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Abstract 

Leber Hereditary Optic Neuropathy (LHON) is a disease that is caused by mutations in 

mitochondrial DNA resulting in vision loss due to retinal ganglion cell (RGC) 

degeneration. The exact pathophysiological mechanism causing RGC degeneration is 

poorly understood. This is partly due to a lack of a suitable model system. We created a 

novel cellular model for investigating mitochondrial dynamics in LHON by treating human 

dermal fibroblasts carrying the most prevalent G11778A LHON mutation with 

staurosporine (STSP). This treatment induced cytoplasmic protrusions resembling 

neurites. Mitochondrial movement was impaired in LHON fibroblasts compared to wild-

type fibroblasts under conditions that induce oxidative phosphorylation (OXPHOS) but 

could not be attributed to reduced cytosolic ATP levels. Furthermore, LHON fibroblasts 

displayed altered mitochondrial network remodeling under conditions that induced 

OXPHOS. Our results demonstrate altered mitochondrial dynamics in LHON fibroblasts 

which may have implications in the pathogenesis of LHON in RGCs.  

Keywords:  LHON G11778A; fibroblasts; staurosporine; cell model; mitochondrial 
dynamics; ATP  
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 Introduction 

1.1. Mitochondrion 

Mitochondria are organelles in eukaryotic cells which convert fuels into ATP 

through the process of oxidative phosphorylation (Taanman, 1999). A mitochondrion 

contains an inner and outer membrane that separates it into two compartments; the 

intermembrane space and the matrix. The outer membrane separates the mitochondrion 

from the cytosol. The inner membrane is highly folded into cristae and is where the five 

enzyme complexes of the oxidative phosphorylation system are embedded (Taanman, 

1999; McBride et al., 2006). Mitochondria form a functional reticulum whose steady-state 

morphology is regulated by dynamic fission, fusion and motility events (McBride et al., 

2006). The mitochondrion has its own genome which is present within the mitochondrial 

matrix. In mammalian cells, each organelle generally contains several identical copies of 

mitochondrial DNA (mtDNA) (Michaels et al., 1982; Shuster et al., 1988). In addition to 

its primary role in ATP production, mitochondria also play important roles in calcium 

homeostasis (Vandecasteele et al., 2002), apoptosis (Wang and Youle, 2009), synthesis 

of steroids (Miller, 1995), synthesis of heme groups and iron-sulphur clusters (Ponka, 

1999; Lill and Kispal, 2000), neurotransmitter metabolism (Schousboe et al., 2013), 

thermogenesis (Nedergaard and Cannon, 1992), and detoxification of ammonia in the 

urea cycle (Meijer et al., 1990). 

1.1.1.  Origin 

Mitochondria evolved from free living bacteria through symbiosis within a host 

cell considered to be the predecessor of the modern eukaryotic cell. The presence of its 

own genome and own translation system, which is distinct from its host was what lead to 

the initial hypothesis that has now been confirmed by detailed characterization of the 

mitochondrial genome. The mitochondrial genome shows considerable variation in size, 

physical form, coding capacity, organization patterns and modes of expression across 

the eukaryotic domain (Gray, 2012). In some non-animal species additional proteins are 

encoded in mtDNA and in others many of the protein coding genes and tRNA genes are 

lost. Ribosomal RNA genes are among the few genes that were universally encoded by 

mtDNA across all eukaryotes and these genes were important in determining the 
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evolutionary origin of mitochondria (Gray, 2012). Detailed molecular, genetic and 

phylogenetic studies pointed to the α-proteobacteria as the specific bacterial lineage 

from within which they originated (Yang et al., 1985).This affiliation has been confirmed 

by subsequent studies which also pointed to the Rickettsiales, an order within 

alphaproteobacteria as being the closest relatives of mitochondria (Gray, 1998; Williams 

et al., 2007). Mitochondria have lost many of their original functions during evolution due 

to loss or transfer of genes from mitochondria to the nucleus. Many of the proteins of the 

mitochondrial ancestor have been replaced by host derived proteins with the exception 

of proteins involved in translation and energy conversion (Gabaldón and Huynen, 2007). 

1.1.2. Mitochondrial Genome 

Mitochondrial DNA of animal cells represent <1 % of the total cellular DNA 

(Clayton, 1982). The structure and gene organization of mtDNA is highly conserved 

among mammals. Human mitochondrial DNA is a closed circular, double stranded DNA 

molecule of approximately 16,569 base pairs in size and consists of 37 genes 

(Taanman, 1999). Out of the 37 genes, twenty two genes encode transfer RNAs and two 

specify ribosomal RNA while the remaining 13 genes encode polypeptides that are 

components of the oxidative phosphorylation mechanism (Schon, 2000).The mtDNA 

duplex is composed of a light and a heavy chain, distinguished on the basis of the G+T 

composition of the two strands (Kasamatsu and Vinograd, 1974). Two rRNAs, 14 tRNAs 

and 12 polypeptides are encoded by genes on the heavy strand. The light strand only 

codes for eight tRNAs and a single polypeptide (Taanman, 1999). The mitochondrial 

genome is quite compact in its organization. Except for a single regulatory region, the 

genes lack introns and intergenic regions are either absent or limited to a few bases 

(Wolstenholme, 1992). Overlapping genes and termination codons, generated post-

transcriptionally by polyadenylation of the mRNAs, are some of the ways in which this 

compaction is achieved (Ojala et al., 1981). The previously held view that the 

mitochondrial genome only possesses 13 protein coding genes has been challenged by 

recent discoveries of novel peptides encoded by the mtDNA (Shokolenko and Alexeyev, 

2015). Humanin and MOTS-c (mitochondrial ORF of the twelve S c) are two such 

peptides that are located within the mitochondrial 16s rRNA and 12s rRNA sequences 

respectively (Hashimoto et al., 2001; Guo et al., 2003; Ikonen et al., 2003; Lee et al., 

2015). Humanin appears to enhance cellular and organismal protection from stress or 
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disease states whereas MOTS-c target to skeletal muscle and enhance glucose 

metabolism (Lee et al., 2016). The identification of these short open reading frames 

(sORFs) indicates a larger mitochondrial genetic repertoire than previously known.     

The mitochondrial genome is self-replicating and the genetic code differs from 

the nuclear genetic code. For instance, the TGA codon, which is a termination codon in 

the nuclear genetic code translates to a tryptophan in mtDNA of most phylogenetic 

groups. The mitochondrial genetic code varies even among species (Anderson et al., 

1981; Osawa et al., 1992). The AGR (R= A, G) specifies a stop codon in mtDNA of 

vertebrates but translates to a serine in echinoderms and arginine in mtDNA of yeast just 

as in the nuclear genetic code (Osawa et al., 1992). The mitochondria also possess a 

simplified decoding system where the 22 tRNA species encoded by human mtDNA are 

able to translate all 13 mitochondrial protein genes (Osawa et al., 1992).   

Mitochondria rely upon nuclear encoded factors for its function. All except two 

ribosomal proteins are nuclear encoded as are some of the enzyme complexes of the 

OXPHOS system. Enzymes of the various catabolic pathways as well as components of 

the mitochondrial import machinery are encoded by nuclear DNA (Ryan and Jensen, 

1995). These are all synthesized by cytosolic ribosomes, with a cleavable mitochondrial 

target sequence in the N terminal region for subsequent import into the mitochondria 

(Ryan and Jensen, 1995).     

Mitochondrial DNA in humans is maternally inherited with little to no contributions 

of mtDNA from the paternal lineage (Giles et al., 1980; Case and Wallace, 1981). 

Recent studies have found that sperm-derived mitochondria are degraded inside the 

fertilized oocyte by the autophagic pathway and ubiquitin-proteasome-dependent 

proteolysis in mammals, including humans (Song et al., 2014). 

1.2. Mitochondrial dynamics 

Formerly thought of as rigid and solitary structures mitochondria are now known 

as dynamic organelles that migrate throughout the cell, fuse and divide and undergo 

regulated turnover (Chen and Chan, 2009). The processes of mitochondrial movement, 

fission, fusion and recycling are collectively termed mitochondrial dynamics. These 

dynamic processes allow mitochondria to respond and adapt to changes in the cellular 
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environment. Therefore, preserving mitochondrial dynamics is crucial for cellular health. 

The importance of mitochondrial dynamics is evident in all cells but none more so than 

neurons. Neurons are polarized cells that typically consist of the cell body (soma), a long 

axon and multiple dendrites. Each of these domains are structurally and functionally 

distinct and therefore the mitochondrial distribution in each domain varies (Sheng and 

Cai, 2012). Studies done on neurons have provided key insights into understanding 

mitochondrial dynamics and its importance in cellular health (Chen and Chan, 2009; 

Sheng and Cai, 2012; Schwarz, 2013). 

1.2.1. Mitochondrial Movement  

It is necessary for mitochondria to travel to regions of high energetic demand and 

this may require long-range movement in certain neurons that extend their axons up to 

millimeters, centimeters or even a meter in length. Presynaptic and postsynaptic 

terminals, active growth cones and nodes of Ranvier are areas within an axon that have 

a high ATP demand and therefore the density of mitochondria in these regions are much 

higher compared to other regions (Fabricius et al., 1993; Morris and Hollenbeck, 1993; Li 

et al., 2004). Despite the ability to be produced locally within axons, it is thought that 

most mitochondrial biogenesis as well as degradation of dysfunctional mitochondria 

takes place in the cell body (soma), which necessitates long-range movement of 

mitochondria (Sheng and Cai, 2012). Movement of mitochondria involves the interplay 

between the three different groups of proteins; the cytoskeletal elements, the molecular 

motor proteins and adaptor proteins. Components of the cytoskeleton such as 

microtubules and actin serve as the track on which mitochondria are transported. 

Microtubules are polarized structures made from the polymerization of α and β tubulin. α 

and β tubulin dimerize and align end to end to form a protofilament. Thirteen laterally 

associated protofilaments form a microtubule (Downing and Nogales, 1998). On one end 

of the microtubule is an exposed α subunit known as the minus end while the end with a 

β subunit exposed is the plus end (Chevalier-Larsen and Holzbaur, 2006). In axons of 

neurons, the microtubules are oriented with their minus ends directed towards the soma 

and plus ends directed towards the distal tips (Schwarz, 2013). 

Kinesin superfamily proteins (KIFs) and cytoplasmic dynein are the main 

microtubule-based motor proteins that drive long distance transport of mitochondria and 

other membrane bound organelles (Sheng and Cai, 2012). Most KIFs move towards the 
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plus end of microtubules while cytoplasmic dynein move towards the minus end (Vale, 

2003). Therefore, in the axon where microtubules have a uniform minus to plus 

arrangement from the soma to the distal synapses, KIFs drive transport away from soma 

(anterograde) whereas cytoplasmic dynein drive transport towards the soma (retrograde) 

(Martin et al., 1999; Hirokawa et al., 2010). Dendrites in comparison have a mixed 

polarity of microtubules and therefore both KIFs and dynein can move either to or away 

from the soma depending on the orientation of the microtubule that the motor is attached 

to (Hirokawa and Takemura, 2004). Members of kinesin-1 family (KIF5) drive 

anterograde transport of axonal mitochondria (Tanaka et al., 1998; Pilling et al., 2006). 

KIF5 consists of three different isoforms in mammals, namely KIF5A, KIF5B and KIF5C 

(Aizawa et al., 1992; Meng et al., 1997; Kanai et al., 2000). KIF5A and KIF5C are only 

expressed in neurons whereas KIF5B is expressed in most cell types (Kanai et al., 

2000). KIF5 has an amino terminal motor domain and a carboxy terminal domain that 

either associates with kinesin light chains or with cargo or cargo adaptors (Seog et al., 

2004). Cytoplasmic dynein is composed of two dynein heavy chains that function as the 

motor and several dynein intermediate chains, dynein light intermediate chains and 

dynein light chains (Oiwa and Sakakibara, 2005). The mechanism of how dynein binds 

to mitochondria is not well characterized but involves various other polypeptides (Sheng 

and Cai, 2012). Mitochondria are also capable of movement on actin filaments albeit 

over short distances using myosin motors (Langford, 1995). Actin filaments are present 

in growth cones, presynaptic terminals and dendritic spines (Sheng and Cai, 2012).   

Mitochondria bind to motors via adaptor proteins and these adaptor proteins play 

a crucial role in regulating mitochondrial movement. The protein Milton is a well 

characterized adaptor protein involved in mitochondrial binding to Kif5 in D.melanogaster 

neurons (Stowers et al., 2002). Milton binds to mitochondria through mitochondrial rho 

(Miro), a RHO family GTPase that is present in the mitochondrial outer membrane 

(Glater et al., 2006). Thus, Kif5, Milton and Miro make up the anterograde transport 

system of mitochondria (Sheng and Cai, 2012). Mammals possess two Milton 

orthologues; TRAK1 (OIP106) and TRAK2 (GRIF1) and two MIRO orthologues; MIRO1 

and MIRO2 all of which are important components in organelle trafficking (Brickley et al., 

2005; Fransson et al., 2006). The Milton/Miro complex also interacts with Dynein and 

therefore is important for dynein-mediated transport as well (Schwarz, 2013).  
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1.2.2. Fission and Fusion 

Mitochondrial fission and fusion are processes that are important for 

mitochondrial quality control. Mitochondrial quality control prevents the release of 

apoptotic factors from damaged mitochondria and contributes to cellular health. 

Mitochondrial fission is the process where a single mitochondrion divides into two or 

more daughter mitochondria. Mitochondrial fission in mammals is mediated by DRP1, 

which is a dynamin like GTPase present in the cytosol (Smirnova et al., 2001). The tail-

anchored mitochondrial fission factor (Mff) and N-terminally anchored mitochondrial 

dynamics proteins of 49 and 51 kDa (MiD49 and MiD51) are mitochondrial outer 

membrane anchored receptor proteins that recruit Drp1 to the surface of the 

mitochondria to initiate fission (Gandre-Babbe and van der Bliek, 2008; Otera et al., 

2010; Palmer et al., 2011). Another outer mitochondrial membrane anchored receptor of 

DRP1 is hFIS1(Yoon et al., 2003), which is an orthologue of Fis1p of budding yeast. 

Despite its crucial role in mitochondrial fission in budding yeast, evidence supporting the 

role of hFIS1 in mammalian mitochondrial fission is contentious (Otera et al., 2010; 

Koirala et al., 2013; Losón et al., 2013). Following the translocation to the mitochondrial 

surface, DRP1 polymerize and form a ring around the mitochondria that constrict and 

sever both inner and outer membranes splitting the mitochondrion into two daughter 

mitochondria (Youle et al., 2012). Fission serves the important function of maintaining a 

healthy supply of mitochondria in maturing and dividing cells (Youle et al., 2012). 

Furthermore fission can serve to isolate damaged mitochondria, which can then be 

targeted for degradation (Twig et al., 2008). Defects in Drp1 mediated mitochondrial 

fission result in the accumulation of mitochondria in the cell body and reduced dendritic 

mitochondrial content (Li et al., 2004). This suggests that it may not be possible for the 

highly interconnected mitochondria that are present in fission deficient neurons to be 

efficiently transported to distal neuronal processes (Sheng and Cai, 2012).  

The process of mitochondrial fusion is mediated by three dynamin family 

members, Mitofusin 1 (MFN1) and Mitofusin 2 (MFN2) which span the outer membrane 

of the mitochondria and Optic atrophy protein 1 (OPA1) which is present in the 

intermembrane space (Song et al., 2009). Mitofusins mediate the fusion between the 

outer membranes of the mitochondria whereas OPA1 mediate inner membrane fusion 

(Meeusen et al., 2006; Song et al., 2009). Mitochondrial fusion enables mitochondrial 

contents to be mixed which allows for the maintenance of a healthy pool of mitochondria 
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through the mixing of proteins, mtDNA and metabolites between mitochondria (Chen 

and Chan, 2009). While it is necessary for mitochondria to move for fusion to occur it 

has also been shown that mutations or deletions in fusion protein MFN2 contribute to 

reduced motility of mitochondria, thus demonstrating an interaction between fusion and 

transport proteins (Baloh et al., 2007; Chen et al., 2007).  

1.2.3. Mitophagy 

Mitophagy is a form of autophagy that is specific for the removal of damaged 

mitochondria (Lemasters, 2005). Mitophagy serves as a quality control method for the 

removal of defective mitochondria. In addition, mitophagy is also required for steady-

state turnover of mitochondria (Tal et al., 2007), regulation of mitochondrial number to 

match metabolic demand (Kissová et al., 2004) and during specific stages of cell 

development (Schweers et al., 2007). Mitophagy begins with mitochondrial fission 

(Westermann, 2010) which segregates defective mitochondria into smaller daughter 

mitochondria which are surrounded by an isolation membrane known as a phagophore 

(Seglen et al., 1996). Once the phagophore has enveloped and sealed its target the 

resulting double membrane bound vesicle is now known as an autophagosome (Kim et 

al., 2007). The autophagosomes then fuse with lysosomes and form autolysosomes in 

which the cargo gets degraded by the lysosomal hydrolases and recycled (Kim et al., 

2007). Mitochondria are labelled prior to being targeted for mitophagy and this can occur 

via two methods: 1. Binding of the outer mitochondrial membrane protein NIP3-like 

protein X (NIX) to ubiquitin like protein LC3 (Microtubule-associated protein 1A/1B-light 

chain 3) on the isolation membrane that mediate mitochondrial isolation into an 

autophagosome (Youle and Narendra, 2011) 2. The PTEN-induced putative kinase 

protein 1 (PINK1) recruitment of cytosolic E3 ubiquitin ligase (Parkin) to depolarized 

mitochondria which then gets ubiquitinated by Parkin followed by mitophagy (Matsuda et 

al., 2010; Vives-Bauza et al., 2010). The latter pathway can also target the proteasomal 

degradation of MIRO which can serve to arrest movement of damaged mitochondria and 

assist in their clearance (Wang et al., 2011). The PINK1-parkin pathway promotes 

fission and /or inhibit fusion by downregulating MFN and OPA1 proteins  which may 

prevent the fusion of damaged mitochondrial into those that are healthy (Deng et al., 

2008; Yang et al., 2008). Furthermore, Parkin induces the ubiquitination of mitofusins 

MFN1 and MFN2, leading to their degradation in a proteasome and a AAA+ ATPase 
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p97-depedent manner upstream of mitophagy thereby preventing the re-fusion of 

damaged and healthy mitochondria (Tanaka et al., 2010; Youle and Narendra, 2011). 

1.3. Mitochondrial dynamics and neurodegenerative 
disorders 

Neurodegenerative diseases encompass a diverse group of disorders of the 

nervous system each characterized by the death of a neuronal subtype (Schon and 

Przedborski, 2011). These are often debilitating disorders with no effective treatments. 

The pathogenesis of a majority of neurodegenerative diseases has not been completely 

elucidated. However, a few underlying themes have emerged regarding their 

pathogenesis such as disrupted cellular quality control mechanisms, oxidative stress, 

neuroinflammation and impaired subcellular trafficking (Schon and Przedborski, 2011). 

Impaired mitochondrial function and dynamics have also been implicated in the 

progression of several neurodegenerative disorders.  

Parkinson’s disease (PD) is a neurodegenerative disease that results in the 

progressive loss of dopaminergic neurons. The induction of early Parkinson’s disease-

like phenotypes (Lewy neurites) by chronic treatment with low concentrations of the 

complex I inhibitor, rotenone in differentiated SH-SY5Y neuroblastoma cells produced a 

reduction in the dynamic movement of mitochondria in neurites (Borland et al., 2008). 

The buildup of α-synuclein which gives rise to Lewy bodies is a characteristic pathology 

in certain forms of Parkinson’s disease (Braak et al., 2004). Over expression of α-

synuclein is detrimental to the microtubule system and aggregates of α-synuclein 

impede movement of mitochondria (Borland et al., 2008). Mutations of the two genes 

PINK1 and Parkin are associated with autosomal recessive forms of Parkinsonism 

(Kitada et al., 1998; Valente et al., 2004). Knocking out either gene in fruit flies lead to 

severe mitochondrial dysfunction characterized by swollen mitochondria with disrupted 

cristae and both mutants show flight muscle and dopaminergic neuron degeneration 

(Greene et al., 2003; Clark et al., 2006; Yang et al., 2006). Therefore, interaction of 

mutant PINK1 and Parkin with proteins such as MIRO and MFN can lead to disrupted 

mitochondrial dynamics. 

A growing body of evidence point towards mitochondrial dysfunction as a major 

contributing factor in the pathogenesis of Alzheimer’s disease (AD). Abnormal 
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mitochondrial dynamics is considered to be an early event in the progression of the 

disease where the balance between fission and fusion is shifted towards fission (Bonda 

et al., 2010; Reddy et al., 2012). A mouse model of AD demonstrated a decrease in 

anterograde mitochondrial movement along with increased fission (Calkins et al., 2011) 

while another study showed a decrease in both anterograde and retrograde movement 

of mitochondria (Du et al., 2010). Mutations in the genes that encode amyloid precursor 

protein (APP) and presenilin-1 and 2 are known to be risk factors for AD. APP and its 

enzymatic cleavage product Amyloid Beta (Aβ), accumulate in mitochondrial membranes 

and cause structural and functional damage to mitochondria (Pagani and Eckert, 2011). 

The interaction of Mitochondrial Aβ with cylcophilin D, a component of mitochondrial 

permeability transition pore (mPTP) cause an increase in the opening of mPTP, leading 

to a disruption in Ca2+ balance and increased ROS production (Wang et al., 2014). 

Elevation of Ca2+ and oxidative stress activates p38 MAP Kinase, which phosphorylates 

kinesin and dynein causing detachment of mitochondria from the motor proteins 

(Hirokawa et al., 2010). Phosphorylated tau is another pathological feature of AD. Tau is 

a microtubule associated protein enriched in axons that play an important role in 

stabilizing axonal microtubules (Ebneth et al., 1998). Tau affects axonal transport if 

overexpressed, or when aggregates form or when isoform composition or 

phosphorylation state is significantly changed (Wang et al., 2014). Overexpression of tau 

retard plus end directed transport of mitochondria involving Kinesin (Ebneth et al., 1998). 

Both phosphorylated tau and Aβ peptides interact with dynamin related protein (DRP1) 

leading to increased mitochondrial fragmentation, impaired axonal transport of 

mitochondria and synaptic degeneration (Manczak et al., 2011; Manczak and Reddy, 

2012). 

Studies showed a direct link between impaired mitochondrial movement and 

degeneration of peripheral sensory and motor axons in Charcot-Marie-Tooth disease 

(CMT). A common inherited disorder of the nervous system, CMT causes muscle 

wasting, weakness, and sensory loss (Reilly et al., 2011). Type II CMT, characterized by 

diminished compound motor action potentials as a result of axonal loss, is commonly 

due to mutations in the outer mitochondrial membrane protein Mitofusin 2 (MFN2), 

(Kijima et al., 2004; Züchner et al., 2004; Lawson et al., 2005; Chung et al., 2006). 

MFN2, a dynamin family GTPase, together with its homolog MFN1 participates in the 

docking and tethering to neighboring mitochondria and subsequent outer membrane 
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fusion (Koshiba et al., 2004). Cultured dorsal root ganglion (DRG) neurons expressing 

mutant MFN2 protein showed accumulation of mitochondria in the proximal axonal 

segments with only a few mitochondria in the distal segments pointing towards a marked 

impairment of mitochondrial trafficking (Baloh et al., 2007). A qualitative defect in 

mitochondrial movement was demonstrated in MFN2 knocked out mouse embryonic 

fibroblasts as well as in an engineered MFN2 mutant fibroblast cell line (Chen et al., 

2003; Neuspiel et al., 2005). It has been proposed that incomplete mitochondrial fusion 

in MFN2 mutants lead to the formation of tethered intermediates which then undergo 

fission leading to fragmented-tethered mitochondrial clusters whose transport is affected 

secondarily as a consequence (Baloh et al., 2007). An alternative hypothesis is that 

MFN2 has a regulatory role in the assembly of the molecular complex for the attachment 

to kinesin and dynein motor proteins (Baloh et al., 2007). MFN2 mutations associated 

with type II CMT also affect endoplasmic reticulum (ER) tubulation and tethering to 

mitochondria which can lead to altered ER-mitochondrial communications (de Brito and 

Scorrano, 2008; Schon and Przedborski, 2011). 

Both vesicular and mitochondrial transport defects are emerging as key 

contributors to the pathology of Huntington’s disease (Li et al., 2001; Gunawardena et 

al., 2003; Lee et al., 2004; Trushina et al., 2004). Altered mitochondrial transport has 

also been demonstrated in familial Amyotrophic lateral sclerosis (ALS) linked mouse 

models as well as in neurons from ALS patients (Sasaki and Iwata, 1996, 2007; Kong 

and Xu, 1998; Higgins et al., 2003). Disrupted mitochondrial dynamics were reported in 

other neurodegenerative diseases such as autosomal dominant distal hereditary motor 

neuropathy and autosomal dominant Perry Syndrome (Levy et al., 2006; Ishikawa et al., 

2014). Despite growing evidence for disrupted mitochondrial dynamics in 

neurodegenerative disorders it is difficult to attribute impaired mitochondrial dynamics as 

the primary cause of these disorders. It is possible that disrupted mitochondrial 

dynamics is a consequence of general transport defects and is secondary to the main 

pathogenic event (Rintoul and Reynolds, 2010; Sheng and Cai, 2012).However, 

disrupted mitochondrial dynamics leads to local energy depletion, loss of Ca2+ buffering 

capacity and the release of apoptotic signals (Sheng and Cai, 2012) therefore it is 

difficult to rule out its contribution to neurodegeneration. 
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1.4. Mitochondrial Genetic Disorders 

Diseases that are caused by mutations in the mtDNA or in nuclear encoded 

genes whose products are imported into mitochondria are defined as mitochondrial 

disorders (Falk and Sondheimer, 2010). Diseases associated with a mitochondrial DNA 

point mutation were first discovered in 1988 (Holt et al., 1988; Wallace et al., 1988a). 

Since then many mutations associated with mitochondrial diseases have been identified.  

At present, the minimal prevalence of mitochondrial disease is estimated to be 1 in 5000 

(Falk and Sondheimer, 2010). There are no cures for mitochondrial diseases at present 

and treatment is limited to managing symptoms and antioxidant and vitamin cofactor 

cocktails (Falk and Sondheimer, 2010). Novel therapies are being developed with a few 

in the early clinical phase showing some promise (Lam et al., 2010; Yiu et al., 2013; 

Wan et al., 2016). These therapies can be broadly categorized into gene therapy, small 

molecule pharmaceuticals, new protein delivery and stem cell therapy (Nightingale et al., 

2016). The pathogenic mutations can occur in protein synthesis genes of the 

mitochondria, mitochondrial protein encoding genes or nuclear encoded mitochondrial 

genes. 

Kearns-Sayre syndrome (KSS) and chronic progressive external 

ophthalmoplegia (CPEO) is caused by mtDNA deletions and was one of the first 

mitochondrial diseases to be identified (Holt et al., 1988; Zeviani et al., 1988; Moraes et 

al., 1989). The most common deletion is a 4977 bp region in the mitochondrial DNA 

where seven protein encoding genes and five tRNA genes are lost (Shoffner et al., 

1989). In patients, deleted mtDNA copies exist in a mixture with wild-type mtDNA termed 

heteroplasmy (Shoffner et al., 1989). The severity of the disease is determined by the 

distribution and proportion of mutant mtDNA (Moraes et al., 1995). Clinical signs include 

muscle weakness, lactic acidosis, pigmentary retinopathy, and cardiac conduction 

defects (Moraes et al., 1989). Deficiencies in complex I and decreased cytochrome c 

oxidase were reported in muscle tissue from patients with KSS/CPEO (Mita et al., 1989; 

Larsson et al., 1990). Mitochondrial protein synthesis is also affected as a result of the 

deletion of mitochondrial tRNA and rRNA genes (Bourgeron et al., 1993). 

Myoclonic epilepsy and ragged red fibers (MERFF) is caused by an A to G 

substitution at nucleotide position 8344 in the mitochondrial MT-TK gene (encoding 

tRNALys) in 80% of the cases (Shoffner et al., 1990; Silvestri et al., 1992; DiMauro and 
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Hirano, 2003). Patients with MERFF display myoclonus, generalized epilepsy, 

neuropathy, ataxia and dementia (Fukuhara et al., 1980). Hearing loss, short stature and 

optic atrophy are also commonly reported (DiMauro and Hirano, 2003). MERFF can be 

diagnosed by the presence of ragged red fibers in a muscle biopsy (Fukuhara et al., 

1980). Patients are heteroplasmic and will develop the disease phenotype only if the 

proportion of mutant mtDNA is above a threshold (Shoffner et al., 1990). The onset of 

the disease is usually during childhood and clinical presentation can be variable even 

among family members (Boulet et al., 1992; DiMauro and Hirano, 2003). A deficiency in 

aminoacyl tRNALys leads to impairments in protein translation (Enriquez et al., 1995). 

The ensuing defect in protein synthesis in turn results in decreased respiratory chain 

activities particularly in complex I and complex IV (Wallace et al., 1988b; Bindoff et al., 

1991).         

Mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes 

(MELAS) is a rare disease that results in nervous system and muscle dysfunction (Henry 

et al., 2017). Eighty percent of cases are caused by an A to G substitution at nucleotide 

position 3243 in the mitochondrial MT-TL1 gene encoding tRNALeu gene (Goto et al., 

1992). Additional point mutations in the same gene or other mtDNA genes particularly 

MT-ND5 can also cause the disease (DiMauro and Hirano, 2013). The clinical signs 

appear during early adulthood and patients experience vomiting, migraine, myopathy, 

seizures that result in transient hemiparesis or cortical blindness (DiMauro and Hirano, 

2013). For the disease to manifest the amount of mutant mitochondrial DNA should be 

greater than 85% (Goto et al., 1990). Biochemical studies in transmitochondrial 

cytoplasmic hybrids (cybrids) carrying the most common 3243 mutation has revealed 

severe respiratory deficiency, reduced mitochondrial protein synthesis, decreased 

mitochondrial membrane potential and reduced amino acylation (King et al., 1992; 

James et al., 1996; Helm et al., 1999). Cybrids are cells that have been depleted of their 

endogenous mtDNA and repopulated by fusing with foreign mtDNA from enucleated 

mtDNA donors. 

Dominant Optic Atrophy (DOA) is a disease that is primarily caused by mutations 

in OPA1, a nuclear encoded mitochondrial gene that encodes a dynamin-related 

guanosine triphosphatase (Delettre et al., 2000). Mutations in other OPA genes also give 

rise to X-linked or recessive optic atrophy (Lenaers et al., 2012). Loss of vision is the 

most common phenotype in patients with DOA and this is due to the degeneration of 
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retinal ganglion cells (RGCs) and the optic nerve. About 20% of DOA patients present 

with additional symptoms such as neurosensory hearing loss, ophthalmoplegia, 

myopathy, peripheral neuropathy, multiple sclerosis-like illness and cataracts (Lenaers 

et al., 2012). In humans, OPA1 localizes to inner membrane of the mitochondria and 

regulates mitochondrial fusion (Olichon et al., 2003). Studies have shown that cell lines 

(HeLa, COS) and patient fibroblasts carrying the OPA1 mutations are susceptible to 

apoptosis and also display a varying degree of mitochondrial respiratory defects due to 

reduced energetic coupling (Olichon et al., 2007; Chevrollier et al., 2008; Zanna et al., 

2008). Furthermore, abnormalities in mitochondrial dynamics, distribution and disruption 

of mtDNA structural integrity were reported (Olichon et al., 2007; Zanna et al., 2008; 

Elachouri et al., 2011). 

Mutations in mitochondrial protein encoding genes are mainly described in three 

diseases, Leber Hereditary Optic Neuropathy, Neurogenic muscle weakness, ataxia, 

and retinitis pigmentosa (NARP) and Leigh syndrome. Leber Hereditary Optic was one 

of the first diseases to be associated with a mitochondrial DNA point mutation (Wallace 

et al., 1988a) and will be the focus of this thesis.  

Both NARP and Leigh syndrome share a common pathogenic T-G point mutation 

at nucleotide position 8993 in the mitochondrially-encoded ATPase 6 gene (Holt et al., 

1990). The disease outcome depends on the proportion of mutant to healthy mtDNA 

copies in the body. A mutation load less than 75% can cause NARP while greater than 

95% of mutant mtDNA can cause Leigh syndrome (Wallace, 1999). A T-C mutation at 

the same nucleotide position can also give rise to NARP and Leigh syndrome but has a 

milder phenotypic expression than the original and more common T-G point mutation 

(Santorelli et al., 1994; Fujii et al., 1998). The syndrome was coined NARP after the 

primary clinical features which are proximal neurogenic muscle weakness, with sensory 

neuropathy, ataxia and pigmentary retinopathy. The more severe and often fatal Leigh 

syndrome is a neurodegenerative disease of the brainstem and basal ganglia (Tatuch 

and Robinson, 1993) and clinical signs include, but are not limited to hypotonia, 

spasticity, movement disorders, cerebellar ataxia, peripheral neuropathy (Thorburn et 

al., 1993). Lymphoblasts and cybrids carrying the T8893G mutation showed a block in 

the ATP synthase F0 proton channel (Trounce et al., 1994). The mutation also caused 

ATP synthase assembly to be slowed and the assembled holoenzyme complex to be 

unstable (Nijtmans et al., 2001). 
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1.5. Leber Hereditary Optic Neuropathy 

1.5.1. History  

LHON is a mitochondrial disease, characterized by loss of vision due to the 

degeneration of retinal ganglion cells and their axons that comprise the optic nerve. The 

disease was first recognized by Dr. Albrecht von Graefe in 1858 but was described as a 

distinct clinical entity by the German ophthalmologist Theodore Leber in 1871 (Leber, 

1871). He studied 15 individuals from 4 families and described the characteristic pattern 

of visual loss which was later confirmed in pedigrees from different populations (Bell, 

1931; Imai and Moriwaki, 1936; Lundsgaard, 1944). These early studies identified some 

of the key features of LHON such as its gender bias, maternal transmission and the 

degeneration of optic nerve (Man et al., 2002), but it was initially mistaken to be X-linked 

in its genetics. It was not until 1988, when Wallace and colleagues determined that the 

maternal transmission was due to a mitochondrial DNA mutation (Wallace et al., 1988a). 

They discovered the first point mutation associated with LHON which was a G to A 

substitution at position 11778 (Wallace et al., 1988a) which converted a highly 

conserved arginine to histidine at codon 340 in the NADH subunit 4 of complex I (NADH 

dehydrogenase) of the electron transport chain. In 1991, a G to A point mutation at 

nucleotide position 3460 of mitochondrial DNA (mtDNA) was reported in three LHON 

independent pedigrees that converted an alanine to threonine at codon 52 in subunit 1 of 

complex I (Howell et al., 1991a; Huoponen et al., 1991). One year later a T to C mutation 

at nucleotide position 14484 was discovered that converted a methionine to a valine at 

codon 64 in subunit 6 of complex I (Johns et al., 1992; Mackey and Howell, 1992). The 

three mutations are now considered the primary pathogenic mutations that cause LHON 

since they occur in about 95% of LHON cases worldwide and each mutation alone has 

the ability to cause the disease (Mackey et al., 1996). Other rare mtDNA mutations 

continue to be identified (figure 1). Many of these rare mutations were reported in single 

patients that exhibit clinical features of LHON (Bi et al., 2016). 
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Figure 1 comprehensive list of genes/mutations involved in LHON (Koilkonda 
and Guy, 2011) 

1.5.2. Epidemiology 

LHON is the most commonly occurring mitochondrial genetic disease (Man et al., 

2002; Sadun et al., 2011). In the North East of England, 1:8,500 individuals carry a 

pathogenic LHON mutation and 1:31,000 suffer from vision loss due to LHON in the 

region (Y-W-Man et al., 2003; Gorman et al., 2015). The prevalence of vision loss due to 

LHON is 1: 39,000 in the Netherlands and 1:50,000 in Finland (Spruijt et al., 2006; 

Puomila et al., 2007). However, disease prevalence is underestimated due to 

inadequate diagnosis or misdiagnosis. Although considered as a rare disease, the 

minimum prevalence for the LHON mtDNA mutations is reported to be about 15:100,000 

similar to many autosomally inherited neurological disorders (Sadun et al., 2011). The 

three primary mutations account for 95% of LHON cases (Yu-Wai-Man et al., 2008). The 

G11778A mutation is the most prevalent in Northern European and Asian populations 

(Mackey et al., 1996; Mashima et al., 1998; Jia et al., 2006) whereas the T14484C is the 

most common mutation among French Canadians (87%) (Macmillan et al., 1998).  
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1.5.3. Penetrance 

Ninety five percent of those who lose vision do so by the age of 50 and vision 

loss is more frequent in young adults in their second and third decade of life (Man et al., 

2002). Penetrance for the disease is higher for men than for women (Man et al., 2002).  

Penetrance refers to the proportion of people with a given genotype who exhibit the 

phenotype associated with that genotype. As mentioned, an interesting feature of LHON 

is that only 50% of males and 10% of females who harbor one of the 3 primary 

mutations actually develop the optic neuropathy (Seedorff, 1985; Brown and MD, 1994; 

Nikoskelainen, 1994) The penetrance is variable even within the same family of 

homoplasmic mutation carriers (Chalmers and Harding, 1996; Howell and Mackey, 

1998). Of the indexed patients carrying the 11778 mutation only 50% had a history of 

affected relatives whereas this proportion was 71% and 100% for patients carrying the 

3460 and 14484 mutations respectively (Riordan-Eva et al., 1995). Another study 

showed that a family harboring the 11778 mutation consisted of a low penetrance 

branch where none of the 24 male descendants was affected and a high penetrance 

branch where 12 of 18 males were affected (Howell and Mackey, 1998). Incomplete 

penetrance and gender bias shows that optic neuropathy in LHON cannot be explained 

by a single pathophysiological mechanism and may involve additional genetic or 

environmental factors that modulate the phenotypic expression of LHON (Yu-Wai-Man et 

al., 2008). Subtle anatomical, hormonal and physiological variations between males and 

females could also contribute to the gender bias (Yu-Wai-Man et al., 2008). 

1.5.4. Clinical features 

Patients experience painless subacute loss of central vision in one eye followed 

by the other with a median inter-eye delay of six to eight weeks (Harding et al., 1995). 

The sequential loss of vision is more common (75%) but vision loss can also occur 

simultaneously in both eyes (25%) (Harding et al., 1995). Large and dense cecocentral 

scotomas on visual fields are the characteristic field defects associated with LHON due 

to the involvement of the papillomacular bundle (PMB) (Newman et al., 2006). Visual 

acuity is reduced to 20/200 or less by 4-6 weeks following onset of symptoms (Newman 

et al., 1991). Color perception is impaired (dyschromatopsia) but pupillary light reflexes 

are preserved due to relative sparing of melanopsin-containing RGCs (Newman et al., 

2006; Moura et al., 2013). These are thought to be more resistant to metabolic insult 
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from mitochondrial dysfunction compared with other RGCs (La Morgia et al., 2010; 

Moura et al., 2013). Fundoscopy examination during or preceding acute stages show 

swelling of the retinal nerve fiber layer (RNFL) around the optic disc (termed 

“pseudoedema”), optic disc hyperemia, circumpapillary telangiectatic blood vessels and 

vascular tortuosity of the central retinal vessels (Man et al., 2002). However, in 20-40% 

of cases in the acute phase, the optic disc can look entirely normal which can delay 

diagnosis (Riordan-Eva and Harding, 1995; Yu-Wai-Man et al., 2014). 

During the chronic phase the disc hyperemia, circumpapillary telangiectasias 

(spider veins) and pseudoedema (swelling of the optic nerve head resembling edema) 

disappear but is accompanied by optic disc pallor and cupping of the optic disc as a 

result of the death of RGCs (Mashima et al., 2003; Newman, 2005). The optic atrophy is 

more severe on the temporal side which includes the PMB, but extends to other 

quadrants leading to diffuse optic atrophy (Barboni et al., 2010). The unique feature of 

LHON is the exclusive involvement of the optic nerve with preferential loss of the small 

fibers that constitute the PMB (Sadun et al., 2000). Further characterization of fundus 

changes using optical coherence tomography (OCT), show thickening of the RNFL, first 

in the temporal and inferior quadrants, then the superior and nasal quadrants (Barboni et 

al., 2010). RNFL thickening can be attributed to axonal swelling from impaired 

mitochondrial function and axonal transport (Carelli et al., 2004a). During the chronic 

phase, the macula thinning precedes the thinning of the RNFL (Zhang et al., 2014). Both 

macula and RNFL thickness can be used as markers for monitoring the progression of 

the disease using OCT (Zhang et al., 2014). LHON patients also show abnormalities in 

visual evoked potentials (VEPs) and electroretinograms (ERGs) due to optic nerve 

degeneration and RGC loss (Dorfman et al., 1977; Salomão et al., 2004; Ziccardi et al., 

2013). 

Spontaneous visual recovery has been reported several years after disease 

onset. Studies have shown that the extent of visual recovery varies depending on the 

patient’s mutational status. Patients carrying the 14484 mutation have the best 

prognosis while those carrying 11778 have the worst (Stone et al., 1992; Johns et al., 

1993). A younger age of onset also has a more favorable prognosis (Oostra et al., 1994; 

Pezzi et al., 1998). In addition to vision loss, cardiac arrhythmias and neurological 

abnormalities such as postural tremor, peripheral neuropathy, nonspecific myopathy, 

movement disorders were reported to be more common in LHON patients compared to 



19 

controls. (Bower et al., 1992; Meire et al., 1995; Nikoskelainen et al., 1995; Mashima et 

al., 1996). However, these are rarely considered clinically significant (Yu-Wai-Man et al., 

2009). A small number of LHON pedigrees have shown severe neurological deficits such 

as spastic dystonia, ataxia and juvenile onset encephalopathy. These are known as 

“LHON plus” syndromes and have been linked to various mtDNA mutations in isolated 

pedigrees from Holland, Australia and North America (Howell et al., 1991b; Jun et al., 

1994; De Vries et al., 1996; Gropman et al., 2004).  

There have been documented cases of LHON carriers who also suffer from a 

demyelinating syndrome that is clinically and radiologically identical to multiple sclerosis 

(Harding et al., 1992; Kellar-Wood et al., 1994; Olsen et al., 1995; Jansen et al., 1996). 

The disease was named Harding syndrome after the author who first reported the cases 

(Harding et al., 1992). A significant minority of LHON carriers that mostly included 

Caucasian females carrying the G11778A mutation were diagnosed with the disease 

posing the question as to whether autoimmunity maybe involved in the pathophysiology 

of LHON (Harding et al., 1992; Vanopdenbosch et al., 2000). Antibodies to the optic 

nerve protein tubulin have been found to be higher among LHON carriers compared to 

controls (Smith et al., 1995). However other studies have not found a significant 

association between LHON and either class I or class II histocompatibility complex 

(MHC) genotypes (Govan et al., 1994; Chalmers et al., 1996b). The disease showed 

features such as female predominance, multiple episodes of vision loss and lengthy 

inter-eye delay of vision loss that were not typical of LHON (Pfeffer et al., 2013). 

Therefore the association between LHON and multiple sclerosis might be due to chance 

(Pfeffer et al., 2013). More evidence is needed to validate whether autoimmunity has a 

role in LHON. 

1.5.5. Mitochondrial genetic factors 

In addition to housing the primary pathogenic LHON mutations, the multi-copy 

mitochondrial genome may contribute to disease penetrance in three other ways: 1. by 

modifying the amount of mutant vs wild-type mitochondrial genotypes that may occur as 

a mixture in a cell or tissue known as heteroplasmy, 2. by adjusting the cellular quantity 

of mtDNA, known as copy number, 3. by adding secondary mtDNA mutations acting in 

synergy with the primary mutations (Bianco et al., 2017). The penetrance or the severity 
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of most mitochondrial neurologic diseases is influenced by the proportion of mutant 

versus wild-type mtDNA (Schon et al., 2012). 

Heteroplasmy 

A majority of LHON patients and family members only harbor mutant copies of 

mtDNA in their cells, termed homoplasmy (Yen et al., 2006). Only 10-15% of LHON 

carriers contain a mixture of mutant and wild-type mtDNA termed heteroplasmy (Smith 

et al., 1993; Harding et al., 1995; Y-W-Man et al., 2003). In 167 genealogically unrelated 

LHON families the prevalence of heteroplasmy was 5.6%, 40% and 36.4% for the 

11778, 3460 and 14484 LHON mutations respectively (Jacobi et al., 2001). 

Heteroplasmy is thought to influence the inheritance and penetrance of LHON. Offspring 

born to mothers with less than 80% mutated mtDNA in their blood cells are less likely to 

be symptomatic compared to offspring born to mothers with 100% mutated mtDNA 

(homoplasmic) in their blood cells (Chinnery et al., 2001). The risk of blindness is also 

considered to be minimal if the mutational load is less than 60% (Chinnery et al., 2001). 

However, Jacobi et al. (2001) reported a male LHON patient with 26% blood mutation 

load despite a positive correlation between level of mutant mtDNA and disease 

expression. This is most likely due to the variation in the distribution of mutant mtDNA in 

different tissues as a result of random segregation of mutant and wild-type mtDNA 

during embryogenesis (Jacobi et al., 2001). This was clearly demonstrated in a report by 

Howell et al. (1994) where the mutant mtDNA level was 33% in the leukocytes compared 

with 95% and 100% in the optic nerve and retina in autopsied material from a 

heteroplasmic patient carrying 11778 mutation. There has been contradicting evidence 

regarding the proportion of mutant mtDNA in successive generations, where some 

studies show an increase (Smith et al., 1993; Howell et al., 1994) while others show a 

decrease (Howell et al., 2000; Kaplanová et al., 2004). Other studies have found no 

major shift in heteroplasmy showing no selection of either mtDNA genotype (Puomila et 

al., 2002). Therefore it has been proposed that segregation of mtDNA is a stochastic 

process governed by random genetic drift and that LHON mutations behave more like 

neutral polymorphisms staying at a stable heteroplasmic level (Lagerström-Fermér et al., 

2001; Puomila et al., 2002). 
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Mitochondrial DNA copy number 

An increase in mitochondrial biogenesis is commonly observed in mitochondrial 

diseases as a way of compensating for mitochondrial dysfunction (DiMauro and Schon, 

2003). In a mouse model expressing ragged red fibres, an increase in mitochondrial 

mass help maintain total ATP production in skeletal muscle despite reduced respiratory 

chain function (Wredenberg et al., 2002). A few reports exists that show an increase in 

mitochondrial DNA content in blood cells from patients with LHON (Yen et al., 2002; 

Iommarini et al., 2012), and also in unaffected carriers (Nishioka et al., 2004) compared 

with controls. Treating HIV infected LHON carriers with anti-retroviral drugs which 

reduce mtDNA content resulted in the induction of optic neuropathy (Mackey et al., 

2003). Furthermore, the differentiation of neuronal Ntera-2/D1 (NT2) human 

teratocarcinoma cybrids carrying the homoplasmic 11778 mutation showed increased 

oxidative stress and a threefold reduction in the mtDNA: nuclear DNA ratio (Wong et al., 

2002). A comprehensive study by Giordano et al. (2014) involving three large pedigrees 

and 39 independent LHON families demonstrated a positive correlation between 

mitochondrial biogenesis and incomplete penetrance in LHON. In this study the 

unaffected mutation carriers had a significantly higher copy number, mitochondrial mass 

and higher capacity for activating mitochondrial biogenesis under metabolic demand 

compared to their affected relatives and control individuals. Similar findings were 

reported by Bianco et al. (2017) in a study of a heteroplasmic cohort carrying either the 

11778 or 3460 LHON mutation. The study reported significantly higher mtDNA copy 

numbers in carriers compared to those affected implicating mtDNA copy number as a 

risk factor in the penetrance of the disease. The increase in mtDNA copy number occurs 

regardless of whether a carrier is homoplasmic or heteroplasmic for a primary LHON 

mutation. This could explain why there are homoplasmic individuals who are unaffected 

and heteroplasmic individuals who are affected. Increase in mtDNA copy number is 

evidence for increased mitochondrial biogenesis which may serve as a compensatory 

response to mitochondrial dysfunction in LHON carriers (Bianco et al., 2017). 

Haplogroups 

Features of mitochondrial DNA such as high mutation rate, maternal inheritance 

and zero recombination has resulted in the sequential accumulation of polymorphisms 

along radiating maternal lineages as women migrated out of Africa 150,000 years ago 

resulting in continent specific polymorphisms (Wallace et al., 1999). The clustering of a 
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number of stable polymorphisms together in a specific combination is referred to as a 

haplogroup (Yu-Wai-Man et al., 2008). Individuals of European ancestry belong to one of 

nine haplogroups: H, I, J, K, T, U, V, W and X (Torroni et al., 1996; Hofmann et al., 

1997). A meta-analysis of 3613 subjects from 159 European pedigrees showed an 

influence of mtDNA background on vision loss in individuals carrying the three primary 

mutations (Hudson et al., 2007a). A greater risk of visual failure was observed when 

11778 and 14484 mutations are present in individuals belonging to haplogroup J and 

when the 3460 mutation is present in haplogroup K. The risk of vision loss was 

significantly lower if 11778 and the 14484 mutations are present in haplogroup H (Howell 

et al., 2003; Hudson et al., 2007a). Haplogroups H, J and K, have in common, a non-

synonymous, polymorphic substitution in the MT-CYB gene which codes for cytochrome 

b, the only mitochondrially encoded subunit of complex III. With recent findings on the 

existence of stable respiratory chain supercomplexes, such as the one between a 

complex I monomer and complex III dimer, it is speculated that the substitution 

associated with the haplogroup affects the stability of these supercomplexes which in 

turn modulate the biochemical consequences of the LHON mutation (Dudkina et al., 

2005; Carelli et al., 2006; Hudson et al., 2007a). Consistent with the hypothesis, a cybrid 

line carrying the 11778 mutation from a haplogroup J background had lower oxygen 

consumption and a longer doubling time compared to non-haplogroup J cell lines 

(Vergani et al., 1995). In contrast, patients of haplogroup J background carrying the 

11778 mutation showed no further impairment of mitochondrial oxidative metabolism in 

their brain and skeletal muscle compared to patients of non haplogroup J background 

carrying 11778 mutation using 31P-Magnetic Resonance Spectroscopy (31P-MRS) 

measurements (Lodi et al., 2000). A study in South-East Asian LHON pedigrees also 

found no association between specific mtDNA haplogroups and risk of vision loss 

(Tharaphan et al., 2006). Therefore, the evidence for the influence of haplogroups on 

visual loss in LHON is still inconclusive and requires further research. 

1.5.6. Nuclear genetic factors 

Bu and Rotter (1991, 1992) proposed that a recessive X-linked gene can act in 

combination with the primary LHON mutation to give rise to the optic neuropathy. This 

model can also be used to explain the male predominance, where simultaneous 

inheritance of a primary mutation and the X-linked susceptibility allele can give rise to 
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the optic neuropathy in males whereas females will be affected if they are homozygous 

at the susceptibility locus or heterozygous with skewed X chromosome inactivation in 

affected female carriers (Man et al., 2002). An initial study by Vilkki et al (1991) involving 

6 LHON pedigrees showed that the probability of developing the optic neuropathy was 

linked to the DXS7 locus of the chromosome X through linkage analysis. However, other 

studies that followed were not able to find evidence in support of an X-linked 

susceptibility locus (Sweeney et al., 1992; Chalmers et al., 1996a; Oostra et al., 1996; 

Pegoraro et al., 1996; Handoko et al., 1998). These early studies, however did not take 

into account mtDNA heteroplasmy and also used non-informative markers. Hudson et al. 

(2005) performed a more comprehensive linkage analysis study using 100 European 

LHON families and identified a DXS8090 (166)-DXS1068 (258) region of the 

chromosome X that is linked to the onset of LHON. This high risk nuclear haplotype 

increased the risk of visual failure ~35 fold for the 11778 and 14484 mutations but not for 

3460 (Hudson et al., 2005). Furthermore, the effect of the nuclear haplotype on vision 

loss was more significant than the mtDNA haplotype J in 11778 and 14484 mutation 

carriers (Hudson et al., 2005). Further evidence in support of an X-linked susceptibility 

gene came from the identification of a region Xq25-Xp27.2 in a Brazilian LHON family 

(Shankar et al., 2008) and two microsatellites (DXS6803 and DXS984) in chromosome X 

in Chinese male LHON patients (Ji et al., 2010) which conferred susceptibility to LHON. 

Another study by Hudson et al (Hudson et al., 2007b) indicated the susceptibility of 

estrogen receptor related genes in chromosome X to LHON. The presence of an X-

linked susceptibility gene is still controversial and requires further validation.     

The presence of other autosomal nuclear modifiers cannot be ruled out. 

Investigation of oxidative stress and apoptosis pathways lead to the identification of 

EPHX1 (Epoxide Hydrolase 1) and TP53 (Tumor Protein p53) genes that were 

associated with an early onset of visual loss in patients carrying the 11778 mtDNA 

mutation (Ishikawa et al., 2005). A genomic region containing six genes, including PARL, 

OPA1 was identified for their role as potential modifiers in a genome-wide linkage 

analysis in patients from Thailand (Phasukkijwatana et al., 2010). Two single nucleotide 

polymorphisms (SNPs) were identified in the PARL gene (presenilin-associated 

rhomboid like) that conferred susceptibility to LHON (Phasukkijwatana et al., 2010). 

PARL regulates OPA1 in the apoptosis pathway (Cipolat et al., 2006). However this 

association between the PARL SNPs and LHON could not be replicated in a Chinese 
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population (Zhang et al., 2010) which might suggest that these susceptibility genes 

maybe specific to certain ethnic backgrounds (Kirches, 2011). OPA1 is a pathogenic 

gene for autosomal dominant optic atrophy which shares clinical features with LHON 

(Carelli et al., 2004a). The OPA1 gene was found to be significantly downregulated in 

LHON patients in a genome-wide expression assay in LHON patients (Abu-Amero et al., 

2010). The influence of these modifier genes may account for incomplete penetrance of 

LHON, further emphasizing the multifactorial nature of the disease. 

1.5.7. External factors 

Tobacco and Alcohol 

Scientists have also investigated the role of environmental factors in the etiology 

of LHON. Environmental factors are thought to contribute to incomplete penetrance in 

LHON. Studies have shown that tobacco smoking and alcohol consumption, increase 

the risk of vision loss in LHON carriers (Riordan-Eva et al., 1995; Charlmers and 

Harding, 1996; Tsao et al., 1999; Sadun et al., 2003), but there has also been conflicting 

evidence showing no association between vision loss and smoking or drinking based on 

exposure levels before the onset of visual loss (Kerrison et al., 2000). The largest study 

to date involving 196 affected and 206 unaffected LHON carriers from 125 pedigrees 

found a strong association between smoking and vision loss in LHON carriers (Kirkman 

et al., 2009). The study also showed a trend towards visual failure with heavy intake of 

alcohol. A study by Giordano et al (Giordano et al., 2015), showed a reduction in mtDNA 

content and ATP when fibroblasts from LHON patients and LHON carriers were exposed 

to cigarette smoke condensate compared to healthy controls. However, the authors 

report that cells from unaffected carriers were more efficient at scavenging ROS 

compared to cells from affected patients. Other reports of nutritional deprivation, 

exposure to industrial toxins, antiretroviral drugs, the antibiotic ethambutol, psychological 

stress and acute illness have been implicated in triggering the onset of visual loss in 

LHON (Yu-Wai-Man et al., 2008). Although the evidence is not conclusive we cannot 

rule out the contribution of environmental factors as a secondary etiological factor in 

disease progression in LHON. 
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Light Stress 

RGCs are constantly exposed to visible light and ultraviolet (UV) radiation. 

Studies have shown that long term exposure to light in the UV and blue regions of the 

spectrum can induce photochemical damage to the retinal layers (Rapp et al., 1990; 

Smith et al., 2005; Xie et al., 2017). UV radiation has been implicated in the 

pathogenesis of age related macular degeneration (AMD) (Young, 1988; Beatty et al., 

2000). UV radiation induces cyclophilin D translocation to the inner mitochondrial 

membrane which leads to mitochondrial depolarization, opening of the mitochondrial 

permeability transition pore and release of cytochrome C and subsequent apoptosis (Ji 

et al., 2012; Jandova et al., 2013). Light exposure can also elevate ROS production due 

to photo-oxidation reactions which can promote lipid peroxidation resulting in damage to 

the retina (van Kuijk, 1991). However UV light below 400nm is absorbed by the cornea 

and the lens hence the UV damage is minimal to the retinal layers (Boulton et al., 2001). 

More and more studies have shown that the blue region (400-500nm) of the visible 

spectrum is more phototoxic to the retinal layers (Seiler et al., 2000; Seko et al., 2001; 

Glickman, 2002; King et al., 2004). Blue light is more easily transmitted (Algvere et al., 

2006) and can be absorbed by biologic chromophores such as cytochrome C oxidase, 

flavins and flavoproteins that are in abundance in mitochondria (Boulton et al., 2001). 

Isolated, light-exposed mitochondria have been shown to release reactive oxygen 

species that include, singlet oxygen, superoxide and hydroxyl radicals (Godley et al., 

2005). The high energy blue light will have a greater impact on the RGC axons 

compared to more external layers partly due to the higher density of mitochondria in this 

region (Wood et al., 2008). The chromophores in the mitochondria of the RGC axons will 

absorb most of the high energy light and reduce the energy that reaches the outer layers 

of the retina. Carotenoid pigments present in the macula offer additional protection to the 

photoreceptor layer and therefore RGC axons are the most susceptible to photochemical 

damage (Wood et al., 2008). In healthy cells the energy might be insufficient to cause 

cell death but in cells that are compromised such as in the case of LHON, the high 

energy visible light may serve as an additional stressor. Wood et al. (2008) showed that 

continuous visible light exposure is slightly but significantly harmful to cultured RGC-5 

cells and even more harmful to energetically compromised RGC-5 cells. Despite the 

susceptibility of RGCs in LHON, a certain class of RGCs, known as melanopsin 

containing RGCs (mRGCs) are relatively spared from degeneration (La Morgia et al., 

2010). These blue light absorbing mRGCs are thought to be protected from light damage 
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due to the presence of the melanopsin photopigment (La Morgia et al., 2010). High 

energy light especially in the blue region of the spectrum can therefore exacerbate the 

conditions within RGCs that contain mutant mitochondria that might trigger a cascade of 

events leading to death of RGCs.    

1.5.8. Pathophysiology 

Bioenergetic defect 

Most of the initial research focused on the respiratory activity of complex I and 

ATP production was due to the occurrence of the three primary mutations in subunits of 

complex I. In order to study the effect of the three primary LHON mutations on cellular 

bioenergetics, researchers measured the oxygen consumption of whole cells, 

mitochondrial respiration with complex I substrates and performed complex I enzyme 

activity assays. Epstein-Barr virus (EBV) transformed lymphoblasts and cells depleted of 

their original mitochondria and repopulated with disease mitochondria known as 

transmitochondrial hybrids (cybrids) were used extensively for these biochemical 

studies.   

A study on the complex I activity in lymphoblasts and cybrids harboring the 3 

primary LHON mutations revealed a 79% reduction in 3460 mutation and a 20% 

reduction in the 11778 mutation and no change in complex I activity in cells carrying the 

14484 mutation (Brown et al., 2000). Other studies were able to show a reduction in 

complex I activity in the 3460 mutation but not in the 11778 and 14484 mutations (Carelli 

et al., 1999, 2004b; Cock et al., 1999). Therefore, a dysfunction of complex I at the level 

of enzyme activity has not been found consistently in cybrids and lymphoblasts carrying 

all three primary LHON mutations.  

The same study by Brown et al. (2000) measured the respiratory function of 

lymphoblasts and cybrids which revealed a reduction in the maximal respiration rate at 

20-28% in the 3460 mutation, a 30-36% reduction in the 11778 and 10-15% in the 14484 

mutation. Defective respiratory function was also observed in vivo by 31 phosphorous 

magnetic resonance spectroscopy (31P-MRS) studies. 31P-MRS is a non-invasive 

spectroscopic technique that allows the relative quantification of the various phosphate-

containing small molecules, which contribute to the ability of cells to drive ATP-

consuming biochemical reactions (Kirches, 2011). Changes of the energy reserve 
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available to re-phosphorylate ADP, are reflected by peaks for creatinine phosphate 

(CrP). In LHON patients carrying the 11778 mutation these parameters were reduced in 

the brain and skeletal muscle (Cortelli et al., 1991; Barbiroli et al., 1995; Carelli et al., 

1997). This shows that despite the absence of significant changes in the complex I 

enzyme activity ND4 mutants show a reduced energy conserving function. Another study 

showed a decrease of CrP and a corresponding increase of ADP for the 3460 mutation 

only in the occipital lobe tissue of the brain and not in skeletal muscle (Lodi et al., 2002). 

These results implicate a decrease in OXPHOS, playing a role in the pathophysiological 

mechanism of LHON. Furthermore, the reduced energy conserving function observed in 

non-retinal neural tissue might also help explain the other clinical abnormalities seen in 

rare cases of LHON. 

A few studies have shown that despite the decrease in complex I activity and 

respiratory rate in cells harboring the common 11778 or the 3460 mutations, the energy 

availability in cells and the complex I linked ATP production was normal (Yen et al., 

1998; Cock et al., 1999). In an in vitro study using cybrids, an impairment of complex I-

driven ATP synthesis was shown for all three pathogenic LHON mutations but the total 

cellular ATP content did not show any significant reduction (Baracca et al., 2005). The 

more or less unchanged total cellular ATP levels can be attributed to compensatory ATP 

production by glycolysis which can mask any impairment in ATP production via 

OXPHOS. Human cells produce ATP via glycolysis and mitochondrial OXPHOS. Tumor 

cells and certain primary cell such as fibroblasts produce majority of the total ATP yield 

through glycolytic breakdown of glucose to lactate and only a minimal amount of 

pyruvate is oxidized to CO2 and water (Ghelli et al., 2003). To overcome the reliance of 

cells on glycolysis, scientists replaced glucose with galactose as the main carbon source 

in the culture media. The production of pyruvate via glycolytic metabolism of glucose 

yields 2 net ATP whereas the glycolytic metabolism of galactose yields no net ATP, 

forcing cells to turn to mitochondrial OXPHOS to satisfy their energy requirements 

(Aguer et al., 2011). In a study by Zanna et al. (2005) it was shown that cybrids carrying 

all three primary LHON mutations showed a dramatic decrease in ATP in galactose 

media compared to control cybrids only 3 hours after switching to galactose media. 

Cybrids carrying the 11778 mutation also showed growth impairment in glucose-free 

galactose media. These findings show that all 3 primary pathogenic LHON mtDNA 

mutations can cause a certain degree of bioenergetic defect; however a bioenergetic 
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defect by itself is not sufficient to explain the pathogenesis of LHON. Features of LHON 

such as, higher risk of RGC degeneration in male than in female mutation carriers, 

selective vulnerability of RGCs and sparing of other energetically demanding cells such 

as photoreceptors cannot be explained by bioenergetic failure. Therefore, other factors 

such as reactive oxygen species, apoptosis, or nuclear genetic factors have been 

investigated for their involvement in the pathogenesis of LHON. 

Oxidative stress 

Reactive oxygen species (ROS) are generated as by-products of normal 

oxidative metabolism. Complex I and III have been shown to be responsible for much of 

the superoxide anions generated by mitochondria (Raha and Robinson, 2001). 

Therefore, it is possible that a defect in complex I could lead to an increase in the 

superoxide anion generation. Initial studies on 11778/ND4 mutant cybrid cells showed 

increased sensitivity to H2O2 exposure compared to control cybrids (Wong and 

Cortopassi, 1997). The cell mortality was Ca2+-dependent and was partially reversed by 

Ca2+ withdrawal from the media or by treatment with Cyclosporine A, a known inhibitor of 

the mitochondrial permeability transition pore (mPTP). Oxele and Zwirner (1997) showed 

a ROS injury mediated telomere shortening in two LHON patients. In a later study 

scientists created an NT2 teratoma cybrid line that can be differentiated into neuron 

morphology using retinoic acid, in order to develop a more realistic model for LHON. A 

significant increase in ROS production was observed in 11778 and 3460 cybrids in the 

differentiated state (Wong et al., 2002). Haroon et al.(2007) were able to show a slight 

increase in ROS levels in the same cybrids (NT2 cybrids carrying the 11778 mutation) in 

the undifferentiated state that became more pronounced following the addition of an 

external oxidant. Other reports have also shown evidence for the increase in ROS 

production in all 3 LHON cybrids (Carelli et al., 2002a; Beretta et al., 2004). 

The role of oxidative stress is further highlighted by studies showing evidence for 

reduced antioxidant defenses in LHON cell models. LHON cybrids, especially those 

carrying 3460 and 11778 mutations showed decreased activities of glutathione 

reductase (GR), glutathione peroxidase (GPx) and Mn-superoxide dismutase (MnSOD) 

(Carelli et al., 2002a). Floreani et al. (2005) showed a fast increase in the oxidized form 

of glutathione (GSSG), when 143B.TK- osteosarcoma cybrids carrying any one of the  

three primary LHON mutations were grown in galactose. Another study using NT2- 
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derived LHON cybrids with the 11778 mutation was found to contain lower levels of total 

glutathione per mg cellular protein compared to controls following differentiation with 

retinoic acid to enhance OXPHOS dependency (Schoeler et al., 2007). 

An animal model generated using ribozyme mediated knockdown of SOD2 

showed reduced MnSOD expression and an increase in mitochondrial ROS levels (Qi et 

al., 2003a). The animals also developed optic neuropathy similar to the histopathology of 

LHON. In another study by Qi and colleagues, 143B.TK- cybrids carrying the 11778 

mutation were transduced with adeno-associated viral vector to overexpress SOD2 

which resulted in a decrease in superoxide production and enhanced cell survival (Qi et 

al., 2007).  

Patients and carriers of LHON have been shown to have reduced α-

tocopherol/lipid ratio in their plasma due to increased free radical generation and 

consumption of α-tocopherol (Klivenyi et al., 2001). Increased ROS generation also 

resulted in reduced uptake of glutamate in LHON 143B.TK osteosarcoma cybrids 

(Beretta et al., 2004). These findings reveal a potential pathomechanism of LHON where 

the reduced clearance of glutamate from the synaptic cleft by retinal Müller astroglial 

cells can lead to excitotoxic injury to retinal ganglion cells (Beretta et al., 2004). In a 

mouse model that closely resembles LHON in humans, researchers discovered 

increased ROS production in synaptosomes which maintained stable ATP levels despite 

reduced complex I activity (Lin et al., 2012). These findings show that oxidative stress 

may play a bigger role than bioenergetic deficiency in LHON pathophysiology. However, 

results are not conclusive and other factors have been implicated in LHON 

pathophysiology such as apoptosis, nuclear genetic factors and environmental factors.  

Apoptosis 

The painless and non-inflammatory loss of RGCs prompted researchers to look 

into the role of apoptosis in the pathophysiology of LHON (Howell, 1997, 1999). FAS 

stimulation enhanced apoptosis in cybrids bearing the 3460 and 11778 mutations 

compared to wildtype cybrids (Danielson et al., 2002). Activation of caspase-3, 

increased DNA fragmentation (laddering) and enhanced annexin-V staining, confirmed 

the mode of cell death as apoptosis. It was proposed that complex I dysfunction leads to 

an increased probability of mitochondrial permeability transition pore (MPTP) opening 

which in turn can stimulate apoptosis (Fontaine et al., 1998; Danielson et al., 2002). 
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Although FAS-mediated cell death does not necessarily involve mitochondria, the 

prolonged opening of MPTP could enhance sensitivity of FAS-mediated apoptosis of 

LHON cybrids.  

Cybrids carrying one of the three primary LHON mutations undergo increased 

apoptotic cell death compared to control cybrids when switched to galactose media as 

observed by chromatin staining and DNA laddering (Ghelli et al., 2003). The 

bioenergetic deficiency of LHON cybrids is exposed in galactose media which increases 

their susceptibility to apoptosis (Ghelli et al., 2003). In addition to rapid apoptosis, a 

decline in ATP was also observed in LHON cybrids carrying one of the three primary 

mutations compared to control cybrids when grown in galactose media (Zanna et al., 

2003, 2005). The release of cytochrome c, apoptosis inducing factor (AIF) and 

endonuclease G (endo-G) from the mitochondria into the cytosol pointed to apoptosis as 

the cause of cell death (Zanna et al., 2005). Apoptosis occurred, independent of 

caspase activation due to ATP decline which is required for the formation of a functional 

apoptosome. However, AIF and endo-G release was sufficient to execute apoptosis 

(Zanna et al., 2005). 

1.5.9. Tissue Specificity 

Although the LHON mutation is present in every cell in the body, the RGCs are 

the only affected cells in most cases. The reason for this tissue specificity is unknown 

but it is speculated that the micromorphologic architecture of retinal nerve fiber layer 

(RNFL), optic nerve head and optic nerve plays a role in its pathogenesis. The axons of 

retinal ganglion cells travel through the retinal nerve fiber layer towards the optic nerve 

head where they take a sharp turn and exit through a small opening in the sclera and 

pass through the lamina cribrosa, a perforated collagen plate (Yen et al., 2006; Kirches, 

2011). The mechanical compression at this point is thought to restrict axoplasmic flow, 

causing a buildup of mitochondria in the prelaminar axon sections (Minckler et al., 1976; 

Holländer et al., 1995; Howell, 1999). 
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Figure 2 Anatomy of the Optic nerve head and lamina cribrosa (Eilaghi et al., 
2010).  

The optic nerve composed of retinal ganglion cell axons exit the eye at the optic nerve head 
(pictured in the left panel and magnified in middle panel) where it must first pass through the 
lamina cribrosa (LC)(pictured in the middle and magnified frontal view on the right). 
Note: Used with permission. 

RGCs send out axons of about 5 cm length to connect the retina with the brain 

(Curcio and Allen, 1990). RGCs are highly polarized cells in terms of their mitochondrial 

distribution and myelination. Histological and Immunohistochemical studies revealed that 

the post-laminar portion of the RGC axons were wrapped in myelin sheaths (Barron et 

al., 2004) whereas the pre- and intra-laminar regions were unmyelinated and had a 

higher mitochondrial density compared to the post-laminar region (Andrews et al., 1999; 

Barron et al., 2004). Since saltatory action potential conduction is not possible in the pre-

laminar region, there is a greater demand for ATP by the Na+/K+ ATPase in order to 

maintain the excitability of the axolemma compared to myelinated fibers in the post 

laminar regions (Kirches, 2011). Therefore it is imperative that mitochondria are trapped 

within those regions that are incapable of saltatory conduction (Kirches, 2011). The 

uneven mitochondrial distribution therefore reflects the local energy demand of the 

different axonal regions of the RGCs rather than the previously inferred axoplasmic 

stasis (Bristow et al., 2002). However, it is possible that this gradient of mitochondria 

distribution may be affected early on by LHON mutations (Kirches 2011).  Mitochondrial 

biogenesis is a process that takes place in the cell body of RGCs from where they get 

transported to energy dependent locations such as the varicosities of the RNFL, the 

prelaminar and laminar regions, nodes of Ranvier in the post-laminar region and the 

synaptic terminals (Hollenbeck, 1996; Wang et al., 2003). The transport of mitochondria 

along the axon is itself an ATP-dependent process (Ochs and Hollingsworth, 1971; Sabri 
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and Ochs, 1972). The LHON mutations could result in impaired mitochondrial movement 

that could contribute to local energy deprivation at the unmyelinated portion of the RGC 

axons (Kirches, 2011). The small fibers of the papillomacular bundle are the initial 

targets of LHON degeneration and the susceptibility can be explained by their high 

surface area to volume ratio which limits their ability to compensate through increased 

mitochondrial biogenesis and transport (Sadun et al., 2000; Pan et al., 2012). A 

reduction in mitochondrial motility will also impact mitochondrial dynamics such as 

fission and fusion which is necessary for exchange of contents among mitochondria to 

avoid critical loss of components, such as mtDNA (Kirches, 2011). An exchange of 

components (mtDNA, RNA, soluble proteins, small molecules) between migrating 

mitochondria is important for the maintenance of a pool of functional mitochondria 

(Kirches, 2011). Histopathalogical studies of LHON nerves showed clumps of 

mitochondria in spared axons in the retrolaminar portion of the optic nerve, 

accumulations of multi-vesicular bodies and debris, and cytoskeletal changes that 

suggest impaired axonal transport (Sadun A, Kashima Y, Wurdeman A, Dao J, Heller K, 

1994). The selective vulnerability of RGCs could therefore be due to a combination of 

factors which include high metabolic rate, atypical morphology and mitochondrial 

distribution.  

1.5.10. Disease models 

Although the clinical and genetic aspects of LHON are well known, little progress 

has been made in understanding the pathophysiological mechanism(s) of LHON. This is 

partly due to the impracticality of harvesting and experimenting on target tissue i.e. optic 

nerve, from LHON carriers and patients. Instead scientists have had to rely on other cell 

models to understand the pathomechanism of the disease. Until recently no animal 

models existed for the disease. Lymphoblasts, fibroblasts and transmitochondrial hybrids 

(cybrids) were the most commonly used cell models in LHON research but new cell and 

animal models have also been developed in the recent years. A virally transformed rat 

retinal ganglion cell line known as RGC-5 was the only retinal ganglion cell line in 

existence until recent evidence showed these cells were a misidentified mouse 

photoreceptor cell line (Van Bergen et al., 2009; Krishnamoorthy et al., 2013). As a 

result use of RGC-5 has been restricted in the study of the biology and mechanism of 

death of RGCs. 
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Lymphoblasts 

The source for lymphoblast cell cultures are cells from peripheral blood samples 

which are immortalized by Epstein Barr virus (EBV) (Jankauskaitė et al., 2017). They 

divide rapidly and provide researchers with a constant supply of starting material for 

experimentation. Lymphoblasts harboring LHON mutations have been used to screen 

growth impairments, measure complex I driven ATP synthesis and OXPHOS enzyme 

activity in glucose free galactose media (Brown et al., 2000; Van Bergen et al., 2015) as 

well as to screen for oxidative and nitrosative stress (Falabella et al., 2016). However 

lymphoblast cultures do come with limitations such as sensitivity to factors such as 

temperature, pH, growth media, serum and length of time in culture (Jankauskaitė et al., 

2017). In addition, lymphoblasts cultures are heterogenous and transformation with EBV 

can affect cell metabolism (Jankauskaitė et al., 2017). For these reasons the 

lymphoblast cell line is not ideal for biochemical and cellular studies.  

Fibroblasts 

Fibroblasts cultures overcome some of the limitations associated with 

lymphoblasts. They are derived from skin biopsies and are easy to grow in culture. 

Fibroblasts are primary cells and will closely mimic normal cellular physiology and 

metabolism. Fibroblast cell cultures have been used for mitochondrial proteome analysis 

(Tun et al., 2014), investigating the influence of environmental factors such as alcohol 

and tobacco smoke (Kerrison et al., 2000; Kirkman et al., 2009; Giordano et al., 2015) 

and in metabolic studies (Cock et al., 1995; Giordano et al., 2014). However, fibroblasts 

are non-neuronal, mitotic and primarily glycolytic in contrast to the neuronal, post-mitotic 

retinal ganglion cells that rely primarily on OXPHOS for their energy requirements. 

Furthermore, factors such as morphology, organelle trafficking and topology are different 

between the fibroblasts and RGCs. Therefore, caution must be exercised when 

extrapolating results from fibroblasts studies. 

Cybrids 

The transmitochondrial cytoplasmic hybrid (cybrid) model has been extensively 

used for LHON studies. Cybrids are created by depleting cells of their native mtDNA and 

fusing them with foreign mtDNA from enucleated cells or cytoplasts. In yeast, the 

process is known as cytoduction where nuclear fusion deficient cells are mated with 

strains of opposite mating type which yield hybrids that retain the nuclear composition of 
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one parent and cytoplasmic (mitochondrial) composition from the other (Zakharov and 

Yarovoy, 1977). The cell model was introduced by King and Attardi (1989) where mtDNA 

from osteosarcoma cells were depleted by long term exposure to sub-lethal 

concentrations of ethidium bromide and the resulting cells were known as ρ0 (rho-0) 

cells. The ρ0 cells were then repopulated with mtDNA from enucleated cells of a cell line 

chosen to be the mtDNA donor (Kirches, 2011). In addition to osteosarcoma cells other 

tumor cell lines such as teratoma or neuroblastoma lines have been used in cybrid 

construction and blood platelets have been used as mtDNA donor cells as they do not 

require enucleation (Kirches, 2011). The advantage to using cybrids in LHON studies is 

that they allow detection of cell physiology resulting from mitochondrial dysfunction and 

eliminate the influence of the nuclear background of the patient. The cybrid model has 

contributed much to our current understanding of LHON. Cybrids carrying one of the 

three primary LHON mutations have been used in complex I activity assays (Vergani et 

al., 1995; Brown et al., 2000), for measuring ATP production (Baracca et al., 2005) as 

well to investigate oxidative stress (Floreani et al., 2005) and apoptosis (Ghelli et al., 

2003; Zanna et al., 2005). Furthermore, cybrids carrying one of the three primary LHON 

mutations have been used in studies investigating glutamate toxicity (Beretta et al., 

2004), hormonal effects (Giordano et al., 2011), transcriptomic analysis (Danielson et al., 

2005) and the influence of mitochondrial haplogroups on disease expression (Brown et 

al., 1997; Carelli et al., 2002c). Despite their utility in LHON studies, cybrids also have 

many disadvantages. The multi-step cybridization procedure can cause cellular stress 

resulting in changes in gene expression. A study by Danielson et al. (2005) showed 

transcriptomic changes between unfused control cells, ρ0 cells and cybrids. The 

cybridization process is also time-consuming and cybrids require long term selection. In 

addition, the ρ0 are derived from immortalized cells and therefore have a tumor nuclear 

background. Thus, it is difficult to know how much of the knowledge obtained from 

studying cybrids can be applied to LHON pathogenesis.  

Animal models 

Animal models are difficult to engineer for mitochondrial diseases due to 

technical limitations. However using different approaches, a few animal models 

resembling LHON have been generated in the recent years (Koilkonda and Guy, 2011). 

The first animal model for LHON was made by intravitreous injection of rotenone, a 

complex I inhibitor, into mice (Zhang et al., 2002). Histological analysis showed thinning 
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of the RGC layer similar to RGC degeneration in LHON. Following this, Qi et al.(2003b) 

designed a ribozyme to degrade the mRNA of NDUFA1, a nuclear encoded subunit 

gene of complex I. The ribozymes were delivered using the AAV vector into the vitreous 

cavity and resulted in loss of RGCs that resembled the histopathology of LHON. There 

was also marked reduction of complex I activity and oxidative stress. Another mouse 

model was created by the same group using ribozymes directed against mitochondrial 

superoxide dismutase (SOD2) mRNA, which also resulted in optic neuropathy with 

striking similarity to LHON histopathology (Qi et al., 2003a). The intraocular injection of 

an AAV overexpressing SOD2 mitigated RGC and axonal loss in the mouse model and 

also increased cell viability in a LHON cybrid model grown in galactose media. These 

studies point to antioxidant genes as targets in developing therapeutic agents. However, 

these animal models represent a more severe complex I defect whereas certain primary 

LHON mutations (e.g. 11778) only show a minor reduction in complex I activity. In order 

to develop a more representative animal model Qi et al. (2007) designed a synthetic 

mutant ND4 subunit gene which was injected to the mouse visual system. The mutant 

ND4 subunit gene contained an arginine to histidine substitution at amino acid 340 which 

is representative of the ND4 mutation in LHON. The treatment resulted in the swelling of 

the optic nerve head followed by optic nerve atrophy and loss of RGCs. Ultrastructural 

analysis revealed elevated ROS followed by apoptosis of RGCs. Injection of synthetic 

wildtype ND4 revealed no evidence of pathology. Therefore the mouse model was 

comparable to the human disease (Koilkonda and Guy, 2011). More recently, Lin et al. 

(2012) created a mouse model that harbors a mitochondrial mutation that resulted in 

optic atrophy that closely modeled LHON pathology. The murine model contains a 

mutation at G13997A, which causes the same amino acid substitution (proline to leucine 

at amino acid position 25) as reported in a human ND6 G14600A optic atrophy and 

Leigh syndrome family (Lin et al., 2012). A multistep approach was used in the 

generation of the mouse model. First, LMTK murine fibroblasts were mutagenized and 

mutant mtDNA species were enriched by depletion-reamplification and cloning. 

Following glucose-galactose selection, clones with partial respiratory defect were 

selected and their mtDNA sequenced. The clone for the proline to leucine (P25L) 

substitution at amino acid position 25 was picked, enucleated and fused to a female 

mouse embryonic stem cell line. These were then injected into blastocysts, after which 

the females harboring the mutation were backcrossed for over 10 generation resulting in 

the ND6 13997G>A mouse model. Investigation of mitochondrial function in the 
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synaptosomes of this mouse model revealed that oxidative stress plays a bigger role in 

the pathophysiology than bioenergetic defect (Lin et al., 2012).  

1.6. Objectives and Rationale 

The absence of a suitable model system has been a major barrier in our 

understanding of the disease pathophysiology. In this study, we created a new disease 

model for studying LHON that will help answer some of the questions that current 

models are unable to answer. We created a fibroblast cell model system that resembles 

neuronal morphology that will enable the study of mitochondrial trafficking as current cell 

models do not allow for the study of mitochondrial dynamics due to their highly 

reticulated mitochondrial networks. 

Objective 1: Investigate the changes to the cell morphology of dermal fibroblasts treated 

with a broad spectrum kinase inhibitor, staurosporine at sub lethal concentrations. 

Staurosporine (STSP) is a natural alkaloid isolated from the bacterium 

Streptomyces staurosporeus. Although it is best known as a high affinity protein kinase 

C (PKC) inhibitor, STSP’s inhibitory actions are not limited to PKC but extend to over 

250 protein kinases making it a broad spectrum kinase inhibitor (Karaman et al., 2008). 

The non-selective nature of STSP inhibition of protein kinases is thought to be due to its 

binding to the ATP-binding site on the catalytic domain common to all protein kinases 

(Rüegg et al., 1989). One of first observed effects of staurosporine was cytotoxicity 

which has led to its use as a common apoptosis-inducing agent. Changes to the 

phosphorylation state of proteins have been shown to be an important trigger of 

programmed cell death induced by different agents (Baxter and Lavin, 1992; Uckun et 

al., 1992). STSP has been shown to induce caspase-3/7 dependent apoptosis (Jiang et 

al., 2013). Another yet unexplained effect of staurosporine has been its ability to induce 

cytoplasmic protrusions that resemble neurites in a range of different cell types when 

administered in sub-lethal concentrations. 

Among the different cell lines known to demonstrate STSP dependent changes in 

cell morphology include, 3Y1, COS7, HepG2, H1299 (Kohno et al., 2015). STSP has 

been shown to differentiate neuronal precursor cell lines, PC-12 (Hashimoto and Hagino, 

1989), NB-1 (Morioka et al., 1985), SHSY5Y (Shea and Beermann, 1991) and RGC-5 
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cells (Frassetto et al. 2006). Differentiation with STSP causes RGC-5 cells to stop 

dividing, express ion channels and assume neuronal morphology (Thompson and Levin 

2010). The neurites in these differentiated neural precursor cells immunostain for neuron 

specific proteins such as microtubule-associated protein 2 (MAP2), tau, growth 

associated protein (GAP-43) (Jalava, Akerman, and Heikkila 1993; Rasouly et al. 1994; 

Thompson and Levin 2010). The mechanism of how STSP induces morphological 

changes has not been elucidated. Attempts to induce similar phenotypic changes with 

other specific kinase inhibitors have either failed or have only been partially successfully 

(Frassetto et al. 2006). Therefore, the effects are thought to be either a result of different 

levels and specificities of protein kinase inhibition or effects on other cellular processes 

independent of kinase inhibition. However, it has been established that the process is 

not related to induction of apoptosis (Kohno et al. 2015; Thompson and Levin 2010). 

The extension of processes in response to STSP treatment is rapid, occurring within 

seconds to minutes after STSP addition and is time- and concentration dependent 

although concentrations above 1 uM have been shown to be cytotoxic (Frassetto et al., 

2006; Galkina et al., 2010; Kohno et al., 2015). The chemical induction of processes in 

human dermal fibroblasts containing LHON mutation will be useful for studying 

mitochondrial dynamics in LHON cells. 

Hypothesis 1: Low concentrations of staurosporine induce cytoplasmic protrusions in 

both LHON and wild-type dermal fibroblasts.  

Following the creation of the cell model, we investigated and compared the 

mitochondrial movement in the processes of wild-type and LHON cells in glucose media 

and glucose-free, galactose media. The glucose-free, galactose media forces glycolytic 

cells such as fibroblasts to rely on OXPHOS to satisfy their energy demands.   

Objective 2: Compare the mitochondrial motility/trafficking in the staurosporine induced 

processes of wild-type versus G11778A LHON fibroblasts 

The movement of mitochondria from their sites of biogenesis to distant regions of 

the cell is especially important for cells such as neurons that have a high ATP demand in 

regions such as the nodes of Ranvier and synaptic terminals (Carelli, Ross-Cisneros and 

Sadun 2004). The movement of mitochondria requires ATP, a portion of which the 

mitochondria themselves provide (Ochs and Hollingsworth 1971, Sabri and Ochs 1972). 
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If LHON mitochondria are defective in their movement, it is likely to have an impact on 

the health of RGCs. Mitochondria trafficking defects have been shown in 

neurodegenerative diseases such as Charcot-Marie tooth disease (Baloh et al. 2007), 

Parkinson’s disease (Chan et al., 2011; Wang et al., 2011), Huntington’s (Trushina et al. 

2004), Perry Syndrome (Levy et al., 2006; Ishikawa et al., 2014) etc. This necessitates 

more extensive research into the role of mitochondrial dynamics in pathogenesis of 

LHON. Our fibroblast cell model will allow investigation of mitochondrial movement more 

easily due to their newly acquired morphology. 

Hypothesis 2: The mitochondrial movement is decreased in LHON fibroblasts 

compared to wildtype fibroblasts during metabolic stress (glucose free, galactose 

media) 

Objective 3: Compare the mitochondrial network morphology in staurosporine treated 

wild-type and G11778A LHON fibroblasts under glycolytic and OXPHOS conditions 

The net mitochondrial ultrastructure is determined by the balance between fission 

and fusions reactions (Koopman et al., 2013). Furthermore, mitochondrial morphology is 

linked to mitochondrial function and metabolism during healthy and pathological 

conditions including neurodegeneration (Knott et al., 2008; Willems et al., 2009; Court 

and Coleman, 2012). An elongated, tubular and highly branched mitochondrial 

morphology promotes the health of the active mitochondrial population and are more 

efficient at generating energy whereas punctate, discrete or fragmented mitochondrial 

morphology promote their distribution, mitophagy and apoptosis (Mishra and Chan, 

2016). Under normal physiological conditions mitochondria maintain a balance between 

fission and fusion but during metabolic stress such as OXPHOS, hypoxia, nitrogen 

starvation, this balance can be shifted leading to altered mitochondrial morphology 

(hyper-fused or fragmented). Therefore mitochondrial morphology can serve as an 

indicator to detect changes to the mitochondrial dynamics.           

Hypothesis 3: The mitochondrial morphology in STSP-treated LHON fibroblasts is 

different from that of wild-type under OXPHOS conditions      
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 Materials and Methods 

2.1. Cell culture 

2.1.1. Cell harvest 

Skin biopsies were performed on a male diagnosed with the G11778A 

mitochondrial mutation and age and sex matched control. Both males were in their early 

twenties and non-smokers. The male patient was homoplasmic for the G11778A 

mutation as determined by RFLP analysis (Johns, 1990). A 3mm diameter skin punch 

was performed by Dr. C. Sheldon (MD PhD) at the Eye Care Center, Vancouver General 

Hospital. The skin punches were divided and plated in a 12 well plate with 1 ml of 

complete fibroblast media (CFM) added to each well. Each well was covered with a 18 

mm diameter round glass coverslip to facilitate the outgrowth of cells. The cells were 

incubated at 37⁰ C and 5% CO2 for 3 weeks with media changes every 7 days. 

Fibroblasts were then aliquoted in cryovials with 10% DMSO (dimethyl sulfoxide), 50% 

Fetal Bovine Serum and 40 % CFM and frozen in liquid nitrogen. Prior to 

experimentation, fibroblasts aliquots were thawed and seeded into T75 flasks with 10 ml 

CFM.  

2.1.2. Cell growth conditions  

Complete Fibroblast media (CFM) was made by combining Dulbecco’s Modified 

Eagle Medium (DMEM) and 5% Fetal Bovine Serum (FBS) and supplemented with 1% 

antibiotic (penicillin and streptomycin) solution (Gibco). The solution was sterile filtered 

using vacuum filtration. 

DMEM (Gibco) contains low glucose (5.6 mM), L-glutamine, 110mg/L sodium 

pyruvate and pyridoxine hydrochloride. DMEM provides essential amino acids, vitamins 

and inorganic salts for the growth of mammalian cells. In order to make CFM with 

galactose, a premade glucose free DMEM (GF-DMEM) solution was used, and 

supplemented with 10mM galactose. 

Characterized Fetal Bovine Serum (Hyclone) contains approximately 90 mg/dl 

glucose and is made from a fraction of fetal cow’s blood with proteins and growth factors 
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which facilitate fibroblast growth. For CFM with galactose, FBS which had previously 

undergone a dialysis procedure to filter out smaller molecules such as glucose, was 

used. The final concentration of glucose in the dialyzed FBS was approximately 

1.4mg/dl.  The methodology for cell culture conditions were adapted from the procedure 

described by Rossignol et al. (2004). 

Fibroblasts grow in monolayers and are said to be confluent when they cover the 

entire surface of the well. Once 80% confluency is achieved the fibroblasts were split 

and seeded, a process known as passaging. First the fibroblasts were trypsinized with 

5ml of 0.25% EDTA-trypsin (Invitrogen) for 1 minute at 37⁰ C. This helps break down 

extracellular matrix proteins and cell adhesion molecules in order to loosen the cells and 

get them into solution for harvesting. The concentration of cells is then estimated using a 

hemocytometer. The fibroblasts were then diluted to a concentration of 25,000 cells/ml 

and seeded into a 12 well plate at 1 ml per well. Extra fibroblasts were used for re-

seeding T75 flasks and grown for a week before passaging again. Due to the finite 

replicating capacity and senescence associated with increasing passages of primary 

cells grown in culture known as the Hayflick limit (Hayflick, 1965), only fibroblasts that 

were passaged 8 times or less were used for experimentation. A complete change in 

media was performed 24 hours after seeding, where wells were given either CFM 

(glucose-fed) or CFM-Gal media (galactose-replacement).  

2.1.3. Staurosporine (STSP) treatment 

Twenty-four hours after the media change the fibroblasts were treated with either 

staurosporine (Cayman Chemical) dissolved in ethyl acetate to a final concentration of 

750 nM or an equal concentration of ethyl acetate alone (vehicle control). The plates 

were incubated for another 24 hours at 37°C and 5% CO2. Following the 24-hour 

incubation, the media was aspirated from each well, washed once with fresh media and 

replaced with fresh media (STSP treatment termination). Half the coverslips were 

imaged 1-hour after the treatment termination while the other half was imaged 24 hours 

after treatment termination to determine if any changes observed in response to STSP 

treatment are transient or persistent.  
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2.2. Labelling cells and nuclei 

In order to study the morphology of the fibroblasts following staurosporine 

(STSP) treatment, the coverslips were treated with the fluorescent dye H2DCFDA (2’, 7’-

dichlorodihydrofluorescin diacetate) (Molecular Probes®). H2DCFDA readily diffuses into 

cells and can be used for labelling entire fields of cells. Upon entering cells, the non-

fluorescent DCFDA is de-acetylated by cellular esterases and oxidized by ROS into DCF 

(2’,7’-dichlorofluorescein) in the presence of Fe2+ (Rothe and Valet, 1990) which is a 

highly fluorescent compound with an excitation and emission spectra of 498 nm and 522 

nm respectively. The H2DCFDA was diluted in glucose free HBSS (see 2.4 below) to a 

final concentration of 2.5 µM and added to the wells after removal of media and then 

incubated for 30 minutes at 37°C. After the incubation, the coverslips were rinsed twice 

with glucose free HBSS and imaged in 500 µL of either HBSS or HBSS-Gal.  

To measure cell viability of STSP treated fibroblasts, the cells were co-stained 

with Hoechst 33342 (Molecular Probes®). Hoechst 33342 is a cell permeable DNA stain 

that is excited by UV light (~350nm) and emits blue fluorescence at 460-490 nm (Latt 

and Stetten 1976) and is a derivative of bis-benzimidazole. Due to its ability to bind to 

adenine-thymine (A-T) regions of DNA, Hoechst is used for staining nuclei of living or 

fixed tissue (Portugal and Waring, 1988). 1.5 µM of Hoechst was added to each well and 

incubated for 30 minutes along with H2DCFDA at 37⁰ C and 5% CO2. The coverslips 

were rinsed twice as mentioned above an imaged in 500 µM of either HBSS or HBSS-

Gal. 

2.3. Labelling mitochondria 

A mitochondrially-targeted enhanced yellow fluorescent protein (mt-eYFP) (gifted 

by Roger Tsien) was used for real time visualization of mitochondria in STSP treated 

fibroblasts. The construct contains a COX-IV mitochondrial targeting sequence 

preceding the eYFP coding region cloned into a pcDNA3 mammalian expression vector. 

The eYFP has an excitation peak of 514 nm and an emission peak of 527 nm.  

The cells were transfected with mt-eYFP using Lipofectamine® LTX and PLUS 

reagent a day after they were passaged at a density of 25,000 cells/ ml. The protocol is 

as follows. A mastermix consisting 100 µl of DMEM (or GF-DMEM), 0.5 µg of mt-eYFP 
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plasmid, 0.5 µl of PLUS reagent and 1.25 µl of LTX per well, was prepared and 

incubated at room temperature for 30 minutes to facilitate the formation of 

Lipofectamine: DNA complexes. Following the incubation, 100 µL of the mastermix was 

added to each well containing 400 µl of CFM or CFM-GAL. The plates were incubated 

for 6 hours at 37⁰ C and 5% CO2. After 6 hours, the transfection was terminated by 

changing the media with fresh CFM or CFM-GAL. After 24 hours, the transfected 

fibroblasts were treated with 750 nM STSP and incubated for another 24 hours at 37⁰ C 

and 5% CO2. The media was then changed following a single rinse in fresh media and 

imaged either 1-hour or 24-hour after STSP treatment termination. 

2.4. Fluorescence microscopy 

Fluorescence imaging was performed on a Nikon Eclipse TE 2000E2 inverted 

microscope with barrier filter attachments for specification of excitation and emission 

wavelengths. A Sutter instrument Lambda-LS Xenon Arc lamp was used as a light 

source for the microscope and images were captured with an ORCA-AG digital CCD 

camera (Hamamatsu Photonics) mounted on the microscope. HCImage software 

(Hamamatsu Photonics) was used to operate the microscope and the camera and also 

for image processing.  

HEPES Buffered Saline Solution (HBSS) was used as the imaging buffer which 

mimics physiological conditions of cells and lacks proteins that emit autofluorescence 

which can interfere when measuring epifluorescence of cells. HBSS contains 20 mM 

HEPES (4-(2-hydroxyethyl)-1 piperazineethanesulfonic acid), 137 mM NaCl, 5.4 mM 

KCl, 0.6 mM Na2HPO4, 0.6 mM KH2PO4, 0.9 mM MgSO4, 1.4 mM CaCl2, 10 mM 

NaHCO3 and 5.6 mM glucose. The pH was adjusted to 7.4 at 21°C with NaOH or HCl. 

HEPES is a zwitterionic organic molecule which is used to buffer HBSS to physiological 

pH of cells when imaging in atmospheric CO2. For HBSS with galactose (HBSS-Gal) 5.6 

mM glucose was replaced with 10.0 mM galactose. 

For characterizing the morphology and assessing cell viability of staurosporine-

treated fibroblasts, four representative fields of the H2DCFDA and Hoechst stained cells 

were captured from each coverslip at 100x magnification, at a binning of 1. All images 

were acquired at room temperature.   
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For movement analysis, time lapse movies of individual cells labelled with mt-

eYFP were captured at a 400x magnification, a binning of 1 and at 37⁰ C. Time lapse 

movies consisted of 26 successive images over a 2-min period. The movies were 

obtained 1-hour and 24-hour after STSP treatment termination. 

2.5. Ratiometric Imaging of ATP 

Ateam (Adenosine 5’- Triphosphate indicator based on Epsilon subunit for 

Analytical Measurement) is a fluorescence resonance energy transfer (FRET)-based 

indicator for ATP which is used for real time monitoring of ATP levels inside individual 

living cells (Imamura 2009). Ateam is composed of a ε subunit of the bacterial F0F1-ATP 

synthase and has a high specificity for ATP. The ε subunit links a monomeric super 

enhanced cyan fluorescent protein (mseCFP) to a monomeric yellow fluorescent protein 

(YFP) called cp173-mVenus. In the absence of ATP, the two fluorescent proteins are 

separated from one another, resulting in low FRET efficiency. The binding of ATP to the 

ε subunit causes a conformational change that brings the two fluorescent proteins closer 

together which increases FRET efficiency (Fig 3). The changes in FRET efficiency 

facilitate ratiometric imaging to determine relative ATP levels. A high cp173-

mVenus/mseCFP emission ratio indicates a relatively high ATP level whereas a low 

cp173-mVenus/mseCFP emission ratio is an indicator for a relatively low ATP level.  
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Figure 3 Schematic drawing of FRET-based ATP probe, Ateam. (AT1.03 
probe)(Imamura et al., 2009) 

Variants of CFP (mseCFP) and YFP (cp173-mVenus) connected by the ε subunit of Bacillus 
subtilis FoF1-ATP synthase. In an ATP-free state, the fluorophores are farther apart resulting in 
low FRET effieciency (left). In an ATP-bound state, the ε subunit retracts to draw the fluorophores 
close to each other resulting in high FRET efficiency.  
Note: Used with permission. 

The Ateam construct was provided by Dr. H Imamura in a pcDNA 3.1 plasmid 

vector for mammalian expression. The Ateam plasmid was transfected using 

Lipofectamine® LTX and PLUS reagent for measuring relative ATP levels. The 

transfection and staurosporine-treatment protocol was the same as for mt-eYFP labeling 

of mitochondria. The cells were visualized by exciting them at 436 nm wavelength and 

collecting the emissions at 535 nm (pseudocolored green) in one channel and 465 nm 

(pseudocolored blue) in the other channel. The exposure time was adjusted to avoid 

saturation in the regions with the highest intensity. Images of individual cells were 

captured at 400x magnification and a binning of 2 and the final image was generated by 

superimposing the images from the 2 channels.  

2.6. Data Analysis 

The number and length of cellular processes was measured using the NeuronJ 

plugin in ImageJ software (Meijering et al., 2004). Prior to loading NeuronJ, the multi-
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channel images of H2DCFDA and Hoechst stained fibroblasts are first split into their 

respective red, green and blue image components on ImageJ and only the green 

component displaying the H2DCFDA stained fibroblasts are used for process tracing. 

The images are then saved following contrast enhancement and calibration. These 

images are then loaded in NeuronJ and each process that is equal to or greater in length 

than the diameter of the cell body and is less than or equal to half the width of the cell 

body is traced using the semi-automated tracing tool (fig 4&5). The neurites are labelled 

according to which cell they belong to. The measure tracings option will then generate a 

text file containing both individual neurite length measurements and combined and 

average neurite length measurement for the field. The cell counts in 100x magnification 

fields were obtained by using a custom-built macro in HCImage software.  

For each captured cell expressing the Ateam plasmid, the fluorescence intensity 

for YFP (535 nm) and CFP (465 nm) emissions were obtained from three representative 

regions of the cell using HCImage software. Following background subtraction, the 

average cp173-mVenus/mseCFP emission ratio was calculated to determine the relative 

level of cellular ATP.  

Mitochondrial movement analysis was performed using a custom built visual 

basic macro (Rintoul et al. 2003). Prior to running the macro, a fluorescence threshold 

was applied to identify mitochondrial pixels and distinguish from non-mitochondrial (i.e. 

background) fluorescence. Mitochondrial movement was detected by monitoring the 

changes in fluorescence activity of individual pixels between each successive frame. 

Any transition of a pixel from bright to dark or vice versa was scored as +1 and these 

were summated for a pair of successive images and divided by the total pixels (bright to 

dark+ dark to bright+ unchanged) to generate a movement ratio (fig 6). The mean 

movement ratio was calculated by averaging the movement ratio for each pair of 

successive images of a 26-frame time lapse movie. 

Mitochondrial network morphology of each cell transfected with mt-eYFP 

captured at a 400x magnification and a binning of 1, was analyzed using Mitochondrial 

Network Analysis (MiNA) toolset (Valente et al., 2017) which uses a combination of 

different ImageJ macros. Briefly, after pre-processing the image to enhance contrast, the 

image is first converted to binary by thresholding where a foreground pixel is assigned 

the maximum value (255) and background pixels are assigned the minimum possible 
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value (0), the binary image is then converted to a skeleton that represents the features in 

the original image using a wireframe of lines one pixel wide (fig 7). All pixels within a 

skeleton are then grouped into three categories: end point pixels, slab pixels, and 

junction pixels (fig 8). The length of each branch and the number of branches are 

measured by how each pixel is defined and spatially related. MiNA recognizes only two 

distinct object types: individuals (no junctions) and networks (structures with at least one 

junction) (fig 8). Of the nine parameters computed by MiNA, we used four parameters 

which are 1. Mean number of individuals structures with no branches (puncta and rods) 

2.  Mean number of mitochondrial networks 3. Mean length of rods/ network branches 3. 

Mean number of branches per network.  

Statistical analysis was performed using Graphpad Prism version 5.04 for 

Windows (GraphPad Software, San Diego California USA, www.graphpad.com) and 

SPSS Statistics (IBM analytics). A p value of less than 0.05 was considered to be 

statistically significant result represented by an asterisk in bar graphs.  

http://www.graphpad.com/
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Figure 4 Identification of cellular processes.   
A process is defined when its length (c) is equal to or greater in length than the diameter of the 
cell body (d) and width (a) is less than or equal to half the width of the cell body (b).  
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Figure 5 NeuronJ allows semi-automated tracing and quantification of 
elongated image structures 

Neurite trace of a field containing STSP treated fibroblasts stained with H2DCFDA 
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Figure 6 The mitochondrial movement macro allows quantification of bulk 
(non-directional) movement of mitochondria within cellular 
processes of STSP treated fibroblasts  

A. Little to no movement of mitochondria correspond to only small changes in fluorescence 
(bright to dark, dark to bright) of mitochondrial pixels between successive frames resulting in a 
lower movement ratio. B. High mitochondrial movement correspond to greater changes in 
fluorescence of mitochondrial pixels between successive frames resulting in a higher movement 
ratio 
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Figure 7 Mapping of the mitochondrial network of a STSP treated fibroblast 
transfected with mt-eYFP using MiNA. 

Original image (A) is binarized and sketelonized (B) after pre-processing. The overlay of the 
skeletonized image on the original image (C)  
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Figure 8 MiNA recognizes common mitochondrial network features (Valente 
et al., 2017) 

MiNA recognizes two types of mitochondrial structures in a skeletonized image; individuals 
(puncta, rods, large round structures) and networks which are mitochondrial structures with at 
least a single junction pixel.            
Note: Used with permission 
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 Results 

3.1. Characterization of staurosporine treated fibroblasts 

A typical fibroblast has fusiform morphology (figure 9A). Treatment with STSP 

causes the cell body to shrink. Furthermore, the presence of one or more cytoplasmic 

protrusions can be seen extending from the cell body (figure 9B). 

 

Figure 9 Staurosporine induces a neuron-like morphology in primary human 
fibroblasts 

Human dermal fibroblasts were stained with H2DCFDA fluorescent dye and Hoechst 33342 to 
label cell body and nuclei respectively. A. Vehicle-treated control fibroblasts exhibit a typical, 
fusiform morphology with two processes tapering from opposing sides of the cell body. B. 750 nM 
STSP-treated fibroblasts display multiple processes radiating from a more compact cell body. 

The concentration-dependence of staurosporine-induced cytoplasmic protrusions 

was examined over a range of 500-1000 nM. The range was selected based on a study 

by Frassetto et al (2006) which showed that treatment with STSP from 316 nM to 1.78 

µM for 24 hours induced a significant dose-dependent formation of neurites in RGC-5 

cells. In the present study, a concentration of 750 nM staurosporine was found to be 

optimal for inducing cytoplasmic protrusions with minimal cytotoxicity (fig A.1, A.2 & A.3). 

The cell counts of STSP treated WT and LHON fibroblasts were compared in culture 

conditions that promoted primarily glycolytic metabolism (glucose media) and also under 

conditions that forced oxidative metabolism (galactose media) to assess whether there 

was a difference in cell viability between WT and LHON cells in response to STSP 

treatment. The cell counts for STSP treated WT and LHON cells were normalized to the 

mean cell counts of vehicle treated control WT and LHON cells cultured in parallel at the 
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same cell density. This was done to control for the known differences in the growth rates 

between WT and LHON cells. The concentration of 750 nM of staurosporine did produce 

a certain level of toxicity (~45% in LHON cells at 24 hours post STSP removal) but did 

not cause a significant difference in cytotoxicity between wild-type and LHON fibroblasts 

under conditions that promoted glycolysis or under conditions that induced OXPHOS (fig 

10). In other words the toxicity was the same for both WT and LHON cells under the two 

different culture conditions. These results were consistent at both 1-hour and 24-hour 

after STSP removal.  

We characterized the effect of STSP on fibroblast (WT and LHON) morphology 

based on number of processes per cell and average length of a process. The 

characterization was performed in both glycolytic conditions (glucose media) and in 

OXPHOS conditions (galactose media) to evaluate whether the changes observed are 

consistent under both metabolic conditions. Staurosporine-induced morphological 

changes were quantified by counting cellular processes or projections that are greater 

than or equal to the length of the cell body and are less than or equal to half the width of 

the cell body (fig 4). The definition of a process is slightly modified from the definition 

used by Frassetto et al (2006) to characterize STSP-treated RGC-5 cells. The proportion 

of cells that had one or more cellular processes was significantly higher for fibroblasts 

(WT and LHON) treated with 750nM STSP compared to vehicle-treated under conditions 

of primarily glycolytic metabolism (glucose media) 1-hour post STSP termination (χ2, 

p<0.0001) (fig 11). The proportion of cells with processes was also significantly greater 

for fibroblasts (WT and LHON) treated with STSP compared to vehicle treated cells 

under conditions of primarily glycolytic metabolism 24 hours after STSP removal (χ2, 

p<0.0001) (fig 12) which shows that the morphological changes persisted for at least 24 

hours post STSP removal. 

The same morphological changes were quantified in fibroblasts grown in 

glucose-free galactose media which forces cells to utilize OXPHOS for ATP generation. 

The proportion of cells that had one or more processes was significantly higher for 

fibroblasts (WT and LHON) treated with 750nM STSP compared to vehicle-treated under 

conditions that induce OXPHOS 1-hour post STSP termination (χ2, p<0.0001) (fig 13). 

The proportion of cells with processes were also significantly greater for fibroblasts (WT 

and LHON) treated with STSP compared to vehicle treated under conditions that induce 
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OXPHOS 24 hours after STSP removal (χ2, p<0.0001) (fig 14) demonstrating once again 

that the morphological changes persisted for at least 24 hours post STSP. 

The mean length of processes was significantly greater in both WT  and LHON  

fibroblasts that were treated with STSP compared to vehicle-treated WT  and LHON  

fibroblasts under conditions of primarily glycolytic metabolism (glucose media) 1-hour 

post STSP removal (fig 15A). The mean length of processes was still significantly 

greater in STSP-treated WT and LHON fibroblasts compared to vehicle-treated WT and 

LHON 24 hours after STSP removal (fig 15B).   

The mean process length was quantified for STSP-treated WT and LHON 

fibroblasts grown in galactose media which force cells to use OXPHOS for ATP 

generation. The mean process length was significantly greater in WT and LHON 

fibroblasts that were treated with STSP compared to vehicle-treated WT and LHON 

fibroblasts under conditions that induce OXPHOS 1-hour post STSP removal (fig 16A). 

The average process length was still significantly greater in STSP-treated WT and 

LHON fibroblasts compared to vehicle-treated WT and LHON fibroblasts 24 hours after 

STSP removal (fig 16B).    

In summary, we observe a noticeable difference in the number of processes per 

cell, proportion of cells with processes and average length of a process in both WT and 

LHON fibroblasts in response to 750 nM STSP that was consistent under both glycolytic 

and OXPHOS conditions. Furthermore our results also show that the changes were 

persistent for up to 24 hour after STSP removal.    
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Figure 10 No difference in cell viability between wild-type and LHON 
fibroblasts in response to 750nM staurosporine  

A. Wild-type (WT) and LHON 11778 (LHON) fibroblasts grown in glucose media (CFM) showed 
no significant difference in mean cell count (percent of control) both 1-hour post (WT 104.6% 
±13.04 (SEM), 491 cells, LHON 60.80%±14.92, 277 cells, n=3, t(4)= 2.209, p>0.05) and 24-hour 
post (WT 68.34% ± 4.61, 450 cells, LHON 54.25% ± 3.59, 401 cells, n=3, t(4)= 2.413, p>0.05) 
STSP removal. B. WT and LHON fibroblasts grown in glucose free galactose media (CFM-GAL) 
showed no significant difference in cell survival both 1-hour post (WT 75.29% ± 7.02, 1044 cells,  
n=5, LHON 74.60% ± 9.63, 304 cells, n=5, t(9)=0.059, p>0.05) and 24-hour post (WT 61.21% ± 
3.26, 1086 cells, LHON 68.29% ± 7.92, 768 cells, n=6, t(10)= 0.826, p>0.05) STSP removal. Cell 
viability was measured by averaging the counts of Hoechst stained nuclei in four representative 
100x fields (4 replicates) per coverslip where n represents the number of coverslips which is then 
expressed as a percent of vehicle treated (0.04% ethyl acetate) controls. Data are presented as 
Means ± Standard Error of Mean.   
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Figure 11 STSP treatment increases number of processes per cell in 
fibroblasts grown under conditions of primarily glycolytic 
metabolism 1-hour post STSP removal 

A. Distribution of number of processes per cell in vehicle-treated and 750nM STSP treated WT 
fibroblasts 1-hour post STSP treatment termination in glucose media which promote energy 
production mainly via glycolysis. B. The percentage of cells with >0 processes per field is 
significantly greater in STSP treated WT cells (39.7%) (195 cells) compared to vehicle treated WT 
cells (22.4%) (70 cells), (χ2 (1) = 26.01, p<0.0001). C. Distribution of number of processes per cell 
in vehicle-treated and 750nM STSP treated LHON fibroblasts 1-hour post STSP treatment 
termination in glucose media which promote glycolytic metabolism. D. The percentage of cells 
with processes is significantly greater in STSP treated LHON cells (49.5%) (137 cells) compared 
to vehicle treated LHON cells (19.9%) (84 cells), (χ2 (1) = 67.79, p<0.0001). 
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Figure 12 STSP treatment increases number of processes per cell in 
fibroblasts grown under conditions of primarily glycolytic 
metabolism 24 hours after STSP removal 

A. Distribution of number of processes per cell in vehicle-treated and 750nM STSP treated WT 
fibroblasts 24-hour post STSP treatment termination in glucose media which promote mainly 
glycolytic metabolism. B. The percentage of cells with >0 processes per field is significantly 
greater in STSP treated WT cells (34%) (153 cells) compared to vehicle treated WT cells (15.5%) 
(68 cells), (χ2 (1) = 40.71, p<0.0001). C. Distribution of number of processes per cell in vehicle-
treated and 750nM STSP treated LHON fibroblasts 24-hour post STSP treatment termination in 
glucose media. D. The percentage of cells with > 0 processes per field is significantly greater in 
STSP treated LHON cells (34.4%) (138 cells) compared to vehicle treated LHON cells (17.5%) 
(125 cells), (χ2 (1) = 40.99, p<0.0001).   
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Figure 13 STSP treatment increases the number of processes per cell in 
fibroblasts grown under conditions that induce oxidative 
metabolism 1 hour after STSP removal 

A. Distribution of number of processes per cell in vehicle-treated and 750nM STSP-treated WT 
fibroblasts 1-hour post STSP treatment termination in galactose media which induce oxidative 
metabolism. B. The percentage of cells with >0 processes per field is significantly greater in 
STSP treated WT cells (37.3%) (227 cells) compared to vehicle treated WT cells (12.2%) (112 
cells), (χ2 (1) = 133.37, p<0.0001). C. Distribution of number of processes per cell in vehicle-
treated and 750nM STSP treated LHON fibroblasts 1-hour post STSP treatment termination in 
galactose media which induce oxidative metabolism. D. The percentage of cells with > 0 
processes per field is significantly greater in STSP treated LHON cells (67.7%) (212 cells) 
compared to vehicle treated LHON cells (25.8%) (129 cells), (χ2 (1) = 138.81, p<0.0001). 
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Figure 14 STSP treatment increases the number of processes per cell in 
fibroblasts grown under conditions that induce oxidative 
metabolism 24 hours STSP removal 

A. Distribution of number of processes per cell in vehicle-treated and 750nM STSP treated WT 
fibroblasts 24-hour post STSP treatment termination in galactose media which induce oxidative 
metabolism. B. The percentage of cells with >0 processes per field is significantly greater in 
STSP treated WT cells (36.4%) (219 cells) compared to vehicle treated WT cells (10.6%) (113 
cells), (χ2 (1) = 161.80, p<0.0001). C. Distribution of number of processes per cell in vehicle-
treated and 750nM STSP treated LHON fibroblasts 24-hour post STSP treatment termination in 
galactose media which induce oxidative metabolism. D. The percentage of cells with > 0 
processes per field is significantly greater in STSP treated LHON cells (29.1%) (218 cells) 
compared to vehicle treated LHON cells (9.9%) (133 cells), (χ2 (1) = 127.02, p<0.0001). 
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Figure 15 Staurosporine treatment causes an increase in process length in 
fibroblasts grown under conditions of primarily glycolytic 
metabolism  

A. STSP-treated WT (61.11 ± 6.358 n=3, 491 cells) fibroblasts have a significantly greater mean 
process length compared to vehicle-treated WT (28.20 ± 8.470, n=3, 313 cells), (t (4) = 3.108, p = 
0.0360) and STSP-treated LHON (90.07 ± 10.75, n=3, 277 cells) fibroblasts have a significantly 
greater mean process length compared to vehicle-treated LHON (32.30 ± 9.712, n=3, 423 cells) (t 
(4) = 3.989, p= 0.0163) 1-hour post STSP removal. B. STSP-treated WT (54.54 ± 4.267, n=3, 
450 cells) fibroblasts have a significantly greater mean process length compared to vehicle-
treated WT (20.95 ± 6.624 n=3, 439 cells), (t (4) = 4.263, p= 0.0130) and STSP-treated LHON 
(66.79 ± 4.323 n=3, 401 cells) fibroblasts have a significantly greater mean process length 
compared to vehicle-treated LHON (25.31 ± 3.102 n=3, 790 cells) (t (4) = 7.797, p= 0.0015) 24-
hour post STSP removal. Mean process length was measured by dividing the total neurite length 
per field by the total cell count of the field in four representative 100x fields (4 replicates) and then 
taking the average of the four fields to get the mean neurite length per coverslip where n 
represents the number of coverslips. Data are presented as Means ± Standard Error of Mean. 
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Figure 16 Staurosporine treatment causes an increase in process length in 
fibroblasts grown under conditions that induce oxidative 
metabolism 

A. STSP-treated WT (79.21 ± 15.00, n=3, 609 cells) fibroblasts have a significantly greater mean 
process length compared to vehicle-treated WT (16.69 ± 3.705, n=3, 919 cells), (t (4) = 4.046, p= 
0.0155) and STSP-treated LHON (57.17 ± 7.973 n=5, 1125 cells) fibroblasts have a significantly 
greater mean process length compared to vehicle-treated LHON (2.966 ± 0.1686 n=3, 380 cells) 
(t (6) = 5.099, p= 0.0022) 1-hour post STSP removal. B. STSP-treated WT (79.60 ± 11.04 n=3, 
601 cells) fibroblasts have a significantly greater mean process length compared to vehicle-
treated WT (15.42 ± 2.558 n=3, 1070 cells), (t (4) = 5.665, p= 0.0048) and STSP-treated LHON 
(41.29 ± 3.989 n=5, 749 cells) fibroblasts have a significantly greater mean process length 
compared to vehicle-treated LHON (11.70 ± 1.873 n=6, 1342 cells) (t (9) = 7.123, p< 0.0001) 24-
hour post STSP removal. Mean process length was measured by dividing the total neurite length 
per field by the total cell count of the field in four representative 100x fields (4 replicates) and then 
taking the average of the four fields to get the mean neurite length per coverslip where n 
represents the number of coverslips. Data are presented as Means ± Standard Error of Mean. 

3.2. Mitochondrial morphology in WT and LHON fibroblasts 
in response to STSP treatment 

Staurosporine is a broad spectrum kinase inhibitor of both tyrosine and 

serine/threonine protein kinases. Therefore, STSP  can inhibit cellular kinases such as 

protein kinase A (PKA), mitogen activated protein kinase (MAPK), 5’ adenosine 

monophosphate-activated protein kinase (AMPK) that are  involved in the regulation of 

mitochondrial morphology and dynamics (Chang and Blackstone, 2007; Pyakurel et al., 

2015; Toyama et al., 2016). Therefore we decided to investigate the effect of STSP 

treatment on the mitochondrial network morphology in fibroblasts (WT and LHON) under 
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conditions that promote glycolytic metabolism (glucose media). Mitochondrial network 

characteristics were analyzed using the Mitochondrial Network Analysis toolset (MiNA) 

(Valente et al., 2017) and mitochondrial morphology and network features were 

compared between vehicle-treated and STSP-treated fibroblasts. The mitochondrial 

network was characterized based on four parameters which are; number of individual 

structures with no branches (puncta and rods), number of mitochondrial networks, mean 

length of rods/ network branches and mean number of branches per mitochondrial 

network. All mitochondrial network analyses were performed 24 hours post STSP 

removal. 

The four parameters of the mitochondrial network that were tested were not 

significantly different between vehicle-treated and STSP-treated LHON fibroblasts in 

glucose media (fig 17). There were no significant differences between vehicle-treated 

and STSP-treated WT fibroblasts in number of individual mitochondria, number of 

networks and branches per network but the mean rod/branch length was significantly 

reduced for STSP-treated WT compared to vehicle-treated WT fibroblasts (fig 17C). This 

could be an indication that the mitochondria in WT cells are undergoing remodelling in 

response to STSP treatment.   

Next, we investigated the effect of STSP treatment on the mitochondrial network 

morphology in both WT and LHON fibroblasts in galactose media which forces the 

fibroblasts to use their mitochondrial electron transport chain for ATP generation. There 

were no significant differences in mean rod/branch length and number of branches per 

mitochondrial network between vehicle-treated and STSP-treated WT fibroblasts (fig 

18C&D). However, the number of individual mitochondria per cell and number of 

networks per cell were both lower in STSP-treated WT fibroblasts compared to vehicle-

treated WT fibroblasts (p < 0.05) (fig 18A&B). Unlike in WT cells, there were no 

significant differences between vehicle-treated LHON fibroblasts and STSP-treated 

LHON fibroblasts in any of the parameters investigated (fig 18).  
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Figure 17 Staurosporine treatment caused a reduction in the mean rod/branch 
length in WT fibroblasts but did not change the mitochondrial 
network characteristics in LHON fibroblasts under glycolytic 
conditions 

A. The number of individual mitochondria per cell was not significantly different between vehicle-
treated (47.67 ± 6.509, n=9) and STSP-treated (59.56 ± 6.053, n=9) WT fibroblasts (t (16) = 
1.338, p > 0.05). The number of individual mitochondria per cell was not significantly different 
between vehicle-treated (86.90 ± 10.080, n=10) and STSP treated (78.45 ± 8.675, n=11) LHON 
fibroblasts (t (19) = 0.6382, p > 0.05). B. The number of networks per cell was not significantly 
different between vehicle-treated (11.44 ± 2.340, n=9) and STSP treated (14.89 ± 2.324, n=9) WT 
fibroblasts (t (16) = 1.044, p > 0.05). The number of networks per cell was also not significantly 
different between vehicle-treated (20.10 ± 2.193, n=10) and STSP-treated (17.09 ± 1.998, n=11) 
LHON fibroblasts, (t (19) = 1.017, p > 0.05). C. The mean rod/branch length was significantly 
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greater for vehicle-treated fibroblasts (2.275 ± 0.065 µm, n=9) compared to STSP-treated 
fibroblasts (2.068 ± 0.070 µm, n=10) in WT fibroblasts (t (17) = 2.169, p < 0.05). The mean 
rod/branch length was not significantly different between vehicle-treated (2.060 ± 0.075 µm, 
n=10) and STSP-treated (1.896 ± 0.079 µm, n=11) LHON fibroblasts (t (19) = 1.508, p > 0.05. D. 
The mean number of branches per mitochondrial network was not significantly different between 
vehicle-treated (24.85 ± 5.462, n=8) and STSP-treated (13.89 ± 2.020, n=10) WT fibroblasts (t 
(16) = 2.047, p > 0.05). The mean number of branches per mitochondrial network was also not 
significantly different between vehicle-treated (11.28 ± 1.676, n=10) and STSP-treated (9.965 ± 
1.47, n=11) LHON fibroblasts (t (19) = 0.594, P > 0.05). Mitochondrial network was analyzed 
using the MiNA toolset in fluorescent micrographs of mteYFP-labelled fibroblasts. Data are 
presented as Means ± Standard Error of Mean.  
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Figure 18 Staurosporine treatment caused a reduction in the number of 
individual mitochondria and number of mitochondrial networks in 
WT fibroblasts but did not change the mitochondrial network 
characteristics of LHON fibroblasts under OXPHOS conditions  

A. The number of individual mitochondria per cell was significantly lower in STSP-treated (27.22 ± 
3.722, n=9) compared to vehicle-treated (66.00 ± 13.00 n=12) fibroblasts in WT fibroblasts (t (19) 
= 2.511, p < 0.05). The number of individual mitochondria per cell was not significantly different 
between vehicle-treated (54.00 ± 6.207, n=12) and STSP-treated (63.33 ± 8.570, n=9) LHON 
fibroblasts (t (19) = 0.906, p > 0.05. B. The number of networks per cell was significantly lower in 
STSP treated (7.000 ± 2.155, n=10) compared to vehicle-treated (16.83 ± 3.739, n=12) WT cells 
(t (20) = 2.159, p < 0.05). The number of networks per cell was not significantly different between 
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vehicle-treated (14.58 ± 2.036, n=12) and STSP-treated (13.33 ± 2.315, n=9) LHON fibroblasts (t 
(19) = 0.405, p > 0.05). C. The mean rod/branch length per cell was not significantly different 
between vehicle-treated (2.015 ± 0.068 µm, n=12) and STSP-treated (2.083 ± 0.06808 µm, n=10) 
WT fibroblasts (t (20) = 0.692, p > 0.05). The mean rod/branch length per cell was also not 
significantly different between vehicle-treated (1.891 ± 0.064 µm, n=12) and STSP-treated (2.113 
± 0.095 µm, n=9) LHON fibroblasts (t (19) = 2.001, p > 0.05). D. The mean number of branches 
per mitochondrial network was not significantly different between vehicle-treated (41.57 ± 16.54, 
n=11) and STSP-treated WT (72.72 ± 18.51, n=10) fibroblasts (t (19) = 1.259, p > 0.05). The 
mean number of branches per mitochondrial network was also not significantly different between 
vehicle-treated (11.26 ± 1.557, n=11) and STSP-treated (14.76 ± 2.294, n=8) LHON fibroblasts (t 
(17) = 1.313, p > 0.05). Mitochondrial network was analyzed using the MiNA toolset in fluorescent 
micrographs of mteYFP-labelled fibroblasts. Data are presented as Means ± Standard Error of 
Mean. 

3.3. Mitochondrial movement analysis in STSP-treated WT 
and LHON fibroblasts under conditions that promote 
different energy metabolic pathways 

Following the characterization of the cellular and mitochondrial network 

morphology of STSP treated fibroblasts we investigated mitochondrial motility within 

STSP-induced processes in both WT and LHON fibroblasts in culture conditions in which 

cells primarily utilize glycolysis for ATP generation (glucose media) and in culture 

conditions that induce OXPHOS for ATP generation (galactose media). Mitochondrial 

movement analysis was performed 24 hours post STSP removal. The bulk movement of 

mitochondria within staurosporine induced processes of WT and LHON fibroblasts was 

quantified using the custom visual basic macro as described in the methods. The mean 

movement ratios of WT and LHON mitochondria were compared under glycolytic 

conditions (i.e. glucose) or conditions necessitating OXPHOS (i.e. galactose).      

A two-way analysis of variance (2-way ANOVA) was conducted that examined 

the effect of mutational-status (presence or absence of LHON G11778A mutation) and 

energy metabolism on mitochondrial movement ratio 24 hours after STSP removal. In 

other words, we examined whether the effect of mutational-status (WT or LHON) on 

mitochondrial movement was influenced by the suppression or induction of OXPHOS 

(glucose or galactose media). There was no statistically significant interaction between 

the mutational status and energy metabolism on mitochondrial movement ratio, [F 

(1,104) = 1.539, p=0.218]. An analysis of simple main effects for the ATP-generating 

pathway (glycolysis or OXPHOS) was performed with statistical significance receiving a 

Bonferroni adjustment and being accepted at the p < 0.025 level. There was no 

statistically significant difference in the mitochondrial movement ratio between WT 
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(0.230 ± 0.066, n = 26) and LHON (0.216 ± 0.066, n = 26) cells grown under conditions 

where cells primarily utilize glycolysis (glucose media) F (1, 104) = 0.673, p = 0.414 (fig 

19). In contrast, the mitochondrial movement ratio was significantly lower in LHON cells 

compared to WT cells grown in culture conditions that induced OXPHOS (galactose 

media) (fig 19). The analysis of simple main effects for mutational-status (WT or LHON) 

was also performed with statistical significance receiving a Bonferroni adjustment and 

being accepted at the p < 0.025 level. There was no statistically significant difference in 

mitochondrial movement ratio between WT cells grown in culture conditions where cells 

primarily utilize glycolysis for ATP generation (glucose media) (0.230 ± 0.066, n = 26) 

and culture conditions that induced OXPHOS (galactose media) (0.195 ± 0.067, n = 31), 

F (1, 104) = 4.642, p = 0.034 (fig 19). The movement ratio was significantly lower in 

LHON cells grown under conditions that induced OXPHOS (galactose media)  compared 

to those grown under culture conditions that promote glycolysis (glucose media) (fig 19). 

 

Figure 19 Mitochondrial movement decreases in staurosporine treated LHON 
fibroblasts in glucose free-galactose media  

Mean mitochondrial movement ratio of wild type and LHON cells grown under culture conditions 
that promote glycolytic metabolism (glucose media) and under culture conditions that induce 
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OXPHOS (galactose media) 24 hours following STSP treatment removal (mean mitochondrial 
movement ratio ± SEM). The non-directional movement (bulk movement) of mitochondria was 
quantified using an excel macro and expressed as a movement ratio. Means that are significantly 
different are marked with an asterisk (Bonferroni correction). Mean movement ratio is significantly 
lower in LHON cells in media that induce OXPHOS (galactose media) (0.152 ± 0.038, n=24) 
compared to media that suppress OXPHOS (glucose media) (0.216 ± 0.066, n=26), F (1, 104) = 
14.074, p < 0.001. The mean movement ratio is also significantly lower in LHON cells in media 
that induce OXPHOS (galactose media) (0.152 ± 0.038, n=24) compared to WT cells in media 
that induce OXPHOS (galactose media) (0.195 ± 0.067, n=31). F (1, 104) = 6.721, p < 0.025. 
Mitochondrial movement was quantified in time lapse images of mteYFP-labelled fibroblasts 
using a custom visual basic macro and expressed as a mean mitochondrial movement ratio. Data 
are presented as mean and standard deviation and n= number of cells. 

3.4. Measuring relative ATP levels between STSP treated 
WT and LHON fibroblasts in growth media that promote 
different energy metabolic pathways 

Mitochondrial trafficking is an ATP dependent process and the G11778A LHON 

mutation occurs in the machinery that generates the majority of ATP under OXPHOS 

conditions. In order to determine whether the decrease in the mitochondrial movement 

observed in LHON cells in media that induced OXPHOS was due to reduced ATP levels, 

we measured the intracellular ATP levels using the ATP sensitive FRET based probe, 

Ateam (Imamura et al., 2009). In the experimental conditions employed Ateam gives a 

minimum ATP/ADP value of 1.8 when cellular ATP is depleted by inhibition of glycolysis 

and OXPHOS by 2-deoxyglucose and potassium cyanide respectively and a maximum 

ATP/ADP value of 5.1 in fibroblasts (B. Pasqualotto unpublished data).    

A 2-way ANOVA was conducted to examine the effect of the mutational status 

(WT or LHON) and ATP-generating pathway (glucose or galactose media) on the 

relative ATP/ADP. The interaction effect between mutational status and ATP-generating 

pathway on relative ATP/ADP was statistically significant at 24-hour post STSP removal, 

F (1, 41) = 4.387, p = 0.042. The analysis of simple main effects for energy metabolism 

24-hour post STSP removal, was performed with statistical significance receiving a 

Bonferroni adjustment and being accepted at the p < 0.025 level. The data are mean 

and standard deviation, unless otherwise stated. There was no significant difference in 

ATP/ADP between WT (4.557 ± 0.539, n = 11) and LHON (5.009 ± 0.313, n = 15) cells 

grown in culture conditions where cells primarily use glycolysis for ATP generation 

(glucose media) F (1, 41) = 3.792, 0.058 (fig 20). The same was true for the ATP/ADP 

between WT (4.940 ± 0.888, n = 8) and LHON (4.644 ± 0.650, n = 11) cells in culture 
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conditions that induce OXPHOS (galactose media), F (1, 41) = 1.191, p = 0.281 (fig 20). 

The analysis of simple main effects for mutational-status 24-hour post STSP removal, 

was performed with statistical significance receiving a Bonferroni adjustment and being 

accepted at the p < 0.025 level. There was no significant difference in ATP/ADP 

between WT cells grown in culture conditions where cells utilize glycolysis for ATP 

generation (glucose media) (4.557 ± 0.539, n = 11) and in culture conditions that induce 

OXPHOS (galactose media) (4.940 ± 0.888, n = 8), F (1, 41) = 1.996, p = 0.165 and this 

was true for LHON cells grown in conditions of mainly glycolytic metabolism (5.009 ± 

0.313, n = 15) and in culture conditions that induce OXPHOS (4.644 ± 0.650, n = 11), F 

(1, 41) = 2.468, p = 0.124. 

 

Figure 20 No changes in relative ATP levels between WT and LHON cells in 
media that suppress OXPHOS (glucose) and in media that induce 
OXPHOS (galactose) 

Relative cytosolic ATP levels were measured using the Ateam construct which is a FRET-based 
indicator for ATP. Relative ATP levels (ATP/ADP) in WT and LHON cells in glucose and 
galactose media 24-hour- post STSP removal (mean ± SEM). No significant differences in 
relative ATP levels were found between WT and LHON fibroblasts in glucose and galactose 
media 24-hour post STSP removal (Bonferroni correction, p > 0.025).  
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3.5. Mitochondrial network characteristics between STSP-
treated WT and LHON fibroblasts under culture conditions 
that promote different energy metabolic pathways 

Since changes in mitochondrial morphology are associated with numerous 

disease states (Wang et al., 2008; Ong and Hausenloy, 2010; Rintoul and Reynolds, 

2010; Galloway and Yoon, 2013) we compared the mitochondrial network characteristics 

in STSP-treated WT and LHON fibroblasts under glycolytic conditions and conditions 

that necessitate OXPHOS for ATP generation. The mitochondrial network was 

characterized based on four features; number of individual mitochondria per cell, number 

of mitochondrial networks per cell, rod/branch length per cell and mean number of 

mitochondrial networks per cell. A two way ANOVA was performed to determine the 

effect of mutational-status and energy metabolism on each of these parameters.  

First, we examined the mean number of individual mitochondria per cell 24-hour 

(fig 21A) post STSP removal. There was no statistically significant interaction between 

mutational status and ATP-generating pathway for the mean number of individual 

mitochondria per cell, F (1, 57) = 0.044, p= 0.835. An analysis of simple main effects for 

the ATP-generating pathway was performed with statistical significance receiving a 

Bonferroni adjustment and being accepted at the p < 0.025 level. The data are mean 

and standard deviation unless otherwise stated. There was a statistically significant 

increase in mean number of individual mitochondria per cell in LHON compared to WT 

cells under conditions of mainly glycolytic metabolism (glucose media) (fig 21A). There 

was no statistically significant difference between WT (34.79 ± 24.48, n=14) and LHON 

(58.27 ± 30.91, n=15) cells under conditions that induce OXPHOS (galactose media) F 

(1, 57) = 5.127, p = 0.027 (fig 21A). The analysis of simple main effects for mutational 

status was also performed with statistical significance receiving a Bonferroni adjustment 

and being accepted at the p < 0.025 level. There was no statistically significant 

difference in the mean number of individual mitochondria per cell between WT cells 

grown under conditions of mainly glycolytic metabolism (51.40 ± 19.00, n=15) compared 

to WT cells grown under conditions that induce OXPHOS (34.79 ± 24.48, n=14), F (1, 

57) = 2.567, p = 0.115 (fig 21A). Also, there was no statistically significant difference in 

mean individual mitochondria per cell between LHON cells grown under conditions of 

mainly glycolytic metabolism (77.88 ± 33.70, n=17) and LHON cells under conditions 

where OXPHOS is induced (58.27 ± 30.91, n=15), F (1, 57) = 3.937, p = 0.052.  
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Next, we examined the mean number of networks per cell 24-hour post STSP 

removal. The interaction effect between mutational status and ATP-generating pathway 

on mean individuals per cell was not statistically significant, F (1, 57) = 0.038, p = 0.846. 

The analysis of simple main effects for ATP-generating pathway was performed with 

statistical significance receiving a Bonferroni adjustment and being accepted at the p < 

0.025 level. The data are mean and standard deviation, unless otherwise stated. The 

mean number of networks per cell was significantly higher in LHON cells compared to 

WT cells in conditions of mainly glycolytic metabolism (fig 21B). The mean number of 

individual networks per cell was not significantly different between WT cells (6.07 ± 4.89, 

n=14) and LHON cells (11.40 ± 6.84, n=15) in conditions that induce OXPHOS F (1, 57) 

= 4.242, p = 0.044 (fig 21B). The analysis of simple main effects for mutational status 

was also performed with statistical significance receiving a Bonferroni adjustment and 

being accepted at the p < 0.025 level. There was no statistically significant difference in 

mean number of networks per cell between WT cells grown in conditions of mainly 

glycolytic metabolism (11.27 ± 7.36, n=15) and conditions that induce OXPHOS (6.07 ± 

4.89, n=14) F (1, 57) = 4.032, p = 0.049 (fig 21B).There was a statistically significant 

decrease in mean number of networks per cell in LHON cells grown in conditions  that 

induce OXPHOS  compared to LHON cells grown under conditions of mainly glycolytic 

metabolism (fig 21B). 

A 2-way ANOVA was conducted to examine the effect of mutational-status and 

ATP-generating pathway on the mean rod/branch length of mitochondria 24-hour post 

STSP removal. There was no statistically significant interaction between mutational 

status and ATP-generating pathway F (1, 59) = 1.154, p = 0.287. The analysis of simple 

main effects for ATP-generating pathway was performed with statistical significance 

receiving a Bonferroni adjustment and being accepted at the p < 0.025 level. The data 

are mean and standard deviation, unless otherwise stated. The mean rod/branch length 

of mitochondria was not significantly different between WT (2.021 ± 0.224 µm, n=16) 

and LHON (1.908 ± 0.224 µm, n=17) in conditions of mainly glycolytic metabolism F (1, 

59) = 2.038, p = 0.159 and was also not significantly different between WT (2.043 ± 

0.186 µm, n=15) and LHON (2.054 ± 0.268 µm, n=15) in conditions that induce 

OXPHOS, F (1, 59) = 0.015, p = 0.903 (fig 21C). The analysis for simple main effects for 

mutational-status was performed with statistical significance receiving a Bonferroni 

adjustment and being accepted at the p < 0.025 level. There was no significant 
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difference in mean rod/branch length between WT cells grown in conditions of mainly 

glycolytic metabolism (2.021 ± 0.224 µm, n=16) and conditions that induce OXPHOS 

(2.043 ± 0.186 µm, n=15), F (1, 59) = 0.074, p = 0.787 (fig 21C). There was also no 

significant difference in mean rod/branch length between LHON cells grown in conditions 

of mainly glycolytic metabolism (1.908 ± 0.224 µm, n=17) and conditions that induce 

OXPHOS (2.054 ± 0.268 µm, n=15), F (1, 59) = 3.260, p =0.076 (fig 21C). 

A 2-way ANOVA was conducted to examine the effect of mutational-status and 

ATP-generating pathway on the mean number of branches per mitochondrial network 

24-hour (fig 21D) post STSP removal. There was no statistically significant interaction 

between mutational-status and ATP-generating pathway on the number of branches per 

network, F (1, 56) = 2.720, p = 0.105. The analysis of simple main effects for ATP-

generating pathway was performed with statistical significance receiving a Bonferroni 

adjustment and being accepted at the p < 0.025 level. The data are mean and standard 

deviation, unless otherwise stated. The mean number of branches per network was not 

significantly different between WT cells (28.69 ± 27.95, n=15).and LHON cells (15.31 ± 

10.90, n=16) in conditions of mainly glycolytic metabolism, F (1, 56) = 1.486, p = 0.228 

(fig 21D). The mean number of branches per network however was significantly greater 

for WT compared to LHON in conditions that induce OXPHOS (fig 21D). The analysis of 

simple main effects for mutational-status was performed with statistical significance 

receiving a Bonferroni adjustment and being accepted at the p < 0.025 level. There was 

a significant increase in the mean number of branches per network in WT cells in 

conditions that induce OXPHOS compared to conditions of mainly glycolytic metabolism 

(fig 21D) but was not significantly different between LHON cells grown in conditions of 

mainly glycolytic metabolism (15.31 ± 10.90, n=16) and conditions that induce OXPHOS 

(28.35 ± 23.32, n=14), F (1, 56) = 1.362, p = 0.248 (fig 21D). 
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Figure 21 The degree of mitochondrial networking is higher in galactose 
media compared to glucose media 

Mitochondrial network analysis toolset (MiNA) was used for analyzing the mitochondrial network 
characteristics in fluorescent micrographs of mt-eYFP transfected WT and LHON fibroblasts 
under glycolytic and OXPHOS conditions 24 hours post STSP removal. A. Mean number of 
individual mitochondria per cell in WT and LHON cells under glycolytic (glucose media) and 
OXPHOS (galactose media) conditions (mean number of individual mitochondria ±. SEM). Means 
that are significant are marked with an asterisk (Bonferroni correction). Mean number of individual 
mitochondria per cell is significantly greater in LHON cells (77.88 ± 33.70, n=17) compared to WT 
(51.40 ± 19.00, n=15) cells under glycolytic conditions, F (1, 57) = 7.176, p = 0.010. B. Mean 
number of mitochondrial networks per cell in WT and LHON mitochondria under glycolytic and 
OXPHOS conditions (mean number of networks per cell ± SEM). Mean number of mitochondrial 
networks per cell is significantly greater in LHON cells (17.29 ± 8.05, n=17) compared to WT cells 
(11.27 ± 7.36, n=15) under glycolytic conditions, F (1, 57) = 5.972, p = 0.018. The mean number 
of networks per cell was also significantly greater in LHON cells under glycolytic conditions (17.29 
± 8.05, n=17) compared to LHON cells under OXPHOS conditions (11.40 ± 6.84, n=15), (F (1, 
57) = 5.711, p < 0.020). C. Mean rod/branch length in WT and LHON mitochondria under 
glycolytic and OXPHOS conditions (mean rod/branch length ± SEM). There were no significant 
differences in mean rod/branch lengths between WT and LHON cells under glycolytic or 
OXPHOS conditions (p >0.025). D. Mean number of branches per mitochondrial network in WT 
and LHON cells under glycolytic and OXPHOS conditions (mean branches per network ± SEM). 
The mean number of branches per network is significantly greater in WT cells under OXPHOS 
conditions (67.75 ± 48.11, n=15) compared to WT cells under glycolytic conditions (28.69 ± 
27.95, n=15), F (1, 56) = 12.281, p = 0.001. The mean number of mitochondrial branches per 
network was also significantly greater in WT cells (67.75 ± 48.11, n=15) compared to LHON cells 
(28.35 ± 23.32, n=14) under OXPHOS conditions F (1, 56) = 12.062, p = 0.001. The data are 
mean and standard deviation and n = number of cells. E-H: fluorescent micrographs of 
representative mt-eYFP transfected WT fibroblast grown under glycolytic conditions (E), LHON 
fibroblast grown under glycolytic conditions (F), WT fibroblast grown under OXPHOS conditions 
(G), LHON fibroblast grown under OXPHOS conditions (H). 
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 Discussion 

LHON is a disease that primarily affects tissue of the CNS and to understand its 

pathogenesis we need a model system that closely resembles RGCs. Here we show 

that exposure to the broad-spectrum kinase inhibitor STSP for 24 hours at a 

concentration of 750nM induced the development of cytoplasmic protrusions in 

fibroblasts resembling neurites in terms of their morphology. Fibroblasts typically consist 

of a reticulated mitochondrial network which makes the study of mitochondrial movement 

in these cells a challenge. The change in morphology allowed for the detection and 

quantification of mitochondrial movement along the processes, a phenomenon routinely 

observed in neurons. Fibroblasts carrying the G11778A LHON mutation showed a 

reduced mitochondrial movement under culture conditions that forced cells to rely on 

OXPHOS for ATP generation (galactose media) compared to culture conditions which 

mainly induce glycolytic metabolism (glucose media). The mitochondrial movement of 

fibroblasts carrying the G11778A LHON mutation was also lower compared to wild-type 

fibroblasts in forced OXPHOS culture conditions which may implicate an impairment in 

mitochondrial movement in LHON cells when the energy dependence is switched to 

OXPHOS which is the primary ATP generating pathway in RGCs and other neurons. 

The relative cytosolic ATP levels were not reduced in STSP-treated LHON fibroblasts 

under OXPHOS conditions. Furthermore, LHON cells displayed altered mitochondrial 

network remodeling where the number of branches per mitochondrial network was lower 

compared to WT cells under OXPHOS conditions. 

4.1. Characterization of STSP treated fibroblasts 

Human dermal fibroblasts can take variety of different forms in culture but 

typically exhibit a fusiform morphology (Abercrombie, 1978; Ravikanth et al., 2011). 

Treatment with 750 nM STSP for 24 hours induced morphological changes to the 

fibroblasts characterized by a smaller cell body and appearance of one or more cellular 

protrusions (fig 9). The morphology was similar to that of cultured cortical neurons which 

have multiple long thin projections radiating from a central soma/cell body. The 

morphological changes occurred without any significant differences in mortality between 

wild-type and LHON G11778A fibroblasts in two different growth media (fig 10). This 

showed that the two cell types demonstrated similar survival rates to staurosporine 
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treatment independent of growth media. Staurosporine is a commonly used apoptosis 

inducing agent, however its ability to induce the formation of cytoplasmic protrusions in a 

variety of cell lines has been widely reported (Jalava et al., 1993; Rasouly et al., 1994; 

Frassetto et al., 2006; Thompson and Levin, 2010; Murmann et al., 2014; Kohno et al., 

2015). Studies have shown that these two processes are independent of each other and 

that the morphological changes are not part of the apoptotic cascade (Frassetto et al., 

2006; Murmann et al., 2014). Differentiation by STSP also causes certain cell types (e.g. 

RGC-5) to become post-mitotic (Frassetto et al., 2006). Therefore, it is possible that the 

25-45% reduction in cell counts observed for STSP-treated WT and LHON fibroblasts 

(fig 10) was due to lack of cell division as opposed to cytotoxicity or a combination of 

both. However, without further testing, no conclusions can be drawn regarding the lower 

cell density in STSP-treated cell populations. 

The percentage of cells with processes as defined in the methods is significantly 

greater in fibroblasts that were treated with STSP compared to vehicle controls. This 

was consistent for both 1-hour and 24 hours post STSP removal in both glucose and 

galactose media. A study by Murmann et al (2014) reported that process formation by 

STSP is  reversible in small cell lung carcinoma (SCLC) cells and process retraction 

occurred within two to three hours of STSP removal. Even though a direct comparison 

between the 1-hour and 24-hour post STSP removal was not performed, our results 

indicate that the percentage of cells with processes was lower after 24-hours compared 

to 1-hour after STSP removal. However, the percentage of cells with processes was still 

significantly greater 24 hours after STSP removal in STSP treated fibroblasts compared 

to vehicle controls indicating that the effect is largely plastic (i.e. persistent) in nature as 

opposed to elastic (i.e. transient). The mean length of processes per field was also 

significantly greater in STSP treated fibroblasts compared to vehicle controls both 1-hour 

and 24-hours post STSP removal. The increase in mean process length was consistent 

in both glucose and galactose media. The concentrations of STSP used for inducing 

process formation depend on the cell type and its sensitivity to STSP. A 24-hour 

exposure to 50 nM STSP was sufficient to induce processes in small cell lung carcinoma 

cells (SCLC) (Murmann et al., 2014) whereas a concentration of 316 nM was determined 

as the optimum concentration for inducing the greatest number of neurites without 

significant cell death in RGC-5 cells (Thompson and Levin, 2010). Concentrations of 10- 

100 nM were used for stimulating neurite growth in rat pheochromocytoma PC-12 cells 
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(Rasouly et al., 1994; Yao et al., 1997) and a concentration of 25 nM for 72 hours was 

used in inducing neurites in the neuroblastoma cell line SH-SY5Y. We determined that a 

concentration of 750 nM was optimum for generating processes in human dermal 

fibroblasts with the least toxicity to the cells (fig A.1, A.2, A.3). The mechanism of STSP-

induced process formation is not well understood. PC-12 cells undergo neuronal 

differentiation in response to nerve growth factor that activates ERK1/2 pathway 

(extracellular signal-regulated kinase 1/2). STSP can mimic the effect of nerve growth 

factor in PC-12 cell without activating the ERK 1/2 pathway but through the activation of 

a c-Jun NH2 terminal kinase (Yao et al., 1997). The induction of neurites is rapid and is 

reported to occur in as little as 60 seconds after STSP treatment (Frassetto et al., 2006) 

which points against the involvement of gene expression/protein synthesis (Murmann et 

al., 2014). Cellular protrusions are formed mainly through elongation of cytoskeletal 

elements such as actin and tubulin (Kohno et al., 2015). The polymerization and 

depolymerization of these cytoskeletal elements are regulated by complex molecular 

pathways within the cell (Kohno et al., 2015). Many of these regulatory pathways are 

modulated by protein phosphorylation (Govek et al., 2005). Therefore, Inhibition of these 

kinases can induce morphological changes as a result of the loss of regulation of 

polymerization/depolymerization of cytoskeletal elements (Kohno et al., 2015). 

At present the only known in vitro neuronal model for LHON is the neural Ntera-

2/D1 (NT2) human teratocarcinoma cell line that undergoes differentiation into neurons 

in response to retinoic acid treatment (Wong et al., 2002; Haroon et al., 2007; Schoeler 

et al., 2007). However, the cells require cybridization with LHON mitochondria prior to 

their use in LHON studies. NT2 cybrids carrying the 11778 and 3460 LHON mutations 

have shown an increase in ROS and a decrease in mtDNA/nDNA ratio following 

differentiation with retinoic acid (Wong et al., 2002) and also a decrease in the cellular 

glutathione pool (Schoeler et al., 2007). Currently there are no studies that have 

investigated mitochondrial dynamics in NT2 LHON cybrids. Due to the low yield of 

terminally differentiated LHON-neurons, the lengthy differentiation period (~4 weeks) and 

the heterogeneity of the differentiated cells, the use of NT2 LHON cybrids in LHON 

studies has been limited (Kirches, 2011). 

Our chemically differentiated fibroblast model offers numerous advantages over 

current LHON cell models. Fibroblasts are primary cells that closely mimic normal 

cellular physiology and metabolism and are easy to grow in culture. Furthermore, the 
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use of patient fibroblasts containing the mutation eliminates the introduction of 

exogenous LHON mitochondria such as in cybrids. Our model also permits the 

investigation of mitochondrial movement along processes. The mitochondria appear 

discrete in the cellular processes of fibroblasts much like in dendrites and axons of 

neurons (fig 6) which makes the study of mitochondrial dynamics more feasible. In 

fibroblasts, microtubules are organized in a minus to plus orientation from the center to 

the periphery (Hirokawa, 1998; Müsch, 2004). The same microtubule orientation is found 

in axons of neurons which make it a more representative model of RGC axons. The 

importance of studying mitochondrial dynamics in LHON comes from existing evidence 

of mitochondrial accumulation in prelaminar region of the optic nerve in LHON patients 

(Carelli et al., 2002b) suggestive of mitochondrial trafficking defects as well as growing 

evidence of impaired mitochondrial dynamics in other neurodegenerative diseases 

(Chang et al., 2006; Baloh et al., 2007; Sasaki and Iwata, 2007; Du et al., 2010; 

Ishikawa et al., 2014).  

4.2. Staurosporine treatment alters the mitochondrial 
network characteristics in WT but not in LHON fibroblasts 
under both glycolytic and OXPHOS conditions 

Staurosporine is a broad-spectrum kinase inhibitor that can inhibit a range of 

different kinases including those that regulate mitochondrial morphology and dynamics. 

The Mitochondrial Network Analysis (MiNA) toolset (Valente et al., 2017) was used for 

evaluating the changes to the mitochondrial network morphology in response to STSP 

treatment in WT and LHON fibroblasts. This was done under both glycolytic and 

OXPHOS conditions. MiNA was developed to evaluate the extent of mitochondrial 

branching and therefore distinguish between discrete structures such as unbranched 

puncta and rods which are categorized as individual mitochondria and branched 

structures which are categorized as networks (Valente et al., 2017). In addition to 

identifying networks MiNA evaluates the extent of branching within individual networks 

and enables identification of networks that are highly branched (hyper-fused). Cells with 

highly fragmented or highly branched mitochondria have important implications in cell 

biology therefore the accurate identification of these states are critical (Valente et al., 

2017).  
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Under glycolytic conditions STSP decreased the mean rod/branch length in WT 

fibroblasts (fig 17C). Lower rod/branch length points to mitochondrial remodeling which 

is a change in the mitochondrial shape characterized by a reduction in mitochondrial 

length that occur independent of fission and fusion events (Deheshi et al., 2015). 

Deheshi et al. (2015) reported that STSP primarily cause an increase in mitochondrial 

fission and not remodeling based on mitochondrial counts pre- and post STSP 

treatment. However, in the present study there was no significant change in the number 

of individual mitochondria and number of mitochondrial networks which together with the 

decreased rod/branch length points to mitochondrial remodeling as the more dominant 

effect of STSP in WT cells as opposed to mitochondrial fragmentation caused by 

increased fission (fig 17). The inconsistency between the results observed in the present 

study and Deheshi et al. (2015) can be explained by the differences in the cell type, 

concentration of STSP and incubation times. Nevertheless, mitochondrial remodeling 

has been shown to protect cells from apoptosis by maintaining mitochondrial membrane 

potential and also decreasing mitochondrial calcium uptake (Deheshi 2015). 

Under OXPHOS conditions, STSP caused a significant reduction in the number 

of individual mitochondria and number of networks per cell in WT fibroblasts (fig 18A&B). 

This is an indication that individual mitochondria and smaller networks are joining 

together to form a single network. However, the mean rod/branch length and number of 

branches per mitochondrial network were not significantly different which suggest that 

the increase in mitochondrial networking was only partial. This is in contrast to the 

mitochondrial network morphology of STSP-treated WT fibroblasts under glycolytic 

conditions which showed remodeling. One possible explanation is an activation of a 

protective mechanism by the WT fibroblasts in response to STSP. STSP treatment can 

act as a stressor to which mitochondria respond by increasing fusion of the network for 

an uninterrupted electron transport chain (ETC) function under conditions where the 

mitochondrial OXPHOS is activated. Conversely, the decrease in individual mitochondria 

and number of networks may also implicate the activation of mitophagy. Metabolic 

conditions that promote increased mitochondrial function are also associated with 

increased mitophagy (Melser et al., 2013). When mitochondrial OXPHOS is upregulated, 

bulk mitophagy is also enhanced due to mitochondrial damage caused by increased 

ROS production (Mishra and Chan, 2016). STSP is also known to increase ROS levels 
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(Kruman et al., 1998) therefore, mitophagy might be enhanced in STSP-treated WT cells 

under OXPHOS conditions.  

In contrast to WT fibroblasts, STSP had no effect on the mitochondrial network 

morphology of STSP-treated LHON fibroblasts in either glycolytic or OXPHOS conditions 

(fig 17, 18). It is unknown why the mitochondrial network did not show any significant 

changes to STSP treatment. It appears that mitochondria in WT fibroblasts were more 

sensitive to STSP treatment compared LHON fibroblasts. Conversely, it is possible that 

LHON mitochondria display a weaker adaptive response to changes in cellular 

physiology compared to WT mitochondria. This impairment of morphological plasticity in 

LHON mitochondria is a unique finding and requires further investigation.  

4.3. OXPHOS conditions cause a decrease in mitochondrial 
movement in LHON fibroblasts but not in WT fibroblasts 

Although STSP-treated fibroblasts resemble neurons in their morphology, in 

terms of energy metabolism, fibroblasts are primarily glycolytic when cultured under high 

glucose conditions (McKay et al., 1983; Guillery et al., 2008). This is due to the rapid 

activation of glycolysis resulting in faster generation of ATP compared to the slower ATP 

production by OXPHOS (Del Rey et al., 2017). So even under normoxic conditions 

fibroblasts exhibit high rates of glycolytic metabolism (Del Rey et al., 2017). In contrast, 

neurons rely on oxidative metabolism to meet their energy demands as OXPHOS 

provides 87% (26 out of 30 molecules) of the ATP generated per molelcule of glucose 

(Hall et al., 2012). Most of this energy goes into maintaining and restoring ion gradients 

(dissipated during post synaptic and action potentials) and also for the uptake and 

recycling of neurotransmitters (Attwell and Laughlin, 2001; Alle et al., 2009). However, it 

is possible to switch the energy metabolism of fibroblasts from glycolysis to OXPHOS by 

changing the energy-substrate in the culture media from glucose to galactose. While 

glycolytic metabolism of glucose yields 2 net ATP, the production of pyruvate via 

glycolytic metabolism of galactose yields no net ATP, forcing cells to have an increased 

reliance on OXPHOS for energy (Aguer et al., 2011). So, by switching to galactose 

media we were able to activate the OXPHOS machinery and mimic the energy 

metabolism of neurons in our experimental model and more importantly expose the 

LHON G11778A mutational effects on our measured variables which would otherwise be 

masked by compensatory glycolysis.      
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We first compared mitochondrial movement between STSP-treated fibroblasts 

carrying the LHON G11778A mutation and WT STSP-treated fibroblasts. Here we use 

an excel macro to quantify the bulk movement of mitochondria (Rintoul et al., 2003). 

Bulk movement is the measure of non-directional movement of mitochondria based on 

the changes in mitochondrial edge detection between successive frames. Mitochondrial 

bulk movement is expressed as a movement ratio which represents the changes in 

mitochondrial pixel intensity between a pair of successive images divided by the total 

mitochondrial pixels. The mean movement ratio is then calculated by averaging the 

movement ratio for each pair of successive images in a 26-frame time lapse movie 

spanning 2 minutes. The mitochondrial movement ratio was lower in LHON cells when 

the cellular energy dependency was shifted from glycolysis towards OXPHOS (fig 19). In 

contrast WT cells did not show a difference in the mitochondrial movement ratio when 

their energy dependency was switched to OXPHOS. Furthermore, the mitochondrial 

movement ratio of LHON cells was lower than that of WT cells under conditions that 

induce OXPHOS. These results point to a reduction in mitochondrial movement in 

fibroblasts containing the G11778A LHON mutation when mitochondrial OXPHOS is 

activated. Therefore, based on our cell model, we speculate a mitochondrial movement 

defect is present in LHON cells. A mitochondrial trafficking defect would lead to negative 

consequences especially in cells such as RGCs and their long axons.     

Evidence in support of mitochondrial trafficking defects is quite limited in LHON, 

however, Sadun et al. (1994) showed clumps of mitochondria in spared axons in the 

retrolaminar region of the optic nerve, accumulations of multi-vesicular bodies and 

debris, and cytoskeletal changes in autopsies of LHON patients. Evidence for 

mitochondrial trafficking defects has been implicated in other neurodegenerative 

diseases. The evidence has mostly come from autopsied material and experimental 

models. In autopsied material from Alzheimer’s disease patients, defects in axonal 

trafficking of organelles including mitochondria were inferred from the observations of 

axonal swellings containing vesicles, vacuoles and mitochondria in the nucleus basalis 

of Meynert (Stokin et al., 2005). Marked accumulation of mitochondria in the somata of 

anterior horn neurons was reported in patients with amyotrophic lateral sclerosis (ALS) 

(Sasaki and Iwata, 2007). Mitochondrial trafficking defects are more commonly reported 

in experimental models of familial forms of neurodegenerative disorders. In an 

experimental model, of autosomal dominant Perry syndrome, mutations in the 
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P150glued subunit of the dynactin complex caused mitochondrial entrapment in 

inclusions of misfolded protein aggregates (Levy et al., 2006; Ishikawa et al., 2014). 

Similarly, mutant HTT aggregates, the main pathological feature of Huntington’s disease, 

acted as physical barriers for mitochondrial transport in cortical neuronal processes 

(Chang et al., 2006). Expression of mutant HTT in transgenic mice impaired trafficking of 

vesicles and mitochondria (Trushina et al., 2004). Mutant MFN2 which causes Type II 

Charcot-Marie-tooth disease (CMT), when expressed in cultured dorsal root ganglion 

neurons induced abnormal clustering of fragmented mitochondria, as well as impaired 

axonal transport of mitochondria (Baloh et al., 2007). Fibroblasts from sporadic 

Alzheimer’s disease (AD) patients showed perinuclear clustering of mitochondria while a 

mouse model of AD showed decrease in both anterograde and retrograde mitochondrial 

motility (Du et al., 2010). Altered mitochondrial trafficking was also reported in familial 

ALS linked mouse models (Kong and Xu, 1998; Higgins et al., 2003). Aggregation of 

mitochondria and mutant proteins, accumulation of damaged mitochondria, dysfunction 

in the machinery involved in mitochondrial fusion and fission, defects in mitochondrial 

motors and adaptors are some of the ways in which the mitochondrial movement is 

altered in these disease states. However, we did not find evidence of mitochondrial 

clustering and accumulation in STSP-treated LHON fibroblasts under culture conditions 

of both glycolytic metabolism and oxidative metabolism. Since mitochondrial trafficking is 

an energy dependent process it is possible that under forced OXPHOS conditions, 

LHON cells do not produce enough ATP to drive processes such as mitochondrial 

trafficking.  

4.4. No difference in cytosolic ATP between LHON and WT 
fibroblasts under OXPHOS conditions 

The primary pathogenic mutations causing LHON occur in subunits that make up 

complex I (NADH dehydrogenase) of the electron transport chain. Therefore, it is 

possible that a movement defect is directly or indirectly associated with impaired 

OXPHOS due to a defective complex I. Evidence for OXPHOS defects causing 

mitochondrial movement impairment is rare. The induction of early Parkinson’s disease 

like phenotypes by chronic treatment with low concentrations of complex I inhibitor, 

rotenone in differentiated SH-SY5Y neuroblastoma cells showed reduction in the 

dynamic movement of mitochondria in neurites (Lee et al., 2006). A dysfunction in 



83 

OXPHOS can be in the form of reduced complex I enzyme activity, loss of mitochondrial 

membrane potential, increased production of ROS or reduced ATP synthesis all of which 

can contribute to a movement defect. We investigated relative cytosolic ATP levels as 

ATP is required to drive the mitochondrial motors. A decrease in ATP has been 

demonstrated in cybrids carrying all three of the primary LHON mutations when grown in 

galactose media (Zanna et al., 2005).   

We used a FRET-based ATP probe, ATeam, to monitor the relative levels of ATP 

in neurons in real time. When ATP is bound to the probe, a conformational change 

occurs which permits the efficient transfer of resonant energy from the CFP 

fluorochrome to the YFP fluorochrome (Imamura et al., 2009). Therefore, in the 

presence of ATP there is a higher 535nm/465nm emission ratio. Our results do not show 

any significant difference in relative cytosolic ATP levels between WT and LHON 

fibroblasts under glycolytic and OXPHOS conditions (fig 20). The unchanged cytosolic 

ATP levels may suggest an adaptive program where ATP is directed away from 

mitochondrial movement to more critical processes within the cell in LHON fibroblasts 

under OXPHOS conditions. Conversely, intra-mitochondrial, but not overall cellular ATP 

level might be more relevant to mitochondrial trafficking.  

4.5. OXPHOS conditions cause higher degree of branching 
of the mitochondrial network in WT cells but not in LHON 
cells 

Mitochondrial morphology is governed by the steady-state equilibrium between 

continuous and antagonistic fission and fusion reactions (Guillery et al., 2008). This 

equilibrium may be shifted by physiological, pathological or environmental factors 

resulting in a change in the overall mitochondrial morphology of the cell (Knott et al., 

2008; Willems et al., 2009; Court and Coleman, 2012; Labbé et al., 2014; Mishra and 

Chan, 2014). Multiple lines of evidence have emerged that show a strong link between 

mitochondrial metabolism and dynamics (Benard and Rossignol, 2008; Mitra et al., 

2009; Rambold et al., 2011; Mishra et al., 2014). We measured changes in the 

mitochondrial morphology and the network in STSP-treated WT and LHON fibroblasts 

under OXPHOS and glycolytic conditions using the Mitochondrial Network Analysis 

(MiNA) toolset (Valente et al., 2017). The macro allowed the characterization of the 

mitochondrial morphology and network in a cell based on the parameters; number of 



84 

individual mitochondria, number of mitochondrial networks, mean mitochondrial 

rod/branch length and number of branches per mitochondrial network. Networks are 

mitochondrial structures with at least a single node and three branches (in a 

skeletonized image) and individual mitochondria are punctate (a single pixel in a 

skeletonized image) and rod structures (unbranched structures with two or more pixels 

in a skeletonized image).    

There is often a link between mitochondrial morphology and the energetic state 

of the cell (Mishra and Chan, 2016). Culture conditions that force increased OXPHOS 

activity are accompanied by elongation of the mitochondrial network in yeast cells 

(Egner et al., 2002; Jakobs et al., 2003), which was replicated in human cells grown in 

galactose media (Rossignol et al., 2004). It has been shown that elongated and highly 

branched mitochondrial networks are more efficient at energy generation and capable of 

distributing energy through long distances (Amchenkova et al., 1988; Skulachev, 2001).  

There was no evidence of elongation as there was no significant difference in mean 

mitochondrial rod/branch length between WT and LHON cells under OXPHOS 

conditions (fig 21C). However, our results for STSP-treated WT fibroblasts showed an 

increase in the number of branches per network when the energy dependency was 

switched from glycolysis to OXPHOS (fig 21D). In contrast, this increase in number of 

branches per network was not observed in LHON fibroblasts where the number of 

branches per mitochondrial network was significantly lower compared to WT fibroblasts 

under OXPHOS conditions (21D). This shows that mitochondria in LHON fibroblasts 

were not as efficient as mitochondria in WT fibroblasts at remodeling the mitochondrial 

network to adapt to conditions of high energy demand.  

The greater than 2-fold increase in the number of branches per mitochondrial 

network in WT fibroblasts under OXPHOS conditions compared to glycolytic conditions 

shows a shift in the mitochondrial dynamics towards increased fusion (fig 21D). 

However, this was not observed in LHON fibroblasts where the number of branches per 

mitochondrial network remained unchanged under glycolytic and OXPHOS conditions. 

One explanation for reduced mitochondrial fusion observed in LHON fibroblasts under 

OXPHOS conditions is the decrease in bulk movement demonstrated by mitochondria in 

LHON fibroblasts under the same conditions (fig 19). One consequence of reduced 

mitochondrial movement is a reduced probability of mitochondrial fusion. Therefore, 

reduced fusion under energetically demanding conditions may cause an energy deficit 



85 

which can have a negative impact on the cell. Evidence for neurodegeneration resulting 

from impaired fusion machinery has been shown in mutations in the outer membrane 

fusion protein, MFN2 causing Charcot-Marie-Tooth disease type 2A, a peripheral 

neuropathy affecting long motor and sensory neurons (Züchner et al., 2004) and 

mutations in the inner membrane fusion protein OPA1 causing dominant optic atrophy, a 

blindness caused by degeneration of RGCs and is clinically regarded as the sister 

disease of LHON (Carelli et al., 2007). Increased OXPHOS activity stimulates 

mitochondrial fusion to cause elongation (Mishra and Chan, 2016). This is mediated by 

the metalloprotease YME1L1 which activates OPA1 by proteolytic cleavage into a 

soluble short form thus stimulating its fusion activity. YME1L1 is an ATP dependent 

protease and therefore OXPHOS or ATP stimulates OPA1 cleavage enhancing inner 

membrane fusion in response to metabolic signals (Mishra et al., 2014). YME1L1 may 

directly sense ATP generation by the electron transport chain (ETC) through its 

interactions with complex V subunits (Stiburek et al., 2012). Cybrids containing the 

G3460A LHON mutation in the ND1 subunit of complex I or a premature stop codon at 

nucleotide 6390 in the cytochrome c oxidase subunit I of complex IV showed lower 

cleavage activity of OPA1 by YME1L1. This shows that in pathogenic mtDNA mutations 

that cause defects in OXPHOS result in secondary defects in mitochondrial inner-

membrane fusion (Mishra et al., 2014).   

Conversely an increase in mitochondrial fission in LHON cells can also result in a 

reduced branching of mitochondria under OXPHOS conditions. A study by Guillery et al. 

(2008) reported that cybrids carrying G11778A LHON mutation appeared fragmented. 

Drugs that inhibit mitochondrial OXPHOS are generally associated with enhanced fission 

such as mitochondrial uncouplers (e.g. CCCP and FCCP) which cause rapid and 

dramatic fragmentation of the mitochondrial network (Mishra and Chan, 2016). However, 

the effects induced by such drugs are non-physiological and may not be representative 

of the actual pathophysiology even in the cases of severe OXPHOS gene mutations. 

The dramatic changes induced by pharmacological challenges are more reflective of 

acute toxicity rather than the milder, progressive impairments induced by pathogenic 

OXPHOS mutations like those underlying LHON. Nevertheless, mild mitochondrial 

fragmentation caused by inhibitors of the different OXPHOS complexes may point 

towards slight but critical changes to the mitochondrial morphology in pathogenic 

OXPHOS mutations. 
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 Conclusion 

Despite the identification of the genetic cause of LHON as mutations in the 

mitochondrial DNA encoding components of the OXPHOS machinery, limited progress 

has been made in figuring out the pathophysiological mechanism that leads to RGC 

degeneration. One of the major hurdles in our understanding of the pathophysiological 

mechanism of LHON is the lack of a suitable model system. The current disease models 

only allow limited aspects of LHON pathophysiology to be studied such as complex I 

activity, ATP production, ROS imbalance, apoptosis. These studies have either 

produced contradictory results or have not been sufficient at explaining the unique 

features of LHON such as tissue specificity and gender bias. There is a growing body of 

evidence implicating the role of mitochondrial dynamics in neurodegeneration. So, there 

is need for a better model system for studying mitochondrial dynamics in LHON. 

Furthermore, researchers have also shown a strong link between mitochondrial 

metabolism and mitochondrial dynamics. The goal of this project was to create a cell 

model that enables the study of mitochondrial dynamics such as mitochondrial 

trafficking, fission and fusion in LHON. In our study, we provide preliminary evidence of 

altered mitochondrial dynamics in our LHON cell model.  

By treating dermal fibroblasts cultures with a low concentration of STSP, we were 

able to induce formation of cytoplasmic protrusions which resemble neurites 

morphologically. The STSP-induced changes to the cell morphology were consistent for 

both WT fibroblasts and fibroblasts carrying the LHON G11778A mutation. However, 

STSP-induced changes to the mitochondrial morphology and network characteristics 

were different between WT and LHON fibroblasts. The generation of cytoplasmic 

processes by STSP allowed for easier observation of discrete mitochondria and analysis 

of their movement, a task which is challenging in fibroblasts due to their complex 

reticular mitochondrial networks. 

We showed that mitochondrial movement was reduced in STSP-treated LHON 

fibroblasts under conditions that mimic the energy metabolism of RGCs (OXPHOS 

pathway). The movement defect could not be attributed to a reduction in cytosolic ATP 

levels. Other OXPHOS defects such as reduced mitochondrial membrane potential or 

increased ROS production could be other potential candidates for the observed 
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movement defect in LHON cells. Under OXPHOS conditions LHON fibroblasts also 

showed a lower degree of mitochondrial networking compared to WT cells. We propose 

that an OXPHOS defect ensuing from the LHON G11778A mutation causes impaired 

mitochondrial movement which in turn leads to reduced mitochondrial fusion under 

metabolic stress. Conversely it is possible that a decrease in fusion or an increase in 

fission precedes a decrease in movement due to the reciprocal interaction that exists 

between fission/fusion and trafficking machinery (Baloh et al., 2007; Chen et al., 2007; 

Misko et al., 2010; Sheng and Cai, 2012). A third scenario is that an OXPHOS defect 

causes both trafficking and fission/fusion decrease independently under metabolic stress 

(i.e. galactose). Regardless of the sequence of events, the inability of mitochondria to 

adapt to changes in metabolic state due to disrupted mitochondrial dynamics may have 

detrimental effect on the cell, especially if the cell is an RGC. The morphological state of 

the mitochondria has been linked to their energy production capacity (Bach et al., 2003; 

Chen et al., 2005; Benard and Rossignol, 2008) as well as cell health and cell death 

mechanisms (Cheung et al., 2007; Detmer and Chan, 2007; Jahani-Asl et al., 2007; 

Rintoul and Reynolds, 2010). In RGCs mitochondrial trafficking defects will cause 

decreased recycling and lead to accumulation of damaged mitochondria in regions of 

high energy demand. Decreased fusion will prevent the exchange of proteins, 

metabolites and diminish mtDNA repair mechanisms which normally serve a protective 

function.  Further studies are required to determine the cause of the altered 

mitochondrial dynamics of LHON fibroblasts under OXPHOS conditions. Protonophores 

such as CCCP which completely dissipate the mitochondrial membrane potential only 

cause a mild decrease in ATP but induce severe mitochondrial fragmentation (Guillery et 

al., 2008). ROS may also play a role in mitochondrial fragmentation in a Ca2+- 

independent manner (Tian et al., 2009). ROS can also reversibly decrease mitochondrial 

motility (Debattisti et al., 2017). Therefore, mitochondrial membrane potential, ROS as 

well as mitochondrial ATP levels should be investigated in the future.          

However, despite being a useful model for evaluating mitochondrial dynamics, it 

does come with its flaws and limitations. The STSP-treated fibroblasts only resemble 

neurons in their morphology and not in function. Neurons possess specialized structural 

and functional domains and have a different protein expression profile from fibroblasts. 

The mitochondrial trafficking machinery as well as the regulatory mechanisms involved 

in trafficking is different between neurons and fibroblasts. Future research should look 
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into identifying the cytoskeletal components that make up the STSP induced processes 

as well as the molecular machinery involved in mitochondrial trafficking in fibroblasts in 

order to make direct comparisons. Staurosporine is a broad-spectrum kinase inhibitor 

therefore can affect a range of cellular processes including those that regulate 

mitochondrial dynamics. Therefore, it is important to take into account the effects of 

STSP on mitochondrial dynamics when evaluating mitochondrial function and dynamics 

in STSP-treated fibroblasts model. The new technique involving the trans-differentiation 

fibroblasts to functional neurons is a potential alternative for mitochondrial dynamics as 

well as other aspects of LHON (Vierbuchen et al., 2010; Caiazzo et al., 2011; Yoo et al., 

2011; Richner et al., 2015). 

Nevertheless, our model provides preliminary evidence of altered mitochondrial 

dynamics in LHON fibroblasts under OXPHOS conditions. This study warrants further 

investigation to an area of LHON that has received little attention and may provide a link 

between OXPHOS defect and RGC degeneration.     
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Appendix.   
 
Supplementary figures 

 

Figure A.1 Greater cell viability in WT fibroblasts treated with 500 nM STSP  
compared to 1000 nM and no difference in cell viability in LHON 
fibroblasts for the three concentrations of STSP tested in glucose 
media. 

WT and LHON fibroblasts grown in glucose media were treated with 0 (vehicle control), 500, 750 
and 1000 nM STSP for 24 hours and cell viability was measured by averaging the counts of 
Hoechst stained nuclei in four representative 100x fields (4-5 replicates) per coverslip where n 
represents the number of coverslips which is then expressed as a percent of vehicle treated 
(0.04% ethyl acetate) controls. Data are presented as Means ± Standard Error of Mean. There 
was a significant effect of STSP concentration on cell viability in WT fibroblasts (F (2, 4) = 9.599, 
p = 0.0297. Post hoc comparisons using Bonferroni’s multiple comparison test showed the mean 
cell count (percent of vehicle control) of WT fibroblasts treated with 500 nM STSP (74.35 ± 8.425, 
n = 2) was significantly greater than WT fibroblasts treated with 1000 nM (46.26 ± 1.220, n = 2). 
However the mean cell count of WT fibroblasts treated with 750 nM STSP (66.37 ± 2.329, n = 3) 
was not significantly different from WT fibroblasts treated with either 500 nM (74.35 ± 8.425, n = 
2) or 1000 nM (46.26 ± 1.220, n = 2). There was no significant effect of STSP concentration on 
cell viability in LHON fibroblasts (F (2, 3) = 5.812, p = 0.0929).   
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Figure A.2 Greater cell viability in WT fibroblasts treated with 750 nM compared 
to 1000 nM and no difference in cell viability in LHON fibroblasts for 
the three concentrations of STSP tested in glucose-free galactose 
media. 

WT and LHON fibroblasts grown in glucose-free galactose media were treated with 0 (vehicle 
control), 500, 750 and 1000 nM STSP for 24 hours and cell viability was measured by averaging 
the counts of Hoechst stained nuclei in four representative 100x fields (4-5 replicates) per 
coverslip where n represents the number of coverslips which is then expressed as a percent of 
vehicle treated (0.04% ethyl acetate) controls. Data are presented as Means ± Standard Error of 
Mean. There was a significant effect of STSP concentration on cell viability in WT fibroblasts (F 
(2, 5) = 12.47, p = 0.0114. Post hoc comparisons using Bonferroni’s multiple comparison test 
showed the mean cell count (percent of vehicle control) of WT fibroblasts treated with 750 nM 
STSP (64. 73 ± 5.111, n = 3) was significantly greater than WT fibroblasts treated with 1000 nM 
STSP (36.58 ± 3.149, n = 3). However, the mean cell count of WT fibroblasts treated with 500 nM 
STSP (56.83 ± 4.097, n = 2) was not significantly different from WT fibroblasts treated with either 
750 nM (64. 73 ± 5.111, n = 3) or 1000 nM (36.58 ± 3.149, n = 3). There was no significant effect 
of STSP concentration on cell viability in LHON fibroblasts (F (2, 6) = 1.275, p = 0.3457.   
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Figure A.3 Percentage of WT fibroblasts with processes were significantly 
greater for cells treated with 750 nM STSP compared to 0 nM 
(vehicle control) and 500 nM STSP but was not signficantly different 
from cells treated with 1000 nM STSP in  glucose media. 

WT and LHON fibroblasts grown in glucose media were treated with 0 (vehicle control), 500, 750 
and 1000 nM STSP for 24 hours and stained with H2DCFDA and Hoechst 33342, 1-hour 
following STSP treatment termination. There was a significant effect on STSP concentration on 
the percentage of cells containing processes (F (3, 14) = 15.72, p < 0.0001. Post hoc 
comparisons using Bonferroni’s multiple comparison test showed the percentage of cells with 
processes were significantly greater for cells treated with all three concentrations of STSP 
compared to vehicle controls (8.780 ± 1.146, n = 5). Furthermore, the percentage of cells with 
processes were significantly greater for cells treated with 750 nM STSP (39.94 ± 3.153, n = 3) 
compared to 500 nM STSP (22.94 ± 2.234, n = 5) but was not significantly different from cells 
treated with 1000 nM STSP (34.74 ± 5.181, n = 5). However, there was no significant difference 
in the percentage of cells with processes in cells treated with 500 nM STSP (22.94 ± 2.234, n = 5) 
and the cells treated with 1000 nM STSP (34.74 ± 5.181, n = 5).   

   


