Leica Microsystems), set at − 22 °C, cold mounted onto slides (Superfrost, 

Thermo Fisher Scientific), and stored at − 20 °C until staining. 

Western blot 

Cells were scraped in homogenization-A buffer, sonicated, and protein concentration was 

measured using the Bradford Plus Assay Reagent (ThermoFisher, PI23236). Polyacrylamide gels 

(10% 29:1 polyacrylamide/bisacrylamide (Fisher BioReagents, BP1408-1), 375 mM Tris pH 8.8 

(Fisher BioReagents, BP152-1), 0.1% sodium dodecyl sulfate (SDS, Sigma, L3771), 0.1% 

ammonium persulfate (APS, Sigma, #A3678), and 0.1% TEMED (GE Healthcare, # 45-000-226)) 

were loaded with 10 μg of whole cell lysates and transferred to nitrocellulose membranes. 

Membranes were incubated with primary antibodies (1:1000 Mouse Anti-Dlp1/Drp1 in 2% milk 

(Clone 8, BD Transduction Laboratories, BD6111112); 1:1000 Mouse Anti-Opa1 in 2% BSA (BD 

Transduction Laboratories, BD612607); 1:10,000 Rabbit Anti-GAPDH in 2% BSA (14C10, Cell 

Signaling, 2118)) at 4 °C overnight. Membranes were then washed with Tris-Buffered Saline and 

0.1% Tween (TBST, Fisher Scientific, BP337500) and incubated in secondary antibodies for 60 

min at room temperature. Membranes were then washed 3 × with TBST for 5 min. The membranes 

were incubated in SuperSignal West Pico Plus Chemiluminescent Substrate (ThermoFisher, 

34577), imaged utilizing a BioRad ChemiDoc XRS and imager, and finally quantified by 

densitometry using ImageJ. 

Immunofluorescence 

Cultured cells were fixed with 4% paraformaldehyde (ThermoFisher, 50980487) for 15 

min at 37 °C. Coverslips were incubated in blocking solution (5% goat serum (Sigma, G9023) and 

0.3% Triton-X100 (Acros Organics, 215682500) in PBS) for 60 min. Coverslips were then 

incubated in primary antibody solution (1:1000 Mouse Anti-ATPB (Abcam, ab14730), 1:200 

Rabbit Anti-TOM20 (ProteinTech, 11802–1-AP), 1:1000 Chicken Anti-MAP2 (Abcam, ab5392), 

1% BSA (Sigma, A9647) and 0.3% Triton-X100 in PBS) at 4 °C overnight. After primary 

incubation, coverslips were washed 3 × in PBS and incubated in secondary antibody solution 

(1:200 Anti-Mouse Alexa Fluor 488 (Invitrogen, A11029), 1:200 Anti-Rabbit Alexa Fluor 546 

(Invitrogen, A10040), 1:200 Anti-Chicken Alexa Fluor 647 (Invitrogen, A21449), 1% BSA 

(Sigma, A9647) and 0.3% Triton-X100 in PBS) for 60 min. Following secondary incubation, 
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coverslips were washed 3 × with PBS and mounted on glass slides using Fluoroshield with DAPI 

(Sigma, F6057). 

Tissue sections were permeabilized with 1% triton in 1 × PBS for 10 min and then 3% 

peroxide for 10 min. Sections were blocked using 2% goat serum/TBSGBA (Tris buffered saline, 

gelatin, bovine serum, azide) for 1 h. Primary antibody (1:100 Mouse Anti-ATPB, Abcam, 

ab14730) in blocking solution was incubated overnight at room temperature. Sections were washed 

with 1 × PBS, incubated with secondary antibody (1:100 Anti-Mouse Alexa Fluor 488 (Invitrogen, 

A11029) and DAPI (Sigma) for 3 h at room temperature and mounted with ProLong Glass 

mountant (Thermo Fisher Scientific). 

Fluorescent microscopy 

Cell culture Each coverslip was imaged using a Zeiss Axio Observer Z1 inverted 

microscope with LED illumination. For each coverslip, 8–10 image z-stacks (0.24 µm slices) were 

acquired at 63 × with oil immersion. Z-stacks were then deconvolved using the Zeiss Zen Pro 

regularized inverse filter method. Following, z-stacks were processed using Zeiss Zen Pro 

extended depth of focus wavelets method. Images were exported in TIFF format for post-

processing. 

Tissue sections Images were acquired on a Leica TCS SP8 Dmi8 STED Inverted Confocal 

microscope (Leica Wetzler, Germany) using Leica Application Suite X (LASX). Z-series of 5 μm 

were collected beginning at the top of the tissue section inward using the following parameters: 

400 Hz, z step size:0.1 um, 2048 × 2048. After acquisition, image stacks were deconvolved with 

Huygens Professional version 19.04 (Scientific Volume Imaging, The Netherlands, http://svi.nl) 

using CMLE algorithm, with SNR:20 and 40 iterations. Z stacks were exported in TIFF format for 

post-processing. 

Electron microscopy 

Brains were fixed with 2.5% glutaraldehyde then embedded and stained with osmium 

tetroxide and imaged on a scanning block face scanning electron microscope19. Block-face scans 

of the sample are taken, followed by removal of a 70 nm section and subsequent SEM image the 

next z-plane. This process is repeated on average 400 to 500 times, generating z-stacks of SEM 

data at 70 nm intervals. 
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Image processing and segmentation 

Immunofluorescence post-processing was performed in FIJI (213). Images collected from 

in vitro experiments were imported as merged images of ATP synthase and TOM20 signal. Z series 

of mouse cerebral tissue were unstacked and imported into FIJI as individual images of ATP 

synthase signal. The following steps were performed using FIJI’s batch processing feature. 

Background noise was removed using a rolling ball radius of 10 pixels. Images were filtered via 

Unsharp Mask with a radius of 1 pixel and mask weight of 0.60. Enhancement of local contrast 

was performed using Contrast Limited Adaptive Histogram Equalization (CLAHE) with 256 

histogram bins (244). A median filter was then applied to each image with a radius of 2 pixels. 

Mitochondria were segmented using Trainable Weka Segmentation (240). The segmentation 

classifier model was trained using hand identified mitochondria from processed images, positive 

for ATP Synthase and/or TOM20 signal. Segmentation output images were converted to 8-bit 

binary images and the known scale was set. For the identification of mitochondrial objects in 2D, 

the FIJI Particle Analyzer plug-in was run with a minimum object size of 0.30 um. Measurements 

from identified objects were then expanded using the Extended Geometric Descriptions macro 

(245). 

Electron microscopy Images were imported into FIJI software and 5 × compressed via 

bilinear interpolation. Mitochondrial objects were segmented from downsized images using 

Trainable Weka Segmentation (240). Output images were converted to 8-bit binary. 

3D object mapping and measurement 

Segmented binary images from tissue immunofluorescence and electron microscopy were 

morphologically eroded using MorphoLibJ Morphological Filters plug-in (239). Individual images 

were then re-assembled into z stacks and 3D objects were identified using the MorphoLibJ 

Connected Components Labeling plug-in at a connectivity setting of 655. Resulting connected 

objects were measured with the 3D ROI Manager (246). 

Machine learning classification 

Machine learning-based classification of mitochondrial objects was performed in R 

computing language using the R Caret package (214,215). Rstudio software (Boston, MA) was 

used for all R computation. The following procedures were utilized for the development of all 

classification models described. The measurements of classified mitochondrial objects, along with 
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their classification, were imported into Rstudio as the train/test set. This data set was then split into 

the training (80%) and test (20%) sets using the createDataPartition function. A random forest 

algorithm (“rf”) was trained by the training set with 25 repetitions. The test set was then run 

through the model for the assessment of accuracy. Confusion matrices and principal component 

analyses were produced to assess the performance of the models. 

After model construction, data from in vitro experiments was imported into Rstudio and 

run through the trained model using the predict function. Predicted morphological phenotypes for 

each mitochondrial object were then exported along with the original measurements as a csv file. 

Data was then compiled and organized in Microsoft Excel (Redmond, WA) to compute the percent 

mitochondrial area belonging to each morphology in a given image/condition. R functions written 

for model training and morphological predictions are available in our GitHub repository 

(https://github.com/sanderson-lab/mitomorphology). 

Statistical analysis 

Statistical analyses were performed in GraphPad Prism 8 (GraphPad Software, San Diego, 

CA). For comparisons of two discrete groups, one-way ANOVAs were performed, followed by 

post-hoc t-tests. For comparisons of more than two groups, two-way ANOVAs were performed 

with post-hoc comparisons made by Tukey’s test corrected for multiple comparisons. Tests with 

p < .05 were considered statistically significant. The number of biological replicates is indicated 

by n, unless otherwise noted. 

  

https://github.com/sanderson-lab/mitomorphology


28 
 

2.5 Figures 

 

Figure 2-1. Identification of distinct mitochondrial morphologies in primary neurons 

(A) Representative immunofluorescent image of mitochondria labeled for ATP synthase (green) 

and TOM20 (red). Insert: mitochondrial objects segmented and color coded by classified 

morphology. (B) Principal component analysis (PCA) of hand-classified mitochondrial objects in 

the training and test sets combined. Individual objects are color coded by morphology (n = 1091 

mitochondrial objects). (C) Heatmap displaying the scaled 32 size and shape measurements by 

morphology. (D) Confusion matrix displaying the results of model evaluation using the hand-

classified test set (217 objects). 
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Figure 2-2. Processing workflow for the segmentation of mitochondrial objects 

Representative ATPB and TOM20 immunofluorescent images were run through the batch 

processing workflow and images are shown at each processing step. The brightness and contrast 

of raw ATB and TOM20 images were enhanced for the readability of this figure.  
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Figure 2-3. Morphological analysis of mitochondria in Opa1 conditional knockout 

(A) Representative images of primary Opa1flx/flx neurons (top) and Opa1flx/flx neurons with Cre 

(bottom). Panels (from left to right): ATP synthase (green) and TOM20 (red) merged, MAP2 

(magenta), DAPI (blue), all channels merged. Scale bars = 10 µm. (B) Percentage of 

mitochondrial area per morphology in Opa1flx/flx cells (black) and Opa1flx/flx cells with Cre 

(gray). Mean ± SD (n = 9 per group). * indicates p < .05. (C) Representative Western blot 

displaying Opa1 and GAPDH protein levels across Cre-Lentivirus concentrations. (D) Western 

blot quantification of Opa1 protein levels after Cre-Lentivirus treatment (n = 3). For all Opa1 

cKO experiments, 1 × MOI Cre-Lentivirus was used. 
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Figure 2-4. Morphological analysis of mitochondria in Drp1 conditional knockout (cKO) and 

glucose deprivation (GD) 

(A) Representative images of primary Drp1flx/flx neurons. Rows (top to bottom): control 

Drp1flx/flx, Drp1flx/flx after 18 hr GD, Drp1flx/flx with Cre, Drp1flx/flx with Cre after 18 hr GD. 

Untreated control groups are shown on rows 1 and 3, 18 h GD groups are shown on rows 2 and 

4. Panels (from left to right): ATP synthase (green) and TOM20 (red) merged, MAP2 (magenta), 
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DAPI (blue), all channels merged. Scale bars = 10 µm. (B) Percentage of mitochondrial area per 

morphology in Drp1 cKO and GD experiments. Mean ± SD (n = 5–8 per group). * indicates 

p < .05 versus Drp1flx/flx. # indicates p < .05 versus Drp1flx/flx + GD. $ indicates p < .05 versus 

Drp1flx/flx + Cre. (C) Representative Western blot displaying Opa1 and GAPDH protein levels 

across Cre-Lentivirus concentrations. (D) Western blot quantification of Drp1 protein levels after 

Cre-Lentivirus treatment (n = 3–4). For all Drp1 cKO experiments, 2 × MOI Cre-Lentivirus was 

used. 
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Figure 2-5. Morphological analysis of mitochondria in glutamate and cyclosporin A 

(CsA) + Ru360 experiments 

(A) Representative images of primary cortical neurons. Rows (top to bottom): vehicle-treated 

control group, control cells treated with CsA + Ru360 only, vehicle-treated group with 30 min 

100 µm glutamate exposure, glutamate challenged group pre-treated and co-incubated with 

CsA + Ru360 Panels (from left to right): ATP synthase (green) and TOM20 (red) merged, MAP2 
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(magenta), DAPI (blue), all channels merged. Scale bars = 10 µm. (B) Percentage of 

mitochondrial area per morphology in glutamate and CsA + Ru360 experiments. Mean ± SD 

(n = 6–8 per group). * indicates p < .05 versus Control. # indicates p < .05 versus 

Control + CsA + Ru360. $ indicates p < .05 versus Glutamate. 
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Figure 2-6. 3D morphological classification of mitochondria using confocal and electron 

microscopy 

(A) Representative 3D renderings of individual mitochondrial objects from mouse brain tissue 

immuno-labeled for ATP synthase and imaged using confocal microscopy. (B) Heatmap 

displaying the scaled 8 size and shape measurements by morphology for confocal microscopy. 

(C) Representative confocal image of ATP synthase immunofluorescence from mouse 

hippocampus. (D) 3D rendering of mitochondria from the full z-series (50 slices, 5 µm) of the 

image shown in (C), acquired via confocal microscopy. (E) Representative 3D renderings of 

individual mitochondrial objects from rat brain tissue acquired via serial block-face scanning 

electron microscopy (SBF-SEM). (F) Heatmap displaying the scaled 8 size and shape 

measurements by morphology for SBF-SEM. (G) Representative single-plane image from SBF-

SEM z-series. Insert: Enlarged area of representative image with mitochondria traced (green). 
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(H) 3D rendering of mitochondria from the full z-series (100 slices, 7 µm) of the image shown in 

(G), acquired via SBF-SEM. 
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Figure 2-7. Machine learning-based automated segmentation of SBF-SEM images 

The trainable Weka segmentation plug-in was utilized to segment mitochondria from SBF-SEM 

images in an automated manner in FIJI. Upper Left: representative raw SBF-SEM image; Upper 

Right: mitochondrial objects hand segmented by an experienced reviewer; Lower Left: 

mitochondrial objects segmented via automated Weka segmentation; Lower right: comparison of 

hand segmented and Weka segmented binary object maps, false positive signal is shown in blue, 

false negative signal is shown in red. Weka segmentation was performed using a random forest 

machine learning model (100 decision tree, 8 random features per tree) with a training error of 

0.525%. Similarity between hand segmented and Weka segmented object maps was quantified 

by Jaccard Index (0.575 ± 0.067) and Dice Coefficient (0.7277 ± 0.055) for a set of randomly 

selected SBF-SEM images (n=9).  
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Figure 2-8. Mitochondrial morphology during OGD/R  

(A) Representative images of Drp1flx/flx primary cortical neurons infected with either LV-EF1a-

empty or LV-EF1a-Cre, and subjected to OGD/R. (B) Individual comparisons of percent 

mitochondrial objects for each morphology over OGD/R. (C) Individual comparisons of percent 

mitochondrial area for each morphology over OGD/R. Two-way ANOVA was used to detect 

differences across time and between conditions. Multiple comparisons across time were assessed 

by comparing the means of each time point with the mean of the control and were calculated 

using Dunnett’s post-hoc analysis. Multiple comparisons between conditions were computed 

using Sidak’s post-hoc analysis. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 across time, 
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#p < 0.05; ##p < 0.01; ###p < 0.001; ####p < 0.0001 between condition, n = 8 biological 

replicates per group. Scale bar = 10 µm. 
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Chapter III: Mitochondrial Dynamics and Quality Control Regulate Proteostasis in 

Neuronal Ischemia-Reperfusion Injury 2 

 

3.1 Introduction 

Mitochondria are highly dynamic organelles that produce vital energy to ensure continued 

cellular homeostasis (42). Aside from energy producing functions, mitochondria contain their own 

proteome, genome, and molecular machinery. Additionally, mitochondria drive and contribute to 

a varying list of essential cellular functions including redox homeostasis, Ca2+ buffering, amino 

acid metabolism, and stress signaling (17,34,247). For these reasons maintaining mitochondrial 

function is critical for cell survival. This is especially true for post-mitotic cells and tissues, such 

as neurons and cardiomyocytes, where mitochondrial proteins can persist and function for 

extended periods of time (days to months) (248,249). The dynamic nature and oxidative 

environment of the mitochondria make it a susceptible target for injury and stress (42,250,251). It 

is therefore imperative to understand the factors that contribute to mitochondrial dysfunction and 

its consequences.  

Cerebral ischemia/reperfusion (I/R) injuries, including stroke and cardiac arrest, continue 

to be leading causes of death and disability (2,252). Return of normal blood flow and oxygenation 

during reperfusion constitutes a secondary phase of cellular stress despite returning oxygen and 

other nutrients (16,253). A primary component of reperfusion stress is mitochondrial dysfunction. 

During the ischemic/hypoxic phase, mitochondria are deprived of oxygen and therefore oxidative 

phosphorylation is halted at the terminal electron acceptor cytochrome c oxidase (COX) (34,254). 

Several factors including energy deprivation and calcium flux are responsible for priming COX 

and other enzymes for increased activity when oxygen becomes available (254-257). Upon 

reperfusion, oxygen returns and oxidative phosphorylation continues on at an elevated rate, whilst 

also increasing reactive oxygen species (ROS) production. An oxidative burst of ROS production 

 
2 This chapter is composed of the submitted manuscript: “Fogo GM, Raghunayakula S, Emaus KJ, Torres Torres FJ, Shangguan 

G, Wider JM, Hüttemann M, Sanderson TH. Mitochondrial dynamics and quality control regulate proteostasis in neuronal 

ischemia-reperfusion. Submitted”. I performed all detailed experiments.  
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occurs rapidly upon reperfusion (34,90,258,259). This mechanism, among other insults related to 

prolonged hypoxia, has detrimental consequences for mitochondrial protein stability and 

functionality. Protein oxidation, lipid peroxidation, and protein complex instability are critical 

factors that contribute to loss of efficient energy production and stress signaling from mitochondria 

(260-264). Due to the necessity of mitochondrial function to cell survival, mitochondrial 

dysfunction has been recognized as a leading therapeutic target for limiting secondary injury in 

cerebral I/R insults (265,266).  

Maintenance of the mitochondrial proteome, and resultant mitochondrial homeostasis, is 

mediated by both mitophagy and intramitochondrial proteostasis (42,103). Mitophagy, the 

autophagic degradation of mitochondria, includes engulfment of whole organelles as well as 

selective removal of mitochondrial components via mitochondrial derived vesicles (107,108). The 

best characterized form of mitophagy in neurons is the stress-responsive PINK1-Parkin pathway 

(42,107). Briefly, in dysfunctional mitochondria with low mitochondrial membrane potential, 

import of the kinase PINK1 to mitochondria is halted, leading to phosphorylation and recruitment 

of downstream mitophagy outside the mitochondria, including Parkin. Parkin activation by 

phosphorylation leads to poly-ubiquitination of the mitochondria and recruitment of phagophores 

for eventual degradation. Mitophagy has long been the focal point of research into mitochondrial 

quality control and its relation to injury and disease. However, mitochondria also have the ability 

to remodel their proteome from within via intramitochondrial proteostasis. Mitochondria are home 

to their own diverse set of proteases and peptidases that work within the organelle to process, 

cleave, and degrade their own proteins and protein complexes (103,135). These mitochondrial 

proteases serve in distinct roles, often dictated by the compartment in which they reside. Proteases 

localized to the intermembrane space and inner mitochondrial membrane serve to regulate 

functions related to protein import and protein complex assembly (136-140). In contrast, matrix-

localized proteases play a larger role in protein maintenance and degradation. The two dominant 

matrix proteases, LonP1 and CLPP, are critical for the degradation of oxidized/misfolded proteins 

and turnover of damaged components of the electron transport chain (141-144). Despite its 

importance, the intramitochondrial proteostatic response to I/R injury is not well understood.  

In this study, we aimed to characterize the temporal pattern of mitochondrial protein 

turnover and investigate the mechanisms that are initiated in response to in vitro I/R injury in 
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primary neurons. We hypothesized that mitochondria activate critical proteostatic mechanisms in 

response to injury, likely mediated by the matrix proteases LonP1 and CLPP. Utilizing the 

fluorescent MitoTimer reporter, we assessed protein turnover throughout oxygen-glucose 

deprivation and reoxygenation (OGD/R, an in vitro model of I/R injury) (267). Our findings 

highlight an important time point during reoxygenation in which LonP1-dependent proteolytic 

activity is upregulated. Intriguingly, protein turnover is additionally influenced by perturbations in 

mitochondrial dynamics and mitophagy. These results demonstrate the involvement of 

intramitochondrial and mitophagic protein turnover in neuronal I/R injury and present a possible 

therapeutic target to rescue mitochondrial homeostasis.  

3.2 Results  

3.2.1 Reoxygenation induces a peak in MitoTimer protein turnover 

To evaluate the temporal pattern of mitochondrial protein turnover, we conditionally 

expressed the fluorescent probe MitoTimer in mouse primary cortical neurons exposed to oxygen-

glucose deprivation and subsequent reoxygenation (OGD/R). MitoTimer is a designer fluorescent 

probe used to track protein dynamics in the mitochondrial matrix (267). When newly synthesized, 

MitoTimer is trafficked to the mitochondrial matrix and fluoresces green. Over time, the protein 

converts from green to red fluorescence (Fig. 3-1A). This “aging” process is sensitive to 

environmental factors such as temperature and oxidation. The ratio of red/green MitoTimer signal 

is an indicator of protein age within mitochondria. Therefore, we visually tracked the abundance 

of green (new) MitoTimer and red (old) MitoTimer fluorescence, as well as the red/green ratio, 

over time in OGD/R. For neuron-specific expression of MitoTimer, Cre recombinase under the 

control of the human synapsin promoter (AAV8-hSyn-Cre) was virally transduced to neurons 

isolated from conditional MitoTimer mice (268) (Fig. 3-1B-D). At basal culture conditions, 

MitoTimer presented heterogeneous populations of mitochondria within single neurons and 

displayed differences between individual neurons (Fig. 3-1E).  

Mouse primary cortical neurons were exposed to 90 min of OGD and up to 6 hr of 

reoxygenation at day-in-vitro (DIV)14, 7 days following viral transduction (Fig. 3-2A). Cells were 

fixed at the conclusion of OGD (0hR) or at varying points of reoxygenation (1, 2, 4, 6hR). 

MitoTimer green and red signals were imaged at each time point and mitochondrial protein 

turnover was assessed by the MitoTimer red/green ratio. Variance in MitoTimer ratios between 
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cells and individual mitochondria were high at control conditions, with highly filamentous 

mitochondrial morphology (Fig. 3-2B). As expected, OGD induced widespread mitochondrial 

fragmentation, however, MitoTimer ratios remained relatively unchanged (Fig. 3-2B,C). 

Predominating evidence in the field suggests that the first moments of reoxygenation are the 

epicenter of reactive oxygen species (ROS) production (34,258), therefore we expected dramatic 

shifts in protein dynamics at this time. Surprisingly, baseline levels of MitoTimer ratio persisted 

through early reoxygenation (1hR). In fact, a decrease in the MitoTimer ratio was observed at 2hR 

(Fig. 3-2B,C). Although the MitoTimer green fluorescence intensity consistently increased with 

reoxygenation, we observed a decrease in MitoTimer red intensity at the corresponding 2hR. This 

pattern suggests that mitochondrial protein is continually being synthesized and imported to 

mitochondria throughout early reoxygenation, and this is contrasted with an increase in the 

turnover of older (red) MitoTimer proteins. The later stages of reoxygenation present variable 

trajectories of MitoTimer protein dynamics, wherein cells either continue to import new protein or 

slow both import and proteostasis. These findings define a temporal pattern of intramitochondrial 

protein dynamics and identify a novel critical event in the mitochondrial response to injury.  

3.2.2 LonP1 activity, but not expression, is increased during reoxygenation 

The selective elimination of old (red), but not new (green), MitoTimer protein observed at 

2hR suggested that altered intramitochondrial proteostasis may be responsible, rather than large 

scale mitophagic turnover of whole organelles. MitoTimer was designed to be targeted to the 

mitochondrial matrix, and has previously been shown to be sensitive to degradation by matrix 

proteases (269). We first assessed protein expression levels of critical mitochondrial proteases 

localized to the mitochondrial matrix (LonP1, CLPP) and inner membrane (AFG3L2, Oma1, 

Yme1L) throughout the OGD/R paradigm. Interestingly, we did not observe any changes in 

protease protein levels by Western blot (Fig. 3-3).  

Protein expression and activity are not always correlated, especially during acute responses 

to stress; we therefore assayed mitochondrial protease activity. Crude mitochondrial isolation by 

differential centrifugation was performed in primary neurons at control conditions and at 2 hr 

reoxygenation. Protease activity was evaluated by FITC-casein proteolysis assay, in which 

mitochondrial lysates were fit to a standard activity curve of increasing amounts of TPCK Trypsin. 

We found that mitochondrial protease activity was indeed increased at 2hR and this increase was 
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ameliorated in the presence of CDDO-Me (Fig. 3-4A), a specific inhibitor for the matrix protease 

LonP1 (270,271). This finding suggests that an increase in activity, but not protein levels, of LonP1 

is responsible for the proteostatic response at 2hR, corroborating previous findings that LonP1 can 

degrade MitoTimer protein (269). Interestingly, Western blot analysis of other known LonP1 

substrates, TFAM and NDUFS1, did not demonstrate changes in levels corresponding to increased 

LonP1 activity at 2hR (Fig. 3-5). Similarly, there were no significant changes in any electron 

transport chain complexes (Fig. 3-5). Therefore, we performed the MitoTimer analysis with 

CDDO-Me treatment during reoxygenation to confirm LonP1 is responsible for the observed 

effects. CDDO-Me (0.5μM) treatment at the onset of reoxygenation inhibited the reduction in red 

MitoTimer fluorescence at 2hR (Fig. 3-4B, C). Together, these results identify that LonP1 activity 

is necessary for increased mitochondrial protein turnover during reoxygenation.  

3.2.3 Parkin mediates basal and injury-induced protein turnover 

To probe the influence of mitophagy on mitochondrial protein turnover, we analyzed 

MitoTimer protein dynamics in neurons lacking Parkin, an ubiquitin ligase crucial for classical 

mitophagy (42). Primary neurons were isolated from MitoTimer/Parkin KO (Parkin-/-) mice and 

exposed to the same OGD/R paradigm described above. Parkin KO neurons displayed high 

MitoTimer fluorescence ratios with elevated levels of red MitoTimer and decreased green 

MitoTimer fluorescence, compared to WT cells (Fig. 3-6A,B). The MitoTimer ratio remained 

unchanged compared to control throughout reoxygenation as both green and red fluorescence 

increased over time (Fig. 3-6B). We did not observe a decrease in the red/green ratio or amount of 

red MitoTimer at 2hR (Fig. 3-6A, B). These results identify mitophagy, in addition to proteolysis, 

as a critical mediator of mitochondrial protein turnover at both basal and stress conditions. 

3.2.4 Mitochondrial dynamics proteins Opa1 and Drp1 differentially effect protein turnover 

Mitochondria are highly dynamic organelles that balance the forces of fusion and fission 

to maintain homeostasis and ensure proper energy production. The processes of fusion and fission 

are heavily intertwined with other critical mitochondrial pathways including mitophagy, organelle-

to-organelle contact sites, and oxidative phosphorylation (42,47,272). We therefore hypothesized 

that mitochondrial dynamics could influence intramitochondrial proteostasis. To assess the effects 

of fission inhibition on protein turnover, we expressed MitoTimer in neurons with conditional 

knockout (cKO) of the key fission protein Drp1 (Fig. 3-7A) (242). Drp1 cKO cells presented with 



45 
 

large round hyperfused mitochondria at baseline conditions with similar MitoTimer ratios to wild-

type (WT) controls (Fig. 3-7B,C). Upon injury, Drp1 cKO cells did not increase protein turnover 

at 2hR, but rather the MitoTimer red/green ratio gradually increased over time in OGD/R (Fig. 3-

7B,C) due to the increase of red MitoTimer signal (Fig. 3-8). The striking divergence of Drp1 cKO 

cells from the WT pattern suggests that maintenance of fission is important for mitochondrial 

protein turnover.  

The process of mitochondrial fusion is regulated by Mfn1/2 at the outer membrane and 

Opa1 at the inner membrane (42,47,243). To perturb mitochondrial fusion, we generated neuron-

specific conditional knockouts of Opa1 (Fig. 3-7D). Contrary to Drp1 cKO, Opa1 cKO cells 

presented significantly different MitoTimer ratios at baseline conditions. Opa1 cKO cells heavily 

favored green MitoTimer with greatly reduced red MitoTimer fluorescence, suggesting an 

upregulated level of protein turnover even at baseline conditions (Fig. 3-7E; Fig. 3-8). This 

phenotype persisted throughout the OGD/R paradigm (Fig. 3-7F). To probe for potentially 

upregulated proteases, we assayed matrix and inner membrane proteases in WT and Opa1 cKO 

cells by Western blot. We found that Opa1 cKO cells had dramatically increased levels of Oma1 

protease expression at baseline conditions (Fig. 3-9). Together these data suggest that loss of Opa1 

upregulates Oma1 protein levels and drives intramitochondrial proteostasis.  

3.3 Discussion 

Mitochondrial homeostasis is vital for efficient energy production and cell survival. 

Disruption of this homeostasis during I/R is thought to be a key driver of secondary injury with 

increasing ROS levels and perturbed bioenergetics. Mitochondria possess their own unique set of 

proteases/peptidases that work to maintain critical functions, clear damaged proteins, and initiate 

stress signals. The aim of this study was to interrogate the involvement of this mitochondrial 

proteostasis system in a model of neuronal I/R injury. The conclusions of this study are that 

mitochondria upregulate protease activity and protein turnover during reoxygenation, processes 

driven by LonP1 and Parkin-mediated mitophagy. Intriguingly, this response is intertwined with 

the pathways of mitochondrial dynamics, wherein mitochondrial fission and fusion appear to 

differentially regulate mitochondrial protein turnover.  

Mitochondrial Protein Turnover in I/R injury 
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The turnover and remodeling of the mitochondrial proteome is driven by two independent 

but likely cooperative mechanisms: autophagy-dependent degradation and protease-dependent 

proteolysis. The autophagic degradation of mitochondria and their contents, termed mitophagy, is 

an elegantly coordinated system that involves the sequestration of mitochondria or mitochondrial-

derived vesicles and subsequent degradation by lysosomes (42,108). Mitophagy has long been of 

substantial interest in the study of neuronal I/R. During I/R injury, classical pathways of mitophagy 

including PINK1/Parkin and BNIP3 are activated and increase mitophagic flux 

(86,153,159,164,273-275). However, several studies have highlighted that the traditional model of 

macroautophagic engulfment of mitochondria may not be the leading mechanism of protein 

turnover in neurons at basal conditions (132-134). Further, only a subset of mitochondrial proteins 

are degraded through autophagy-dependent pathways (132,134), therefore suggesting that 

intramitochondrial proteolysis may be a more critical process than previously thought.  

Proteostasis has been demonstrated to mediate and modulate mitochondrial stress 

responses in hypoxic/ischemic injuries. For example, mitochondrial proteases in response to 

hypoxia degrade misfolded and oxidized proteins, as well as electron transport chain (ETC) 

components (175-178). Induction of the proteostatic system is believed to be beneficial to 

mitochondrial function and cell survival, including its upregulation in the mitochondrial unfolded 

protein response (mtUPR) (276-278). The mtUPR, although not extensively demonstrated in 

mammalian systems, includes the increased synthesis of mitochondrial chaperones and proteases 

for protection against various mitochondrial stresses (279). The potential protective effects of 

mitochondrial proteostasis, and its relatively unknown involvement in neuronal injury, warrant 

further study.  

Intramitochondrial protein turnover in the context of I/R is not well understood and was 

therefore the focus of our study. We encoded conditional expression of the fluorescent protein 

MitoTimer for the temporal tracking of mitochondrial protein turnover. MitoTimer, a variant of the 

designer protein Timer, fluoresces green when newly synthesized and trafficked to the 

mitochondrial matrix (267,268,280). Upon oxidation over time, the protein irreversibly switches 

to a red fluorescence. This system allows for visual tracking of protein dynamics. Importantly, 

MitoTimer has little responsiveness to acute changes in mitochondrial matrix pH and is stable for 

long periods of time in various cell types, including neurons (83). The degradation of red, or 
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“aged”, MitoTimer protein is dependent on both forms of mitochondrial quality control: mitophagy 

and proteolysis. Within mitochondria, knockdown experiments of the matrix proteases LonP1 and 

CLPP demonstrate they are the predominant proteases responsible for red MitoTimer degradation 

(269). These findings align with the classical thinking that LonP1 and CLPP survey the matrix and 

preferentially degrade oxidized proteins (144). Our study demonstrates novel findings of acute 

changes in mitochondrial protein turnover in response to OGD/R in neurons. Specifically, at 2 

hours of reoxygenation, there is a significant loss of red MitoTimer protein, a sign of increased 

protein degradation. We found a corresponding increase in LonP1-dependent protease activity at 

this timepoint, and red MitoTimer protein degradation required LonP1 activity. Following 2 hours 

reoxygenation, variable trajectories arise in which some cells remain at low red/green MitoTimer 

ratios, while others drift towards oxidized protein accumulation. Long-term MitoTimer red 

accumulation in nerve tissue has also been reported in a hindlimb I/R model (268). The multimodal 

distribution of proteostasis may be dependent on programmed cell death, as this time window has 

been suggested as a critical decision point for cell fate (34,265,273). The amount of green 

MitoTimer remains relatively stable throughout the injury paradigm, with a trending increase over 

time. It is important to note that expression of MitoTimer in the cassette used is under the control 

of the β-actin promoter (268). Therefore, accumulation of green MitoTimer protein is not a reliable 

measure of mitochondrial biogenesis, but could be interpreted as the level of current protein 

translation and mitochondrial import.  

Neuronal mitophagy has been extensively studied in numerous contexts, including 

Parkinson’s disease, Alzheimer’s disease, and I/R injury (131,158,281,282). The classical PINK1-

Parkin pathway of mitophagy has long been considered to be the dominant stress-response of 

neuronal mitochondria. To assess the influence of this pathway in our I/R paradigm, we measured 

MitoTimer protein dynamics in Parkin KO neurons. We found that Parkin KO cells had 

dramatically increased levels of red MitoTimer protein throughout OGD/R compared to WT cells. 

The abundance of red MitoTimer protein increased throughout reoxygenation, without a 

significant peak in degradation. These results identify mitophagy as a key regulator of the observed 

protein dynamics in response to OGD/R. Despite evidence that classical mitophagy may not be 

highly active at basal conditions in neurons (132-134, 283), we found that Parkin KO significantly 

altered the balance of new and old MitoTimer protein under control conditions. Our findings of 
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mitophagic activity in neuronal OGD/R add to an abundance of evidence in the field, and 

additionally highlight its importance in mitochondrial protein turnover.  

An important note regarding our findings is that MitoTimer is a non-native protein and 

interpretations of our data should reflect that limitation. MitoTimer protein dynamics likely model 

those of similar native proteins, such as other soluble oxidizable matrix proteins. Western blot 

analysis of key subunits of each complex in the ETC did not reveal any macro-level trends in 

protein levels during OGD/R. Fundamental differences between these membrane-bound and 

complex-embedded proteins and MitoTimer likely explain the contrasting observations. 

Additionally, protein levels are dependent on the opposing forces of synthesis and degradation. 

MitoTimer green and red signals allow for the disentanglement of these processes, whereas 

classical Western blot techniques do not.  

Role of LonP1 in Mitochondrial Stress 

To better understand the causal mechanism of increased protein turnover at 2 hours 

reoxygenation after OGD, protease activity was assayed. Protease activity from crude 

mitochondrial fractions displayed significantly higher activity than normoxic control samples. 

Treatment of cells for 2 hours (at onset of reperfusion) with the LonP1 inhibitor CDDO-Me 

ameliorated this increase and in fact decreased both control and 2hR protease activity to equal 

levels. These results were followed up by treating MitoTimer neurons with CDDO-Me. LonP1 

inhibition by CDDO-Me resulted in a perturbed degradation of red MitoTimer during 

reoxygenation. Together, these results point to LonP1 being the causal protease degrading oxidized 

MitoTimer protein. Interestingly, protein levels of the known LonP1 substrates TFAM and 

NDUFS1 (complex I peripheral arm subunit) were not significantly altered during the course of 

OGD/R (284-286). These contrasting observations suggest that LonP1 increases activity only for 

specific substrates (e.g. oxidized soluble proteins), as others have shown but was not directly tested 

in this study (144,175,287). LonP1 has also been implicated in the turnover of cytochrome c 

oxidase subunits during I/R, with preference towards phosphorylated proteins (288). Although 

LonP1 was found to be more active following reoxygenation, it is still unclear if this activity is 

beneficial or detrimental. Clearance of oxidized, misfolded, or damaged proteins would generally 

be considered pro-survival, but the greater discussion of its activation during stress is debated. For 

example, I/R studies in cardiomyocytes have demonstrated contrasting conclusions about LonP1, 
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as either pro- or anti-apoptotic (286,289). Due to LonP1’s diverse roles in mitochondria, it is likely 

that a balance of activity or substrate-specific activity is required. This is similar to the stress 

response pathways that LonP1 partially mediates, including stress granule formation, the 

mitochondrial unfolded protein response, and the integrated stress response (ISR) (178,290-292). 

Wherein activation during stress conditions is necessary for survival, and prolonged/chronic 

activation is deleterious to the cell. Nuanced studies regarding substrate-specific activity are 

needed to further disentangle the role of LonP1 and mitochondrial protein turnover in cell fate 

decisions during I/R injury.  

Interplay between Quality Control Pathways and Mitochondrial Dynamics 

Mitochondrial morphology and function are tightly regulated by the cooperating pathways 

of mitochondrial dynamics and quality control. An abundance of evidence points to crosstalk 

between mitochondrial fission/fusion with mitophagy, proteostasis, and the mtUPR (273,293,294). 

Additionally, mitochondrial dynamics are highly involved in the response to I/R injury 

(42,273,295). To elucidate the effects of mitochondrial fission and fusion on protein turnover, we 

analyzed MitoTimer turnover in Drp1 (fission) and Opa1 (fusion) cKO neurons in OGD/R. 

Interestingly, Drp1 cKO neurons displayed no protein turnover peak at 2hR, in fact, red MitoTimer 

signal steadily increased over time during reoxygenation. This deficiency due to fission 

impairment has also been reported in flies and human patient fibroblasts (187,189,296). 

Mitochondrial fission additionally has an inverse relationship with whole cell proteostasis and ISR 

and mtUPR initiation (189,297,298). Conversely, much less is known about the interactions 

between mitochondrial fusion and protein turnover. Opa1 cKO cells showed a large shift in 

MitoTimer red/green ratio towards newly synthesized proteins, indicative of upregulated turnover 

of old/red MitoTimer. This pattern was consistent throughout OGD/R. Intriguingly, this effect 

contrasts previous studies with Opa1 and MitoTimer. MitoTimer expression in rat insulinoma cells 

(INS1) after Opa1 knockdown revealed increased heterogeneity of the red/green ratio due to fusion 

inhibition; however, overall red/green ratios were not compared to control cells (83). Additionally, 

Opa1 knockdown in Drosophila resulted in increased oxidative stress and red MitoTimer in nerve 

tissue (299). The differences in our findings and these studies may depend on organismal (rat, fly, 

mouse) or cell environment factors (immortalized, in vivo, primary culture). To probe the potential 

effectors of the Opa1 cKO phenotype, we assessed protease expression levels at baseline 
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conditions. Opa1 cKO cells had massively upregulated levels of Oma1. This inner membrane 

metalloprotease is responsible for Opa1 processing, protein import, and stress signaling (139). Due 

to the interdependent relationship between Opa1 and Oma1, the MitoTimer phenotype observed 

in this study may not be completely representative of fusion perturbation, but rather a specific 

effect of Opa1 loss. Future studies focusing on other fusion machinery (e.g., Mfn1, Mfn2) would 

provide clarity on these observations.  

Conclusion 

This study reveals a novel neuronal pattern of mitochondrial protein turnover during in 

vitro I/R injury. LonP1 and Parkin are identified as key mediators of the observed protein 

dynamics. Importantly, the proteolytic and mitophagic responses work in cooperation with the 

forces of mitochondrial dynamics, as evidenced by the effects of fission and fusion loss. This 

reoxygenation-induced proteostasis could serve as a future therapeutic window for modulation of 

mitochondrial quality control. Further work is needed to better our understanding of how LonP1 

and mitochondrial protein turnover contribute to critical cell fate decisions and repair after 

neuronal I/R injury. 

 

3.4 Materials and Methods  

Animals  

All procedures were performed in accordance with institutional guidelines and approved 

by the University of Michigan Institutional Animal Care and Use Committee (IACUC). Mice were 

maintained on a 12 h light/dark cycle with standard rodent chow and water available ad libitum. 

Wild-type (WT) mice (C57BL/6J) were purchased from The Jackson Laboratory (Bar Harbor, 

ME). Drp1 floxed (Drp1flx/flx) mice (Dnm1ltm1.1Hise) were generously provided by Hiromi 

Sesaki, Johns Hopkins University, Baltimore, MD (242). Opa1 floxed (Opa1flx/flx) mice were 

generously provided by Luca Scorrano, University of Padua, Italy (243). Conditional MitoTimer 

mice were generously provided by Zhen Yan, Virginia Polytechnic Institute and State University, 

VA (268). Parkin null mice (B6.129S4-Prkntm1Shn/J) were purchased from The Jackson 

Laboratory (Bar Harbor, ME).  

Genotyping 
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Ear and tail samples, collected from adult and postnatal mice, were lysed in DirectPCR 

Lysis Reagent (Mouse Tail; Viagen, 102-T) overnight at 55 °C. The following day, samples were 

boiled for 10 min. Gene fragments were amplified by polymerase chain reaction (PCR) with 5x 

Green GoTaq Reaction Buffer (Promega, M791A), dNTP mix (Promega, U1515), and GoTaq G2 

DNA polymerase (Promega, M7848). PCR products were run on 1.5% agarose gels with 1X 

GelRed Nucleic Acid Stain (MilliporeSigma, SCT123) and visualized via iBright1500 imager 

(Invitrogen). Primer sequences used in this study were as follows: MitoTimer (tg Fwd) 

GAGTTCATGCGCTTCAAGGT, (tg Rev) GAGGTGATGTCCAGCTTGGT, (control Fwd) CTA 

GGCCACAGAATTGAAAGATCT, (control Rev) GTAGGTGGAAATTCTAGCATCATCC; 

Drp1flx (Fwd) ACCAAAGTAAGGAATAGCTGTTG, (Rev) 

ATGCGCTGATAATACTATCAACC; Opa1flx (Fwd) CAGTGTTGATGACAGCTCAG, (Rev) 

CATCACACACTAGCTTACATTTGC.  

Primary Neuron Culture 

Cerebral cortices from postnatal day 0–1 (P0–P1) mouse pups were isolated and minced 

following sacrifice by decapitation. Tissue was incubated in enzyme digestion solution (Hibernate-

A Medium (Gibco, A1247501), 1X B-27 supplement (Gibco, 17504044), 0.06 mg/mL L-cysteine 

(Sigma, 778672), 1.4 × 10−2 N NaOH (Sigma, 43617), 10 ng/mL APV (2-Amino-5-

phosphonopentanoic acid, Sigma, A-5282), 1:100 Papain (Worthington, LS 03126), 40μg/mL 

Dnase I from bovine pancreas (Roche, 11284932001) for 30 min at 37 °C. Following digestion, 

tissue was washed with DPBS and dissociated in Hibernate-A medium with 1X B-27. Cell density 

was measured by hemocytometer and trypan blue staining. Cells were seeded onto 0.1% PEI-

coated glass coverslips in 24-well dishes (0.3 x 106 cells/well), 6-well dishes (1.5 x 106 cells/well) 

or 60mm dishes (4.5 x 106 cells/dish). After 30 min, complete media change was performed with 

neurobasal complete medium (1x Neurobasal Plus medium (Gibco, A3582901), 1X B-27 Plus 

supplement (Gibco, A3653401), 0.5 mM Glutamax Supplement (Gibco, 35050061), and 1% 

Penicillin/Streptomycin Solution (Gibco, SV30010)). Cells were incubated at 37 °C with 5% CO2 

for 14 days. Half-media changes were performed every 3–4 days with neurobasal complete 

medium. 

Viral transduction 
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Viral infection was performed 7 days prior to experimentation on day-in-vitro 7 (DIV7). 

Adeno-associated viruses were generated by the University of Michigan Vector Core (rAAV8-

hSyn-Cre). Neuron-specific conditional expression of MitoTimer and knockout of target proteins 

was performed via administration of AAV8-hSyn-Cre at 2 x 1010 vg/mL. Infection rates and neuron 

specificity were determined by administering AAV8-hSyn-eGFP at varying concentrations. AAV8-

CAG-empty was used as viral control when applicable. Half-media changes were performed the 

day following infection.  

Oxygen-Glucose Deprivation and Reoxygenation (OGD/R) 

Oxygen-glucose deprivation was performed in O2 Control In Vitro Glove Box (Coy Lab 

Products). The chamber was maintained at <0.1% O2 and 5% CO2. EBSS without glucose was 

bubbled in the hypoxic chamber with 95% N2/5% CO2 gas for 60 min for deoxygenation. Cells 

were placed inside the chamber and washed 3x with deoxygenated EBSS (no glucose) and allowed 

to incubate for 90 min. Cells were then removed from the chamber and reoxygenated with 

Neurobasal Plus medium with 1X B-27 minus antioxidants (Gibco, 10889038) and incubated at 

37 °C in 5% CO2. Control cells remained at normoxic conditions, were washed 3X EBSS with 

glucose, and changed to Neurobasal Plus medium with 1X B-27 minus antioxidants after 90 min. 

CDDO-Me treatment (0.5μM) was administered at the onset of reperfusion in the appropriate 

experiments.  

Immunofluorescence & Fluorescent Microscopy 

Cells on coverslips were washed with DPBS and fixed with 4% paraformaldehyde (Fisher 

Scientific, 50980487) for 15 min at 37 °C. Following fixation, cells were washed 3x with DPBS 

and stored at 4 °C. For immunofluorescent staining, coverslips were incubated in blocking solution 

(5% goat serum (Sigma, G9023) and 0.3% Triton-X100 (Acros Organics, 215682500) in PBS) for 

60 min. Coverslips were then incubated in primary antibody solution (1:1000 Chicken Anti-MAP2 

(Abcam, ab5392), 1% BSA (Sigma, A9647) and 0.3% Triton-X100 in PBS) at 4 °C overnight. 

Coverslips were then washed 3x in PBS and incubated in secondary antibody solution (1:200 Anti-

Chicken Alexa Fluor 647 (Invitrogen, A21449), 1% BSA (Sigma, A9647) and 0.3% Triton-X100 

in PBS) for 60 min. Coverslips were mounted on glass slides using Fluoroshield with DAPI 

(Sigma, F6057) after 3x washes with PBS.  
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Cells were imaged via Zeiss Axio Observer Z1 inverted microscope with LED 

illumination. For each coverslip, 7-8 image z-stacks (0.24 µm slices) were acquired at 63x 

magnification with oil immersion. MitoTimer experiments were performed with 2-3 technical 

replicate coverslips, therefore 14-24 images were acquired per biological replicate in each 

condition. Z-stacks were processed using Zeiss Zen Pro extended depth of focus wavelets method. 

Images were exported in TIFF format for post-processing. LED power, exposure time, and 

histograms were fixed for all MitoTimer experiments.  

MitoTimer Analysis 

MitoTimer image analysis was performed in FIJI (213). Merged TIFF images of the green 

and red channels were imported and converted to 8-bit grayscale. Background noise was removed 

using a rolling ball radius of 20 pixels. Mitochondrial objects (positive for green and/or red signal) 

were segmented using the Trainable Weka Segmentation plug-in (240). The segmentation classifier 

model was trained using hand identified mitochondria from processed images. Resultant 

segmented images were converted to 8-bit binary and the known scale was set. The Analyze 

Particles plug-in was used to define discrete mitochondrial objects and store them as regions of 

interest (ROIs). All ROIs for a given image were combined and the mean intensity was measured 

in the raw images for the green and red fluorescent channels (Fig. 3-10). These measurements 

defined the mean fluorescent intensity of all mitochondrial area in each respective channel. The 

MitoTimer red/green ratio was then calculated by dividing the red intensity by the green intensity 

for each image. Ratios were averaged across all images from individual biological replicates. 

Western Blot 

Cells were scraped in homogenization buffer (10mM HEPES (MilliporeSigma, H-4034), 

1mM EDTA (ThermoFisher, J15694-AP), 1mM EGTA (MilliporeSigma, 324626), 100mM KCl 

(Calbiochem, 7300), 210mM D-Mannitol (MilliporeSigma, M4125), 70mM Sucrose 

(MilliporeSigma, S0389), 1x Halt Protease & Phosphatase Inhibitor (Fisher Scientific, 78444) in 

ddH2O) and lysate was collected on ice. Samples were then sonicated and protein concentration 

was measured using the Bradford Plus Assay Reagent (ThermoFisher, PI23236). Polyacrylamide 

gels (7.5% and 4-20% 29:1 polyacrylamide/bisacrylamide (Fisher BioReagents, BP1408-1), 375 

mM Tris pH 8.8 (Fisher BioReagents, BP152-1), 0.1% sodium dodecyl sulfate (SDS, Sigma, 

L3771), 0.1% ammonium persulfate (APS, Sigma, #A3678), and 0.1% TEMED (GE Healthcare, 
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# 45-000-226)) were loaded with 5-10μg of whole cell lysates and transferred to nitrocellulose 

membranes. Membranes were incubated with primary antibodies (1:1000 Rabbit Anti-α-Tubulin 

(Cell Signaling, 11H10); 1:2000 Rabbit Anti-AFG3L2 (ProteinTech, 14631-1-AP); 1:5000 Mouse 

Anti-β-Actin (Abcam, ab8226); 1:2000 Rabbit Anti-CLPP (ProteinTech, 15698-1-AP); 1:1000 

Mouse Anti-Dlp1/Drp1 in 2% milk (Clone 8, BD Transduction Laboratories, BD6111112); 

1:10,000 Rabbit Anti-GAPDH (14C10, Cell Signaling, 2118); 1:1000 Mouse Anti-HSP60 (BD 

Transduction Laboratories, 611562); 1:1000 Rabbit Anti-LonP1 (ProteinTech, 1540-1-AP); 

1:10000 Rabbit Anti-NDUFS1 (Abcam, ab169540); 1:200 Mouse Anti-Oma1 (Santa Cruz, sc-

515788); 1:1000 Mouse Anti-Opa1 (BD Transduction Laboratories, BD612607); Mouse Anti-

Total OXPHOS Cocktail (MitoScience, MS604); 1:200 Mouse Anti-TFAM (Santa Cruz, sc-

166965; 1:200 Rabbit Anti-TOMM20 (ProteinTech, 11802-1-AP); 1:300 Rabbit Anti-Yme1L 

(ProteinTech, 11510-1-AP)) at 4 °C overnight. Membranes were washed 3x with Tris-Buffered 

Saline and 0.1% Tween (TBST, Fisher Scientific, BP337500) and incubated in secondary 

antibodies (1:5000 Donkey Anti-Mouse (Jackson Immuno Research Labs, 715-035-150 or 

1:10000 Donkey Anti-Rabbit (Jackson Immuno Labs, 711-035-152)  for 60 min at RT. All 

antibodies were prepared with 2% BSA in TBST unless otherwise specified. Membranes were then 

washed 3x with TBST. Membranes were incubated in SuperSignal West Pico Plus 

Chemiluminescent Substrate (ThermoFisher, 34577) and imaged with iBright 1500 imager 

(Invitrogen) and quantified by densitometry using FIJI.  

Mitochondrial Fractionation & Protease Activity Assay 

Cells (3-4 million) were scraped in fractionation buffer (10mM HEPES (MilliporeSigma, 

H-4034), 100mM KCl (Calbiochem, 7300), 210mM D-Mannitol (MilliporeSigma, M4125), 

70mM Sucrose (MilliporeSigma, S0389) in ddH2O) and whole cell lysate was collected on ice. 

Lysate was homogenized using a Teflon Potter-Elvehjem homogenizer (35 strokes at 300 rpm) 

(Thomas Scientific, 3432S90). Homogenates were then centrifuged at 1000 g for 10 min at 4 °C. 

The supernatant (mitochondria and cytosol) was centrifuged at 10,000 g for 10 min at 4 °C. The 

supernatant (cytosolic fraction) was discarded. Mitochondrial pellets were washed once with PBS 

and resuspended in fractionation buffer and sonicated. Protein concentration was measured using 

the Bradford Plus Assay Reagent (ThermoFisher, PI23236). The Pierce Fluorescent Protease Assay 

(Thermo Scientific, 23266) was performed per manufacturer’s instructions. The assay was 
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performed in technical duplicates containing 3 μg of mitochondrial lysate in the presence of 3 mM 

ATP (MilliporeSigma, 20-306). For inhibitor treatment, 0.5 μM CDDO-Me (MilliporeSigma, 

SMB00376) was added to the reoxygenation media and additionally added to the mitochondrial 

lysate before the protease assay.  

Statistical Analysis 

Statistical analyses were performed in GraphPad Prism 8 (GraphPad Software, San Diego, 

CA). For comparisons of two discrete groups, one-way ANOVAs were performed, followed by 

post-hoc t-tests. For comparisons of more than two groups, two-way ANOVAs were performed 

with post-hoc comparisons made by Tukey’s test corrected for multiple comparisons. Tests with 

p < .05 were considered statistically significant. The number of biological replicates is indicated 

by n, unless otherwise noted.  
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3.5 Figures 

 

Figure 3-1. Neuron-specific expression of the fluorescent reporter MitoTimer 

(A) MitoTimer protein is synthesized and trafficked to the mitochondrial matrix where it fluoresces 

green. Upon maturation over time, fluorescence shifts from green to red. The mix of MitoTimer 

green and red protein in mitochondria creates a spectrum of protein dynamics for visualization. 

Graphic made in BioRender. (B) Infection rates of neurons after 7 days of exposure to varying 

doses of AAV8-hSyn-GFP. Infection rates are quantified as the percentage of MAP2-positive 

neurons expressing GFP. (C) Specificity of AAV8-hSyn-GFP for neuronal transduction. Specificity 

is quantified as the percentage of GFP-positive cells that also express MAP2. (D) Representative 

images of neurons expressing GFP after infection with AAV8-hSyn-GFP. (E) Representative 

images of neurons expressing MitoTimer. N = 3-4 biological replicates 
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Figure 3-2. MitoTimer fluorescence dynamics following OGD/R 

(A) Schematic overview of experimental timeline. Graphic made in BioRender. (B) Representative 

images of neuronal MitoTimer across timepoints throughout OGD/R. Scale bar = 20μm. (C) 

Quantitation of MitoTimer ratio and fluorescent mean intensities in OGD/R. Measurements were 

restricted to segmented mitochondrial area in each image. Large symbols display biological 

replicates, small symbols represent individual images. Statistical tests were performed using 

biological replicates. N = 6-7 biological replicates. * indicates p < .05 in pair-wise comparison. $ 

indicates p < .05 compared to control.  
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Figure 3-3. Mitochondrial protease levels are not changed in OGD/R 

(A) Representative Western blots of mitochondrial proteases from neuronal whole cell lysates. (B) 

Quantification of mitochondrial matrix and inner membrane proteases in OGD/R corrected for 

mitochondrial content (TOMM20 expression) and normalized to normoxic control. N= 3-6 

biological replicates. 
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Figure 3-4. LonP1 contributes to protein turnover during reoxygenation 

(A) Protease activity of mitochondrial lysates with(out) CDDO-Me (0.5μM) measured by FITC-

casein proteolysis assay fit to Trypsin standard curve and normalized to normoxic control. N = 6-

8 biological replicates. (B) Representative images of MitoTimer signal at 2hR for WT cells 

with(out) CDDO-Me treatment. Scale bar = 20μm. (C) Quantification of MitoTimer red/green 

ratio, green intensity, and red intensity throughout OGD/R. Dotted line indicates administration of 

CDDO-Me at onset of reoxygenation. N = 5-7 biological replicates. * indicates p < .05 in pair-

wise comparison. $ indicates p < .05 compared to respective control. 
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Figure 3-5. LonP1 substrates and OXPHOS subunits are unchanged during OGD/R 

(A) Representative Western blots of TFAM and NDUFS1 during OGD/R.  (B) Quantifications of 

Western blots for LonP1 substrates. N = 3 biological replicates. (C) Representative Western blots 

of OXPHOS antibody cocktail during OGD/R. (D) Quantifications of Western blots for OXPHOS 

components. All protein levels are corrected by TOMM20 levels and normalized to the mean of 

control. N = 3 biological replicates 
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Figure 3-6. Parkin regulates protein turnover during basal and stress conditions 

(A) Representative images of MitoTimer signal from WT and Parkin KO cells at control conditions 

and 2hR. Scale bar = 20μm. (B) Quantification of MitoTimer red/green ratio, green intensity, and 

red intensity throughout OGD/R. n = 5-7 biological replicates. * indicates p < .05 in pair-wise 

comparison. $ indicates p < .05 compared to respective control. 
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Figure 3-7. Drp1 and Opa1 differentially affect mitochondrial protein turnover 

(A) Representative Western blot of Drp1 cKO after Cre expression. Control cells were transduced 

with a GFP vector. (B) Representative images of Drp1 cKO MitoTimer cells at baseline conditions 

and after OGD and 2 hours reoxygenation. Scale bar = 20μm. (C) Quantification of MitoTimer 

red/green ratio during OGD/R in WT and Drp1 cKO neurons. N = 3-8 biological replicates. (D) 

Representative Western blot of Opa1 cKO after Cre expression. Viral concentrations after listed in 

vg/mL. (E) Representative images of Opa1 cKO MitoTimer cells at baseline conditions and after 

OGD and 2 hours reoxygenation. Scale bar = 20μm. (F) Quantification of MitoTimer red/green 

ratio during OGD/R in WT and Opa1 cKO neurons. N = 3-7 biological replicates. * indicates p < 

.05 ©n pair-wise comparison. $ indicates p < .05 compared to respective control. 
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Figure 3-8. MitoTimer green and red signal in Drp1 and Opa1 cKO 

(A) Quantification of MitoTimer green intensity throughout OGD/R in WT and Drp1 cKO cells. 

(B) Quantification of MitoTimer red intensity throughout OGD/R in WT and Drp1 cKO cells. N 

= 6-7 biological replicates. (C) Quantification of MitoTimer green intensity throughout OGD/R in 

WT and Opa1 cKO cells. (D) Quantification of MitoTimer red intensity throughout OGD/R in WT 

and Opa1 cKO cells. N = 3-7 biological replicates. * indicates p < .05 in pair-wise comparison. $ 

indicates p < .05 compared to respective control. 
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Figure 3-9. Oma1 protease levels are increased in Opa1 cKO cells 

(A) Representative Western blot of Oma1 levels in Opa1 cKO cells. (B) Quantification of Oma1 

protein levels in Opa1 cKO cells, normalized by beta-Actin. N = 3 biological replicates. * indicates 

p < .05 
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Figure 3-10. Image processing pipeline for MitoTimer analysis 

MitoTimer green and red images are merged, converted to 8-bit, and background is subtracted. 

Mitochondrial area is segmented and defined as the mitochondrial ROI. ROI is overlaid onto 

original green and red images for measurement of respective intensities across all mitochondrial 

area. The MitoTimer red/green ratio is psuedo-colored and scaled for visual inspection. 
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Chapter IV: Mitochondrial Membrane Potential and Oxidative Stress Interact to Regulate 

Oma1-dependent Processing of Opa1 and Mitochondrial Dynamics  3 

 

4.1 Introduction 

Mitochondrial fusion is stimulated while fission is slowed at the onset of reperfusion 

(Chapter II; 85,86). Fusion is however halted during later reperfusion, with fission once again 

taking over. This pattern prompted us to investigate possible mechanisms underlying fusion 

dissipation during reperfusion.  

Optic atrophy 1 (Opa1) is a dynamin-related GTPase localized to mitochondrial cristae 

junctions that plays several important roles in mitochondrial biology. It has been well characterized 

that Opa1 mediates mitochondrial inner membrane fusion, cristae remodeling, and ER-

mitochondria contacts (47,300-302). These functions are critical for cellular homeostasis and 

efficient mitochondrial function, making Opa1 an important protein for cell survival, 

differentiation, and function (303-306). Opa1 exists in most mammalian cells with up to 8 different 

isoforms, commonly expressed as 5 isoforms in the brain (78,79,307). Opa1 protein contains 

cleavage sites for two mitochondrial inner membrane proteases, Oma1 and Yme1L. These two 

proteases work in tandem to cleave splice variants of long Opa1 (L-Opa1) into short Opa1 (S-

Opa1) (217,308). Differential isoform expression and proteolytic processing of Opa1 protein give 

rise to 5 distinct protein bands in brain tissue when resolved by Western blot (78,79,307). 

Intriguingly, complete and efficient mitochondrial fusion requires a balance of both L-Opa1 and 

S-Opa1 protein (80,307). The necessity for balance of Opa1 isoforms places importance on 

understanding how Oma1 and Yme1L mechanistically operate and react to varying cellular 

conditions.  

 
3 This chapter is composed of the submitted manuscript: “Fogo GM, Raghunayakula S, Emaus KJ, Torres Torres FJ, Wider JM, 

Sanderson TH. Mitochondrial membrane potential and oxidative stress interact to regulate Oma1-dependent processing of Opa1 

and mitochondrial dynamics. Submitted.”. Sarita Raghunayakula generated the CRISPR Cas9 KO of Oma1 in HT22 cells. I 

performed all remaining experiments.  
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Oma1 and Yme1L protease activity also requires a coordinated and balanced relationship. 

Oma1 and Yme1L cleave Opa1 at different sites, S1 and S2 respectively, and therefore produce 

unique S-Opa1 isoforms (79,308). Although the exact functions of each Opa1 isoform have not 

been resolved, the measurement of individual S-Opa1 isoform abundances allows for the 

assessment of each protease’s relative activity. At homeostatic conditions, Yme1L is preferentially 

active, while Oma1 is better characterized as a stress-induced protease (309,310). This relationship 

is maintained in part due to reciprocal degradation of Oma1 and Yme1L, in which ATP availability 

determines the dominant active protease (311). In addition to the processing of Opa1, these 

proteases are involved in other aspects of mitochondrial biology, including protein import, stress 

signaling, and mitophagy (139,140,312). Together, these roles make delineation of Oma1 and 

Yme1L activation mechanisms integral to our understanding of basic mitochondrial biology and 

the response to stress. Due to its constitutive activity during basal conditions, little is known about 

the regulators of Yme1L activation. However, Oma1 has been demonstrated to be activated by 

many stresses, injuries, and diseases (43,306,313). The predominant mechanism described for 

Oma1 is activation by depolarization of the mitochondrial membrane potential (309,311,314). 

Commonly induced by protonophore treatment (e.g. FCCP, CCCP), depolarization is believed to 

be sensed by a string of positive amino acid residues on the N-terminus of Oma1. The matrix-

localized N-terminus is required for depolarization-induced activation and may change 

conformation in response to polarization changes across the inner mitochondrial membrane (314). 

However, this mechanism is complicated by other findings that stresses such as heat, oligomycin 

(hyperpolarizing agent), hydrogen peroxide (H2O2), and apoptotic proteins are also sufficient to 

induce Oma1 activation (314-316). Oma1-dependent Opa1 processing has also been observed 

during neuronal I/R paradigms, which include combinatorial mitochondrial stresses (e.g. 

depolarization, oxidative stress) (85,88,317,318). Understanding the specific aspects of Oma1 

activation during I/R could help identify mechanisms for therapeutic intervention to promote 

mitochondrial fusion and recovery after injury.  

In this study, we aimed to determine the presence of Oma1 activation and Opa1 processing 

in a neuronal model of I/R injury and identify the potential causative mechanisms. Utilizing in 

vitro methodologies, we assayed Oma1-mediated cleavage of Opa1 in depolarizing, 

hyperpolarizing, and oxidative conditions. Additionally, we investigated the dependency of Oma1 

activation on oxidative stress and the contributions of Oma1 to mitochondrial fission and fusion. 
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Ultimately, our results demonstrate the dynamic nature of Oma1 activation and its importance in 

both reaction to and recovery from mitochondrial stress.  

4.2 Results 

4.2.1 Neuronal Opa1 processing and Oma1 activation in oxygen-glucose deprivation and 

reoxygenation (OGD/R) 

Mitochondrial fission and fusion play important roles in the response to I/R injury (42). 

Due to its importance in mitochondrial fusion, we evaluated the status of Opa1 during neuronal 

oxygen-glucose deprivation and reoxygenation (OGD/R; an in vitro model of I/R in primary 

neuron cultures). Opa1 has five dominant protein bands (a-e) in murine neurons that work in 

coordination to perform inner membrane fusion and other essential functions (47,78,79). The long 

Opa1 isoforms (L-Opa1) a and b are splice variants, with cleavage sites for the two mitochondrial 

proteases Oma1 and Yme1L. Cleavage of splice variants by each protease produces unique short 

Opa1 (S-Opa1) bands: Oma1 produces c and e, Yme1L produces d (Fig. 4-1A). The balance of L-

Opa1 and S-Opa1 is critical to maintain proper function, with an ideal ratio around 1:1 (80). Mouse 

primary cortical neurons displayed an equal balance of L-Opa1 and S-Opa1 at control conditions 

(Fig. 4-1B). We hypothesized that OGD would stimulate Opa1 cleavage, while reoxygenation 

would exacerbate this effect. Indeed, upon OGD, loss of the b band was evident with an increase 

in the Oma1-dependent e band. However, this pattern of increased Opa1 processing did not 

progress further and remained consistent from the conclusion of OGD (0hR) through 6 hours of 

reoxygenation (6hR; Fig. 4-1B,D). The protease Oma1 performs autocatalytic self-cleavage upon 

activation (314). Interestingly, we observed an increase of cleaved Oma1 product throughout the 

progression of OGD/R, but no significant change in total Oma1 levels (Fig. 4-1C,E). Together, 

these results demonstrate that neuronal OGD/R induces alterations in Oma1 and Opa1 proteolytic 

processing in response to injury.  

4.2.2 Opa1 processing is sensitive to both mitochondrial depolarization and hyperpolarization 

The proteolytic processing and activation of Opa1 and Oma1 during OGD/R prompted us 

to investigate the specific mitochondrial stresses that could be responsible for disruption of 

mitochondrial homeostasis. It has been demonstrated that positively charged amino acids on the 

matrix-localized N-terminus of Oma1 regulate its activation upon mitochondrial membrane 

depolarization (314). Therefore, we investigated the effects of mitochondrial membrane potential 
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depolarization on Opa1 processing. The electron transport chain (ETC) inhibitors rotenone 

(complex I inhibitor; 20μM) and antimycin A (complex III inhibitor; 20μM), along with the 

protonophore FCCP (3μM), were applied to HT22 cells (mouse hippocampal neuronal cell line) 

for 2 hours (Fig. 4-2A). Depolarization of the mitochondrial membrane potential was confirmed 

by flow cytometry with TMRM, a mitochondrial membrane potential-sensitive dye (Fig. 4-2B). 

Both rotenone and FCCP were sufficient to induce Opa1 cleavage, however, antimycin A treatment 

did not produce increased S-Opa1 (Fig. 4-2C,D). Conversely, we tested the effects of two 

hyperpolarizing agents, oligomycin (5μM) and histamine (500μM). Oligomycin, an inhibitor of 

ATP synthase (complex V), significantly increased hyperpolarization and Opa1 cleavage (Fig. 4-

2E-G). Histamine causes increased cytosolic and subsequently mitochondrial calcium to 

hyperpolarize the mitochondria via increased oxidative phosphorylation activity (319-322). 

Interestingly, hyperpolarization by histamine was not sufficient to increase Opa1 processing above 

baseline (Fig. 4-2E-G). These experiments show that Opa1 processing can be induced by 

compounds that drive both mitochondrial membrane depolarization and hyperpolarization. 

4.2.3 Opa1 processing is contextually dependent on oxidative stress 

 Toxins and stressors modulate multiple aspects of mitochondrial function and are not 

limited to membrane polarization. Therefore, we set out to investigate other possible factors 

influencing Oma1 activation and Opa1 processing. Focusing on oxidative stress, we applied 50μM 

hydrogen peroxide (H2O2) to HT22 cells for 2 hours and found significant cleavage of Opa1 (Fig. 

4-3A,B). To confirm that oxidative stress was present in the other conditions, we evaluated 

mitochondrial reactive oxygen species (mROS) production via flow cytometry with MitoSOX, a 

mitochondrial-specific superoxide indicator. Drugs that affected mitochondrial membrane 

potential and induced Opa1 processing (rotenone, oligomycin, FCCP) all produced elevated levels 

of mROS (Fig. 4-3C). Notably, 20μM antimycin A produced a small amount of mROS and did not 

induce Opa1 processing, suggesting that high mROS levels may be required to induce Opa1 

processing. To test the direct involvement of mROS in stress-induced Opa1 processing, we pre-

treated cells with the antioxidant N-acetyl cysteine (NAC; 3mM) for 1 hour prior to stress/drug 

treatment (Fig. 4-3D). NAC pretreatment ameliorated H2O2, rotenone, and FCCP-induced Opa1 

cleavage, suggesting that oxidative stress is necessary for Opa1 processing (Fig. 4-3E-F). 

However, oligomycin-treated cells could not be rescued by NAC treatment. These results underline 

oxidative stress as a key player in Opa1 processing, but the dependence on mROS is stress-specific.  
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4.2.4 Mitochondrial stress induces Opa1 processing through Oma1 proteolytic activity 

The predominant Opa1 processing pattern observed after drug treatment displayed 

decreased a and b bands and increased e. This pattern is characteristic of Oma1 proteolytic activity, 

as only Oma1 can produce the e protein band (78,308). To test the dependence on Oma1, we 

generated Oma1 KO HT22 cells using CRISPR/Cas9 gene editing. Indeed, we found that Oma1 

KO cells did not produce either c or e bands, but could generate the Yme1L-dependent d band 

(Fig. 4-4A). Treatment of Oma1 KO cells with rotenone, FCCP, and oligomycin demonstrated no 

significant Opa1 processing (Fig. 4-4A,B). These results identify Oma1, and not Yme1L, as the 

primary driver of Opa1 proteolytic processing in response to mitochondrial stress induced by 

rotenone, FCCP and oligomycin.  

4.2.5 Oma1 has dual roles in mitochondrial dynamics under stress 

Opa1 plays a critical role in mitochondrial fusion, therefore we evaluated the effects of 

Oma1 KO on mitochondrial morphologic disruption following mitochondrial toxin exposure. WT 

and Oma1 KO HT22 cells were treated with mitochondrial stressors, and stained in parallel for 

analysis of mitochondrial morphology. Morphology was assessed by quantifying the percentage 

of mitochondrial area in four distinct phenotypes (networks, unbranched, punctate, swollen) using 

our previously validated machine learning-based approach for mitochondrial classification 

(Chapter II). In control conditions, Oma1 KO cells did not present any deviations from WT control 

mitochondrial morphology (Fig. 4-5A). To assess mitochondrial fusion capability, cells were 

treated with 5μM cycloheximide (CHX), a protein synthesis inhibitor, to induce mitochondrial 

hyperfusion (79,323). Both WT and Oma1 KO cells produced long interconnected filamentous 

mitochondria after CHX treatment. Interestingly, Oma1 KO cells produced more mitochondrial 

fragmentation and swelling after 2 hours of 10μM FCCP treatment (Fig. 4-5A,B). This phenotype 

was replicated with oligomycin (5μM) treatment, but not rotenone (20μM; Fig. 4-6). These results 

demonstrate that a lack of Oma1, and the dependent S-Opa1 bands, may exacerbate responses 

and/or susceptibility to mitochondrial stress.  

Despite increased mitochondrial fragmentation after stress, we hypothesized that Oma1 

KO cells would have enhanced recovery after mitochondrial fragmentation due to preserved L-

Opa1, whereas WT cells would possess deficient mitochondrial fusion due to a lack of L-Opa1. 

To test this, we applied FCCP (10μM) for 2 hours to induce L-Opa1 processing by Oma1, resulting 
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in a loss of L-Opa1 bands to completion in WT cells (Fig. 4-5B). Cells were then allowed to 

recover after FCCP washout with or without CHX for 2 hours. During recovery from FCCP in WT 

HT22 cells, new L-Opa1 is produced and mitochondrial fusion is restored. However, treatment 

with CHX, a protein translation inhibitor, blocks new L-Opa1 synthesis, while also inducing 

mitochondrial hyperfusion. In WT cells, FCCP induced cleavage of L-Opa1 and washout allowed 

for limited biogenesis of new L-Opa1, while biogenesis was blocked with CHX treatment (Fig. 4-

5B). In both WT and Oma1 KO cells, washout after FCCP treatment allowed for the mitochondrial 

network to rebalance to a normal state (Fig. 4-5A,C). However, CHX treatment in WT cells during 

FCCP washout resulted in a persistent state of mitochondrial fragmentation, presumably due to the 

lack of L-Opa1. This phenotype was strikingly contrasted by Oma1 KO cells that fully fused in 

response to CHX after FCCP (Fig. 4-5A,C). In summary, we observed that stress-induced 

fragmentation is exacerbated by the lack of Oma1. Despite this, Oma1 KO cells were capable of 

mitochondrial fusion after stress and had preserved L-Opa1 protein. These studies demonstrate 

differential roles for Oma1 in mitochondrial fusion and fission during response to stress. 

4.3 Discussion 

The importance of Opa1 in mitochondrial dynamics, mito-ER contacts, cristae formation, 

and cell signaling pathways make understanding its regulatory mechanisms of high value. The 

balance of Opa1 protein isoforms, regulated by the proteases Oma1 and Yme1L, is critical for 

efficient function (78,80,217). Therefore, we set out to determine the temporal pattern of Opa1 

cleavage in a primary neuron model of in vitro I/R injury and evaluate the specific stress stimuli 

that drive Opa1 processing. In this study, we demonstrate that Opa1 processing is stimulated in the 

“ischemic” state of an I/R paradigm. Further, Opa1 is preferentially processed by Oma1 in 

response to both depolarizing and hyperpolarizing stresses. Importantly, the effects of depolarizing 

agents are dependent on oxidative stress. This data expands on the current model of Oma1 

activation, suggesting a role for redox sensitivity. We also evaluated the role of Oma1 in 

mitochondrial fusion during and after stress. Oma1 KO cells had higher rates of fragmentation 

upon stress, however, they were also more capable of fusion recovery after stress. These results 

suggest that Oma1 plays a dual role in the acute reaction to stress and recovery from mitochondrial 

fragmentation.  

Opa1 processing in neuronal I/R 
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During cerebral I/R, mitochondria dynamically respond with waves of fission and fusion 

that accompany mitochondrial stress (42,85). As the critical regulator of inner mitochondrial 

membrane fusion, Opa1 is proposed to be an important mediator of these responses. In our model 

of primary neuron OGD/R, we identify significant Opa1 cleavage during the “ischemic” phase 

(OGD). In ischemia, mitochondria depolarize and are unable to perform oxidative 

phosphorylation, leading to ATP depletion (29,324). Depolarization is the best characterized 

activation stimulus for Oma1 activity, which aligns with our findings of Opa1 c and e (Oma1-

dependent) band formation, along with Oma1 cleavage during OGD (309). Interestingly, Opa1 

cleavage was not exacerbated, but rather preserved throughout reoxygenation. Reoxygenation 

brings forth a multitude of mitochondrial stressors including hyperpolarization, ROS production, 

and cation flux (34,324). These combinatorial stimuli did not provoke Opa1 cleavage to exceed 

that of the OGD phase. Our findings of OGD/ischemia-induced Opa1 processing align with many 

previous studies looking at neurons and the brain (85,88,174,317,326,327). However, the 

independent states of ischemia and reperfusion have not been well studied in regards to Opa1. The 

temporal resolution of this study highlights the induction of Opa1 cleavage during the initial 

“ischemic” phase and maintenance of its activity during reoxygenation.  

It is important to note that the S-Opa1/L-Opa1 ratio is mediated by three forces: L-Opa1 

biogenesis, cleavage to produce S-Opa1, and Opa1 degradation. Therefore, the lack of 

exacerbation during reoxygenation may be due to opposing forces of biogenesis and 

processing/degradation. This paradigm can be partially disentangled by analyzing Oma1 

autocatalytic cleavage. Several groups have described Oma1 self-cleaving to produce a lower 

molecular weight Oma1 band as a potential safeguard against overactivation (309,314,316,328). 

We analyzed the abundance of this cleavage product throughout OGD/R and found dramatic 

increases over time in Oma1 cleavage. It is therefore likely that Oma1 is stimulated by OGD and 

continuously active throughout reoxygenation. This activity is however opposed by synthesis of 

new L-Opa1 and degradation of S-Opa1 to cap the S-Opa1/L-Opa1 ratio during reoxygenation.  

Mitochondrial membrane polarization-dependent Oma1 activation 

The dominant narrative and best characterized method of Oma1 activation is by 

FCCP/CCCP-induced depolarization or collapse of the mitochondrial membrane potential (309). 

The mitochondrial membrane potential and proton motive force across the inner mitochondrial 
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membrane drive oxidative phosphorylation for ATP synthesis. FCCP and CCCP are protonophores 

that allow free transfer of protons across biological membranes, therefore ameliorating the proton 

gradient in mitochondria. We first set out to replicate depolarization-induced Opa1 processing in 

HT22 cells. Indeed, we found that FCCP and rotenone (complex I inhibitor) were sufficient to 

induce both mitochondrial depolarization and Oma1-dependent Opa1 processing. However, 

mitochondrial depolarization by complex III inhibition with antimycin A did not activate Opa1 

processing. The mechanism for these confounding effects is not known, but these findings do 

replicate previous studies (314). Our findings of consistent neuronal Oma1 activity during 

reoxygenation prompted us to investigate the effects of mitochondrial membrane 

hyperpolarization, a state normally observed during early reoxygenation, on Opa1 processing. 

Competing results were found from two hyperpolarizing agents: oligomycin and histamine. 

Oligomycin inhibits ATP synthase to cause hyperpolarization and ATP depletion, whereas 

histamine causes hyperpolarization by Ca2+-induced increases in ETC activity. These results 

demonstrate that mitochondrial membrane potential perturbations can induce Opa1 processing by 

Oma1, but there is a dependence on the drug’s mechanism of action. Oma1 activation by 

FCCP/CCCP is dependent on a string of positive residues on the matrix-facing N-terminus of 

Oma1 (314). The working model is therefore that the N-terminus induces conformational changes 

in response to membrane potential fluctuations to regulate protease function. Our findings reiterate 

that Oma1 can be induced by membrane potential changes, but identify paradigms in which other 

aspects of mitochondrial biology must be influencing activation.  

Oma1 activation is responsive to oxidative stress 

The differential results after polarization changes prompted us to investigate other 

mechanisms for Oma1 activation and Opa1 processing. Treatments with strong mitochondrial 

inhibitors/protonophores (e.g. oligomycin, FCCP) promote multiple aspects of mitochondrial 

stress including polarization, fission, metabolite depletion, and oxidative stress. We therefore 

postulated that the effects of polarization agents may be influenced by another causative 

mechanism. Mitochondrial ROS and oxidative stress have been shown to be sufficient for Opa1 

cleavage (314,315,329). We replicated these findings using H2O2 treatment, which induced 

significant Opa1 processing in an Oma1-dependent manner. We additionally found that mROS 

production was increased in response to polarizing agents. Critically, the Opa1 processing 
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phenotypes of H2O2, rotenone, and FCCP could be rescued by pre-treatment with the antioxidant 

N-acetyl cysteine (NAC). These results demonstrate a novel dependence of Oma1 activation on 

oxidative stress. Work in yeast has demonstrated that Oma1 stability and substrate interaction is 

influenced by redox-sensitive cysteine residues in the mitochondrial intermembrane space 

(330,331). However, there are marked differences in the C-terminal domains of yeast and 

mammalian Oma1 (314), therefore, the mechanism by which mammalian Oma1 responds to redox 

changes is unclear. NAC pretreatment did not rescue oligomycin-induced Opa1 cleavage, further 

suggesting that Oma1 activation is multidimensional and likely not dependent on a singular aspect 

of mitochondrial stress.  

Oma1 differentially influences mitochondrial fission and fusion 

As a mediator of Opa1 structure and function, Oma1 plays an important role in the 

regulation of mitochondrial fission and fusion. To probe how Oma1 and subsequent Opa1 isoform 

patterns influence the mitochondrial dynamics response to stress, we analyzed mitochondrial 

morphology in WT and Oma1 KO HT22 cells. Because Oma1 KO cells have preserved L-Opa1 

protein after stress, we hypothesized that they would be better equipped to handle mitochondrial 

fragmentation. However, KO cells produced more fragmentation after FCCP and oligomycin 

treatment compared to WT cells. These findings suggest that Oma1 and/or S-Opa1 protein are 

important for the acute response to stress. Oma1 serves to process/degrade other critical 

mitochondrial proteins that may be mediating these effects, namely DELE1. Oma1 has been 

demonstrated to cleave the protein DELE1 to allow for its translocation back to the cytosol for 

integrated stress response activation and downstream signaling (145,313). It is unlikely that the 

lack of S-Opa1 protein additionally contributed to mitochondrial stress, as others have 

demonstrated that Oma1-produced S-Opa1 isoforms are detrimental to mitochondrial health (88). 

Although it is possible that release of S-Opa1 from mitochondria may be required for certain stress 

response pathways (329).  

Recovery from mitochondrial fragmentation was equal in both WT and Oma1 KO cells 

after FCCP washout. This finding was again contrary to our hypothesis that preserved L-Opa1 

would be beneficial in the response to stress. However, the FCCP+washout condition did not 

accurately isolate a L-Opa1 deficient condition. During the washout period, biogenesis of new 

proteins produced a small amount of L-Opa1. Therefore, we treated cells during the washout period 
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with CHX to inhibit protein translation. CHX interestingly stimulates mitochondrial hyperfusion 

through an unknown mechanism (79,323). The washout with CHX condition in WT cells therefore 

allowed us to probe if L-Opa1 was necessary for mitochondrial fusion. Indeed, we found that WT 

cells with CHX during washout failed to perform fusion, whereas their Oma1 KO counterparts 

were successful. This experiment demonstrates that the preservation of L-Opa1 due to Oma1 KO 

is beneficial for the fusion recovery after mitochondrial fragmentation. Further, biogenesis of new 

L-Opa1 is necessary for fusion after complete L-Opa1 cleavage.  

Oma1 has been extensively studied as a potential therapeutic target in many 

injuries/diseases. The identified dual roles for Oma1 in the fission/fusion response to stress adds 

nuance and context to the discussion of Oma1 as a therapeutic target. Oma1 knockout/inhibition 

has been demonstrated to be protective in models of I/R injury, heart failure, and 

neurodegeneration (318,332,333). Conversely, Oma1 activity is protective in other contexts, 

including ataxia and myopathies (146,313,335). These differential results may be due to compound 

effects of Oma1 loss. Oma1-dependent activation of stress responses, to an extent, is likely 

beneficial for survival, whereas Oma1-induced Opa1 cleavage may be detrimental to cell health. 

Further study of Oma1 activation and substrate-specific mechanisms is needed to understand how 

Oma1 influences mitochondrial responses to and recovery from stress.  

Conclusions 

Our findings highlight the multiplexed role of Oma1 and Opa1 processing in mitochondrial 

dynamics and the response to stress. We demonstrate Oma1 sensitivity to multiple mitochondrial 

stresses and variable dependence on oxidative stress for activation. This suggests an ability of 

mammalian Oma1 to respond to redox changes in the mitochondrial environment. Further work is 

required to disentangle the influences and interactions of mitochondrial stress components (e.g. 

membrane potential, ROS, ATP) in Oma1 activation and the downstream consequences on 

mitochondrial fission, fusion, and stress signaling pathways.  

4.4 Methods and Materials 

Animals  

All procedures were performed in accordance with institutional guidelines and approved 

by the University of Michigan Institutional Animal Care and Use Committee (IACUC). Mice were 
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maintained on a 12 h light/dark cycle with standard rodent chow and water available ad libitum. 

Wild-type (WT) mice (C57BL/6J) were purchased from The Jackson Laboratory (Bar Harbor, 

ME).  

HT22 Cell Culture 

HT22 cells (immortalized mouse hippocampal neuronal cell line) were a generous gift from 

Dr. David Schubert (The Salk Institute, La Jolla, CA). Cells were maintained in Dulbecco’s 

Modified Eagle Medium (DMEM; Invitrogen, 11995065) with 10% fetal bovine serum (FBS; 

Sigma-Aldrich, F2442), and incubated in 10% CO2 at 37°C. Cells were passaged using 0.25% 

Trypsin (Invitrogen, 25200056) and kept below 70% confluency, not exceeding 7 passages (P7). 

Experiments were performed 12-18 hours after plating. Cells were exposed to 5μM oligomycin 

(Sigma, O4876), 3-10μM carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP; 

SML2959), 20μM antimycin A (Sigma, A8674), 50μM H2O2 (FisherScientific, H325), 500μM 

histamine (Sigma, H7125), or 5μM cycloheximide (Sigma, C4859) for 2 hours prior to 

collection/fixation. Pre-treatment with 3mM N-acetyl cysteine (NAC; Sigma, A9165) was given 

for 1 hour prior to drug exposure.  

CRISPR Gene Editing 

Oma1 KO HT22 cells were generated using CRISPR-mediated mismatch repair. Cells 

underwent nucleofection (Lonza, Nucleofector Kit V, VCA-1003) with CRISPR RNA (5’-

AAGAAAGUUUCUAGGCAGUA-3’), Oma1 forward primer 1 (5’-

GCTTGTCCTGTTGAAGGTGC-3’), Oma1 forward primer 2 (5’-

AATACATGTTTTCCACAGGTGTTT-3’), Oma1 reverse primer (5’-

GGCCTCTATTACGGCAGGAC-3’) and were administered Cas9 nuclease protein (Dharmacon, 

CAS11200). Clones were screened for mismatch repair by T7 endonuclease assay and Western 

blot was used to confirm loss of Oma1 protein.  

Primary Neuron Culture 

Cerebral cortices from postnatal day 0–1 (P0–P1) mouse pups were isolated and minced 

following decapitation. Tissue was incubated in enzyme digestion solution (Hibernate-A Medium 

(Gibco, A1247501), 1X B-27 supplement (Gibco, 17504044), 0.06 mg/mL L-cysteine (Sigma, 

778672), 1.4 × 10−2 N NaOH (Sigma, 43617), 10 ng/mL APV (2-Amino-5-phosphonopentanoic 
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acid, Sigma, A-5282), 1:100 Papain (Worthington, LS 03126), 40μg/mL DNase I from bovine 

pancreas (Roche, 11284932001) for 30 min at 37 °C. Following digestion, tissue was washed with 

DPBS and dissociated in Hibernate-A medium with 1X B-27. Cell density was measured by 

hemocytometer and trypan blue staining. Cells were seeded 6-well dishes (1.5 x 106 cells/well). 

After 30 min, complete media change was performed with neurobasal complete medium 

(1x Neurobasal Plus medium (Gibco, A3582901), 1X B-27 Plus supplement (Gibco, A3653401), 

0.5 mM Glutamax Supplement (Gibco, 35050061), and 1% Penicillin/Streptomycin Solution 

(Gibco, SV30010)). Cells were incubated at 37 °C with 5% CO2 for 14 days. Half-media changes 

were performed every 3–4 days with neurobasal complete medium. 

Oxygen-Glucose Deprivation and Reoxygenation (OGD/R) 

Oxygen-glucose deprivation was performed in O2 Control In Vitro Glove Box (Coy Lab 

Products). The chamber was maintained at <0.1% O2 and 5% CO2. EBSS without glucose was 

bubbled in the hypoxic chamber with 95% N2 and 5% CO2 gas for 60 min for deoxygenation. Cells 

were placed inside the chamber and washed 3x with deoxygenated EBSS and allowed to incubate 

for 90 min. Cells were then removed from the chamber and reoxygenated with Neurobasal Plus 

medium with 1X B-27 minus antioxidants (Gibco, 10889038) and incubated at 37 °C in 5% CO2. 

Control cells remained at normoxic conditions, were washed 3X EBSS with glucose, and changed 

to Neurobasal Plus medium with 1X B-27 minus antioxidants after 90 min.  

Western Blot 

Cells were scraped in homogenization buffer (10mM HEPES (MilliporeSigma, H-4034), 

1mM EDTA (ThermoFisher, J15694-AP), 1mM EGTA (MilliporeSigma, 324626), 100mM KCl 

(Calbiochem, 7300), 210mM D-Mannitol (MilliporeSigma, M4125), 70mM Sucrose 

(MilliporeSigma, S0389), 1x Halt Protease & Phosphatase Inhibitor (Fisher Scientific, 78444) in 

ddH2O) and lysate was collected on ice. Samples were then sonicated and protein concentration 

was measured using the Bradford Plus Assay Reagent (ThermoFisher, PI23236). Polyacrylamide 

gels (7.5% and 4-20% 29:1 polyacrylamide/bisacrylamide (Fisher BioReagents, BP1408-1), 375 

mM Tris pH 8.8 (Fisher BioReagents, BP152-1), 0.1% sodium dodecyl sulfate (SDS, Sigma, 

L3771), 0.1% ammonium persulfate (APS, Sigma, #A3678), and 0.1% TEMED (GE Healthcare, 

# 45-000-226)) were loaded with 5-10μg of whole cell lysates and transferred to nitrocellulose 

membranes. Membranes were incubated with primary antibodies (1:1000 Rabbit Anti-Beta Actin 
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(Cell Signaling, 4967L); 1:1000 Mouse Anti-HSP60 (BD Transduction Laboratories, 611562); 

1:200 Mouse Anti-Oma1 (Santa Cruz, sc-515788); 1:1000 Mouse Anti-Opa1 (BD Transduction 

Laboratories, BD612607)) at 4 °C overnight. Membranes were washed 3x with Tris-Buffered 

Saline and 0.1% Tween (TBST, Fisher Scientific, BP337500) and incubated in secondary 

antibodies (1:5000 Donkey Anti-Mouse (Jackson Immuno Research Labs, 715-035-150 or 

1:10,000 Donkey Anti-Rabbit (Jackson Immuno Reserach Labs, 711-035-152)  for 60 min at RT. 

All antibodies were prepared with 2% BSA in TBST unless otherwise specified. Membranes were 

then washed 3x with TBST. Membranes were incubated in SuperSignal West Pico Plus 

Chemiluminescent Substrate (ThermoFisher, 34577) and imaged with iBright 1500 imager 

(Invitrogen) and quantified by densitometry using FIJI.  

Flow Cytometry  

Mitochondrial superoxide levels were assayed by flow cytometry using MitoSOX Red 

(FisherScientific, M36008). HT22 cells were treated with the indicated drugs for 30 min and 

trypsinized to suspension. Cells were centrifuged and resuspended in Hanks' balanced salt solution 

(HBSS) no phenol red (FisherScientific, 14025092) and 5μM MitoSox Red. Cells were then 

allowed to incubate at 37°C for 30 min with gentle rocking. Cells were centrifuged and washed 

with HBSS twice.  

For mitochondrial membrane potential assessment, TMRM (Millipore Sigma, T5428) was 

used per manufacturer’s instructions. Cells were then trypsinized, centrifuged, and resuspended in 

HBSS with TMRM (15nM). Cells were allowed to incubate for 30 min before adding the indicated 

drugs. Flow was performed 30 min following drug treatment.  

For both MitoSOX and TMRM experiments, DAPI (1μg/mL; FisherScientific, D1306) was 

added and used as a viability marker. Cells were analyzed via flow cytometry on a Bio-Rad ZE5 

Cell Analyzer. Cells were gated by forward and side scatter to isolate single intact cells. DAPI-

negative cells were analyzed for TMRM or MitoSOX Red signal. Flow cytometry analysis was 

performed using FlowJo™ v10.8.1 Software (BD Life Sciences).  

Immunofluorescence & Fluorescent Microscopy 

HT22 cells were plated on glass 12mm coverslips. The day after plating, cells were treated 

for 2-4 hours with the indicated drugs. Coverslips were washed with DPBS and fixed with 4% 
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paraformaldehyde (Fisher Scientific, 50980487) for 15 min at 37 °C. Following fixation, cells 

were washed 3x with DPBS and stored at 4 °C. For immunofluorescent staining, coverslips were 

incubated in blocking solution (5% goat serum (Sigma, G9023) and 0.3% Triton-X100 (Acros 

Organics, 215682500) in PBS) for 60 min. Coverslips were then incubated in primary antibody 

solution (1:1000 Mouse Anti-ATPB (Abcam, ab14730), 1% BSA (Sigma, A9647) and 0.3% 

Triton-X100 in PBS) at 4 °C overnight. Coverslips were then washed 3x in PBS and incubated in 

secondary antibody solution (1:200 Goat Anti-Mouse Alexa Fluor 488 (Invitrogen, A11029), 1% 

BSA (Sigma, A9647) and 0.3% Triton-X100 in PBS) for 60 min. Coverslips were mounted on 

glass slides using Fluoroshield with DAPI (Sigma, F6057) after 3x washes with PBS.  

Cells were imaged via Zeiss Axio Observer Z1 inverted microscope with LED 

illumination. For each coverslip, 5-6 image z-stacks (0.24 µm slices) were acquired at 63x 

magnification with oil immersion. Z-stacks were processed using Zeiss Zen Pro extended depth of 

focus wavelets method. Images were exported in TIFF format for post-processing. 

Mitochondrial Morphological Analysis 

Mitochondrial morphology was analyzed as previously described (47). Briefly, compressed 

z-stack TIFFs of ATPB signal were imported into FIJI (65). Images were converted to 8-bit and 

background was subtracted with a rolling ball radius of 10 pixels. Discrete mitochondrial objects 

were segmented using the Trainable Weka Segmentation plug-in (66). Segmented images were 

converted to binary and 32 size/shape measurements were taken from each mitochondrial object 

(67). Measurements were input into a trained random forest algorithm in RStudio (RStudio, PBC, 

Boston, MA) for classification to one of four morphologies: network, unbranched, punctate, 

swollen. Each object was classified and percent mitochondrial area for each morphology was 

calculated per experimental replicate.  

Statistical Analysis 

Statistical analyses were performed in GraphPad Prism 8 (GraphPad Software, San Diego, 

CA). For comparisons of more than two experimental groups of the same genotype, one-way 

ANOVAs were performed with post-hoc comparisons between each experimental group and the 

control condition. Correction for multiple comparisons was evaluated by Dunnett’s test. For 

comparisons between two discrete groups (e.g. genotype, NAC treatment) across multiple 
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experimental conditions, two-way ANOVAs were performed with post-hoc comparisons made by 

Sidak’s test corrected for multiple comparisons. Tests with p < .05 were considered statistically 

significant. For primary neuron experiments, n denotes biological replicates. For HT22 cell 

experiments, n denotes experimental replicates. 
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4.5 Figures 

 

Figure 4-1. Opa1 and Oma1 processing initiate during OGD 

(A) Graphic demonstrating the five main protein bands of Opa1 in neuronal cells. Bands a and b 

represent splice variants of full-length protein (L-Opa1). Protease Oma1 and Yme1L cleave L-

Opa1 at sites S1 and S2, respectively to create short proteins (S-Opa1). (B) Representative Western 

blot of Opa1 processing during primary neuron OGD/R. Arrows point to each Opa1 protein band. 

(C) Representative Western blot of Oma1 and cleaved Oma1 during OGD/R. The cleavage band 

is visible after high exposure of the full length Oma1 band. Note that red overlay represents 

saturated full-length protein. (D) Quantification of Opa1 cleavage during OGD/R. n=6 biological 

replicates. (E) Quantification of Oma1 cleavage during OGD/R. n=6 biological replicates. 

*p < 0.05 vs controls 
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Figure 4-2. Opa1 processing is sensitive to both depolarization and hyperpolarization 

(A) Graphic demonstrating the site-specific actions of chemicals used to alter mitochondrial 

membrane potential. (B) Representative flow cytometry histograms of HT22 cells with TMRM 

demonstrating depolarization. Dotted line denotes DMSO median. (C) Representative Western blot 

of Opa1 after treatment with depolarizing agents. (D) Quantification of Opa1 processing with 

depolarization treatment. n=7-9 experimental replicates. (E) Representative flow cytometry 

histograms of HT22 cells with TMRM demonstrating depolarization. Dotted line denotes DMSO 
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median. (F) Representative Western blot of Opa1 after treatment with hyperpolarizing agents. (G) 

Quantification of Opa1 processing with hyperpolarization treatment. n=6-9 experimental 

replicates. *p < 0.05 vs controls 
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Figure 4-3. Opa1 processing is partially dependent on oxidative stress 

(A) Representative Western blot of Opa1 after 2hr treatment with 50μM H2O2. (B) Quantification 

of Opa1 processing after H2O2 treatment. n=3-4 experimental replicates. (C) Representative flow 

cytometry histograms of HT22 cells with MitoSOX Red demonstrating production of 

mitochondrial reactive oxygen species (mROS). Dotted line denotes DMSO median. (D) 

Representative flow cytometry histograms of HT22 cells with MitoSOX Red demonstrating 

mROS scavenging by NAC. Dotted line denotes DMSO median. (E) Representative Western blot 

of Opa1 following drug treatment with and without pre-treatment of antioxidant NAC. (F) 

Quantification of Opa1 processing in NAC experiments. n=5-6 experimental replicates *p < 0.05 

between controls and NAC. 
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Figure 4-4. Stress-induced Opa1 processing is dependent on Oma1 

(A) Representative Western blots of Opa1 and Oma1 in WT and Oma1 KO HT22 cells with drug 

treatment. (B) Quantification of Opa1 processing in WT and Oma1 KO cells after drug treatment. 

n=3 experimental replicates. *p < 0.05 between WT and KO. 
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Figure 4-5. Oma1 has dual roles in mitochondrial dynamics during response to stress 

(A) Representative micrographs of immuno-labeled ATP synthase (green) after 2 hours of 

treatment with cycloheximide (CHX), FCCP, FCCP + 2 hour washout, FCCP + 2 hour washout 

with CHX. Scale bar = 10μm. Insert: magnified view of mitochondrial morphology, scale bar = 

5μm. (B) Representative Western blot of Opa1 and Oma1 in FCCP and CHX conditions. (C) 

Quantification of mitochondrial morphology during FCCP and CHX experiments. Proportions of 

mitochondrial area are displayed for each of the four distinct morphologies: networks, unbranched, 

punctate, swollen. n=3 experimental replicates. *p < 0.05 between WT and KO; $p<0.05 vs WT 

control; #p<0.05 vs KO control. 
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Figure 4-6. Oma1 KO morphology after rotenone and oligomycin treatment 

(A) Representative micrographs of immuno-labeled ATP synthase (green) after 2 hours of 

treatment with rotenone or oligomycin. Scale bar = 10μm. Insert: magnified view of mitochondrial 

morphology, scale bar = 5μm. (B) Quantification of mitochondrial morphology during rotenone 

and oligomycin experiments. Proportions of mitochondrial area are displayed for each of the four 

distinct morphologies: networks, unbranched, punctate, swollen. n=3 experimental replicates. 

*p < 0.05 between WT and KO; $p<0.05 vs WT control; #p<0.05 vs KO control. 
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Chapter V: Agent-based Modeling of Neuronal Mitochondrial Dynamics using Intrinsic 

Variables of Individual Mitochondria  4 

 

5.1 Introduction 

Having developed a methodology for analyzing the morphology of single mitochondrion 

and additionally demonstrating that mitochondrial membrane potential and oxidative stress can 

modulate mitochondrial dynamics machinery, we culminated a system to evaluate dynamics and 

intrinsic variables of single mitochondria.  

Computational modeling of biological mechanisms is a growing field as access to software 

and resources, along with computer literacy, has significantly increased in recent years. In silico 

experimentation with models of biological systems allows for hypothesis testing and predictive 

modeling for optimization of experimental design. The predictive power of computational models 

is particularly valuable for designing preclinical and clinical trials (336-338). Subject, budgetary, 

and logistical limitations often complicate the ideal design of therapeutic trials. For example, it is 

not feasible to test greater than 5-10 possible dosing strategies in a single study while maintaining 

statistical power and feasibility. Predictive models can be leveraged to identify the therapeutic 

strategies with the best possible chances of success prior to (pre)clinical trials, therefore 

minimizing cost, streamlining trial execution, and limiting potential harm.  

The complexities of mitochondrial biology have been modeled using mathematical and 

systems-level techniques (339-343). Various modeling approaches (e.g. ordinary differential 

equations, boolean networks) have been utilized to model mitochondrial dynamics on the order of 

cells and organisms (344-348). Because cells and organelles, like mitochondria, are discrete 

objects with innate abilities to perform certain functions, agent-based modeling is an optimal 

methodology to create a working model of mitochondrial behavior (349). Agent-based models are 

 
4 This chapter is composed of the submitted manuscript: “Fogo GM, Anzell AR, Sanderson TH. Agent-based modeling of 

neuronal mitochondrial dynamics using intrinsic variables of individual mitochondria. Submitted.”. I performed all detailed 

experiments.  
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comprised of individual agents that have given rule sets to perform actions and interactions. These 

micro-rule sets can give rise to macro-level patterns of the entire system. Several groups have 

composed agent-based models of mitochondrial dynamics yielding insights into the crosstalk of 

dynamics with motility, mitophagy, and aging (346,350,351).  

The aim of the present study was to identify the relationships between intrinsic variables 

of individual mitochondria and fission/fusion behavior. To this end, we analyzed the size, shape, 

mitochondrial membrane potential, and protein oxidation level of mitochondria undergoing fission 

and fusion in mouse primary neurons. We synthesized our findings into an agent-based model of 

mitochondrial dynamics, called the Mitochondrial Dynamics Simulation (MiDyS). Further, we 

illustrate the potential utility of MiDyS for in silico experimentation with simulated 

ischemia/reperfusion (I/R) injury and therapeutic intervention. 

5.2 Results 

5.2.1 Dynamic mitochondria have distinct intrinsic properties 

To investigate the relationships between intrinsic properties of individual mitochondria and 

their behavior, we utilized live cell microscopy with fluorescent mitochondrial labeling. The size 

and shape of individual mitochondria is the result of mitochondrial fission and fusion. The size, 

shape, and proximity of mitochondria also directly influence the processes of mitochondrial 

dynamics. Mitochondrial membrane potential (ΔΨ) is the electrochemical gradient formed across 

the mitochondrial inner membrane that is critical for oxidative phosphorylation and has been 

shown to influence the balance of mitochondrial dynamics (352,353). Therefore, we labeled 

mitochondria in mouse primary cortical neurons with 30nM MitoTracker Deep Red (MTDR). 

MTDR is a fluorescent dye whose uptake to the mitochondrial matrix is dependent on the 

mitochondrial membrane potential, allowing analysis of mitochondrial morphology and 

mitochondrial membrane potential (354,355). Mitochondrial networks were imaged every 60 

seconds over a period of 30 minutes to capture dynamic changes and the corresponding relative 

mitochondrial membrane potential (Fig. 5-1A). Image sequences were then analyzed for 

identification of mitochondrial fission and fusion events using ROI-based automated detection 

script in FIJI (213). If a mitochondrial object was detected to perform fission or fusion between 

framen-1 and framen, the mitochondrial object would be tagged and measurements would be taken 
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from framen-1 (Fig. 5-1B). Area distribution was analyzed to reflect mitochondrial size, aspect ratio 

for mitochondrial shape, and MTDR signal for relative mitochondrial membrane potential of each 

mitochondrial object undergoing fission, fusion, and objects that remained unchanged. A total of 

105,958 mitochondrial objects were analyzed, with 29,627 and 15,386 objects undergoing fusion 

and fission, respectively. MTDR mean intensity within mitochondrial objects remained stable 

throughout the recording periods (Fig. 5-1C). We observed a balance between fusion (18.18%) 

and fission (16.62%) events (quantified as percentage of total mitochondria), with slight favor to 

fusion during MTDR recordings (Fig. 5-1D).  

Mitochondrial fission and fusion have been proposed to organize mitochondrial 

proteostasis, mitochondrial DNA nucleoids, and ultrastructure (82,356,357). We sought to 

determine if mitochondrial protein status altered dynamics. We therefore crossed Thy1-Cre (358) 

mice with conditional MitoTimer mice for neuron-specific expression of MitoTimer protein 

(267,268). MitoTimer is a designer protein that fluoresces green when newly synthesized and 

trafficked to the mitochondrial matrix. Oxidation of MitoTimer, whether over time or due to 

oxidative stress, causes an irreversible shift in fluorescence to red. The MitoTimer red/green ratio 

therefore is an indicator of the balance between new and old/oxidized protein within the 

mitochondria (267,268). Live cell recordings were taken of MitoTimer-expressing primary 

neurons over 30 minutes. MitoTimer neurons were imaged every 120 seconds over this period to 

limit photobleaching. MitoTimer recordings were then analyzed for fission and fusion events (Fig. 

5-1E,F). Similar to MTDR recordings, mitochondrial fluorescence remained stable over time with 

a balance of fusion (14.26%) and fission (11.49%) events (Fig. 5-1G,H). A total of 20,437 

MitoTimer-expressing mitochondria were analyzed with 1,963 fission and 3,208 fusion-tagged 

objects.  

The distribution of intrinsic variables was assessed across 3 groups of labeled 

mitochondria: stable, fission, and fusion. Mitochondrial area was found to be differentially 

distributed among the three groups. Fission objects had a shift towards larger mitochondrial area 

(6.924±12.82μm), while the fusion group (1.772±3.099μm) demonstrated a wider variability of 

area compared to stable mitochondria (2.575±6.304μm) (Fig. 5-2A). This finding appears logical 

as parent mitochondria must be large enough to produce two viable daughter mitochondria when 

undergoing fission, whereas fusion can be performed by even the smallest viable mitochondrial 
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object. Aspect ratio (AR), the ratio between the longest (major) and shortest (minor) axis of an 

object’s fitted ellipse, was similar between stable (2.881±1.916) and fusion objects (2.836±1.862). 

However, fission objects had a shifted AR distribution (4.219±2.614), indicating a higher 

likelihood of long linear objects in that group (Fig. 5-2B). MTDR signal was quantified as the 

mean intensity of MTDR within each mitochondrial object relative to the mean intensity of the 

entire image. Mitochondria from all three groups had similar central values of MTDR intensity, 

however, fission and fusion objects were more likely to have MTDR values near the outer limits 

of the distribution (Fig. 5-2C). This data suggests mitochondrial membrane polarization outside of 

the baseline range is associated with dynamic behavior. In MTDR recordings, MTDR relative 

intensity did not have strong correlations with any size or shape descriptors (Fig. 5-2D). The 

distribution of MitoTimer ratio in analyzed mitochondria was a non-normal distribution in all three 

groups. Distributions for stable (0.2620±0.1050) and fission objects (0.2829±0.1047) appeared to 

follow a sum of two gaussian distributions. Fusion mitochondria were more distributed on the 

higher end of MitoTimer ratio (0.3341±0.1165), suggesting that fusion is associated with older or 

more oxidized proteins (Fig. 5-2E). Similar to MTDR, MitoTimer ratio did not correlate strongly 

with other variables (Fig. 5-2F). Our results from primary neuron recordings identify distinct 

features of mitochondria prior to fission and fusion, wherein fission mitochondria are more likely 

to be larger linear objects and fusion mitochondria are more likely to have altered protein oxidation 

levels. Additionally, fusion and fission mitochondria are more likely than stable mitochondria to 

have membrane potentials that deviate from a normal range. 

5.2.2 Prediction of mitochondrial fission/fusion events 

Due to the distinct properties of fusion and fission mitochondria, we evaluated our ability 

to predict mitochondrial behavior using measured intrinsic values. During our recordings, we 

identified many mitochondrial objects that could perform fusion and fission within the 60-120 

second intervals, therefore, we decided to split our predictions into stable vs. fusion and stable vs. 

fission, rather than a three-way decision. The overlapping fluorescent spectra between the red 

MitoTimer and MTDR, did not allow us to record data of both reporters from the same 

mitochondria. This led us to generate two separate prediction models for each reporter. Multiple 

logistic regression was performed on stable, fission, and fusion mitochondria with mitochondrial 

area, major, minor, AR, and MTDR or MitoTimer as the inputs with stable being the negative 
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outcome and fission or fusion being the positive outcome. Prediction fission from MTDR and 

MitoTimer data produced ROC curves with area under the curve (AUC) of 0.7926 and 0.8485, 

respectively (Fig. 5-3A,E). Both regressions produced similar predicted probability distributions 

with high negative predictive power (Fig. 5-3B,F). Fusion regressions had lower AUC values 

(0.6497 & 0.7370) and less negative predictive power (Fig. 5-3C,D,G,H). Fusion prediction was 

predicted to be more difficult as the behavior of two or more mitochondria must be predicted, 

compared to fission which requires only one parent mitochondria. 

5.2.3 Agent-based model of mitochondrial dynamics 

Agent-based models utilize rulesets given to individual autonomous agents, wherein the 

actions and interactions of the agents produce the dynamics of the overall simulated 

network/environment. We applied our data from individual mitochondria and logistic regressions 

to construct an agent-based model of mitochondrial dynamics in NetLogo, an open-source agent-

based modeling program (359). Our model, called MiDyS, is composed of a single cell simulation 

environment with agents representing the smallest measured mitochondrial objects. Agents 

(circles) in the simulation can move and perform interactions with other agents to model dynamic 

behavior. Agents create and destroy fusion links with other agents to simulate mitochondrial 

fusion. Alternatively, fission is modeled by the loss of a link between two agents to form two 

smaller objects. The number of agents in the simulation is controlled by simulated biogenesis 

(growth of new linked agent from parent agent) and mitophagy (loss of unlinked agent). Each 

agent can perform any of these four functions, each interval simulating 1min of time progression 

(Fig. 5-4A). The MiDyS simulation environment represents a single cell (2500μm2) made up of 

50x50 patches of 1x1μm2 (Fig. 5-4B). Mitochondrial agents are each 0.5μm2 in size and have 

encoded intrinsic properties, including membrane potential and MitoTimer ratio. When an agent 

creates a fusion link with another agent, those agents represent a continuous mitochondrial agent, 

therefore size and shape parameters are measured by mitochondrial object. Conversely, membrane 

potential and MitoTimer ratio are not equilibrated across mitochondrial objects and are rather 

localized to the individual agents within an object. This mirrors the spatial restriction of membrane 

potential and protein homeostasis observed in cells (248,360-362). The NetLogo interface of 

MiDyS allows for precise control of starting parameters including number of agents and initial 

networking density on the left side of the interface. The simulation window is located in the center 



93 
 

of the interface for visualization of mitochondrial dynamics. Custom output plots and monitors on 

the interface allow real-time and exportable data analysis of global and agent-specific parameters 

(Fig. 5-4B).  

The fission and fusion actions of agents are determined by the multiple logistic regression 

equations derived from in vitro neuron data. Intrinsic values of mitochondrial agents are input to 

the regression model and the result represents the probability of fission/fusion. After calculation, 

each agent runs probability checks for fission and fusion, giving rise to the stochastic agent-based 

dynamics of MiDyS. Because two regression models were generated for both fusion and fission, 

agents perform both calculations and keep the larger value. The processes of mitochondrial 

biogenesis and mitophagy were not directly evaluated in our in vitro recordings, and therefore we 

used assumed rates based on literature review and other models (273,346,351). Biogenesis occurs 

at a rate of 5% for agents that fall within the baseline range of membrane potential, due to import 

of new protein in mitochondria being dependent on mitochondrial membrane potential (110,363). 

Mitophagy occurs at a rate of 10% for agents that have no links, this assumption is based on 

previous data from our group showing that mitophagy in primary neurons heavily favors 

mitochondrial objects < 1μm2 in area (273). Simulations over time in MiDyS present stable 

balances of fusion and fission events over time with visualization of individual dynamics events 

and micro-interactions between agents (Fig. 5-5). 

5.2.4 Simulated ischemia/reperfusion injury alters mitochondrial dynamics 

One of the goals for MiDyS was to demonstrate the utility of agent-based modeling for in 

silico experimentation. MiDyS was therefore encoded with the ability to manipulate key intrinsic 

variables of the agents. Sliders on the interface allow users to manipulate the membrane potential 

and MitoTimer ratio by defined increments over time. This allows users to simulate disease/injury 

models of interest associated with oxidative stress and/or depolarization/hyperpolarization. 

Cerebral I/R injury injury is a leading cause of death and disability, as well as a known effector of 

oxidative stress, mitochondrial membrane potential, and mitochondrial dynamics (34,42,364,365). 

We therefore set out to simulate neuronal I/R injury in MiDyS. There are several leading models 

of mitochondrial membrane potential and oxidative stress temporal dynamics considered in I/R. 

We tested the outcomes of three models differing in the timing of mitochondrial membrane 

potential and reactive oxygen species (ROS) production: ischemia-induced ROS (23,366,367), 
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hyperpolarization-induced ROS (34,39,368), and reperfusion-induced ROS (28,90) (Fig. 5-6). We 

found that simulated ischemia in all three models produced extensive mitochondrial fragmentation 

and reduced fusion probability. Mitochondrial fission was inhibited in all models upon reperfusion, 

but fusion increased only in the hyperpolarization-induced ROS model. Late-stage reperfusion 

then induced a secondary phase of mitochondrial fission in the hyperpolarization-induced ROS 

model. This temporal pattern of ischemia-induced fission, early fusion during reperfusion, and 

secondary fragmentation matches previous observations of neuronal mitochondrial dynamics 

following I/R (Chapter II; 85,151) (Fig. 5-6). The changes in mitochondrial membrane potential 

of the hyperpolarization-induced ROS model were reduced to keep values within physiological 

range, and the pattern of fusion and fission remained consistent (Fig. 5-7). The balance of 

mitochondrial fission and fusion in MiDyS is quantified by the fission/fusion index (FFI), ranging 

from -1 (complete fission) to 1 (high fusion) (Fig. 5-7). 

5.2.5 In silico experimentation defines therapeutic window of antioxidants 

With the establishment of a simulated I/R paradigm, we proceed to test a simulated 

preclinical trial. Historically, antioxidants have been leading candidates for therapeutic 

intervention during cerebral I/R injury (369-372). Because the extent of oxidative stress applied to 

agents can be simply adjusted in our model, we chose to simulate antioxidant therapy during 

simulated I/R injury. A critical issue in designing preclinical and clinical trials is the determination 

of discrete treatment groups. Dose, delivery strategy, and timing are all key variables that must be 

considered. Selection of inopportune variables can contribute to negative and/or misleading 

results. Predictive modeling and in silico experimentation with MiDyS and similar programs can 

aid these critical decisions by quantitatively comparing outcomes with different combinations of 

variables. To demonstrate this, we set out to determine the therapeutic window for antioxidant 

therapy in our simulated I/R model. Treatment of acute brain injuries require defined therapeutic 

windows, as minutes can separate distinct pathological mechanisms and render a therapy 

beneficial, inert, or even detrimental (373-376). We simulated application of antioxidant therapy 

(reduction of oxidative stress by 40%) at the onset of reperfusion to first demonstrate therapeutic 

efficacy. Antioxidant therapy preserved mitochondrial content and mitochondrial morphology 

through the inhibition of mitochondrial fission probability (Fig. 5-8A). Next, we delayed 

antioxidant treatment by 5, 10, 20, and 25 minutes to determine the therapeutic window. Delayed 
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treatments had incremental changes in total oxidation and provided diminishing returns of 

therapeutic effect on mitochondrial content and morphology (Fig. 5-8B,C). Simulated data 

suggests that antioxidant therapy loses rescue of mitochondrial content at 20 minutes of delay, and 

rescue of mitochondrial morphology at 25 minutes of delay. Utilizing these observations, one could 

make an informed decision about the cutoff time for enrollment of patients in a clinical trial of 

antioxidant therapy for cerebral I/R injury. These in silico experiments demonstrate the potential 

utility of MiDyS and similar predictive models for experimental and trial design. 

5.3 Discussion 

Mitochondrial dynamics have been associated with and implicated in numerous disease 

and injury models of the brain. The field requires an intimate knowledge of the key factors 

contributing to mitochondrial fission and fusion in order to target and treat these pathologies. As 

individual mitochondria are discrete organelles with their own genomes and proteomes, we set out 

to define the relationships between the intrinsic properties of individual mitochondria and their 

respective dynamic behavior. We found that larger linear mitochondria are more likely to undergo 

fission and mitochondria with older/more oxidized proteins are more likely to perform fusion. 

Additionally, deviation from the basal range of mitochondrial membrane potential is associated 

with dynamic events, including both fusion and fission. Leveraging our collected datasets, we 

generated an agent-based model of neuronal mitochondrial dynamics, termed MiDyS. Simulations 

in MiDyS present balanced mitochondrial networks capable of replicating temporal patterns of 

mitochondrial dynamics in neuronal I/R injury. Further, we illustrated the potential application of 

MiDyS for simulated (pre)clincal trials by testing the effects of delayed antioxidant therapy after 

I/R. We believe that MiDyS can be a framework for the study of mitochondrial dynamics in silico 

and development of future therapeutic strategies targeting mitochondria.  

Our live cell imaging results suggest that objects undergoing mitochondrial fission tend to 

be larger and more linear than stable and fusing mitochondria. Logic tells us that fission into two 

daughter mitochondria would require a parent mitochondrial object at least double the minimum 

size of a mitochondrial object, which aligns with our data. Kleele et al. (44) describe a model for 

distinct mechanisms of mitochondrial fission based on scission location. Although not the primary 

target of the study, their data also demonstrates that larger daughter mitochondrial objects after 

fission are more likely to undergo fission than fusion. MitoTimer ratio was not found to be different 
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in fission mitochondria compared to stable mitochondria, although both populations demonstrated 

two peak populations of MitoTimer ratio, rather than a normal distribution. These two populations 

may be separated by location of the scission point, as Kleele et al. (44) additionally demonstrated 

that high mitochondrial ROS levels are associated with peripheral fission (fission near the end of 

the mitochondrial object) and not midzone fission. The lack of association between MitoTimer 

ratio and fission was surprising, as oxidative stress is a well demonstrated inducer of mitochondrial 

fission in many contexts (377-379). However, it is important to note that MitoTimer is not a 

specific or exclusive reporter of mitochondrial ROS levels (267,268). Krzystek et al. (380) 

additionally found that a highly red (oxidized) MitoTimer ratio is not an exclusive determinant of 

fission or mitophagy. Considering MitoTimer as an indicator of protein age, also suggests that 

mitochondrial fission is not influenced by protein dynamics. Mitochondria in dividing cells use 

fission to sort mitochondria by protein age (381), however, we did not analyze MitoTimer ratio in 

daughter mitochondria and therefore cannot conclude if this is also true in post-mitotic neurons.  

Mitochondria on the outer bounds of the mitochondrial membrane potential spectrum 

displayed more incidence of dynamic behavior. Interestingly, the distribution of mitochondrial 

membrane potential was similar between fission and fusion objects. Treatment of cells with toxins 

causing mitochondrial depolarization (e.g. FCCP) and hyperpolarization (e.g. oligomycin) 

generally produce mitochondrial fragmentation (382-384). Because our recordings only included 

neurons at control conditions, it is likely that we only captured physiological levels of 

mitochondrial membrane potential. Our data suggests that in this range, fusion and fission are just 

as likely to occur, whereas treatment with mitochondrial toxins may push mitochondrial membrane 

potential to super physiological levels. Our data is contrasted by a previous study that demonstrated 

depolarized daughter mitochondria after fission are less likely to fuse than the more polarized 

daughter (184). It is unclear if this effect is only true in the acute phase after fission or universal. 

Fusion mitochondria were more likely to have higher MitoTimer ratios, indicating a greater 

abundance of oxidized protein compared to new protein. This data compliments the findings from 

Feree et al. (83), wherein mitochondrial fusion is required to equilibrate MitoTimer signal across 

the mitochondrial network. Collectively, these findings suggest that mitochondria may have an 

ability to sense protein homeostasis and use it to trigger fusion for proteostatic equilibration across 

the entire mitochondrial network.  
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We culminated our live cell imaging data into a computational model of mitochondrial 

dynamics (MiDyS). Due to the individual nature of mitochondria, we chose to use an agent-based 

modeling approach, in which individual mitochondrial agents can perform fusion and fission by 

defined rule sets. Multiple logistic regressions leveraging intrinsic variables of individual 

mitochondria from our neuronal recordings composed the basis of our stochastic model. In MiDyS, 

individually encoded parameters of size, shape, membrane potential, and MitoTimer ratio 

determine the actions and interactions of agents, which give rise to patterns of mitochondrial 

dynamics comparable to in vitro observations. Other groups have similarly leveraged agent-based 

modeling for the study of mitochondrial dynamics (350,351). While other models have focused on 

hypothesis testing of fundamental mitochondrial questions, the aim of MiDyS was to produce a 

framework for informing future investigations. We based the stochastic equations of our model on 

in vitro observations of variables of interest. The parameters of those in vitro experiments define 

the usefulness, but also limitation of our model. MiDyS currently represents a model of how 

mitochondrial size, shape, membrane potential, and protein homeostasis affect fusion and fission 

dynamics in cultured neurons. Results and conclusions made beyond this context should therefore 

be taken with caution. We believe that MiDyS is a framework that can be further developed and 

improved for many more applications and contexts. A multitude of known and unknown biological 

factors likely influence mitochondrial dynamics beyond the variables in this study, including Ca2+, 

ATP, kinase activity, temperature, and pH. Integration of MiDyS with data describing these 

factors, as well as other models of mitochondrial biology has the potential to greatly enhance its 

utility and improve future investigations.  

Conclusions from the data collected in this study and produced by MiDyS should not be 

extended outside of its original context. Live cell imaging was performed in mouse primary 

cortical neurons, a post-mitotic cell type with distinct cellular compartments (e.g. axon, dendrites). 

It is therefore unlikely that all observations of mitochondrial behavior directly translate to other 

cell types of interest. Analysis of mitochondria within neurons was equalized across all cellular 

compartments. A limitation of the fusion and fission event identification algorithm utilized in this 

study is that mitochondrial motility is not taken into account. It is therefore possible that highly 

mobile mitochondria could arise as false positives or negatives. We believe this issue is minimal 

due to the speed of mitochondrial transport observed in our recordings, but should still be 

considered as a limitation. MiDyS is a computational model meant to inform future experiments 
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and is limited by the variables encoded and assumptions made during development. Dynamics of 

mitochondrial biogenesis and mitophagy were not based on in vitro data collected in this study. 

Future work will be required to optimize stochastic equations for these behaviors. A critical 

limitation of agent-based modeling is the underestimation of global or environment-driven 

parameters on agent behavior. For example, mitochondrial fission is known to be influenced by 

mitochondria-ER contact sites (62). Unless encoded by another species of agents, the influence of 

ER tubules on mitochondrial dynamics is not represented.  

We applied MiDyS to simulate proposed models of mitochondrial membrane potential and 

oxidative stress during I/R injury. The three models consider differing peaks of ROS production 

and amplitudes of membrane polarization. We then evaluate each mechanism by comparing 

MiDyS results to known patterns of neuronal I/R mitochondrial dynamics. The first model 

(Ischemia-ROS) considers the ischemic phase of the injury to be the major producer of ROS, with 

limited ROS production and effects on mitochondrial membrane potential during reperfusion 

(23,366,367,385). The second model (hyperpolarization-ROS) postulates that hyperpolarization of 

the mitochondrial membrane potential drives ROS production during the early stages of 

reperfusion, with the limited presence of ROS during ischemia (34,39,368). The third model 

(reperfusion-ROS) follows a similar ROS pattern to hyperpolarization-ROS with ROS peaking 

during reperfusion, but in this model ROS production is not dependent on hyperpolarization 

(27,28,90,386). Interestingly, only the hyperpolarization-ROS model generated a fission/fusion 

pattern similar to in vitro and in vivo models of neuronal/brain I/R injury (Chapter II; 85,86,151). 

These results highlight hyperpolarization and ROS during early reperfusion may be required for 

the slowing of mitochondrial fission and mild rebuilding of the mitochondrial network.  

Collectively, our results identify unique characteristics of mitochondria prior to fission and 

fusion. We can leverage these distinct intrinsic properties to predict fission and fusion events. 

Using an agent-based modeling approach, we constructed a predictive computational model of 

mitochondrial dynamics. We believe this model can serve as a foundational tool for the study of 

mitochondrial dynamics and be utilized to inform and improve therapeutic trials targeting 

mitochondria. 
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5.4 Materials and Methods 

Animals  

All procedures were performed in accordance with institutional guidelines and approved 

by the University of Michigan Institutional Animal Care and Use Committee (IACUC). Mice were 

maintained on a 12 h light/dark cycle with standard rodent chow and water available ad libitum. 

Wild-type (WT) mice (C57BL/6J) were purchased from The Jackson Laboratory (Bar Harbor, 

ME). Thy1-Cre mice (358) were purchased from The Jackson Laboratory (Bar Harbor, ME). 

Conditional MitoTimer mice were generously provided by Zhen Yan, Virginia Polytechnic 

Institute and State University, VA (268).  

Primary Neuron Culture 

Cerebral cortices from postnatal day 0–1 (P0–P1) mouse pups were isolated and minced 

following sacrifice by decapitation. Tissue was incubated in enzyme digestion solution (Hibernate-

A Medium (Gibco, A1247501), 1X B-27 supplement (Gibco, 17504044), 0.06 mg/mL L-cysteine 

(Sigma, 778672), 1.4 × 10−2 N NaOH (Sigma, 43617), 10 ng/mL APV (2-Amino-5-

phosphonopentanoic acid, Sigma, A-5282), 1:100 Papain (Worthington, LS 03126), 40μg/mL 

DNase I from bovine pancreas (Roche, 11284932001) for 30 min at 37 °C. Following digestion, 

tissue was washed with DPBS and dissociated in Hibernate-A medium with 1X B-27. Cell density 

was measured by hemocytometer and trypan blue staining. Cells were seeded onto 0.1% PEI-

coated glass coverslips in 24-well dishes (0.3 x 106 cells/well), 6-well dishes (1.5 x 106 cells/well) 

or 60mm dishes (4.5 x 106 cells/well). After 30 min, complete media change was performed with 

neurobasal complete medium (1x Neurobasal Plus medium (Gibco, A3582901), 1X B-27 Plus 

supplement (Gibco, A3653401), 0.5 mM Glutamax Supplement (Gibco, 35050061), and 1% 

Penicillin/Streptomycin Solution (Gibco, SV30010)). Cells were incubated at 37 °C with 5% CO2 

for 14 days. Half-media changes were performed every 3–4 days with neurobasal complete 

medium. 

Live-Cell Microscopy 

On day-in-vitro 14, primary neurons are transferred to a live cell microscopy incubation 

chamber (37 °C with 20.9% O2 5% CO2) and allowed to acclimate for 30 minutes. For MitoTracker 

Deep Red recordings, cells were washed once with sterile PBS and incubated with 30nM 
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MitoTracker Deep Red FM (Fisher Scientific, M22426) in Earle’s Balanced Salts Solution (EBSS) 

without phenol red (Fisher Scientific, AAJ67559AP) during 30 minute acclimation. Neurons were 

imaged on Zeiss Axio Observer Z1 inverted microscope with LED illumination. Z-stacks (0.24μm 

steps) of MitoTracker Deep Red or MitoTimer signal were acquired every 60 and 120 seconds, 

respectively. Z-stacks were processed using Zeiss Zen Pro extended depth of focus wavelets 

method. Images were exported in TIFF format for post-processing. LED power, exposure time, 

and histograms were fixed for all MitoTimer experiments.  

Image Processing/Segmentation 

Image processing and analysis was performed in FIJI (213). Mitochondrial signal was 

processed using the enhance local contrast (CLAHE) algorithm and background signal was 

subtracted with a rolling ball radius of 10 pixels. For MitoTimer analysis, green and red images 

were both processed and merged at this step. Mitochondrial objects were segmented using the 

Trainable Weka segmentation plug-in (240). Segmented images were then converted to 8-bit 

binary and segmentation over-estimation was removed using the morphological filters plug-in 

(239). Original images (non-processed) and segmented images were then used for downstream 

analysis. 

Automated Detection of Fission/Fusion Events 

A custom .ijm script was used for the automated detection of mitochondrial fission and 

fusion events (https://github.com/sanderson-lab/MiDyS-agent-model). Fission events were 

identified by transposing mitochondrial ROIs from framen-1 onto framen and counting the number 

of mitochondrial objects within the original ROI. If more than one object was found in the ROI of 

the original mitochondrial object, that mitochondria was labeled as a fission object. Fusion events 

were identified by overlaying mitochondrial ROIs from framen onto framen-1 and counting the 

number of mitochondrial objects in that ROI. If more than one object was found in the ROI of the 

resultant mitochondrial object, those objects were labeled as fusion objects. Fusion and fission 

labeled object ROIs were stored and fusion and fission events were quantified as the number of 

fission/fusion events divided by the total number of mitochondrial objects in a frame. For the 

quantification of intrinsic variables of mitochondrial objects, size/shape parameters were measured 

from segmented images and fluorescence intensity (MitoTracker Deep Red or MitoTimer green 

https://github.com/sanderson-lab/MiDyS-agent-model
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and red) were measured from ROIs overlays onto original (un-processed) channel images. 

Measurements were taken from all mitochondrial objects, fission-labeled objects, and fusion-

labeled objects. Stable objects were then identified by removing fission and fusion-labeled objects 

from the list of all mitochondrial objects. Mitochondrial measurements were saved as .csv files for 

further analysis in GraphPad Prism.  

Equation Fitting/Regression 

All data analysis, equation fitting, and quantification was performed in GraphPad Prism 9. 

Frequency distributions of stable, fusion, and fission mitochondrial objects were generated of 

intrinsic variables from MTDR and MitoTimer recordings. Many biological variables have floor 

effects that limit measures from falling below zero. These parameters were log10 transformed to 

allow for easier visualization and modeling of distribution. Gaussian curves were fit to frequency 

distributions for visual reference and analysis of normality. MitoTimer ratio data presented as non-

normal and sums of two gaussian curves were generated for reference.  

Classification and predictive modeling of mitochondrial objects was performed using 

variables that could easily be translated to and quantified in the agent-based modeling software 

NetLogo. For both MitoTimer and MitoTracker Deep Red data, multiple logistic regression was 

performed between fission and stable objects, and fusion and stable objects for the generation of 

four total regression models. Regression models were generated with intercept value, major axis, 

minor axis, log(area), log(aspect ratio), and log(MTDR or MitoTimer ratio). ROC curves and 

predicted probability violin plots were created to assess model performance.  

MiDyS Modeling in NetLogo 

Modeling of mitochondrial dynamics was performed using NetLogo, an open source 

software for the creation and utilization of agent-based models (359). A 50x50 patch simulation 

environment was set up in NetLogo with each patch representing a 1x1μm area. Our NetLogo 

model, called MiDyS, was coded for two procedure sequences: setup and main (go). MiDyS can 

be accessed by our GitHub repository: https://github.com/sanderson-lab/MiDyS-agent-model . 

During setup, individual agents (default termed turtles in NetLogo) represent discrete 

mitochondrial units with an individual size of 0.5μm. Agents are randomly distributed at setup 

https://github.com/sanderson-lab/MiDyS-agent-model
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with a sum determined by the user on the interface panel. At creation, agents are assigned intrinsic 

variables (“turtles-own”) including age, membrane potential, and mitotimer ratio. Membrane 

potential and mitotimer ratios were assigned during setup using a normal random distribution, 

matching the gaussian distribution equations fit to log(MTDR) and log(MitoTimer ratio) 

distributions from live cell recordings. Initial Networking Density, a user-defined variable, then 

determines the extent of mitochondrial fusion during setup. Agents run a probability test based on 

the initial networking density to determine if they will fuse with neighboring agents. If an agent 

fuses with another agent, a link is created between those two agents. After initial networking, 

objects are then numbered to encode connected mitochondrial objects. A mitochondrial object is 

the sum of all agents connected in a network of links. These objects model the fused network 

morphology of mitochondria in a basal state.  

At the conclusion of setup and during the go procedure, each individual agent performs 

calculations to determine derived intrinsic variables and fission/fusion probabilities. Each agent in 

the simulation calculates area, major axis, minor axis, aspect ratio (AR), and two fusion and fission 

probabilities. Equations for area in MiDyS is below in units of μm: 

area = (0.5 ∗ (sum of agents in object)) + (0.3 ∗ (sum of link lengths in object) 

Major and minor are defined as the farthest and shortest distances in μm between agents 

within a mitochondrial object. AR is the major/minor ratio. Because individual agents are 

connected into mitochondrial objects, all agents within an object share size and shape 

measurements. However, individual agents hold distinct membrane potential and MitoTimer 

values even when connected in an object. This behavior intends to model the local differences and 

compartmentalization often observed across large mitochondrial objects in vitro (362). The 

variables area, major, minor, aspect ratio, membrane potential (ΔΨ) and MitoTimer ratio are 

utilized to calculate the probability that a mitochondrial agent will perform fission and/or fusion. 

Probabilistic equations were determined by multiple logistic regression of these variables from in 

vitro mitochondrial recordings.  The framework for probabilistic equations for fission/fusion (pf) 

are listed below: 

𝑝𝑓 =  
𝑒(𝑏0+(𝑏1)(log(𝑎𝑟𝑒𝑎))+(𝑏2)(𝑚𝑎𝑗𝑜𝑟)+(𝑏3)(𝑚𝑖𝑛𝑜𝑟)+(𝑏4)(𝐴𝑅)+(𝑏5)(𝛥𝛹))

1 +  𝑒(𝑏0+(𝑏1)(log(𝑎𝑟𝑒𝑎))+(𝑏2)(𝑚𝑎𝑗𝑜𝑟)+(𝑏3)(𝑚𝑖𝑛𝑜𝑟)+(𝑏4)(𝐴𝑅)+(𝑏5)(𝛥𝛹))
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𝑝𝑓 =  
𝑒(𝑏0+(𝑏1)(log(𝑎𝑟𝑒𝑎))+(𝑏2)(𝑚𝑎𝑗𝑜𝑟)+(𝑏3)(𝑚𝑖𝑛𝑜𝑟)+(𝑏4)(𝐴𝑅)+(𝑏5)(𝑚𝑖𝑡𝑜𝑡𝑖𝑚𝑒𝑟))

1 +  𝑒(𝑏0+(𝑏1)(log(𝑎𝑟𝑒𝑎))+(𝑏2)(𝑚𝑎𝑗𝑜𝑟)+(𝑏3)(𝑚𝑖𝑛𝑜𝑟)+(𝑏4)(𝐴𝑅)+(𝑏5)(𝑚𝑖𝑡𝑜𝑡𝑖𝑚𝑒𝑟))
 

 

No in vitro data was obtained that included simultaneous recordings of mitochondrial 

membrane potential and MitoTimer ratio, therefore two separate equations were generated and 

encoded in the agent-based model. Agents choose the higher resulting probability between the two 

equations to define their true fusion or fission probability.  

During the go procedure, each agent may move or migrate within the simulation 

environment. Headings are randomized and each agent has a 50% probability of moving 0.5μm. 

Movement is restricted if link length reaches the maximum allowed value. If an agent has one or 

more links to other agents, a fission probability check is performed. If a random value 0-100 falls 

below the calculated fission probability for a given agent, that agent breaks the link with its link 

neighbor that has the highest fission probability. If an agent has an unlinked neighbor within 2.5μm 

of itself, a fusion check is performed. If a random value 0-100 falls below the fusion probability 

for a given agent, that agent will create a new link to the local agent with the highest fusion 

probability. Mitochondrial objects are re-numbered and measured after both fission and fusion 

procedures. Agents may be removed from the simulation via the mitophagy function. Unlinked 

agents have an equal 10% chance of being removed by mitophagy after fission and fusion 

procedures. Surviving agents then have intrinsic age, membrane potential, and mitotimer adjusted. 

Age is increased by one after each tick of time. Mitochondrial membrane potential is encoded as 

the log transformation of relative MTDR intensity and fluctuates by random iterations between ± 

0.07 arbitrary units. MitoTimer drifts negative as a function of the absolute value of membrane 

potential:  

Mitotimer =  (𝑟−0.05−0) ∗ abs(ΔΨ) 

In which, r-0.05-0 is a random value between (-0.05) and 0. This equation intends to model 

the oxidation of MitoTimer over time and the dependence of that oxidation on physiological 

membrane potential. Membrane potential is encoded in MiDyS as a log transformation of the 

relative intensity of MTDR signal. Therefore, the further membrane potential deviates from zero, 

the further it leaves the basal range of membrane potential. The emergence of new agents is 
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dependent on the biogenesis function. Biogenesis occurs at a rate of 5% for all agents in the 

simulation. Agents undergoing biogenesis (parents) create and link with a newborn agent. The 

newborn agent is assigned an age of zero, membrane potential according to normal distribution 

described above, and the mitotimer value of the parent + 0.14. In order to perform biogenesis, a 

parent agent must have a membrane potential between (-0.2) and 0.2, and have open space on 

neighboring patches.  

At the conclusion of migration, fission, fusion, mitophagy, aging, and biogenesis, the main 

procedure is complete. The user interface panel window and variable plots are updated, along with 

a global descriptor of network dynamics. This global variable, termed the fission/fusion index 

(FFI), ranges from -1 (fully fragmented) to 1 (highly fused) and is calculated as follows: 

FFI =  2 ∗  
# of agents with > 1 link

# of total agents
 −  1 

Manipulations to membrane potential and mitotimer oxidation can be tuned on the MiDyS 

user interface. These variables alter membrane potential and mitotimer by a percentage of a set 

increment. Changes in these intrinsic parameters can be visualized via the window (with view-

options) and on plots to the right.  

Quantification and Statistical Analyses 

Quantitative and statistical analyses were performed in Prism 9 (GraphPad Software, 

Boston, MA). Non-linear curves were fitted using the indicated equations. Final output data from 

antioxidant simulations was compared using One-Way ANOVA with multiple comparisons 

against the I/R condition, corrected using Dunnett’s method. p < .05 was considered statistically 

significant and is indicated by *.  
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5.5 Figures 

 

Figure 5-1. Neuronal recordings of mitochondrial dynamics 

(A) Representative image of MitoTracker Deep Red-labeled neurons from live cell recordings. 

Scale bar = 10μm. (B) Representative frames 60 seconds apart of MitoTracker Deep Red-labeled 

mitochondria performing fusion. Scale bar = 1μm. (C) Quantification of MitoTracker Deep Red 

signal over time in neuron recordings. (D) Quantification of mitochondria undergoing fusion and 

fission events, as percentage of total mitochondrial objects, over time in MitoTracker Deep Red 

recordings. (E) Representative image of MitoTimer neuron from live cell recordings. Scale bar = 

10μm. (F) Representative frames 120 seconds apart of MitoTimer expression mitochondria 

performing fission. Scale bar = 1μm. (G) Quantification of MitoTimer green signal, red signal (left 

y-axis), and red/green ratio (right y-axis) over time in MitoTimer neuron recordings. (H) 

Quantification of mitochondria undergoing fusion and fission events, as percentage of total 

mitochondrial objects, over time in MitoTimer recordings. n = 4-5 biological replicates 
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Figure 5-2. Dynamic mitochondria have unique intrinsic properties 

(A) Histogram of log-transformed mitochondrial area (μm2) from individual mitochondrial objects 

during MTDR recordings. Curves are fitted gaussian distributions. (B) Histogram of log-

transformed aspect ratio (AR) from individual mitochondrial objects during MTDR recordings. 

Curves are fitted gaussian distributions. (C) Histogram of log-transformed relative MitoTracker 

Deep Red (MTDR) mean intensity from individual mitochondrial objects during MTDR 

recordings. Curves are fitted gaussian distributions. (D) Correlation matrix of intrinsic variables 

collected from individual mitochondrial objects during MTDR recordings. (E) Histogram of log-

transformed MitoTimer red/green ratio from individual mitochondrial objects during MitoTimer 

recordings. Curves are sum of two gaussian distributions. (F) Correlation matrix of intrinsic 

variables collected from individual mitochondrial objects during MitoTimer recordings.  
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Figure 5-3. Intrinsic mitochondrial properties predict fission and fusion events 

(A) ROC curve of multiple logistic regression classifying stable and fission mitochondria from 

MTDR recordings. (B) Violin plot of predicted probability for fission of MTDR-labeled 

mitochondria by multiple logistic regression. (C) ROC curve of multiple logistic regression 

classifying stable and fusion mitochondria from MTDR recordings. (D) Violin plot of predicted 

probability for fusion of MTDR-labeled mitochondria by multiple logistic regression. (E) ROC 

curve of multiple logistic regression classifying stable and fission mitochondria from MitoTimer 

recordings. (F) Violin plot of predicted probability for fission of MitoTimer mitochondria by 

multiple logistic regression. (G) ROC curve of multiple logistic regression classifying stable and 

fusion mitochondria from MitoTimer recordings. (H) Violin plot of predicted probability for fusion 

of MitoTimer mitochondria by multiple logistic regression. 
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Figure 5-4. MiDyS: an agent-based model of mitochondrial dynamics 

(A) Agents in MiDyS are circles that represent the smallest functional mitochondrial object. Fusion 

links can be made between agents to create larger mitochondrial objects. Agents can perform four 

actions with each tick (1min): fission (loss of link to other agent), fusion (creation of new link to 

other agent), biogenesis (growth of new connected agent), and mitophagy (loss of unlinked agent). 

(B) MiDyS model interface in NetLogo. Start/stop buttons, starting parameters, and export 

parameters are listed to the left of the central visualization panel. Mitochondrial dynamics can be 

visualized in the center window. To the right are live output plots of key network diagnostics and 

individual mitochondrial variables, including area, membrane potential, and fusion/fission 

probabilities. 
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Figure 5-5. MiDyS allows for modeling and visualization of fission/fusion dynamics 

(A) Representative images of MiDyS membrane potential visualization over simulated time. 

Insert: zoomed frames demonstrating fusion and fission. (B) Representative images of MiDyS 

MitoTimer visualization over simulated time. (C) Representative images of color-coded 

mitochondrial objects in MiDyS over time 
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Figure 5-6. Simulated models of ischemia/reperfusion injury 

(A) Timeline and table presenting the manipulations to mitochondrial membrane potential (ΔΨ) 

and oxidative stress (Ox) during the given phases of simulated I/R. (B) Quantification of 

mitochondrial count during I/R simulations. (C) Quantification of mean mitochondrial membrane 

potential during I/R simulations. (D) Quantification of mean MitoTimer during I/R simulations. 

(E) Quantification of mean fission probability during I/R simulations. (F) Quantification of mean 

fusion probability during I/R simulations. (G) Quantification of fission/fusion index (FFI) during 

I/R simulations. Dashed lines separate phases of I/R injury. 
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Figure 5-7. Simulated ischemia/reperfusion injury alters mitochondrial dynamics 

 

(A) Timeline of simulated ischemia/reperfusion (I/R) injury paradigm in MiDyS with 

manipulation parameters. (B) Representative images of MiDyS at the conclusion of each phase of 

I/R simulation. (C)  Quantification of mitochondrial count during I/R simulation. (D) 

Quantification of mean fission probability during I/R simulation. (E) Quantification of mean fusion 

probability during I/R simulation. (F) Quantification of fission/fusion index (FFI) during I/R 

simulation. Dashed lines separate phases of I/R injury. 

  



112 
 

 

Figure 5-8. In silico experimentation predicts therapeutic window for antioxidant therapy 

(A) Quantification of mitochondrial count during I/R simulation with antioxidant (AO) treatment 

at onset of reperfusion. (B) Quantification of mean fission probability during I/R+AO simulation. 

(C) Quantification of mean fusion probability during I/R+AO simulation. (D) Quantification of 

fission/fusion index (FFI) during I/R+AO simulation. (E) Quantification of mean MitoTimer 

during I/R with delayed AO treatment simulations. Minutes of delay is shown in parentheses for 

AO treatment. (F) Quantification of mitochondrial count at conclusion of I/R simulation with 

delayed AO treatment. * indicates p < .05 compared to I/R condition. (G) Quantification of 

fission/fusion index (FFI) at conclusion of I/R simulation with delayed AO treatment. * indicates 

p < .05 compared to I/R condition. 
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Chapter VI: Conclusions and Future Directions 

 

6.1 Conclusions 

 This dissertation aimed to investigate the patterns and mechanisms of mitochondrial 

dynamics and proteostasis, and their interactions, during the therapeutic window of neuronal I/R 

injury. To this end, I developed a novel morphological analysis tool for the assessment of 

mitochondrial dynamics at the cell and tissue levels (Chapter II). This methodology was validated 

in neurons using genetic knockout of canonical dynamics proteins and pharmacological 

manipulation. I applied this novel methodology to study I/R injury in a primary neuron OGD/R 

paradigm. The morphology data demonstrates a multi-phasic pattern of mitochondrial dynamics 

during OGD/R, in which OGD induces mitochondrial fission until the onset of reoxygenation. 

Reconstructing fusion occurs during the early stages of reoxygenation until slowing at 2-4 hours 

reoxygenation. This pattern replicates previous findings of fusion loss and secondary 

fragmentation, but here with high temporal specificity at a single mitochondrion level. 

Additionally, we found that Drp1 is required for mitochondrial fission during OGD/R, and that the 

process of mitochondrial swelling is dependent on initial fragmentation by Drp1. Our results 

highlight the utility of machine learning-based mitochondrial classification and support a multi-

phasic model of mitochondrial dynamics in neuronal I/R injury.  

 Mitochondrial quality control by means of mitophagy had been well studied in neurons, 

however, the turnover of intramitochondrial proteins, by either mitophagy or other mechanisms, 

has not been examined in I/R injury. We set out to study mitochondrial protein turnover via 

utilization of MitoTimer, a genetic reporter used to visualize protein aging and oxidation (Chapter 

III). We demonstrate a novel timeline of mitochondrial protein turnover that contains a peak in 

protein turnover at 2 hours of reoxygenation following OGD. We found no increases in 

mitochondrial protease levels during OGD/R to explain this finding. However, we found that 

activity of the mitochondrial matrix protease LonP1 was increased at the time of increased protein 

turnover. Further, inhibition of LonP1 ameliorated this proteostatic peak. It is likely that 
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intramitochondrial proteases like LonP1 work along side mitophagy to turnover mitochondrial 

proteins, as we also found inhibition of turnover in Parkin knockout neurons. Interestingly, genetic 

loss of key dynamics proteins Drp1 and Opa1 differentially alter mitochondrial protein turnover. 

These findings demonstrate a unique interaction between the systems of mitochondrial dynamics 

and quality control.  

 We observed both fusion inhibition and mitochondrial protein turnover activity between 2 

and 4 hours of reperfusion. Additional work in our lab has demonstrated mitophagy initiation 

during this window as well (273). This timeframe appears to be a transitionary phase for the 

mitochondrial response to I/R injury. We were therefore interested in investigating how aspects of 

mitochondrial (dys)function may initiate the observed changes in dynamics and proteostasis. An 

interesting pathway connecting dynamics and proteostasis is the Opa1 cleavage pathway. Opa1, 

the crucial inner membrane fusion protein, requires regulated proteolytic processing by the 

protease Oma1 in order to function efficiently. We hypothesized that increased Oma1 activity 

during early reperfusion (corresponding to the protein turnover peak) would cleave too much 

Opa1, rendering fusion inoperable. Contrary to our hypothesis, we found the Opa1 cleavage 

pattern to respond to OGD and persist through reoxygenation without exacerbation (Chapter IV). 

To better understand this system, we methodically studied the activation criteria for Oma1-

dependent Opa1 cleavage. We found that depolarization and hyperpolarization of the 

mitochondrial membrane potential to be sufficient for Oma1 activation. Both polarization 

phenomena can induce ROS production, therefore we asked whether or not ROS could be the 

unifying activation criteria. Intriguingly, only depolarization relied on ROS to activate Oma1. 

These results add complexity to the previously suggested models of Oma1 activation. We then 

investigated the contributions of Oma1 to the response of mitochondria to stress. We found that 

Oma1 knockout cells had higher fission levels than WT cells after drug-induced depolarization 

and hyperpolarization. However, Oma1 knockout cells were better equipped for fusion recovery 

after fragmentation, despite higher levels of initial fission. Our data presents Oma1 as a two-way 

player in the mitochondrial stress response. During the initial period of stress, Oma1 is needed to 

limit excessive fission. However, limiting Oma1 activity during recovery after stress increases the 

reconstruction of the mitochondrial network. Collectively, our Opa1/Oma1 studies present Oma1 

as a potential limiting factor for fusion recovery after stress, and potentially in a multimodal injury 

of polarization and ROS like I/R.  



115 
 

 Together, our data pointed to an intersection of intrinsic mitochondrial properties (e.g. 

mitochondrial membrane potential, proteostasis) and mitochondrial dynamics. We therefore 

synthesized our data, along with live cell imaging data, to generate an agent-based model of 

mitochondrial dynamics (Chapter V). Our Mitochondrial Dynamics Simulation (MiDyS) 

integrates intrinsic variables of individual mitochondrial agents to define their stochastic fission 

and fusion behaviors. MiDyS accurately simulates physiological dynamics behavior of cultured 

neurons. To demonstrate the utility of MiDyS, we simulated I/R injury with and without 

therapeutic intervention. Our results present the utility of MiDyS to inform and improve 

experimental trials of therapeutic interventions of acute injury/pathophysiology.   

6.2 Future Directions 

 Future experiments should focus on further examining the incomplete rescue of 

mitochondrial fusion during reoxygenation. The loss of fusion and secondary wave of fission 

observed in our studies and others represents a key therapeutic target and window. Interventions 

provided during early reoxygenation that promote mitochondrial fusion before it halts could be 

critical for preserving mitochondrial function and ultimate neuronal survival. We propose Oma1 

as a lynchpin in the fusion response after stress. Future experiments should evaluate if transient 

Oma1 inhibition during reoxygenation is neuroprotective. The study of Oma1 is currently limited 

by the lack of effective pharmacological inhibitors.  

 Additional study is required to understand the role that LonP1 plays in the response to 

injury. It is currently unclear if LonP1-dependent mitochondrial protein turnover is pro- and anti-

survival. Outcomes studies with LonP1 inhibition and knockout will be required to probe this 

question, although LonP1’s role in clearing misfolded and oxidized proteins suggests it as a 

potential therapeutic target.  

 The construction of MiDyS is a promising application of predictive modeling for the study 

of mitochondrial biology. MiDyS, like all computational models, is limited by its encoded 

information and the data in which it is based. Inclusion of other critical variables for mitochondrial 

function (e.g. Ca2+, ATP, pH) would greatly enhance the utility of MiDyS. Here we present MiDyS 

as a blueprint for how agent-based modeling can be used to perform in silico experiments for the 

improvement of future ‘wet lab’ research.  
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6.3 Final Remarks 

Collectively, this thesis defines several patterns and interactions of mitochondrial 

homeostatic mechanisms. Changes in mitochondrial dynamics and quality control pathways are 

hallmarks of the mitochondrial response to stresses, including I/R injury. Here, we delineate the 

patterns of those responses and describe several mechanisms by which they interact with each 

other and critical aspects of mitochondrial function at the single mitochondria level. The tools and 

data produced here will greatly enhance our understanding and study of mitochondrial dysfunction 

in neuronal I/R injury.   
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Figure 6-1. Graphical abstract and summary of dissertation.   
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