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Summary
M itochondria in mammalian cells exist as a highly dynamic and interconnected reticulum. 

This reticular ultrastructure is defined by the opposing forces o f fission and fusion, 

mainly mediated by a group o f  large GTPases collectively known as mitodynamins. The 

regulation o f  fission and fusion is poorly understood but it is thought that bioenergetics 

and dynamics engage in a bi-directional crosstalk, such that disturbing one will have 

deleterious effects on the other. The pathophysiological hallmarks o f mitochondrial 

dysfunction are evident both  in cancer and neurodegeneration, implicating a role for 

disturbed mitochondrial dynamics. This study explores the effects o f  bioenergetic 

m odulation on m itochondrial fusion rates in hum an cer\ncal carcinoma HeLa cells and 

rat primar\' cortical neurons.

Cancer cells t)'pically derive a disproportionate am ount o f ATP (~50%  or higher) from  

glycolysis, owing to the W arburg effect. However, studies have shown that HeLa cells 

are capable o f growth and proliferation when forced to derive ATP exclusively from 

oxidative phosphoryiation (OXPHO S), a phenom enon that has been observ'ed in large, 

aglycaemic mmours. In HeLa cells, this metabolic switch is accompanied by significant 

mitochondrial ultrastructural changes but it is not yet known if this corresponds to a 

change in fusion rates. Furtherm ore, it is no t known if the sensidvit)' o f  fusion rates to 

bioenergetic modulation differs between these two metabolic phenot\'pes. Losing live-cell 

confocal microscopy and HeLa cells expressing mitochondrially-targeted photo- 

activatable GFP, small regions o f  interest (ROIs) throughout the mitochondrial network 

were examined and m itochondrial fusion was com pared under defined conditions.

M itochondrial fusion rates in HeLa cells cultured in high glucose medium were 

impervious to inhibition o f  the electron transport chain (ETC) complexes. Fusion was 

significantly decreased following dissipation o f the electrochemical gradient and 

inhibition o f  ATP synthase by oUgomycin, but these effects were not linked to decreased 

cellular ATP levels. Inhibition o f  glucose metaboHsm by 2-deoxy-D-glucose (D O G ) 

seriously comprom ised fusion rates, which correlated with a marked decrease in ATP. 

I^usion could not be restored by alternative energy substrates, such as L-glutamine and 

pyruvate, in the presence o f  D O G . In contrast, cells cultured in glucose-free, 

galactose/glutamine (OXPHOS-inducing) medium showed independence from sugar 

metabolism for maintenance o f  fusion at resting conditions. However, significant
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sensitivity to mitochondrial inhibition was acquired; E T C /O X P H O S  inhibitors blocked 

fusion, which correlated with decreased cellular ATP levels, increased recruitm ent o f 

fission-mediating mitodynamin D R Pl and markedly higher cell death compared to 

glycolytic cells. Importantly, fusion could be restored in galactose-cultured cells if the 

ETC inhibitor was applied concurrently with a glucose bolus. Finally, early fusion 

inhibition across both substrates was predictive o f complete fragmentation o f  the 

m itochondrial reticulum and cell death at later dme points. Thus, HeLa cells exhibit 

substrate-dependent changes in mitochondrial dynamics in response to bioenergetic 

modulation.

Primar)' cortical neurons showed significant perturbation o f fusion and complete 

fragmentation o f the mitochondrial network within minutes o f exposure to 

E T C /O X P H O S  inhibitors, which correlated with significant reductions in mitochondrial 

m em brane potential and cellular ATP levels. Significantly, the availability o f  glucose did 

no t protect neuronal m itochondria from these effects, indicating a lack o f metabolic 

flexibility m neurons that is detrimental to mitochondrial function. Titration o f complex 

I activity using a piericidin A dose-response in non-synaptic rat brain mitochondria 

suggested that m itochondria o f the neuronal soma could tolerate at least ~33%  inhibition 

o f  the activity o f this enzyme before fusion was seriously compromised. Thus, 

m itochondrial fusion was shown to be extremely sensitive to bioenergetic modulation in 

neurons, and subject to threshold effects. The differences between metabolic control in 

cancer cells and neurons in the context o f mitochondrial dynamics are further discussed.
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CHAPTER 1

General Introduction



1.1 Introduction

M itochondria are highly dynamic organelles with essential roles in energy production and 

apoptosis regulation in the eukaryotic cell. Thought to have arisen from endosymbiosis 

o f an alpha-proteobacterium  (Gray et ai, 1999, Gabaldon and Huynen, 2007), they are 

vital organelles in the production o f adenosine triphosphate (ATP, the energy transfer 

molecule o f the cell), catabolic and anabolic metabolism, calcium buffering and 

program m ed cell death (Billups and Forsythe, 2002, Suen et al., 2008). Given their 

essential roles across myriad cellular functions, there exists a significant num ber o f 

hum an disorders associated with mitochondrial dysfunction, known collectively as 

‘m itochondrial diseases’ including myoclonic epilepsy and ragged-red fibres (AIERRI'), 

Leber's Hereditary Optic N europathy (LHON) and Leigh syndrome (Wallace, 1999). 

Furtherm ore, mitochondrial dysfunction has been implicated in the pathophysiologies o f 

a diverse num ber o f other diseases, including cancer (M odica-Napolitano and Singh, 

2002) and neurodegeneration (Schon and Przedborski, 2011).

The term ‘m itochondrion’, first coined in 1898 by Germ an biologist Carl Benda (Bechtel 

and Abrahamsen, 2007), is derived from the Greek mitos, meaning ‘thread’ and khondrion, 

the diminutive o f khondros, meaning ‘granule’ (Baloh, 2008). True to their name, these 

organelles exist in both tubular and punctate forms within the cell as part o f an 

interconnected reticulum, owing to continuous fission and fusion events governing their 

shape. The field o f mitochondrial dynamics in mammalian cells has become a m ajor 

research interest in the past decade; continuous remodelling o f  mitochondrial structure in 

response to physiological and environm ental cues is essential to accom modate different 

demands on m itochondrial function during growth, differentiation, and maintenance 

(Chen and Chan, 2009, Kageyama et ai, 2011) and during embryonic development, 

particularly in the central nervous system (CNS) (Chen et a i, 2003, Ishihara et ai, 2009). 

The balance o f these opposing processes is tightly regulated by num erous mechanisms, 

and there exists a complex cross-talk between m itochondrial bioenergetic state and 

dynamics, the intricacies o f  which have yet to be fully characterised. The m atter is 

obfuscated by several factors, no t least by the functional and morphological 

heterogeneity' in m itochondria across cell types (Sauvanet et a i, 2010). M oreover, it is no t 

yet known if mitochondrial bioenergetics regulates dynamics, or vice versa, though there 

is evidence to support both hypotheses (Legros et al., 2002, Rossignol et al., 2004, Benard 

et al, 2011, Gom es et al, 2011). W hat follows is a brief over\tiew o f  mitochondrial
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bioenergetics, followed by a review o f our current knowledge o f  mitochondrial fission 

and fusion. Several aspects o f mitochondrial dynamics will be described, including the 

molecular mechamsms underlying and regulating these processes, their functional 

significance at the organellar and cellular levels, and their interaction with mitochondrial 

bioenergetics.

1.2 Mitochondrial Bioenergetics: An Overview

M itochondria are responsible for the production o f  80 - 90% o f cellular ATP 

(Zablockaite et ai, 2007). Their double-m em brane structure facilitates intra-organellar 

compartmentalisation with high functional specificit)" and the integration o f multiple 

metabolic pathways. Through the oxidation o f amino acids, [3-oxidation o f fatt)' acids 

and the tricarboxylic acid cycle (TCA), m itochondria can generate reduced forms o f 

nicotinamide adenine dmucleotide and flavin adenine dinucleotide (N A D H  and FA D H 2 , 

respectively). I'hese reduced equivalents are used as electron donors to the electron 

transport chain (E l'C ), a group o f four enzymes (complexes I — I \^  located on the 

m itochondrial inner m em brane (IM). According to chemiosmotic theor)" (Mitchell, 

1961), the free energy liberated from  the passage o f electrons from  each enzyme o f the 

ETC is harnessed by complexes 1, III and IV to translocate protons (H^) from the 

m itochondrial matrix into the interm em brane space (IMS) against their concentration 

gradient, thus establishing a protonm otive force (PMF). While the electrons are 

ultimately used to reduce molecular oxygen to water, the PM F is utilised by another IM 

enzyme, F |/F ,, ATPase (ATP synthase), to generate ATP from inorganic phosphate (P^ 

and adenosine diphosphate (ADP, fig 1.1). Newly form ed ATP is translocated to the 

cytosol by the adenine nucleotide translocase (ANT), an IM antiporter which exchanges 

ATP for ADP. This process o f  coupling respiration to ATP generation, called ‘oxidative 

phosphorylation’ (OXPHOS), is responsible for an estimated 90% o f  mammalian oxygen 

consum ption (Bcnard et al., 2011).

1.2.1 The Electron Transport Chain

I 'h e  electron transport chain is com posed o f four enzymatic complexes and two electron 

carrier intermediates, coenzyme Q (CoQ) and cytochrome c. While the supramolecular 

structure o f complexes I -  IV in the mitochondrial IM is no t fuUy understood, it is 

thought that single ETC complexes co-exist as supercomplexes — stoichiometrically
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tacarboxyKc acid (TCA) cycle, including glycolysis, amino acid oxidation (in this example, glutaminolysis) and ^-oxidation of 
fatty acids. Reduced equivalents nicotinamide adenine nucleotide (NADH) and flavin adenine nicotinamide (FADH2) donate 
electrons (e ) to the electron transport chain (inset) to promote oxidative phosphorylation (OXPHOS). Complex I accepts 
electrons from NADH and uses free energy from the reduction of coenzyme Q (Q) to extrude protons (H"'*) out of the 
matrix, thus contributing to the electrochemical gradient. Complex II oxidises succinate, whilst reducing FAD, which reduces 
coenzyme Q. Coenzyme Q passes electrons to complex III, which also translocates protons as it reduces cytochrome c (Cyt 
e). Complex IV accepts electrons from cyt c and reduces molecular oxygen to water, whilst translocating protons. Finally, 
ATP synthase (Fo/Fi ATPase) utilises the protonmotive force generated by electron transport ki the production of ATP. 
Protons travel through a channel in the Fo domain, with causes the rotation of a central rotary stalk, causing conformational 
changes in the p subunits of the Fi region, leading to the sequential binding of ADP inorganic phosphate (P;), ATP generation 
and ATP release. IM, mitochondrial inner membrane; IMS, intermembrane space; OM, outer membrane.
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diverse assemblies o f multiple ETC enzymes known as ‘respirasom es’ (Bianchi et al., 

2004, Boekema and Braun, 2007). The ETC machinery^ is enriched in m itochondrial 

cristae; large folds o f the highly convoluted IM that project into the matrix.

Com plex I (NAD H dehydrogenase), the first and largest enzyme o f  the ETC, comprises 

45 subunits that assemble into a hydrophobic m em brane-spanning arm and a 

perpendicular hydrophilic matrix-facing arm. W ithin complex I, electrons from oxidised 

N A D H  are transferred to a non-covalently bound flavin m ononucleotide (FMN) and 

thence, down a chain o f several iron-sulphur clusters to the mobile CoQ , a quinone 

derivative with a hydrophobic isoprenoid tail. For every electron pair transported by 

complex I, four protons are translocated from the matrix to the IMS. Coenzyme Q also 

accepts electrons from complex II (succinate dehydrogenase), the only ETC enzyme that 

also participates in the TCA cycle but does not transport protons. Complex II oxidises 

succinate to fumarate, whilst reducing FAD to FA D H ,, which, in turn reduces CoQ. 

Reduced CoQ (CoQHj) then transfers electrons to complex III.

Complex III (cytochrome be,) contains two b-t}'pe cytochromes, a c, cytochrome and an 

iron-sulphur cluster, and mediates the reduction o f cytochrom e c by CoQFI,. This 

occurs through a process known as the Q  cycle, in which C 0 Q H 2  undergoes two cycles 

o f  reoxidation, the net result being the reduction o f two cytochrome c proteins (one 

electron each) and the translocation o f four protons for every' C 0 Q H 2  oxidised. 

Com plex III does not function as a proton pum p p e r  se (as with complex I and IV), 

rather, it facilitates the redox o f  CoQ H j, which in turn facilitates the translocation o f 

protons across the IM. Cytochrom e c is a small, soluble and mobile electron carrier 

loosely associated with the IM in the IMS. It shutties electrons from  complex III to 

complex IV.

Com plex IV (cytochrome c oxidase) is the terminal enzyme for the transported electrons 

and the site at which they are used to reduce molecular oxygen to water. It exists as a 

transm em brane dimer containing four redox centres -  cytochromes a and a,, a copper 

atom  called Cu„ and a copper atom  pair called the Cu^ centre. A t the cytochrome a,-Cu 3  

complex, four electrons from  four individual cytochrome c proteins are used to reduce 

one molecular oxygen molecule to two water molecules. In addition to the four protons 

used to create water, another four are translocated across the IM. In total, for every

5



electron pair transported by the ETC, 10 protons are translocated and one molecule of 

water is generated.

1.2.2 Oxidative Phosphorylation

The PMF (alternatively called a pH gradient) that is generated by the active pumping of 

protons across the IM reaches a maximal value of ~ 180 -  220 mV (Brand and NichoUs, 

2011) and confers a net negative charge to the mitochondrial matrix. It comprises two 

elements: an electric potential (A'i^ and a chemical potential (Aia,,^). At physiological 

conditions, mitochondria can alternate between two energy-production states; state 4, in 

which respiration is slow and there is Kttle ATP production (creating a higher 

mitochondrial membrane potential (A^^)) and state 3, in which respiration is fast and 

ATP is produced (creating a lower AW^.

Discharge of the PMF is an exergonic process (energy-releasing), a propert}^ exploited by 

A 'lT synthase (also called complex V) to generate ATP. ATP synthase is both 

ubiquitous and unique; it is one of the most abundant and highly conserv^ed protems 

across species but also one of only two proteins known to use a rotar\’ motion as a step 

of catalysis (the other being the bacterial flagellum) (Noji ai, 1997, Yoshida et al., 2001). 

The mechanism o f ATP synthesis by this enzyme is called the ‘binding change’ 

mechanism, proposed by Paul Boyer (Kayalar et al, 1977). A'FP synthase is composed of 

a hydrophobic transmembrane portion (FJ and a hydrophilic matrix portion (F,), 

connected by a central rotor portion and an outer stator portion (which prevents 

movement of F, with the central rotor). As protons pass through F ,̂ a central set of F  ̂

subunits rotate, leading to the rotation of the central rotor portion. This causes 

conformational changes in the p subunits of F,, which leads to the sequential binding of 

ADP + P„ ATP synthesis and release of ATP. Although it has not yet been definitively 

quantified, it is estimated that the synthesis of one ATP molecule requires the passage of 

four protons through F„ (Yoshida et ai, 2001).

The degree of coupling between ATP synthesis and respiration can be experimentally 

quantified in isolated mitochondria and intact cells by defining the ratio o f oxygen 

consumption during state 3 and state 4 respiration, called the ‘respiratory control ratio’ 

(RCR) (Brand and NichoUs, 2011). A high RCR indicates a high degree of coupling and 

a low level of ‘proton leak’, i.e., the re-entr\' of protons to the matrix through routes
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alternative to A l'P  synthase. In vivo, facilitated proton leak is regulated through the 

action o f  specific IM proteins, known as uncoupling proteins (UCPs), primarily U C Pl 

(NichoUs and Lindberg, 1973, NichoUs, 1977, NichoUs and Rial, 1999). Uncoupling 

protein 1 is m ost highly expressed in brown adipose tissue (BAl') o f  mammals and 

hum an infants, and its transport o f  protons across the IM induces mitochondrial 

uncoupling and the dissipation o f  the energy generated by electron transport as heat 

(NichoUs and Rial, 1999, Porter, 2008). This forms the molecular basis o f non-shivering 

thermogenesis in mammals (Nedergaard et ai, 2001). While the exact mechamsm of 

action o f  U C Pl is no t fully understood, it is known to be inhibited by punne nucleotides 

and activated/stim ulated by free-fatt}' acids (I’orter, 2008, Brand and NichoUs, 2011). 

Thus, its activit}' is inherently regulated by metabolic cues. As the maintenance and 

regulation o f the PM F is central to m itochondrial function, it follows that any change 

affecting overall m itochondrial function m ust affect the kinetics o f one or more 

processes that contribute to the regulation o f the PMF, i.e., substrate oxidation, electron 

transport, oxygen consum ption, A l'P  production and proton leak (Brand and NichoUs, 

2011).

Oxidative phosphorylation can be specificaUy inhibited using a num ber of chemical 

agents targeting individual enzymes o f the E T C /O X P H O S  machiner}' (fig. 1.2). 

Inhibition o f the electron transport chain can have two downstream  effects: (1) 

respiration rates are reduced as there are no electrons available for the reduction o f 

molecular oxygen and (2) the F, portion o f  A IT  synthase can consume ATP and turn in 

reverse, forcing the F^ portion to pum p protons out o f  the matrix, thus maintaining 

This latter effect is also seen in anoxia, when electron transport slows as oxygen is no 

longer avaUable for reduction at complex IV (Takeda et al., 2004). Inhibition o f complex 

I with such com pounds as rotenone, piericidin A or 1-methyl-4-phenylpyridinium 

(MPP ) blocks the transfer o f  electrons to CoQ  and, thus, respiration from  N A D  -Unked 

substrates. Respiration is stiU possible through FAD-linked substrates via complex II. 

Conversely, inhibition o f  complex II with malonate or 3-nitropropionic acid (3-NP) 

inhibits respiration through FAD-linked substrates, but respiration is stiU possible 

through N A D  -linked substrates. Inhibiting complex III with antimycin A, or 

myxothiazol, completely blocks respiration from  aU substrates, as does inhibition o f 

complex IV with potassium  cyanide (KCN) or sodium azide (fig 1.2). The F„ region o f
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Figure 1.2: Selective inhibition o f E T C /O X P H O S  com ponents. The electrochemical gradient can be dissipated with 
lipophilic protonophores carbonyl cyanide-/)-trifluoromethoxyphenylhydrazone (FCCP), carbonyl cyanide-w- 
chlorophenylhydrazone (CCCP) or 2,4-dinitrophenol (2,4-DNP), which allow passive diffusion o f protons (H^) across the 
usually impermeable inner membrane. Electron transport can be inhibited at complex I with rotenone, piencidin A or 1- 
methyl-4-phenylpyridinium (MPP^). Complex II and be inhibited by malonate or 3-nitropropionic acid (3-NP), while 
antimycin A and myxothiazol inhibit complex III and azide and potassium cyanide (KCN) inhibit complex I\^  Finally, 
ATP sythnase can be inhibited by oligomycin.
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ATP synthase can be inhibited by oligomycin (hence the subscript ‘o ’ in its name, i.e., the 

oKgomycin-inhibited fraction in fractionation procedures), which prevents proton 

translocation in either direction. If  A TP synthase alone is inhibited, mitochondria can 

becom e transiently hyperpolarised, as the ETC continues to extrude protons from the 

matrix while none can re-enter through inhibited ATP synthase. Eventually, electron 

transport ceases at such high as there is insufficient free energy available to

translocate protons against their steep concentration gradient. Simultaneous inhibition 

o f  A TP synthase and ETC enzymes results in significant depolarisation, as proton flux is 

inhibited at both sites. Finally, the can be completely dissipated with lipophilic

‘uncouplers’ such as carbonyl cyanide-^-trifluoromethoxyphenylhydrazone (FCCP), 

carbonyl cyanide-/»-chlorophenylhydrazone (CCCP) or 2,4-dinitrophenol (2,4-DNP), 

which function as protonophores at the IM. As a result, respiration is increased (electron 

transport increases due to decreased [H ] in the IMS) but is uncoupled from ATP 

production.

Inhibition o f P^TC complexes can increase the generation o f a partly reduced and highly 

reactive intermediate, superoxide anion (C),'). Its production can lead to the subsequent 

generation o f hydrogen peroxide (HjOj) and the hydroxyl radical ( O H ), all o f which 

have been classified as ‘reactive oxygen species’ (IlOS). G eneration o f  ROS also occurs 

under non-pathological conditions; it is estimated that 1-2% o f  electrons escape the ETC 

(Chance et a i, 1979, Dlaskova et ai, 2010). M itochondria have mechanisms in place to 

neutralise ROS, such as non-enzym atic scavengers CoQ  and vitamin E (Ham and 

Liebler, 1995). Enzymatic scavengers include manganese superoxide dismutase 

(M nSOD), a matrix enzyme that catalyses the conversion o f O j ’ to H jO j, which is 

further neutralised by glutathione peroxidase or peroxiredoxins (de M oura et ai, 2010). 

Uncoupling proteins also play an im portant role in regulation o f  ROS production 

(I])laskova et al, 2010, Oelkrug et al, 2010). M itochondria isolated from  BAT o f U C Pl 

knock-out mice exhibit higher basal H jO j production irrespective o f  ETC substrate, 

while m itochondria from  wild type BAT show comparable increases upon purine 

nucleotide inhibition o f U C Pl (Dlaskova et ai, 2010, Oelkrug et ai, 2010). Furthermore, 

UCPs have been shown to be activated by by fatty acid oxidation product 4-hydroxy-2- 

nonenal (Echtay et al., 2003) and 02  ' (Echtay et al., 2002). It is hypothesised that the 

UCP-induced state 3-like respiration o f  mildly uncoupled m itochondria could decrease 

ROS production, as the likelihood o f  ROS production is higher when electrons dwell at
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ETC enzymes for longer periods in state 4 respiration (Chance et al., 1979, Turrens, 2003, 

Adam-Vizi and Chinopoulos, 2006).

While 02  ’ and -OH are charged, and therefore cannot exit the matrix, H 2 O 2  can freely 

diffuse across the m itochondrial m em branes and enter the cell proper, where catalase is 

its m ost com m on neutralising enzyme. Complexes I and III are considered the sources 

o f highest ROS production, although the latter produces ROS only when artificially 

inhibited, whereas the former does so under physiological conditions as well as when 

inhibited (Adam-Vizi and Chinopoulos, 2006). A lthough ROS have vital physiological 

signalling functions (Radak et al., 2011), excessive production can overwhelm 

m itochondrial antioxidant defences and seriously comprom ise cell integrity, oxidizing 

proteins, lipids, and DN A. The result o f  an imbalance between ROS production and 

antioxidant action is called oxidative stress (de M oura et al., 2010) and is cited as a 

significant contributing factor to myriad diseases, especially cancer and 

neurodegeneration. It is thought to particularly affect the heart and brain, in which the 

consequences o f  mitochondrial dysfunction are com pounded by the high aerobic 

demands o f  these organs (Adam-Vizi and Chinopoulos, 2006).

Clearly, the regulation o f m itochondrial function is o f supreme im portance for cellular 

survival. M itochondria are not only sites o f vital and efficient energy production, but 

also sources o f toxic metabolic intermediates, which set in place destructive cascades o f 

cellular damage if  not controlled. The processes o f  fission and fusion are considered to 

be im portant in the regulation and maintenance o f mitochondrial and cellular 

hom eostasis and will now be discussed in detail.

1.3 Mitochondrial Dynamics

Contrary to the stereotypical depiction favoured by biochemistry textbooks o f 

m itochondria as solitary spherical bodies, m odern advances in high resolution confocal 

microscopy techniques have revealed m itochondria in many cells, particularly those in 

culture, to form a highly interconnected and mbular netu^ork, or groups o f  networks 

(Plecita-Hlavata et al, 2008). Through the process o f  fission, a tubular m itochondrion o f 

2 — 25^m  in length can divide into two or m ore smaller organelles o f ~0.5|j,m or larger. 

Through fusion, a single organelle can combine with another to form  a larger
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m itochondrion. This process also allows a m itochondrion to integrate with the larger 

reticulum  and become involved in cellular processes occurring in cellular regions distal to 

its own location. M itochondria also make use o f microtubules and actin filaments to 

redistribute and relocate, especially in axonal transport in neurons (Suen et al., 2008, Cai 

and Sheng, 2009, Palmer et al., 2011).

Fission and fusion are best characterised in yeast m itochondria (Nunnari et a l, 1997, 

H erm ann et al, 1998, Bleazard et al, 1999), but mammalian equivalents to some o f the 

protein machiner)^ involved have been identified. As in yeast, m itochondrial fission and 

fusion are mediated mainly by a group o f  large (80 -  lOOkDa) dynamin-related guanosine 

triphosphatases (GTPases), often referred to as ‘m itodynam ins’. Fission requires 

dynamin related protein 1 (I^RPl, D m nl in yeast), while OM  fusion requires two 

mitofusins (M fnl and 2, F zo l in yeast) and IM fusion requires optic atrophy 1 (O PA l, 

M gm l in yeast).

1.3.1 Mitochondrial Fission

Dvnamin-related protein 1 (also called dynamin-like protein 1) is a ~80kD a cytosolic, 

m icrotubule-associated protein containing a G l ’Pase domain, an ill-defined middle 

domain, a putadve pleckstrm homology (PH)-Uke domain and a GTPase effector domain 

(GED ) (Cereghetti et al, 2008, Zhang et a l, 2011). The elegant studies o f Alexander van 

der Bliek’s group at the turn o f the last century shed m uch light on the im portance o f 

D R Pl in mitochondrial fission in mammalian cells. In 1998, they showed that D R Pl 

was involved in m itochondrial distribution, as COS-7 cells expressing m utant D R P l with 

a defect in the G E D  exhibited excessively-clustered perinuclear tubules (Smirnova et al, 

1998). In 2001, they described the association o f green-fluorescent protein (GFP)-fused 

D R Pl directly at m itochondrial division sites and that purified D R Pl could self-assemble 

into oligomeric ring-like structures in intro, which was to be an im portant insight into the 

mechanism o f m itochondrial fission (Smirnova et al, 2001).

In yeast, D n m l is recruited to m itochondria by OM  protein F isl, where, using adaptor 

proteins M dvl and Caf4, it oligomerises into a ring strucmre that constricts and severs 

the organelle upon G TP hydrolysis (Bleazard et al, 1999, Mozdy et al, 2000, Tieu and 

Nunnari, 2000, Griffin et al, 2005). The ‘constricting belt’ m odel o f  fission is also 

favoured in mammalian cell m itochondria (Suen et a l, 2008), although recruitm ent o f
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D R Pl is still poorly understood in this context. H um an orthologues o f  M dvl and Caf4 

have not been identified, but a hum an Fisl orthologue (hFisl) has been characterised. 

There are conflicting reports on the role it plays in the fission process however; its 

knock-down results in elongation o f m itochondria in COS-7 cells and in HeLa cells, but 

doesn’t have any effect on D R Pl recruitm ent to the organelles (Lee et al., 2004, 

Stojanovski et ai, 2004). Interestingly, Lee et al. actually found that F isl silencing 

attenuated apoptosis more strongly than D R P l silencing, suggesting a potential 

evolutionary divergence in function between these cells. O tera et al. (2010) found that 

the same shRNA (short hairpin ribonucleic acid) used to knock down hFisl in HeLa 

cells in the studies o f Lee et al did not effectively reduce the levels o f the protein in 

colorectal carcinoma HCT116 cells, but still induced an elongated m itochondrial 

morphology. They ascribed this m orphological observ^ation to the increased cell volume 

induced by this particular shRNA. They then tested a commercially available, validated 

shRNA that did significantly decrease hFisl levels, bu t observed no change in 

m itochondrial morpholog}’. The current consensus seems to be that, while hFisl may be 

involved in mammalian mitochondrial fission, it may not be an essential com ponent and 

may even be dispensable in some ceU t\"pes (Otera and Mihara, 2011).

I ’he m ost promising candidate for D R Pl recruitm ent in mammalian cells is 

m itochondrial fission factor (Mff). First reported by Gandre-Babbe and van der BUek 

(2008), it is localised to the m itochondrial OM  and its knock-down replicates the 

elongated phenotype o f D R P l knock down cells. Crucially, O tera et al. (2010) found that 

M ff knock-down disrupts D R Pl recruitment, precipitating the elongated m orphology 

previously reported. Finally, they showed direct in vivo interaction between the two 

proteins, as M ff directed D R Pl to the plasma m em brane w hen genetically engineered to 

contain a targeting sequence to this destination.

It is no t yet known if OM  and IM scission are separate events. It is conceivable that 

constriction o f the D R P l oligomeric ring upon G TP hydrolysis is sufficient to sever 

both m em branes, but this has yet to be established (W estermann, 2010). Although 

proteolytic cleavage o f  O P A l has been reported to prom ote fission (Ishihara et al., 2006, 

GuiUery et a l, 2008), its m ajor role appears to be in mediating m itochondrial IM fusion. 

To date, there has been just one other IM protein reported to have a role in 

m itochondrial fission, called MTP18 (mitochondrial protein 18kDa) (Tondera et al, 2004,
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Tondera et ai, 2005). Overexpression o f this protein produced excessive fragm entation 

o f m itochondria, whilst its knock-down resulted in hyperfusion. It is interesting that 

overexpression o f D R Pl does not result in increased fragmentation (Smirnova et al., 

1998, Pitts et ai, 1999); this indicates that an increased presence cytoplasmic D R P l may 

not necessarily change mitochondrial recruitm ent rates, whilst increased levels o f  an 

intra-m itochondrial pro-fission protein, such as MTP18, results in excessive 

fragmentation. It remains to be seen if any other adaptor proteins exist for the execution 

o f  mammahan mitochondrial fission.

1.3.1.1 Regulation of Mitochondrial Fission

C ontrol o f  mitochondrial fission is complex and poorly understood. Regulatory 

mechanisms o f fission have been described at two levels; post-translational modification 

(PTM) o f D R P l and interaction o f  D R Pl with a num ber o f  potential regulator}' proteins. 

Examples o f  PTM o f D R Pl include phosphor)4ation, sumoylation and ubiquitination 

(Chang and Blackstone, 2010). Phosphorylation plays an im portant role in releasing 

D R P l from its cytoskeletal location. M ost studies focus on the phosphor\4ation o f 

Ser637, which lies within the G E D  domain o f  the enzyme. It has been dem onstrated 

that D R Pl is phosphorylated at this site by cyclic adenosine m onophosphate (cAMP)- 

dependent protein kinase A (PI'C/\), which inhibits GTPase activity. Indeed, expression 

o f  a phosphom im etic D R Pl m utant increases mitochondrial elongation, m uch like 

D R P l knock-out experiments (Chang and Blackstone, 2007). It has also been shown 

that dephosphorylation o f this site by calcineurin occurs in a calcium -dependent fashion 

and leads to the translocation o f  D R Pl to m itochondria (Cribbs and Strack, 2007, 

Cereghetti et ai, 2008). M ost recently, a novel protein inhibitor (called P P D l) o f 

calcineurin-mediated D R Pl dephosphorylation was shown to inhibit D R P l translocation 

to m itochondria and attenuate D R Pl-m ediated  signalling (Cereghetti et al, 2010). 

Interestingly, another study described the prom otion o f D R Pl recruitm ent to 

m itochondria following phosphorylation at a different position, Ser600, by 

Ca^^/calmodulin-dependent protein kinase la  (CaMKIa) in neurons and HeLa cells (Han 

et a l, 2008). These results indicate that phosphorylation o f  D R Pl can have opposite 

effects depending on the site at which it occurs and also highUght an im portant role for 

intracellular calcium signalling in mitochondrial dynamics (Jeyaraju et al, 2009).

13



Another form of PTM reported in D RPl is sumoylation. Small ubiquitin-like modifier 

(sumo) addition to proteins often spares them from proteasomal degradation following 

ubiquidnation (Chang and Blackstone, 2010). Sumol is reported to sumolylate D R Pl in 

COS-7 cells and its overexpression increases mitochondrial fission, which the authors 

attribute to an increased pool of DRPl that is protected from degradation (Harder et ai, 

2004). Despite this, others report that cells expressing D RPl mutants lacking the 

capacity for sumoylation exhibit no changes in recruitment o f the protein to 

mitochondria, nor in fission rates (Figueroa-Romero et ai, 2009). Dynamin related 

pfotein-1 can also be ubiquitinated, which generally targets proteins for degradation. The 

E3 ubiquitin ligase MARCH-V is a mitochondrial OM protein for which D RPl is a 

substrate, as reported by Nakamura et ai (2006). Its role in mitochondrial dynamics is 

not clear, however, as this group reported that overexpression of MARCH-V reproduced 

DRPl knock-out phenot}"pe, whereas other studies show the exact opposite effect; RNA 

interference of MARCH V reproduced the elongated phenotype, inhibited D RPl 

translocation and promoted cellular senescence (Karbowski et ai, 2007, Park et ai, 2010). 

Interestingly, the more recent studies by Park and colleagues (2010), found Mfnl to be a 

major substrate for MARCH V and ectopic expression o f mutant M fnl lacking GTPase 

function in \1ARCH-V knock-out cells abolished excessive mitochondrial elongation and 

senescence. These conflicting data may indicate that although MARCH-V can 

ubiquitinate D R Pl, perhaps it has a more significant role in DRPl stabilisation at the 

OM than selecting it for degradation. Furthermore, its affinity for Mfnl as a 

ubiquitination target appears to be higher, such that loss o f MARCH V function leads to 

an accumulation of Mfnl in the cell and aberrant mitochondrial morphology.

There are several protems implicated as direct D RPl interactors, including MiD49 and 

MiD51, and endophilin B1 (Karbowski et ai, 2004b, Palmer et ai, 2011, Zhao et al, 

2011). MiD49 and MiD51 are two recently reported novel parts of the fission regulatory 

machinery (Palmer et al., 2011). MiD49/51 assemble into foci on the mitochondrial OM, 

like D R Pl, and their knock-down adversely affects mitochondrial D RPl recruitment. 

Interestingly, their overexpression appeared to sequester D RPl at mitochondria but 

prevented fission. This was also found by another group, who independently identified 

MiD51 as mitochondrial elongation factor 1 (Miefl) (Zhao et al., 2011). They report that 

M iefl/M iD Sl negatively regulates D RPl activity, by recruiting it to mitochondria and 

reducing its G lT ase activity', thereby inhibiting fission. Endophilin B1 is a fatty acyl
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transferase, from a group o f Bin-Amphiphysin-Rvs (BAR)-domain containing proteins 

with im portant roles in dynamin-mediated endocytotic vesicle scission. Only one study 

has been published on its effects on m itochondrial dynamics, which showed down- 

regulation o f  endophilin B in HeLa cells to produce extremely unusual m itochondrial 

m orphology, with hyperfused OM  containing vesicles o f  dissociated IM (Karbowski et 

al, 2004b). Endophilin B1 translocated to m itochondria after the initiation o f apoptosis, 

but the investigators did not examine D R P l/endoph ilin  co-localisation. D ouble knock

down o f  endophilin B1 and D R P l replicated D R Pl single knock dow n phenot}pe, 

indicating that D R Pl acts upstream  o f endophilin B l. N o further work on this line o f 

investigation appears to have been published by the group, thus the role o f this protein in 

m itochondrial fission/fusion remains intriguingly obscure.

The B-ceU lymphoma 2 (Bcl-2) family o f proteins also seems to have an im portant 

regulatory role in mitochondrial dynamics. I ’his large family o f proteins exerts powerful 

control over apoptosis and cell survival and is particularly relevant in cancer biology. 

Anti-apoptotic members include Bcl-xL, Bcl-2, KSHV-Bcl-2 and Bcl-w, whilst pro- 

apoptotic members include Bax, Bak, Bim and Bid (Petros et ai, 2004). Anti-apoptotic 

mem bers act by inhibiting the activit)' o f  the pro-apoptotic members Bax and Bak, while 

the pro-apoptotic members prom ote apoptosis by inducing freeing B ax/B ak from  

inhibition, allowing them  to induce mitochondrial OM  permeabilisation (MOMP). This 

involves the formation o f  pore-Uke oligomers on the OM, which facilitates the release o f 

im portant apoptotic signalling molecules, m ost notably cytochrome c (Autret and Mardn, 

2010). While mitochondrial fragmentation is a very early event in apoptosis (discussed in 

section 1.4.2), studies have indicated an im portant regulatory' role for both anti- and pro- 

apoptotic Bcl-2 proteins in mitochondrial m orphology in healthy cells.

Anti-apoptotic Bcl-2 proteins appear particularly im portant in neuronal m itochondrial 

fission. Bcl-w has been shown to prom ote fission in cerebellar Purkinje cells (IJu and 

Shio, 2008), as cells lacking Bcl-w show longer m itochondria than controls and exhibit 

defective dendrites and synapses. A nother anti-apoptotic Bcl-2 family m em ber, Bcl-xL, 

has been shown to increase m itochondrial fission 1.8-fold upon overexpression in 

neurons, in a D R Pl-dependent m anner (Berman et al., 2009) and has also been shown to 

induce D rp l-dependen t synapse form ation in cultured hippocam pal neurons (Li et al., 

2008). These results highlight the im portance o f  tight regulation o f  m itochondrial fission
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at distinct developmental stages o f the central nervous system, and also in post- 

developmental maintenance o f neuronal function. A schematic depiction o f 

m itochondrial fission is shown in fig 1.3.

1.3.2 Mitochondrial Fusion

The first mitochondrial fusion-mediating protein was described in Drosophila melongaster 

(Hales and Fuller, 1997). N am ed fzo (fuzzy onion), it was shown to be essential for the 

fusion o f m itochondria during spermatogenesis in this orgamsm. While fzo expression is 

restricted to the male germ line. Drosophila also ubiquitously express another mitofusin 

(dmfn) (Hwa et al, 2002). The mammalian hom ologues, M fnl and 2, were first reported 

by Santel and Fuller (2001), who described their OM -anchored location, GTPase- 

dependent activity and the elongation o f  m itochondrial tubules upon their 

overexpression. Since then, M fnl and 2 have been found to have overlapping but not 

completely redundant roles in the fusion process, with slight structural dissimilarities. 

Both Mfn 1 and 2 have N-term inal G lT a se  domains, two hydrophobic heptad repeat 

regions, (HR 1 and 2), and two transm em brane domains (Rojo et al., 2002). The N - and 

C-termini face the cytosolic side o f the OM , with the central part of the protein forming 

a U-shaped, transmembrane anchor (de Brito and Scorrano, 2008b). Mitofusin 2 has an 

additional Ras-binding domain that is lacking in M fnl and displays a surprismg level o f 

functional pleitropy (de Brito and Scorrano, 2008b, 2009).

The mechanism o f fusion is still under intense investigation. Fusion o f  synaptic vesicles 

occurs in three stages — ‘tethering’, where two membranes are anchored together yet still 

separate, ‘docking’, where the membranes are brought into closer apposition by soluble 

N-ethymaleimide-sensitive factor attachm ent protein receptor (SNARE) proteins and 

finally, fusion, a result o f  the close proximity o f  the two membranes (Koshiba et al., 

2004). The work o f Koshiba et al (2004) shed m uch light on the mechanism o f 

m itochondrial tethering by the mitofusins. They dem onstrated that M fn l/2  form  hom o- 

and hetero-oligomeric complexes in trans and mediate m itochondrial fusion by tethering 

o f  apposing membranes, with a distance o f  approximately 9SA between both 

membranes. The HR2 regions, when isolated from  M fn l/2 , form hom o- and 

heterot\fpic complexes (mirroring the behaviour o f the fuU length proteins) and are 

considered to mediate the ‘tethering’ stage o f  mitochondrial fusion. They have also
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Figure 1.3: Putative m echanism  o f m itochondrial fission. Selected proteins with potential roles in fission are 
shown. Dynamin related protein 1 (D R Pl) is retained at the cytoskeleton by protein kinase A (PIC\)-mediated 
phosphor\’lation (P,). Calcineurin dephoshporylates D R P l to release it from the cytoskeleton and allow recruitment to 
the mitochondrial outer membrane. Here it assembles into an oHgomeric ring structure around the outer membrane, 
which constricts upon G TP hydrolysis, causing membrane scission and organellar fission. Num erous accessory' 
proteins have been reported to be involved but their roles are not clear. Mitochondrial fission factor (Mff) is a strong 
candidate as a D R P l recruitment and assembly factor, while M iD49/51 are reputed to be negative regulators. Fisl 
functions in yeast as the main D R Pl recruitment protein but its role in mammalian mitochondrial fission is less well 
defined. ^L \R C H \" is postulated as a stabihser o f  D R P l through ubiquitination (Ub). The only inner membrane 
protein described to have potential involvement is M T P l8, but its mechanism o f action is unknown. After 
mitochondrial fission, D R P l returns to the cytoskeleton.
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shown that M fnl is particularly im portant following this ‘tethering’ stage o f fusion — in 

cells expressing a m utant M fnl without GTPase activit\% the m itochondria are aggregated 

and trapped in a ‘tethered’ state. Indeed, M fnl shows ~eightfold higher GTPase activity 

com pared to Mfn2 (Ishihara et ai, 2004). M oreover, exogenous expression o f wild-type 

M fnl can rescue cells expressing Mfn2 disease m utants, whereas wild-t)'pe Mfn2 cannot 

(Detm er and Chan, 2007). Interestingly, it has recently been dem onstrated that 

heterotypic M fnl-M fn2 trans complexes have greater efficacy than hom otypic complexes 

o f M fnl or Mfn2 (Hoppms et ai, 2011). New results from  H uang et al. (2011) suggest 

that H R l and 2 regions o f  Mfn2 bind to one another, and this interaction is actually 

fusion-inhibitory. The mechanistic details o f fusion following G T P hydrolysis, however, 

remam unresolved.

Inner m em brane fusion requires O P A l. This inner-m itochondrial mitodynamin is so 

nam ed for the optic neuropathy, autosomal dom inant optic atrophy (ADOA), caused by 

the m utadon o f the Opal gene (Alexander et al., 2000, Delettre et al., 2000). It was 

through the study o f this neuropathy that the im portance o f O P A l m mitochondrial 

fusion became clear, as monocytic m itochondria from A D O A  patients were abnormally 

condensed (Delettre el ai, 2000). O ptic atrophy 1 is now know n to be targeted to 

m itochondria, ma a basic-rich N-term inal targeting sequence, where it resides in the IM, 

in type 1 topology, facing the IMS (Olichon et a l, 2002). It has eight m RNA isoforms as 

a result o f  the alternative splicing o f exons 4, 4b and 5b (Delettre et ai, 2001) and even a 

single splice variant is found as several processed forms (Ishihara et ai, 2006) (fig. 1.4). 

Upon im port into the IM, the m itochondrial targeting sequence is cleaved by 

mitochondrial protein peptidase (MPP), yielding the long isoform  (L-O PAl)(Ishihara et 

ai, 2006). This is further processed at cleavage sites SI an d /o r  S2, by a num ber o f 

proteases (Ishihara et al, 2006, Song et al., 2007), yielding at least one other long isoform 

and at least three short isoforms (S-O PA l) (Guillery et a i, 2008). Short isoforms are 

more loosely bound to the IM than long forms that retain a hydrophobic domain 

(Ishihara et al., 2006, Suen et al, 2008).

Consistent with a role in fusion prom otion, overexpression o f  O P A l leads to 

m itochondrial tubulation in a num ber o f cell t}^es, in a GTPase-dom ain-dependent 

fashion (Olichon et ai, 2002, Cipolat et ai, 2004). However, the variation in O P A l splice 

variants and cleavage products has marked functional significance. Significant knock-
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down of OPAl leads to mitochondrial fragmentation, dissipation of and

pronounced cristae disorganisation (Olichon et ai, 2003) but this effect is only reversed 

by exogenous expression of full-length O PA l, not truncated O PA l yielding only S- 

O PA l (Ishihara et ai, 2006). Intriguingly, not all full-length splice variants can rescue 

OPAl-null mouse embryonic fibroblasts (MEFs) from their punctiform mitochondrial 

phenot}"pe; those containing the 4b exon are fully processed to S-OPAl and barely 

increase tubularity in the reticulum or increase fusion, while those lacking this exon 

favour the L-OPAl isoforms and restore mitochondrial fusion (Song et al., 2007). 

Indeed, treatment o f mammalian ceUs with uncoupler CCCP produces rapid (yet 

reversible) mitochondrial fragmentation concomitant with complete cleavage of L-OPAl 

to S-OPAl (GuiUery' et ai, 2008). Thus it would appear that L-OPAl promotes fusion, 

whereas S-(^PA1 promotes fission. The reality may be rather more complex, however, 

as studies show that L /S-O PA l isoforms work in concert and that the presence o f L- 

and S-OPAl isoforms has a synergistic effect on fusion (Song et ai, 2007).

The co-ordination of IM and OM fusion is an enigmatic process, as it is not clear if they 

occur simultaneously or sequentially. Yeast mitochondria undergo neither OM nor IM 

fusion in the absence of the OPAl orthologue Mgml (Sesaki et ai, 2003). In mammalian 

cells, however, the two processes can occur independently (Malka et al, 2005). Song et al. 

(2009) have reported that OPAl-null MEFs exhibit OM fusion in the absence of IM 

fusion, as evidenced by the presence multiple matrix compartments bounded by a single 

C^M in polyethylene glycol (PEG)-generated cell cybrids (polykary'ons). The authors also 

found that in stark contrast to the mitofusins, O PA l is not required on adjacent 

mitochondria for fusion to proceed; OPAl-null/wildtype cell cybrids exhibited full or 

partial mitochondrial fusion (mostly the latter). Interestingly, IM fusion has been shown 

to be Mfnl-dependent. While co-immunoprecipitation studies show physical interaction 

between both Mfns (GuiUerv' et al., 2008), overexpression o f O PA l produces 

mitochondrial elongation in wild type and Mfn2-nuU cells, but not in Mfnl-null cells 

(Cipolat et al., 2004). Thus, while OM fusion can proceed independently of IM fusion, 

the latter specifically requires M fnl, for reasons that are not yet determined.

Interestingly, Liu et al. (2009) report a novel ‘kiss and run’ mechanism of transient fusion, 

whereby mitochondria can come mto close apposition obliquely or laterally, partially 

exchange matrix components, then separate. This preserves the original morphology of
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the mitochondria and occurs between m itochondria in rapid transit on separate 

microtubules. In contrast, complete fusions occurred from  longimdinal interactions 

between m itochondria on the same microtubule and prom oted m itochondrial stasis. 

These transient fusions preser\^ed m itochondrial motility and bioenergetic integrity.

1.3.2.1 Kegulation ojMitochondrial Fmion

Mitofusins are known to be regulated by a num ber o f protein interactors and to be 

responsive cellular calcium levels. Unlike D R P l, however, there are few studies 

describing the regulation o f  fusion ma PTM  o f the mitofusins. f o  date, ubiquitination is 

the only form o f PTM described in the regulation o f mitofusins, and thus, OM  fusion. 

Several groups have identified the P 'fE N -induced putative kinase 1 (P lN K l)/p a rk m  

pathway as an im portant one in the regulation o f  m itochondrial fusion in Drosophila 

(Deng et ai, 2008, Poole et al, 2008, 2010, Ziviani et ai, 2010). M utations in P IN K l, a 

serm e/threonine kinase, or parkin, an E3 ligase involved in the proteasom al protem  

degradation pathway, result in an-early onset form o f  Parkinson’s disease (PD), called 

Autosomal Recessive Juvenile Parkinson’s Disease (ARJPD) (Gasser, 2007, Lesage and 

Brice, 2009). Drosophila PD  models can be created by genetic m anipulation o f either o f 

these proteins. The studies presented by these groups strongly indicate that P IN K l 

phosphorylates parkin, which goes on to ubiquitinate dm fn, rendering it unable to 

mediate fusion.

Ubiquitination o f hum an Mfn 1 and 2 has also been reported (Twig et a i, 2008a, Gegg et 

al, 2010). In the neuroblastom a cell line SH-SY5Y, this PTM  occurred in a 

P IN K /park in-dependent fashion, within three hours o f CCCP-m ediated m itochondrial 

damage (Gegg et al, 2010). It has been suggested that this could be a m echanism  by 

which damaged m itochondria are ‘singled-out’ from the healthy m itochondrial pool and 

targeted for mitochondria-specific autophagy (mitophagy) by degradation o f  the p ro 

fusion enzymes on the OM. In support o f this. Twig et ai (2008a) propose a co

ordination o f m itochondrial fission and fusion-prevention as a means o f  segregating 

depolarised m itochondria from  the healthy majority in a pancreatic cell line. They 

observed an uneven fission o f  m itochondria, in which one daughter organelle exhibited 

increased m em brane potential, with high probability o f  subsequent fusion, and an almost 

depolarised daughter organelle, with high probabiUt)' o f  mitophagy. These damaged 

m itochondria also showed decreased immunoreactivity for O P A l. Furtherm ore,
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inhibition o f  fission resulted in decreased mitophagy, increased protein oxidation and, a 

higher num ber o f depolarised m itochondria and impaired insulin secretion.

As previously m entioned, Bcl-2 proteins have im portant roles in regulatmg m itochondrial 

m orphology in health and apoptosis. Several recent smdies have indicated intriguing 

roles for pro-apoptotic Bax and Bak proteins in m itochondrial fusion regulation in 

healthy ceUs. Karbowski et al. (2006) have reported that B ax/B ak double knock-out 

m ouse cell lines exhibit fragmented m itochondria that were determ ined to be 

discontinuous separate units via fluorescence recovery after photobleaching (FRAP) 

studies. As well as severe fusion deficits, the cells show disrupted M fn2 distribution 

along the m itochondrial OM  — appearing to be distributed equally across the surface, 

rather than at discrete foci, as in wild-t\'pe cells. Hoppins et al. (2011) have also reported 

that a soluble form  o f Bax stimulated fusion in a dose-dependent m anner, by specifically 

interacting with Mfn2 hom ot\’pic complexes. Thus, Bax a n d /o r  Bak appear to interact 

directly with Mfn2 and are required for M fn2-mediated fusion.

Eura et al. (2006) have identified a ubiquitously expressed protein o f the m edium-chain 

dehydrogenase/reductase protein superfamaly as a negative regulator o f M fnl-m ediated 

m itochondrial fusion. Called M fn-binding protein (MIB), it is primarily cytoplasmic, 

with a small fraction localised to m itochondria and its knock dow n results in 

m itochondrial elongation and cell cycle arrest, w ithout any effects on cell death. 

Conversely, its over expression resulted in m itochondrial fragmentation, in a M fnl- 

dependent manner. Mfn2 has been proposed to act as an anti-proHferative regulator 

(Chen et al (2004), see section 1.4.3) and these results implicate that MIB regulates M fnl 

function in a similar role.

A recent study described by Zhang et a l (2010) indicates a novel role for guanine 

nucleotide binding protein-(3 subunit 2 (Gp2) in m itochondrial fusion regulation. It is a 

m em ber o f  the ^-subunits o f  the heterotrim eric G-proteins, a group o f  GTPases 

classically involved in cellular signal transduction through G -protein coupled receptors 

(GPCR). G p2 is enriched at the m itochondrial m em brane and co-im munoprecipitates 

with M fnl. Depletion o f  G(32 with shRNA interference led to m itochondrial 

fragmentation and fusion cessation, which was rescued upon reintroduction o f  the o f  the 

protein. M oreover, Gj32 was found to specifically interact with M fn l, as m itochondrial
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fragmentation could not be reversed by exogenous expression o f  Gp2 in G p 2 /M fn l 

double knockdown cells. It is interesting to note that G[32, M dvl and Caf4 are all 

W D40-repeat proteins, the latter two being essential D nm l adaptors in yeast 

m itochondrial fission. These results hint at a com m on m otif amongst some 

mitodynamin-regulating proteins, albeit with potentially different or opposing regulatory' 

roles.

While no PTMs such as phosphory'lation/ubiquitination o f  O P A l have been reported, 

the sheer num ber o f splice and cleavage variants signifies huge potential for tissue-, cell- 

and even m itochondrion-specific regulation o f fusion. Tw o main proteases have been 

put forward as OPA-1 regulator}' proteins. Ishihara et al. (2006) first dem onstrated the 

proteolytic processing o f O P A l by the metalloprotease paraplegin. Paraplegin is an 

A TP-dependent mitochondrial matrix-facing AAA-protease (m-AAA-protease) whose 

m utation is responsible for hereditary' spastic paraplegia (HSP) (Casari et ai, 1998). It is 

localised to the m itochondrial IM, with the protease site facing the matrix, 

(^verexpression o f paraplegin in HeLa cells leads to O P A l cleavage to S-isoforms and 

m itochondrial fragmentation, whereas its knock-down resulted in mitochondrial 

elongation. Strangely, Guillery et al. (2008) did not find any difference in O P A l cleavage 

patterns in HSP patient lymphoblast m itochondria com pared to healthy control samples, 

nor did they find any difference in CCCP-induced cleavage patterns. This led to the 

identification o f an alternative metalloprotease involved in O P A l processing; the IMS- 

facing AAA-protease (i-AAA-protease) complex. They investigators knocked dow n the 

main com ponent o f the i-AAA-protease, ymel-like protein (YM EIL) and found that 

CCCP-induced cleavage o f  OPA-1 was significantly reduced.

Finally, a regulatory' role for the m itochondrial prohibitin PHB2 in O P A l processing has 

been described. Prohibitins are a family o f ubiquitously expressed m em brane proteins 

with wide-ranging but poorly defined functions related to the regulation o f  gene 

expression, cell cycle and apoptosis (Sievers et al., 2010, Semenzato et al, 2011). 

Merkwirth et al (2008) showed that PHB2, and its hom ologue P H B l, assemble in large 

ring-shaped complexes at the m itochondrial IM (as in yeast (Tatsuta et al, 2005)), and 

influence O P A l cleavage. K nock-dow n o f PHB2 in M EFs led to a drastic increase in L- 

O P A l processing to S-O PA l isoforms and fragmented m itochondria with aberrant 

balloon-Kke cristae. Exogenous expression o f PHB2 fully restored mitochondrial
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tubularity and cristae, while expression o f  cleavage resistant L-O PA  did so in over 50% 

o f  cells. Interestingly, a very' recent study by (Sato et al., 2011) cites the regulator^' power 

o f  PH B proteins on O P A l cleavage as the root o f cytotoxicity observed in mammalian 

cells exposed to natural marine product aurilide. A schematic depiction o f mitochondrial 

fusion is shown in fig 1.5.

M itochondrial dynamics involves complex co-ordination o f  balanced fission and fusion, 

with multiple levels o f regulation that are still no t completely understood. Dysregulation 

o f  this balance has serious consequences for m itochondrial m orphology, but what is the 

functional sigmficance o f this? Furtherm ore, what are the actual functions o f 

m itochondrial dynamics in healthy cells? This topic has been touched upon in the 

description o f ubiquitination o f  mitofusins being a ‘qualit)^ control’ mechanism for 

m itochondria, and in the mamtenance o f synaptic plasticity regarding D R P l regulation. 

'Fhere are many other significant functions o f m itochondrial dynamics which will now be 

discussed.

1.4 Functions of Mitochondrial Dynamics

As m itochondria cannot be created de novo, fission represents the only way for 

m itochondrial distribution amongst dividing cells (I^almer et ai, 2011). I'h is has obvious 

implications for the im portance o f D R Pl in embryonic developm ent; indeed, mice 

lacking D R Pl show developmental abnormalities and die after embryonic day 12.5, 

whilst neuron-specific D R Pl knock-down mice die after birth, with brain hypoplasia 

(Ishihara et al., 2009). In 2007, Leonard’s group presented the first report o f  D R P l 

m utation in a hum an patient, who died 37 days after birth, with ‘microcephaly, abnormal 

brain developm ent, optic atrophy and hypoplasia, persistent lactic acidemia, and a mildly 

elevated plasma concentration o f  very-long-chain fatty acids’ (Waterham et al., 2007).

Like D R P l, M fnl and 2 and O P A l also have essential roles in development. 

Heterozygous mouse m utants for either M fnl or Mfn2 dem onstrate full viability and 

fertilit}’, bu t homozygous m utants die mid-gestation (Chen et al., 2003). Mouse 

embryonic fibroblasts (MEFs) lackmg the m itofusin proteins or O P A l show many 

ceUular defects, including mitochondrial fragmentation and reduced fusion, poor cell 

growth, heterogeneit}’ o f m itochondrial m em brane potential, and decreased cellular
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Figure 1.5: Putative m echanism  o f m itochondrial fusion. Selected proteins with potential roles in fusion are 
shown. Mitofusins 1 and 2 (Mfn) assemble in homo- and hetero oligomers and mediate fusion via apposition of 
rmtochondna in trans. The exact mechanism remains elusive, but it is GTP-dependent and involves tethering of 
apposing membranes interactions o f  the two heptad repeat (HR) domains o f Mfn 1 /2  (inset). Bak (and possibly 
Bax) and G-protein (32 subunit (G(32) are reputed to have a fusion-promotion role, while Mfn binding protein (MIB) 
and ubiquitination via the PTEN-induced putative kinase 1 (P IN K l)/park in  pathway are said to be fusion inhibitory. 
Inner membrane fusion is mediated by O P A l, which may interact physically with M fnl in this process. O PA l is 
also cleaved by a num ber o f  proteases (MPP, paraplegin, i-,A.A.\ protease) to yield short and long isoforms, both o f 
which are required for fusion by a num ber o f  Prohibitins (PHB) assemble on the IM and may mhibit proteolytic 
cleavage o f  O PA l.

25



respiration (Chen et ai, 2005). Excessive cleavage of O PA l has also been indicated in 

the pathophysiology of MERRF patients (Duvezin-Caubet et ai, 2006). Mutations in 

genes encoding two fusion mediators lead to neurological disorders; Mfn2 mutation is 

responsible for the hereditar\^ peripheral neuropathy Charcot Marie Tooth Disease, t\-pe 

Ila (CMTIIa) (Zuchner et al., 2004) and O PA l is so named for the autosomal dominant 

optic neuropathy caused by the mutation of the Opal gene (Delettre et ai, 2000). This 

IM fusion mediator was also recently shown to be essential for embryogenesis in mice 

(Moore et al., 2010).

The importance of mitochondrial dynamics extends far beyond development. Fission 

and fusion are essential in the maintenance and sharing of mitochondrial DNA 

(mtDNA) and the regulation of apoptosis. Both O PA l and Mfn2 are particularly 

interesting as they exhibit roles outside o f fusion; they represent attractive candidates as 

integral mitochondrial proteins that mediate the interplay between dynamics and other 

important functions, particularly bioenergetics.

1.4.1 M aintenance and Sharing of m tDNA

I'he vast majority of the sizeable number of mitochondrial proteins - predicted to be in 

the region o f 700 in humans (Heazlewood et ai, 2003) - are encoded by nuclear DNA. 

However, mitochondria also contain small circular double-stranded DNA molecules of 

~16.6kb in size, each encoding a total of 37 genes; 13 encode core catalytic subunits of 

ETC enzymes (N D l, ND2, ND3, ND4, ND4L, ND5, and ND6 of, complex I, 

cytochrome b o f complex III, COI, COII, and COIII of complex IV, and subunits A6 

and A8 of the ATP synthase complex), 22 encode transfer RNA (tRNA) and two encode 

ribosomal RNA (rRNA) of the small and large ribosomal subumts (de Moura et ai, 

2010). Mitochondrial DNA resides in the matrix and is packaged into a discrete number 

o f nucleoprotein complexes, called ‘nucleoids’, each containing 2 — 8 DNA molecules 

and closely associated with Tfam (mitochondrial transcription factor A) (Legros et ai, 

2004). In stark contrast to the dipoloid nature o f nuclear DNA, a single cell can contain 

thousands o f copies of mtDNA and several nucleoids within individual organelles. This 

means that mitochondrial genot\'pe—phenot\"pe relationships arise from population 

genetics rather than by MendeHan relationships (Schon and Gilkerson, 2010). The large 

number o f copies of mtDNA per cell has two consequences: (1) cells are often 

heteroplasmic i.e. contain both wild t\'pe and mutated forms of mtDNA (point
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mutations a n d /o r  deletions) and (2) there exists a threshold effect in relation to m tD N A  

mutations; disease phenot)'pes are not observ^ed until 80-90% o f the total m tD N A  load 

carries the pathogenic m utation (Rossignol et ai, 2003).

Several elegant studies conducted over the last decade have dem onstrated an im portant 

relationship between m itochondrial dynamics and m tD N A  maintenance. In 2002, 

Capaldi et al., obser\"ed punctate staining o f fluorescently labelled nucleoids in m bular 

m itochondria o f  osteosarcom a cells 143B, leading them  to propose a ‘repU-unit’ m odel o f 

mitochondrial functional organisation. According to this model, certain elements, such 

as pyruvate dehydrogenase and nucleoids, are anchored to matrix com ponents in 

repeating units, while other m itochondrial elements, such as O X PH O S enzymes, can 

move units fluidly throughout the organelle. This model was supported som ewhat by 

the work o f M argineanm et al. (2002) which describes the presence o f  at least one 

nucleoid per m itochondrion following cell cyclc-dependent organellar fission. Thus, 

fission sites m ust be co-ordinated with the internal distribution o f  m tD N A  by some 

unknown mechanism. Furtherm ore, it has been dem onstrated that cell cybrids generated 

from  two hom oplasmic cell lines harbouring different, non-overlapping m tD N A  

mutations can restore m itochondrial function through functional com plem entation 

(Gilkerson et al., 2008). Polykar^'ons showed tubular and functional m itochondria, 

whereas both cell lines from  which the cybrids were generated exhibited mitochondrial 

dysfunction and extensive fragmentation. Although the polykar)^on mitochondria 

exhibited no recom bination o f  m tD N A , single organelles contained both  t)'pes o f 

m tD N A  in separate nucleoids, indicating the free transmission o f RNA transcripts and 

polypeptides between fusing organelles. These results indicate im portant roles in both 

fission and fusion in m tD N A  distribution and complementation.

Inhibition o f m itochondrial fission causes a decrease in m tD N A , concom itant with 

decreased respiration and A TP levels and increased reactive oxygen species (ROS) 

production (Parone et al., 2008). HeLa cells subjected to D R Pl knock down showed that 

hyperfused m itochondria lacked punctate fluorescent staining for mtDNjV across long 

sections o f  the reticulum, while other areas exhibited nucleoid aggregates. Overall, 

quantification o f total m tD N A  showed a ~50%  reduction com pared to controls. 

Interestingly, inhibition o f fusion is associated with nucleoid loss; Chen et al, 2007 

showed M fnl-nuU, Mfn2-nuU, M fnl/2-nuU  and O PA l-null cells contained many
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fragmented mitochondria devoid o f nucleoids. In the context of their earlier findings, 

that fusion deficient cells show heterogeneity and reduced respiration (Chen et al., 

2005), it seems to highly plausible that these heterogeneous deficiencies arise, at least 

partially, from populations of mitochondria devoid of essential mtDNA. This, in turn 

could lead to mitochondrial proteome heterogeneity (Chen et ai, 2010).

Finally, Chan’s group have recently demonstrated a role for mitochondrial dynamics in 

the tolerance of mtDNA mutations and thus, the mitochondrial threshold effect (Chen et 

ai, 2010). Using mice lacking Mfnl and 2 (double mutant) specifically in skeletal muscle, 

the investigators obser\^ed aberrant, punctate mitochondria within markedly smaller 

muscles compared to controls. Amazingly, double mutant muscle cells contained just 

~250 copies of mtDNA per nuclear genome, compared to ~3500 copies of mtDNA per 

nuclear genome in controls. Yet more compelling was the observation than ~7-week-old 

double mutant mice harboured a 5-fold increase in mtDNA point mutations and a 14- 

fold increase in deletions. Furthermore, mice genetically engineered to accumulate 

mtDNA mutations at a higher rate (mice carried homozygous alleles of the PolgÂ ^̂ ^̂ '̂  

knock-in aUele, which encoded a mitochondrial DNA polymerase with a deficient 

proofreading domain) suffered synthetic neonatal lethality only when this mutation was 

combined with Mfnl knock-down (single mutants surv'ived well into adulthood). I ’hus 

inhibition o f fusion seriously impacts mtDNA mutation accumulation and mitochondrial 

threshold effects.

1.4.2 A Role in Apoptosis?

The subject of apoptosis has already been touched upon several times throughout this 

review. This is because apoptosis, and the regulation thereof, are vitally important across 

multiple biological processes, from development, to adult tissue turnover, homeostasis 

and immune defence (Suen et ai, 2008, Sheridan and Martin, 2010). Indeed, 

dysregulation of apoptosis has serious and often fatal consequences. Under healthy 

conditions, it is a form of programmed cell death that allows for the destruction of non- 

viable or superfluous cells with minimal disruption to surrounding tissues and minimal 

inflammation. Apoptosis occurs through two main pathways that both converge on the 

activation of cytoplasmic caspases-3 and -7. These cysteine proteases go on to execute 

apoptosis through the cleavage of specific cytosolic and nuclear substrates, leading to the 

classic apoptotic cellular morphology that includes nuclear membrane breakdown.
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chrom atin condensation and fragmentation, cell m em brane blebbing, and form ation o f 

apoptotic bodies (Zou et ai, 1999).

The first pathway, called the extrinsic pathway, is commonly initiated in immune cells 

through cell surface receptors and leads to the activation o f initiator caspase-8, followed 

by activation o f executioner caspases. The second, called the intrinsic pathway, is 

activated in response cytotoxic drugs, heat shock, ionizing radiation, and other cellular 

stresses (Creagh and Martin, 2003). It leads to M OM P by Bcl-2 family proteins and the 

release o f  pro-apoptotic mediators, including cytochrome c. Cytochrome c release is a 

critical step in apoptosis; it goes on to form  part o f a caspase-activation assembly with 

apoptosis protease-activating factor-1 (Apaf-1) and caspase-9, called the apoptosom e. 

M itochondrial apoptosis is also associated with organellar swelling due to the formation 

o f the permeability’ transition pore (Pl'P), a high-conductance megachannel created 

through apposition o f certain contact points on the IM (adenine nucleotide translocase, 

ANT) and OM (voltage dependent anion channel, VDAC) with several o ther accessory 

proteins, including matrix protein cyclophilin D , and IMS protein creatine kinase. The 

FTP is permeable to any molecules with a mass o f 1.5kDa or smaller and is formed in 

response to a num ber o f stimuli, including Ca“" overload and oxidative stress (Jeyaraju et 

al., 2009). Its opening is associated with the efflux o f apoptogenic matrLx com ponents, 

dissipation o f and release o f ROS (Abou-Sleiman et ai, 2006).

The Bcl-2 family o f proteins has already been partially described here. T o expand; the 

Bcl-2 family is subdivided into three groups based on their anti- or pro- apoptotic 

function and Bcl-2 hom ology (BH) domains. Anti-apoptotic Bcl-2-Hke proteins (such as 

Bcl-2, Bcl-xL and Bcl-w) and pro-apoptotic Bax-Uke proteins (such as Bax and Bak) 

contain four BH domains, while pro-apoptotic BH3-onIy proteins (such as Bid, 

B im /B od, Bad, B m f and Puma), as evidenced by their name, contain just one BH3 

dom ain (Martinou and Youle, 2011). BH3-only members integrate and transmit ceU 

death signals to m itochondria as they are activated an d /o r upregulated in response to cell 

stress and go on to prom ote M OM P by Bax and Bak. These latter two Bcl-2 family 

m em bers execute M OM P through m echanism  that is not fully understood. While Bax is 

mainly cytosolic under healthy conditions, Bak is a constitutive OM  protein (Martinou 

and Youle, 2011). Upon induction o f  apoptosis, Bax joins Bak at mitochondrial OM 

where they assemble into hom o- and hetero-oHgomeric pores that cause
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permeabilisation. In healthy cells, anti-apoptotic Bcl-2 proteins inhibit Bax and Bak 

through binding and sequestration, whereas cell stress induces the binding o f  BH3-only 

proteins to anti-apoptotic members, releasing Bax and Bak and allowing MOMP. Some 

BH3-only proteins e.g. Bid and Bad, can interact directly with Bax and Bak to  prom ote a 

change to active state. Thus Bcl-2 proteins represent a dynamic group o f  regulators and 

effectors o f  the intrinsic apoptotic pathway.

1.4.2.1 O P yll in Apoptosis

Although mitochondrial fragmentation is an early event in apoptosis, and indeed, 

observed across species, there is controversy over the role o f m itochondrial dynamics in 

the regulation/execution o f program m ed cell death (Sheridan and Martin, 2010). Lee et 

al. (2004) dem onstrated that O PA l-deficient HeLa cells were highly susceptible to 

apoptosis, particularly o f a spontaneous nature, while Fisl-deficient cells were highly 

resistant, m oreso than D R Pl-deficient cells. However, there is also evidence to suggest 

the involvem ent o f fusion and fission m ediators in apoptosis is no t connected to their 

well-estabUshed roles in dynamics. The Bcl-2 family proteins have been implicated in the 

regulation o f mitochondrial dynamics in healthy cells, as previously discussed, but they 

have also been described to interact with mitodynamins during apoptosis. It is tem pting 

to assign a role for mitochondrial dynamics in apoptosis regulation, given the apparent 

functional interplay between enzymes o f  both  processes, bu t scientists have not yet been 

able to determine if this is truly the case. This is an area o f  intense research interest; what 

follows is a review o f the inform ation currently available on the role o f  mitochondrial 

dynamics in apoptosis, with particular reference to the potential roles o f O P A l and 

D R Pl.

The majority o f cytochrome c (~85%) resides within the intracristal space o f 

m itochondria, possibly anchored to complexes o f  the ETC and phospholipids such as 

cardiolipin (L^andes and M artinou, 2011). Its release during apoptosis requires cristae 

remodelling and it is in this respect that O P A l implicated. D uring apoptosis, individual 

cristae becom e fused and the intercristal junctions enlarge, thus releasing the sequestered 

cytochrome c into to IMS (Scorrano et ai, 2002), which then translocates to the matrix 

following M OM P. It has been experimentally determined that this remodelling occurs 

within 2 - 5  minutes o f  apoptosis induction by BH3-only protein tBid in isolated mouse 

liver m itochondria, in a Bak/Bax-independent m anner (Scorrano et al., 2002). The
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investigators designated m itochondria as ‘t}’pe I’ and ‘t\'pe IF before and after cristae 

remodelling, respectively. A fascinating study by Frezza et al. (2006) found that O P A l is 

enriched at intercristal junctions and exists as oUgomers o f the long and short isoform s, 

which are disrupted by tBid, leading to  intercristal junction widening and cytochrom e c 

mobilisation. Strikingly, another study has dem onstrated the co-release o f  O P A l with 

cytochrome c in apoptotic HeLa cells (Arnoult et al., 2005). Thus O P A l appears to 

maintain t\^pe I cristae m orphology and is released during apoptosis.

The interaction between BFI3-proteins and O P A l oligomer disassembly has been further 

supported by later studies, but the involvement o f Bak/Bax is no t clear. Yamaguchi et al. 

(2008) dem onstrated that Bid disassembled O P A l oligomers in m itochondria isolated 

from  wild t\'pe cells but not in those from  Bak/Bak double knock-out cells. Addition o f 

oligomerised recom binant Bax restored wild t}"pe O P A l disassembly. However, 

som ewhat counter-intuitively, M OM P-inhibiting drugs did not inhibit O PA l 

disassembly, which the authors interpreted as an indication that Bid does not affect 

O P A l oligomers ma access gained through Bak/Bax oligomeric pores. Fhus there could 

be a regulator}' role for Bak/Bax in cristae remodelling outside o f M OM P activities. 

Interestingly, they also showed that disassembly-resistant m utant O P A l self-oligomerised 

in a G T P-dependent m anner and that expression o f  this m utant in H EK 293 cells 

potently prevented Bim-induced apoptosis, despite the fact that Bak activation still 

occurred. Recently, (Landes et al, 2010) have implicated another BH3-only protein, 

Bnip3, in O P A l oligomer disassembly, cristae remodelling and fusion dynamics. 

Interestingly, Bnip3 integrates into the mitochondrial OM  through its C-terminal 

transm em brane domain (1"MD), exposing its last 10 residues to the IMS. Abolition o f 

this IMS residue also abolished O P A l interaction, but the same result was no t obtained 

upon abolition o f  the cytosolic residues. Furtherm ore, polykarj^ons overexpressing 

Bnip3 replicated the m itochondrial fragmentation and fusion deficit obser\^ed in O PA l 

knock-out cells, while ceUs expressing Bnip3 with a m utated BH3 dom ain (Bnipw^/BH3) 

induced fragmentation while failing to trigger apoptosis. Later experiments showed that 

Bnip3w///BH3 failed to disassemble O P A l oKgomers, while the w’ild-t}'pe protein did so 

successfully, in a Bax/Bak dependent manner.

The proteolytic processing o f  O P A l has already been discussed in the context o f fusion 

regulation, but it has been suggested as a substrate o f  another protease in relation to this
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cristae remodelling. Cipolat et al. (2006) have described a rhom boid protease o f the 

m itochondrial IM called presenilin-associated rhomboid-like (PARI.) that influences 

cytochrome c release through O P A l cleavage. In this study, PARI .-null mice developed 

muscular, splenic and neurological degeneration, dying within eight weeks o f birth, with 

general cachexia. These symptoms were found to be from  increased apoptosis in these 

tissues, m ost severely affecting muscle and imm une tissue. PARL-null M EFs displayed 

norm al m itochondrial morphology, respiration and but prematurely released

cytochrome c and displayed condensed cristae morphology significantly faster than wild 

t\’pe cells after induction o f apoptosis with tBid. Bax/Bak oHgomerisation was not 

significantly different between cell ty'pes, nor were O P A l levels, nor mitochondrial 

fusion rates. Finally, the authors showed that PARI.-nuU m itochondria lacked soluble S- 

O P A l found in the IMS o f wild t\"pe cells. Exogenous expression o f O P A l protected 

wild type cells but not PARL-null cells from  apoptosis and expression o f  PARI^ in 

PARl.-nuU cells restored S-O PA l cleavage products. Thus cleavage o f O P A l seems to 

regulate cristae remodeUing, possibly by providing short isoforms for assembly o f O PA l 

oligomers at cristae junctions.

It m ust be acknowledged that some investigators dispute the degree o f cristae 

remodelling required for cytochrome c release. As an example, Sun et al. (2007) found 

that cytochrome c release occurred in HeLa cells before m itochondria assumed ‘type IF 

cristae conform ation and in cells incubated with the pan-caspase z-VAD inhibitor, 

cytochrome c was released without any cristae remodeUing observ^ed during 

experimentation. This does not necessarily disprove the admittedly strong argument for 

the involvement o f O PA l-regulated cytochrome c release, but indicates that there may 

be other routes to cytochrome c release that are more pronounced in certain cell types.

1.4.2.2 DKP1 in Apoptosis

As previously m entioned, m itochondrial fragmentation usually accompanies the 

progression o f apoptosis. Again, there is controversy surrounding the subject — it is not 

known if fragmentation is part o f  the execution o f  apoptosis or merely a consequence o f 

it. There is a general consensus that D R Pl may be involved in apoptosis, but that it is a 

dispensable factor (Sheridan et ai, 2008, Sheridan and Martin, 2010, Landes and 

Martinou, 2011). Indeed, reconsidering the study m entioned earlier by Lee et al. (2004), 

D R Pl silencing attenuated apoptosis is HeLa cells but did not fuUy block it. Moreover,
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fragmentation and cytochrome c release are not interdependent processes (Arnoult et ai, 

2005); overexpression o f M fn l/2  does not prevent cytochrome c release from apoptotic 

HeLa cell mitochondria (Sheridan et ai, 2008) and wild type HeLa cell mitochondria 

fragment a fuU ten minutes after cytochrome c release during UV radiation-induced 

apoptosis (Gao et ai, 2001). Despite these findings, several groups have convincingly 

demonstrated the recruitment o f D R Pl to mitochondria during apoptosis in multiple cell 

t)'pes (Frank et ai, 2001, Karbowski et al., 2002, Neuspiel et ai, 2005).

Numerous groups have also confirmed that Bcl-2 family proteins do not only interact 

with O PA l during apoptosis. Karbowski et al. (2002) elegantly demonstrated an 

interaction between Bax, DRPl and Mfn2 in HeLa and COS-7 cells. P'oUowing 

induction o f apoptosis, Bax was obser\^ed to accumulate at foci on mitochondria which 

frequently became scission sites. Expression of mutant D RPl did not affect this Bax 

assembly, but fission was prevented. Interestingly, mitochondria in wild t\’pe cells often 

remained anchored to one another following fission via complexes that were found to 

contam Mfn2 in addition to Bax. The authors speculate, m their 2006 paper on Bax/Bak 

regulation o f mitochondrial fusion, that apoptotic activation of Bax/Bak could cause a 

conformational change that specifically ends their fusion promoting activities and allows 

increased fission (Karbowski et ai, 2006). Germain et al. (2005) have shown that DRPl is 

involved in Bik-mediated cristae remodeUing and cytochrome c release, though the 

authors did not examine O PA l cleavage/oligomers in this study. Finally, a fascinating 

study by Wasiak et ai (2007) used fluorescence recovery after photobleaching (FILVP) to 

examine yellow fluorescent protein (YFP)-tagged DRPl recruitment to mitochondria in 

healthy and apoptotic cells. They found that DRPl in healthy cells rapidly cycles 

between the cytosol and mitochondria with a half tune o f 50 seconds. Upon induction 

of apoptosis, Bax/Bak assembly on the mitochondrial OM causes this cycling to cease as 

D RPl is stably recruited. Furthermore, the mechanism o f this stable recruitment 

involves Bax/Bak-dependent sumoylation of D R Pl. These studies support the findings 

of Karbowski et al. (2002) and also provide another example o f fission regulation through 

PTM of D RPl.

Finally, an unusual state between fission and fusion, termed ‘hemifusion’, induced in 

liposomes by D R Pl, has been described in the context of apoptosis. Montessuit et al 

(2010) used liposomes containing phosphatidylcholine, phoshpatidylethanolamine and

33



cardiolipin to examine tBid-dependent Bax oligomerisation. Having tested a num ber o f 

cell and tissue lysates that stimulated tBid-mediated Bax oligomerisation in liposomes, 

they determ ined that D R Pl was a key stimulant. This effect was dose-dependent, G TP- 

independent but, unexpectedly, A lT -dependen t, although D R P l was found no t to 

hydrolyse ATP. The group found that liposomes aggregated following D R P l addition 

and further investigation revealed that liposomes had undergone hemifusion, in which 

the outer leaflets o f opposing membranes had mixed but the contents o f each vesicle had 

not. Prom otion o f hemifusion in the absence o f  D R P l (using cytochrom e c at pH  6) 

also prom oted Bax oligomerisation, suggesting the key factor was no t D R P l per se, bu t its 

abilit}' to facilitate hemifusion. This may go some way towards explaining why knock 

down o f  D R P l in cells does not completely abolish apoptosis — the presence o f other 

hemifusion facilitators could offset the decrease in this protein (I.andes and Martinou, 

2011).

1.4.2.3 Mitofusins in Apoptosis

It should be clear at this point that depletion o f D R Pl causes m itochondrial hyperfusion 

and is som ewhat protective against apoptosis. It is difficult to deduce from these 

experiments whether the hyperfusion itself plays a part in the protection against 

apoptosis, or if it is merely an unrelated variable. Neuspiel et al. (2005) examined the 

sigmficance o f  the distinctly lower affinity o f  Mfn2 for G T P (relative to M fnl) in the 

context o f  apoptosis through the overexpression o f  an ‘activated’ m utant Mfn2 in COS-7 

cells. I ’his ‘activated’ m utant has an increased nucleotide binding affinity but reduced 

hydrolysis rate and as such, utilises G T P rather more like a Ras protein; tight binding o f 

G TP activates Ras proteins in signal transduction and the low rate o f  hydrolysis prolongs 

the activation phase. Overexpression o f ‘activated’ Mfn2 was protective against 

apoptosis, bu t this was not due to hyperfusion. Rather, ‘activated’ Mfn2 was shown to 

localise to m itochondria diffusely rather than at punctae and interfere with Bax activation 

and M OM P; indeed, less than 20% o f  ‘activated’ Mfn2-ceUs analysed exhibited activated 

Bax and cytochrome c release after three hour treatm ent with staurosporine. These 

results suggest a bidirectional regulatory crosstalk between B ax/B ak and Mfn2 in 

apoptosis regulation.

O ther studies suggest a role for mitochondrial fusion itself in delaying the progression o f 

apoptosis. A phenom enon called ‘stress induced h \^erfusion’ (SIHF) has been described
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by Tondera et al. (2009) in several cell types, including MEFs, HeLa cells, mouse primar\' 

fibroblasts and astrocytes. Cells exposed to a number of stressors, e.g. UV radiation, 

serum deprivation and treatment with actinomycin D (transcription inhibitor), exhibited 

hyperfused mitochondria within 2-3 hours, peaking after 6-9 hours. This increase in 

fusion resulted in increased ATP levels, specifically through OXPHOS, and resistance to 

further stress and apoptosis. Interestingly, this process was dependent on a 

mitochondrial protein of ill-defined function called stomatin-like protein 2 (SLP2). 

Previously reported as a putative Mfn2 interactor (Hajek et al., 2007), it was found to 

stabilise O PA l in the long isoform, which allowed hyperfusion to proceed in a Mfnl 

(but not Mfn2) dependent manner. Mitochondrial hyperfusion has also been described 

during cellular starvation (Gomes et al., 2011) but this wiU be described in section 1.4.4.3.

A schematic summarising our current knowledge of mitochondrial dynamics in apoptosis 

is provided in fig. 1.6. Given the rich array of interactions documented between 

apoptosis effectors and mitodynamins, it is quite difficult to conceive that these two 

essential functions of mitochondria are not connected in some way. One must concede 

that because fragmentation can occur several minutes after the release o f cytochrome c, it 

IS possible that this morphological change during apoptosis merely functions to ‘prime’ 

the organelles for degradation as part of systematic programmed cell death (Sheridan and 

Martin, 2010). However, in light o f the fact that not only one, but all of the 

mitodynamins function as control points in apoptosis, or interact with other regulator)^ 

proteins at some level during the process, it seems very’ likely that mitochondrial 

dynamics are influential during the progression of programmed cell death.

1.4.3 Mfn2 - Roles Outside of Fusion

The pleitropic roles of mitodynamins have become obvious during the course of this 

review. As the mitofusins are only 60% structurally identical (Santel and Fuller, 2001), it 

seems logical that one, or both of these mitodynamins should have roles outside of 

fusion. There is strong evidence to suggest that, indeed, this is the case, especially for 

Mfn2. In the rat brain, Mfn2 is expressed predominantly, and M fnl only marginally 

(Eura et al, 2003). Curiously, though, Berman et al (2009) report that in rat cortical 

neurons, only 1-2% apparent encounters between mitochondria result in fusion. This 

could be explained by the recent discovery by Hoppins et al (2011) that Mfn homotypic 

complexes are less fusogenic than are heterotypic complexes; if there is significandy
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Figure 1.6: The role o f mitodynamins in apoptosis. U nder normal conditions, anti-apoptotic Bcl-2 family proteins 
(e.g. BcI-2, Bcl-xL, Bcl-w) inhibit apoptotic effector Bcl-2 family proteins Bak (located on the mitochondrial outer 
membrane, OM) and Bax (mostly cytosoHc). Bak colocalises with M fn l/2  on the OM  and positively regulates fusion. 
Cytochrome c is enriched within inter-cnstal junctions, which are ‘gated’ by O PA l oUgomers composed o f both S- and 
L- isoforms. The inner membrane (IM) protease PARL cleaves O PA l into short isoforms which aids oHgomer 
formation. In response to apoptotic stimuli, pro-apoptotic BH3-only Bcl-2 proteins (e.g. Bid, Bad, Bim) inhibit anti- 
apoptotic Bcl-2 proteins, liberating Bak and Bax from inhibition. During cristae remodelling, O PA l oligomers are 
disrupted, possibly by BH3-only Bcl-2 protein Bnip3, unleashing cytochrome c into the IM space (IMS). Bax is 
recruited to the OM, where Bax/Bak hetero- and homo-oUgomers form, permeabilising the OM (MOMP). Cytochrome 
c IS released through the Bax/Bak OM  pore, where it binds Apaf-1 and caspase-9 (casp-9), forming the apoptosome and 
committing the cell to apoptosis. The S isoform o f O PA l is also released and potentiates apoptosis through an 
unknown mechanism. In addition, Bax colocalises with D R P l at future scission sites and stabilises D R Pl at the OM, 
while fusion is inhibited through interactions with Mfn2. This leads to eventual fragmentation o f the mitochondrial 
reticulum as apoptosis progresses.



implicated as an anti-proliferative protein. Indeed, its increased expression in post

mitotic neurons may relate to this particular function.

In addition, Mfn2 appears to have an important role in endoplasmic reticulum (ER) 

regulation and calcium buffering. It has been shown by de Brito and Scorrano (2008a) 

that Mfn2 not only regulates ER morphology, but also tethers mitochondria to the ER 

thereby improving calcium buffering capacity. Interestingly, in a follow-up study (de 

Brito and Scorrano, 2009), the authors elucidated a potential role for Ras in this process. 

The investigators found that expression of Mfn2 lacking its Ras binding domain in Mfn2 

MEFs could fuUy rescue the t}"picaUy fragmented mitochondrial phenoty^pe, but could 

restore neither ER/mitochondrial apposition nor errant ER morphology, though the 

exact mechanism underlying this remains elusive. Thus Mfn2, and its Ras binding 

domain, are essential for ER morphology, calcium buffering and cell proliferation. 

Mitofusin 2 also has an important bioenergetic regulator}^ role but this will be discussed 

in the context of bioenergetics and mitochondrial dynamics, which follows.

1.4.4 Mitochondrial Dynam ics and Bioenergetics

I ’he first indication o f an interaction between mitochondrial morphology^ and 

bioenergetics came from the pioneering works of Hackenbrock, who elegantly 

demonstrated a rapid morphological change in isolated mouse Uver and intact ascites 

tumour cell mitochondria upon OXPHOS stimulation (Hackenbrock, 1966, 1968, 

Hackenbrock et ai, 1971). When mitochondria were m respiratory state 4, they assumed 

an ‘orthodox’ conformation, typical of that observ^ed in tissue following fixation i.e. 

filamentous cristae within a matrix o f intermediate electron densit}' and relatively small 

IMS. However, a dramadc change occurred upon induction of state 3 respiration, in 

which mitochondria assumed a ‘condensed’ conformation, featuring a highly condensed, 

electron-dense matrix, with enlarged IMS but apparently unchanged total mitochondrial 

volume. Several decades later, this work has been further confirmed in living cells, as 

mitochondria change to a more condensed and reticular form upon alternating cellular 

energy substrates from glycolytic to more oxidative forms (Rossignol et ai, 2004, Benard 

et al., 2007). However, the relationship between mitochondrial dynamics and 

bioenergetics is not quite as simplistic as these data would suggest. A crucial issue is the 

hierarchical organisation of this relationship — does mitochondrial bioenergetic state 

dictate morphological behaviour, or vice versa? There is mounting evidence to suggest
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both  are true, that the relationship is a bi-directional crosstalk (Benard et a l, 2011). 

Understanding this relationship fully has major implications in health and disease, as 

myriad disease states, such as cancer, neurodegeneration and, o f  course, m itochondrial 

diseases, exhibit both  bioenergetic dysfunction and concom itant alterations in 

m itochondrial dynamics. W hat follows is a discussion o f  the evidence dem onstrating the 

influence o f  m itochondrial m orphology on bioenergetics, followed by the evidence 

dem onstrating the opposite effect — bioenergetics influencing m itochondrial dynamics.

1.4.4.1 The influence of Mitochondrial Dynamics on Bioenergetics

It is quite compelling that neurons, which derive upwards o f 90% o f  their ATP from 

m itochondria (Cai and Sheng, 2009) appear to be among the m ost severely affected by 

aberrations o f  mitochondrial fission, fusion and transport. To some extent, this fact 

alone asserts the importance o f  m itochondrial dynamics in energy metabolism. O ther 

circumstantial evidence o f how m itochondrial dynamics influence bioenergetics can be 

extracted from  the studies o f com plem entation o f  m tD N A  expression through 

m itochondrial fusion, discussed in section 1.4.1. To reiterate; cells homoplasmic for 

non-overlapping m tD N A  mutations exhibited m itochondrial dysfunction and 

m itochondrial fragmentation but, upon PEG -induced cell fusion, exhibited restoration of 

mitochondrial function (including functional O X PH O S machinery and respiration rates 

comparative to control cells) assembled into a tubular reticulum (Gilkerson et a l, 2008). 

Thus, the fusion-com petent, yet O X PH OS-dysfunctional m itochondria saw a restoration 

o f function following fusion, through functional com plem entation. The literature 

provides examples o f more direct influences o f D R P l, O P A l and Mfn2 on 

bioenergetics, with an emphasis on the latter, fusogenic mitodynamins.

Benard et a i (2007) report that D R Pl-deficient cells not only exhibit the typical elongated 

mitochondrial phenot\"pe, but also significantly lower respiratory rates, RCRs and 

decreased A TP production. Furtherm ore, they found decreases in mitochondrial 

mem brane fluidit}" o f D R Pl-deficient cells, which resulted in decreased in situ complex 

IV activity (but no t ex situ, dem onstrating the m em brane-dependent effect). This is 

remarkable in Hght o f the dem onstrated ability o f  D R P l oligomers to influence Upid 

dynamics in liposomal hemifusion (M ontessuit et a l, 2010) and cristae remodelling 

(Germain et a l, 2005). Thus D R P l may influence O X PH O S through alteration o f 

m em brane properties.
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op tic  atrophy 1-mediated mitochondrial fusion has been revealed by many investigators 

to be important in bioenergetics. This is not surprising given its dual roles in fusion and 

cristae remodelling. It was first implicated in this context by Olichon et al. (2003), who 

showed OPAl-deficient HeLa cells had reduced AW^. Chen et al. (2005) went on to 

demonstrate that OPAl depletion in MEFs decreased their growth rate almost seven

fold. This was accompanied by a remarkably decreased respiration rate that could not be 

increased even in the presence o f mitochondrial uncouplers, reduced substrate-driven 

respiration through complexes I, III and IV and heterogeneous A*P .̂ Strikmgly, these 

effects were all reversible through exogenous expression of O PA l in OPAl-null cells, 

mdicating that the respiratory defects are due to decreased fusion, rather than mtDNA 

loss, as is seen in Mgml-null yeast. Since this study, Zanna et ai (2008) have highlighted 

some important energetic defects in fibroblasts from ADOA patients carn'ing truncated 

OPAl-producing mutations. Cells were capable of growth under conditions o f forced 

OXPHOS (glucose-free, galactose-containing medium) but exhibited baUoon-Uke 

structures and significantly reduced mitochondnal fusion m these circumstances. 

Additionally, OXPHC^S through complex I substrates was significantly hindered, 

although expression o f a number of complex I subunits was not different from controls. 

Interestingly, OPAl co-immunoprecipitated with apoptosis inducing factor (AIF) and 

with subunits o f complexes I, II and III. Thus OPAl haploinsufficiency led to 

permrbed fusion and OXPHOS defects in ADOA padent fibroblasts, possibly due to 

decreased stabilisation of ETC enzymes.

Finally, Mfn2 has been shown to have a sizeable influence on the regulation of 

mitochondrial bioenergetics, particularly in exercise physiology, obesity and insulin 

resistance in diabetes. Obesity, t\'pe 2 diabetes and even ageing are associated with 

insulin resistance, reduced metabolic flexibiUt}' (switching between glucose and lipid 

metaboHsm depending on substrate availability) and reduced muscle oxidation of glucose 

and fatty acids (Petersen et ai^ 2003, Zorzano et ai, 2009). Bach et al (2003) have shown 

an important role for Mfn2-mediated mitochondrial fusion in L6E9 myotube 

differentiation to myoblasts. Induction o f differentiation was correlated with 

upregulation of Mfn2 and a significant increase o f mitochondrial interconnectivit}'. 

Depletion of Mfn2 led to a decrease in mitochondrial respiration and a significant 

decrease in glucose oxidation. Furthermore, skeletal muscle samples from obese rats and 

humans showed ~40% downregulation o f Mfn2 compared to controls, concomitant with
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m itochondrial fragmentation. The authors suggest these data partially explain the 

metabolic deficiencies commonly associated with skeletal muscle from  obese patients, 

such as reduced oxidation processes and impaired glucose-induced thermogenesis 

(Astrup et aL, 1990).

In a follow-up study, the authors found a strong negative correlation between Mfn2 

m RNA expression and body mass index (BMI) in control and obese patient samples 

(Bach et aL, 2005). They also found that dramatic weight loss by surgical intervention 

sigmficantly increased Mfn2 m RNA levels in skeletal muscle o f  formerly obese patients, 

which corresponded to an increase in insuUn sensitivity and glucose oxidation in muscle 

samples. This weight-loss-induced increase in Mfn2 m RNA levels was also found by 

M ingrone et al. (2005), suggesting a role for Mfn2 in exercise physiology. Indeed, Cartoni 

et al. (2005) have reported that the nuclear transcription factor peroxisome proHferator- 

activated receptor y coactivator la  (PG C -la), which is involved in metabolic homeostasis 

and m itochondrial biogenesis, positively regulates Mfn2 gene expression. Expression o f 

P G C -la  is increased in skeletal muscle two hours after exercise, leading to a significant 

increase in Mfn2 mRNA expression 24 hours later, which could contribute to exercise- 

induced increases in mitochondrial content, size, oxidative capacit}' and aerobic glucose 

oxidation. M ore recently, Liesa et al. (2008) have dem onstrated that P C G -lp  directly 

prom otes m itochondrial fusion in a M fn2-dependent m anner and suggest that P C G -la  

regulates this process in response to stimulated m itochondrial activity (such as during 

exercise), whereas PCG-1[3 is a regulator at basal activity.

Interestingly, Pich et al (2005) propose that some o f the effects o f  Mfn2 on muscle cell 

physiology Lie outside its role in fusion. Expression o f loss-of-function Mfn2 in L6E9 

myotubes was found to inhibit pyruvate, glucose and fatty acid oxidation and reduce 

whereas expression o f Mfn2 gain-of-function had the opposite effect. This Mfn2 

loss-of-function led to downregulation o f nuclear encoded subunits o f complexes I, II, 

III, V, whilst over expression o f functional Mfn2 causes upregulation o f subunits o f 

complexes I, IV and V. Interestingly, these effects were also observed in cells expressing 

a truncated form  o f M fn2 lacking fusogenicity, in which m itochondria did not exhibit 

aberrant morphology, but adopted the ‘condensed’ state described by H ackenbrock to 

correspond to state 3 respiration (Hackenbrock, 1966). Thus, in these experiments, 

Mfn2 was dispensable for m itochondrial fusion but no t for a functional O X PH O S

40



system. This does not necessarily negate the role o f m itochondrial fusion in O X PH O S 

regulation as, presumably, the cells expressed normal levels o f  M fnl and O P A l, which 

would maintain healthy levels o f fusion and propagate the OXPHOS-regulatory effects 

o f Mfn2 throughout the reticulum.

Most recently, Guillet et al. (2011) have established a role for Mfn2 in the regulation o f 

mitochondrial A l'P-sensitive potassium  channels (mK^^j,,), m acromolecular protein 

complexes located on the IM and proposed to comprise complex II, ATP synthase, 

A N 'r, ATP-binding cassette protein 1 (ABCl) and the phosphate carrier. M itochondria 

from brains o f mice expressing a CM TIIa m utant o f  Mfn2 exhibited reduced RCR, 

complex II and ATT synthase activity and dramatic reductions in ATP levels. I ’his could 

be reversed with the addition o f  mK^-,-,, inhibitor, while an agonist o f the channel 

reproduced the disease phenot}^pe in healthy control samples. Thus the authors propose 

Mfn2 stabilises the mK^v^, through an unknown mechanism, and Mfn2 mutations lead to 

bioenergetic defects as a result o f  this loss o f stabilit)^

Taken as a whole, these data suggest expression o f Mfn2 supports O X PH O S as the 

primaiy means o f energy production. Indeed, the differentiation o f embr\’onic stem cells 

into cardiomyocytes involves a switch from glycolytic metaboUsm to oxidative, which 

coincides with an upregulation o f  Mfn2 (de Brito and Scorrano, 2008b). This may also 

go some way towards explaining the disproportionately high expression o f  Mfn2 in 

neurons com pared to M fnl (Eura et a i, 2003) given their high O X PH O S dependence 

(Cai and Sheng, 2009). These effects may or may not be related to the role o f  Mfn2 in 

fusion but in light o f the inform ation currently available in the literature, it seems likely 

that the effects are due to a com bination an d /o r  co-ordination o f  these dual roles.

1.4.4.2 The Influence of ̂ ioenergetics on Mitochondrial Dynamics

O ne o f the greatest hindrances to our understanding o f the effects o f bioenergetics on 

m itochondrial dynamics is the fact that O X PH O S and glycolytic capacities vary greatiy 

between cells. For example, m ost cancer ceUs t\^picaUy derive a disproportionate am ount 

o f  ATP (~50%  or more) from  glycolysis, a process known as aerobic glycolysis or the 

W arburg Effect (Warburg, 1956), whereas non-transform ed cells t}"picaUy rely m ore on 

OX PH O S. In addition, the microscopic observ^ation o f  m itochondrial dynamics is 

limited to the use o f culmred cells as technical hurdles have yet to be ov’ercome to repeat
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such studies in situ or in vivo. Many cultured cells are known to exhibit increased 

glycolysis relative to those in vivo, to the point where inhibition o f glucose 

phosphor}'lation with 2-deoxy-D-glucose (DOG ) produces a 70% decrease in A IT  

(Sauvanet et a i, 2010). This issue can be overcom e to some extent by culturing the cells 

in a glucose-free medium containing galactose, in which the inefficiency o f conversion o f 

galactose to glucose-1-phosphate via the Leloir pathway forces a dependence on 

glutaminolysis and thus, O X PH O S (Rossignol et al., 2004). Nevertheless, caution should 

be applied when extrapolating m itochondrial dynamics data derived from  in vitro studies. 

Despite these issues, studies focusing on the effects o f  bioenergetics on mitochondrial 

dynamics have yielded some im portant results and fall in to one o f  two categories; those 

modulating metaboHsm using drugs (such as those described in 1.1.2) and those 

observing m orphological changes in cells with metabolic defects o f genetic origin.

'Fhe first studies describing changes m m itochondrial dynamics following chemical 

inhibition o f  m itochondrial bioenergetics reported that uncouplers, such as FCCP and 

CCCP, caused extensive fragmentation in HeLa cells, with both  punctate and disk

shaped organelles clearly distinguishable (I-egros et ai, 2002, M attenberger et al, 2003). 

Interestingly this effect is reversible — removal o f the uncoupler allows the return to 

tubular m orphology (l^uvezin-Caubet et al., 2006, Guillerv' et al., 2008). As discussed in 

section 1.3.2, these A T^-dependent changes in m itochondrial morphology were later 

shown to correspond to specific O P A l cleavage patterns but the reason for this response 

to depolarisation is unknown. It is conceivable that maintaining a n d /o r  rectifying the 

IS m ore achievable in a smaller organelle and sudden depolarisation stimulates 

fission to facilitate this, but this has yet to be established. M itochondrial depolarisation is 

arguably one o f  the only forms o f  chemical bioenergetic m odulation that reliably 

reproduces the fragmented m itochondrial reticulum across m ost mammalian cell type; 

E T C /O X P H O S  inhibition seems to have cell type-dependent effects on mitochondrial 

morphology.

De Vos et al. (2005) report that inhibition o f  complex I with rotenone, complex III with 

antimycin A, or ATP synthase with oligomycin results in m itochondrial fragmentation in 

epithelial CV l cells and M EFs. Yet, Legros et al (2002) found that, o f  these, oligomycin 

was the only agent to induce fragmentation in Hel>a cell m itochondria, while D O G  also 

produced fragmentation. T o obfuscate matters further, Pletjushkina et ai (2006) found 

that fragmentation occurs with complex 1,111 and ATP synthase inhibitors in CVl cells,
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but oligomycin was ineffective in HeLa cells, while complex I and III produced 

fragmentation. Benard et al. (2007) found that rotenone had a dose-dependent effect on 

mitochondrial fragmentation and cell death in MRC5 fibroblasts, while oligomycin also 

induced fragmentation. Insulinoma IN S -IE  and hepatocellular carcinoma H E P-G 2 cells 

exhibited fragmentation upon rotenone treatm ent according to the work o f Plecita- 

Hlav'ata et al. (2008). Smdies o f hum an skin fibroblasts (HSF) have been somewhat 

contradictor}' also; cells were found to  exhibit mitochondrial outgrowth upon rotenone 

exposure, rather than fragmentation according to K oopm an et al. (2005a), while Guiller}' 

et al (2008) describe the same ceUs undergoing partial m itochondrial fission following 

chemical inhibition o f  complexes I, III, IV and ATP synthase. While differences in 

inhibitor concentrations and incubation times may account for some o f the variation, it 

appears there are also cell-specific effects o f E T C /O X P H O S  inhibition on the 

m itochondrial fission/fusion balance, the intricacies o f which are not yet clear.

Hum an skin fibroblasts derived from  patients with mitochondrial dysfunction are 

commonly used to model the effects o f genetic bioenergetic aberrations on organellar 

morphology. K oopm an et al. (2005b) showed that genetic complex I deficiency led to 

morphological aberrations in the m itochondria o f thirteen HSF cell lines carr)’ing 

mutations in nuclear genes encoding different complex I subunits or complex I assembly 

proteins/chaperones. O f  these cell Unes, two exhibited fragmented m itochondria, three 

exhibited an increased num ber o f m itochondria, three showed increased reticulation and 

branching o f m itochondria and five exhibited shortened mitochondria with decreased 

branching (distinct from  fragmentation). Thus there appeared to be a mutation- 

dependent influence o f ETC defect on m itochondrial morphology. The general trend 

am ongst the cells was that those exhibiting the greatest inhibition o f complex I activity 

(~60%) also presented with shortened or fragmented m itochondria, while those 

exhibiting the lowest inhibition o f complex I activity (~30%) presented with increased 

branching and no reduction in organelle number. Interestingly, PEG-generated 

polykaryons between two cell lines with mutations in two different complex I core 

catalytic subunits (N D U ESl and 2) exliibited mitochondrial m orphological restoration 

through functional com plementation. Thus defective ETC function in these cells had 

direct effects on m itochondrial morphology. More recently, M oran et al. (2010) have 

described HSF carrying m utations to core complex I subunits different from those o f 

(Koopm an et al, 2005b) These cells did not exhibit significant differences in
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mitochondrial morphology compared to control, however, their mitochondria were 

significantly slower to recover filamentous morphology following transient exposure to 

the uncoupler CCCP, indicating dysfunctional OXPHOS can affect mitochondrial 

morphological changes in response to further organellar perturbation.

I'ransform ed cell lines have also been used to examine genetic mitochondrial defects in 

the context o f mitochondrial morphology. Hayashi et al. (1994) created a ceU cybrid by 

fusion o f HeLa cells lacking mtDNA {p° HeLa) with HSFs from a patient carr}'ing a 

mutation in the tRNA''*^''’ gene and presenting with mitochondrial myopathy, 

encephalopathy, lactic acidosis, and stroke (MELAS). They found the disease phonotype 

replicated in the HeLa cell cybrids, with severe OXPHOS deficiency combined with 

swollen and balloon-like m.itochondria clustered around the nucleus. Likewise, 

Szczepanowska et al. (2004) showed that when human osteosarcoma cells carrying a 

mtDNA mutation associated with neurogenical muscle weakness, ataxia and retinitis 

pigmentosa (NARP) contained 68% mutant mtDNA (below safe heteroplasmy 

threshold), mitochondria were filamentous like those o f controls but when cells were 

almost homoplasmic for the mutant mtDNA, mitochondria became disorganised and 

fragmented.

Taken together, it is clear that although bioenergetic modulation can demonstrably 

change the balance between mitochondrial fission and fusion, the effects can be cell type- 

specific and as yet, no clear pattern has emerged whereby cellular oxidative capacity’ can 

be deduced from observ’ation of mitochondrial morphology.

1.4.4.3 Stress-Induced Hyperfusion -  Integration of the bidirectional Crosstalk^

Interestingly, the aforementioned phenomenon of stress-induced hyperfusion (SIHF) 

may represent a unique bioenergetics-dynamics feedback loop that integrates the two 

sides o f the bidirectional crosstalk discussed so far. Gomes et al. (2011) have found that 

mitochondrial hyperfusion during starvation spares them from autophagic degradation 

and promotes survival through optimal ATP production. Autophagy is a survival 

mechanism employed by ceUs during periods of nutrient deprivation; recycled 

breakdown products, like sugars, fatty acids and amino acids, resulting from the 

lysosomal degradation cytoplasmic material, are metabolised to maintain cellular 

homeostasis (Rambold et al, 2011).
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Gomes and colleagues dem onstrated that M EFs maintained in physiological saline 

(rather than culture medium) for several hours exhibited an increase in cyclic AMP, 

which led to the activation o f Pl-C-\ and subsequent inhibition o f  D R P l via 

phosphorylation. This not only allowed for fusion to proceed unopposed, bu t actually 

increased fusion rates. Strikingly, hyperfusion was associated with an increase in the 

formation o f ATP synthase oligomers, which are believed to be more efficient in the 

production o f  ATP (Strauss et al., 2008). In addition, when hyperfusion was blocked, 

mitochondria ‘cannabilised’ cytosolic ATP to maintain probably by reversal o f  A l ’P 

synthase, which resulted in massive cell death. Therefore, the cellular bioenergetic state 

initially influenced m itochondria to elongate, which in turn improved A TP production 

efficiency and cell survival. Assuming no irreparable damage had occurred to the cells 

during star\'adon, it is conceivable that they would resume normal m itochondrial 

dynamics upon return to nutrient-rich medium, but this has not yet been assessed.

1.5 Conclusion

The field o f mitochondrial dynamics is a point o f conv'ergence for many cellular 

functions and dysfunctions, from m itochondrial maintenance and quality control, to 

apoptosis execution and regulation, to numerous disease states including 

neurodegeneration, cancer and diabetes. Despite the incredible progress made in this 

area in the past decade, there are significant gaps in our knowledge. The m echanism  o f 

mitochondrial m em brane fusion is still ver)^ much a mystery', as is the process o f  D R Pl 

recruitm ent and assembly at the OM. Furtherm ore, it is still no t known how significant 

fragmentation is m the process o f  apoptosis, but given its ubiquit)’ across species, it 

seems to be a relevant aspect o f program m ed cell death. A better understanding o f  the 

mechanisms o f all o f  these processes should give valuable insight into the diverse 

regulator}^ pathways relating to m itochondrial function in health and disease may provide 

new therapeutic targets.

Evidently, examples abound o f changes in mitochondrial morphology following 

bioenergetic modulation. A critical aspect that has been neglected, however, is the actual 

fusion rates o f m itochondria in cells following treatm ent. Mere observation o f 

morphology does not provide inform ation regarding the change in rates o f  the opposing 

forces governing organellar shape. If  m itochondria are fragmented, it is impossible to 

teU if this is due to an increase in fission rate that overwhelms the fusion machinery, or if
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It is due to an inhibition o f  fusion, while fission proceeds as normal. Thus, observ^ation 

o f morphology is generally not a reliable indication o f mitochondrial bioenergetic state.
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1.6 Aim of Thesis

M itochondrial m orphology is regulated by the balanced processes o f fission and fusion. 

Emerging evidence indicates that the maintenance o f this balance is critical in the 

regulation and execution o f  numerous m itochondrial functions. Conversely, 

dysregulation o f  this balance has far reaching implications in hum an health and disease, 

particularly in relation to conditions in which mitochondrial dysfunction is a critical 

element o f  pathogenesis. Cancer and neurodegeneration are two such illnesses and 

advancing our knowledge o f  how and why mitochondrial dysfunction develops in each 

case will aid in the design o f  treatm ents for both. This project focuses on the effects o f 

bioenergetic modulation on m itochondrial fusion rates in hum an cervical carcinoma 

HeLa cells and rat primar\' cortical neurons. Specific aims are described in relevant 

chapters.
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C H A PT ER  2

M aterials and General M ethods



2.1 General Methods

2.1.1 Antibodies and Reagents

All reagents were obtained from Sigma-Aldrich Co., Poole, Dorset, UK, unless otherwise 

stated. M itochondria-targeted photo-activatable green fluorescent protein (PA-GFP- 

mito) and pDsRed2-m ito plasmids were kind gifts from Dr. Richard Youle (NIH, 

Bathesda, Maryland, USA) and Dr. Seamus Martin (Trinity College, Dublin), respectively. 

Antibodies used are as follows; mouse anti-D R Pl (BD Transduction Laboratories, 

O xford, UK, Cat No. 611112); rabbit anti-Glial Fibrillary Acidic Protein (GFAP, Dako, 

D enm ark, Cat No. Z0334); rabbit anti-FIexokinase I (Abeam, Cambridge, UK, Cat No. 

65069); rabbit and-hexokinase II (Cell Signalling, MA, USA, Cat No. 2867); rabbit anti- 

M fnl (Santa Cruz, CA, USA, Cat No. SC-50330); rabbit anti-Mfn2 (Sigma, Cat No. 

M6319); m ouse anti-O PA l (BD Transduction Laboratories, Cat. No. 612606); mouse 

anti-a-tubuUn (MiUipore, MA, L'SA, Cat No. 05-829 mouse a n d -l’U Jl (Covance, NJ, 

USA, Cat No. MMS-435P) and rabbit anti-V D A Cl (Abeam, Cat No. 15895).

2.1.2 Preparation o f Solutions and Pipetting

Reagents were weighed either on a Mettler CoUege Model analytical balance or on a 

M ettler K7T top-loading balance for weights above or below 5g, respectively. All 

aqueous solutions were prepared using deionised water from a MiUipore Direct-Q3 

W ater Purification System. All solutions were adjusted to the appropriate pH  using a 

Corning pH  meter, M odel 240, which was calibrated daily using standard buffer solutions 

o f  pH  4.0, 7.0 and 10.0. Gilson pipettes were used to pipette volumes from  l[j,l to 5ml.

2.1.3 Centrifugation

A variety o f centrifuges were used. For volumes o f  2ml or less, an E ppendorf Benchtop 

Centrifuge 5415 was used. Various steps in the purification o f rat brain m itochondria 

required the use o f a Sorv'all RC-5B centrifuge with an SS34 rotor. For subcellular 

fractionation o f the rat brain, a Sorvall Discover}' 100 centrifuge, fitted with an AH-629 

rotor (6 x 30ml tubes), was used. All centrifuge tubes were balanced on the Mettler 

College Model analytical balance before centrifugation. Finally, a Therm o Scientific
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Heraeus Multifuge 3SR Centrifuge was used to pellet cells suspended m volumes o f 2 — 

50ml.

2.1.4 Electrophoresis

An AE-6450 Dual Mini Slab K it and a BioRad PowerPac 300 were used for all SDS- 

PAGE.

2.1.5 Experimental Animals

All experimental animals were obtained from the Bioresources Unit, TCD. Adult female 

Wistar rats, weighing approximately 250g each, and were killed by cer\dcal dislocation. 

Neonatal pups were, weighing approximately 20g each, were sacrificed at postnatal day 1 

and killed by swift beheading using sharp, sterile, surgical scissors.

2.1.6 Cell Culture

All ceU culture work was carried out under sterile conditions in a N U A IRIi laminar flow 

hood. AU cells were maintained at 37"C, in 95% humidit)' and 5% C O 2. Cell growth and 

viabilit}' was m onitored visually using a N ikon Eclipse TSIOO light m icroscope with lOx, 

20x and 40x dry? objectives. Cell counts were perform ed using a Reichert 

haemocytom eter and cell viability was assessed by exclusion o f trypan blue dye.

2.1.7 Statistical Analysis

Statistical analyses were carried out using a com bination o f M icrosoft Excel 2003 and 

G raphPad Prism 5. AU data were tested for Gaussian distribution and equal variance 

within the G raphPad Prism 5 software. All data are presented as mean + SEM unless 

otherwise stated. A P-value o f  0.05 or less was deemed to be statistically significant. The 

particulars o f statistical analyses pertaining to each experiment are described in the 

relevant results sections.
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2.1.8 Im age Processing

All images were processed using a com bination o f FVIO-ASW Olympus Fluoview Ver. 2 

software (for confocal microscopy images), M icrosoft Pam t 2007, Image J (NIH) and 

Adobe Photoshop 7. All diagrams and illustrations were created using a combination o f 

Creative D ocs .Net freeware, Version 3.3.6 (Epsitec SA, www.creativedocs.net) and 

M icrosoft Paint 2007.

2.2 Protein Estimation

The protein concentrations were estimated as per the m ethod o f  Bradford (1976), with 

modifications. Bovine serum albumin ser\^ed as a standard and was prepared, from a 

stock o f  O .lm g/m l, as a series o f dilutions ranging from 2 - 20)o,g/ml with a final volume 

o f  800fj,l (in triplicate). To these (and to diluted samples o f  unknow n protein 

concentration), 200(j,l o f  Protein Assay Dye Reagent Concentrate (Bio-Rad, CA, USA) 

was added and samples were incubated for 30 minutes. Tw o-hundred microlitres o f each 

sample was transferred into a well o f a 96-well microtitre plate and the absorbance o f 

each was read at 595nm in a SpectraM AX PLUS M icroplate Spectrophotom eter, 

corrected for blank. An example o f the standard curv'e comm only generated is given in 

fig. 2.1.

2.3 Western Blotting

Samples were estimated for protein content and loaded onto 8% - 15% polyacrydamide 

gels in l^em mli sample buffer. Between 10 and 20|ag protein were loaded into each well, 

using Spectra M ulticolour Broad Range Protein Ladder (Therm oFisher, MA, USA) as a 

molecular weight marker. Gels were run at constant Amps (20mA/gel) for 90 minutes 

using BioRad Bio-Rad PR O TEA N  II xi CeU and a BioRad PowerPac 300. A semi-dry 

transfer technique was employed to transfer the samples onto Im m obilon nitrocellulose 

m em brane, at constant voltage (lOV) for one hour. The m em brane was blocked in 5% 

BSA in 1T5ST overnight at 4"C and incubated in primary" antibody in 5% BSA (1:500 — 

1:2000 dilution) overnight at 4"C. Finally, the m em brane was incubated in secondary' 

antibody in 1% BSA (goat anti-rabbit HRP, MiHipore, goat anti-mouse HRP, Sigma, both 

1:10000 dilution) for 2 — 3 hours at room  tem perature. For visualisation o f  bands, the
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Figure 2.1: Standard curve generated in Bradford protein estim ation. Representative o f  standard 
curve commonly generated in protem estimation experiment, where the slope is defined by the 
equation 'y — m x  + c’ and the r- v^alue estimates ‘goodness o f fit’ o f data to linear regression (a value o f 
1 indicating a perfect fit). Data presented as mean + SD.
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m em brane was covered in 0.3 - 2ml chemiluminescent reagent (Santa Cruz) for 2 - 5  

m inutes and incubated with photographic film for the appropriate time (10 -  300s). The 

film was developed using a Fuji X-Ray Film Processor RG II. Densitometry 

m easurem ents o f  bands were carried out using Image | software.

2.4 Microscopy

2.4.1. Fluorescence Microscopy

Indirect fluorescence o f cells culm red on glass coverslips was viewed with a Zeiss 

A xiovert/A xiocam  CCD system and AxioVision AxioVs40 software. The system’s 

mercury lamp light source was used to irradiate samples, which were viewed using 

standard filter sets for for 4,6-diamidino-2-phenyUndole (DAPI), FITC & rhodamine 

chrom ophores B lue/g reen /red , through lOx and 20x dr\’ objectives and a 60x oil 

objective.

2.4.2 Confocal Microscopy

Direct and indirect fluorescence o f fixed and live cells were viewed using an Olympus 

FVIOOO Point Scanning Confocal M icroscope, FVIO-ASW Olympus Fluoview Ver. 2 

software and a 60X oil immersion objective. Sequential excitation at 405nm, 488nm and 

546nm were provided by near-violet laser diode, argon and helium-neon gas lasers, 

respectively. The imaging cham ber was heated to 37“C, humidified and contained 5% 

C O 2 for live cell imaging. Fixed samples were imaged at a resolution o f 1024 x 1024 with 

Kalman filter set to 6, while live cells were imaged at a resolution o f  512 x 512 without 

Kalman filter, to avoid phototoxicity' in the samples.

2.4.3 Quantification of Mitochondrial Fusion Rates

The m ethod o f quantification o f  m itochondrial fusion rates was based on that o f 

Karbowski et a i (2004a), with modifications, and relied on the principle that 

m itochondria share matrix contents upon fusion. By conferring high fluorescence to a 

small group o f  m itochondria within the cellular m itochondrial matrix (photoconverting 

m itochondria-expressed GF’P to a state o f  100-fold increased fluorescence in a small
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region o f interest, or ROI), the rate o f fusion can be m onitored by measuring the rate o f 

decrease in fluorescence intensity in the ROI as matrix contents are shared by fusing 

organelles. All experiments were carried out using the Olympus FVIOOO Point Scanning 

Confocal M icroscope, FVIO-ASW Olympus Fluoview Ver. 2 software and a 60X oil 

immersion objecdve with 1.7x zoom  applied. Cells culmred in 35mm glass bottom ed |o,- 

dishes (Ibidi, Munich, Germany) were placed in the live imaging chamber and covered 

with the C 0 2  regulator/hum idifier apparatus. Sequential excitation at 488nm and 

543nm allowed for visualisation o f PA -G FP and D sRed protein expression in transfected 

cells, respectively. Using the software’s Multiple Time Lapse facility", six separate fields 

were pre-selected per group (control and inhibitor-treated) per dish, each containing 1 — 

7 cells per field. Cells were imaged, with z-stacking (5 — 8 slices o f 0.8 — 1.4|o,m 

thickness), before and after photoactivation o f  discrete 7)j,m  ̂ regions o f interest (ROIs) 

o f the mitochondrial neKvork, with post-activation imaging inter\’als set at 1, 15 and 30 

minutes. Photoactivation was achieved by 5 second irradiation o f  ROIs using the 405nm 

laser set to 1 - 4% power output, depending on cell t}'pe. The photoactivated protein 

exhibited 85-95% increased fluorescence compared to its non-activated state. Regions 

exhibiting less than 85% increase in fluorescence post-activation were excluded from 

smdies, as were cells that entered mitosis during the experimental period. Using the 

software’s Image Analysis facility, the mean pixel intensities o f the photoactivated ROIs 

were calculated in both the red and green channels at all time points and expressed as a 

percentage o f pixel intensity 1 minute post-activation, deemed to be the point at which 

the pixel intensity was highest. Pixel intensities were also m easured in three l \ x . n \  ROIs 

in cell-free areas and subtracted from the cellular RO Is as ‘background’ fluorescence. 

Each treatm ent was repeated on at least three separate dishes o f  cells on three separate 

occasions (n = 3); thus each data point on graphs depicting fusion rates is representative 

o f data from 18 — 126 cells (average ~60 cells).

2.4.4 Quantification of A'Pm

M itochondrial m em brane potential was m easured by confocal microscopy using the 

-dependen t dye tetramethylrhodamine, methyl ester (TMRM, Invitrogen, CA, USA). 

This cationic, red-orange fluorescence-emitting dye is sequestered by m itochondria in a 

A*l^j^-dependent m anner and at non-quenching concentrations (below 50nM), indicates 

mitochondrial depolarisation upon loss o f signal (and, conversely, hyperpolarisation 

upon increase in signal). Cells were loaded with the dye in normal culmre medium
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containing 20nM TM RM  for 30-60min (depending on cell type), followed by incubation 

with 5nM TMRM for the duration o f imaging. Excitation with the 543nm laser set to 

1.4% power output allowed for visualisation o f  red-emitting TMRM within m itochondria 

o f  cells, viewed through a 60x oil objective. The imaging settings were adjusted such 

that the background fluorescence was negligible and the signal from cells was below 

saturation level. Six randomly chosen fields were pre-selected using the software’s 

Multiple Time Lapse facility and imaged before and after incubation with or without 

inhibitors. Using the software’s Image Analysis facility, mean pixel intensities o f each 

field were calculated and expressed as a percent o f  initial, pre-incubation values.

2.5 Immunocytochemistry

Cells culmred on 13mm glass coversUps were fixed in 4% paraformaldehyde in PBS for 

15 minutes, permeabilised in 0.2% Triton in PBS for 10 minutes, rinsed in PBS and 

blocked in 1% BSA in PBST for 30 minutes. Cells were incubated in primar\' antibody in 

1% BSA in PBST for one hour and in secondary’ antibody (anti-rabbit/m ouse 488 or 

546, Invitrogen) in 1% BSA in PBST for one hour. Coverslips were placed on 3ul 

Vectashield m ounting m edium  containing the nuclear counterstam  4,6-diamidino-2- 

phenylindole (DAPI) (Vector Labs, CA, USA) on glass slides and sealed with clear nail 

varnish, then stored at 4“C, in darkness, until imaging.

2.6 ATP Measurement

M easurement o f cellular ATP content was perform ed as per the m ethod o f  Kilbride et al. 

(2010) and using Enhten Recom binant Luciferase/Luciferin (rL/L) Reagent (Promega, 

CA, USA). The assay uses the m easurem ent o f  luminescence derived from  the reaction 

below to detect ATP levels present. As A'FP is the limiting factor, direct quantitation o f 

A l P levels is possible.

ATP + D-Luciferin + O j —> Oxyluciferin + AM P + Pyrophosphate + C O 2 + Lightj^onn,

Cells cultured in 24-weU plates and were incubated with or without inhibitors in pre- 

equilibrated culture medium for the required time (5 — 20 minutes), then rinsed briefly 

with PBS. Tw o-hundred microlitres o f  hypotonic lysis buffer (lOOmM Tris, 2mM
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ED TA, pH  7.75) were added to each well and the plate was immediately frozen at -80"C. 

For measurement o f ATP levels, samples were thawed on ice and 50fo,l o f  each sample 

was placed in a well o f  a white 96-weU luminescence microplate. To this, 100|j,l o f  rL /L  

Reagent (previously brought to room  tem perature for one hour) was added and the plate 

was immediately read in a SpectraM AX GemininXS plate fluorimeter, set to 

luminescence mode. N o more than seven samples were read at a time owing to the 

speed at which the reaction occurred. The readings obtained (in relative luminescence 

units, RI.U) were converted to pm ol ATP by use o f  an ATP standard curve (fig. 2.2), 

which was repeated every time a new batch o f rL /L  was used. Finally, ATP 

m easurem ent were normalised to protein concentration and expressed either as pmol/)^g 

or per cent control.

2.7 Molecular Biology

While the pDsRed2-m ito plasmid is commercially available from  Clontech (CA, L'SA), 

the PA -G FP-m ito plasmid was developed by Karbowski and colleagues (2004). Both 

plasmids encode a fusion fluorescent protein and mitochondrial targeting sequence from 

subunit VIII o f hum an cytochrome c oxidase. Both also contain cytomegalovirus (CM \^ 

prom oters and confer neomycin resistance in eukaryotic cells and kanamycin resistance 

in E..C0IL Upon receipt o f PA -G FP-m ito and pDsRed2 plasmids, it was necessary to 

prepare larger stocks o f each to ensure enough was available for all planned experiments. 

These stocks were prepared as detailed below. All microbiological procedures were 

carried out using aseptic technique.

2.7.1 Transformation of Competent Bacterial Cells

Fift}’ nanograms o f plasmid D N A  were added to 100)o,l Top 10 Chemically Com petent 

E.co/i (Invitrogen) in a sterile 1.5ml minifuge tube. The bacteria were heated to 42"C for 

exactly 30 seconds and then placed on ice for two minutes. Five hundred microlitres o f 

SOC media (Novagen, WI, USA) were added to the transform ed cells and the m be was 

sealed and incubated at 37‘’C, with gentle agitation, for one hour. Following this 

incubation, 10 -  25|j,l o f  bacteria were spread on a 9cm petri dish containing 12ml sterile 

Lennox LB agar (Chromatrin, Dublin, Ireland) at 35g/L , containing 50|j.g/ml kanamycin. 

The plate was incubated overnight at 37"C to allow for growth o f colonies o f  successfully 

transform ed bacteria.
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Figure 2.2: ATP standard curve for the Enliten rL /L  Assay. Representative o f standard 
curve repeated with each fresh aliquot o f rL /L  reagent used, where the slope is defined by the 
equation j  = m x + c and r- value estimates ‘goodness o f fit’ o f  data to linear regression (a value 
o f 1 indicating a perfect fit). Data presented as mean ±_ SD.
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2.7.2 Growth of Single Colonies and Miniprep

To increase the volume o f cells from an individual colony for the purposes o f  

performing a Miniprep and making glycerol stocks, 5ml o f 20g /L  I.B Broth (Chromatrin) 

(containing 50|ag/ml kanamycin) in 50ml falcon tubes was inoculated with a single 

colony picked from  agar plates using a sterile 2 — 200|al yellow tip. A total o f six 

individual colonies were selected for amplification and incubated overnight with constant 

swirling (200 rpm) at 37°C. The following day, 1ml o f each culture was set aside and 

stored at 4°C for making glycerol stocks, pendmg a successful Miniprep. I ’he remaining 

4ml o f each was centrifuged at 16, 000 x g for one minute in batches o f 1.5ml, to pack 

the cells from  each tube into a pellet. The Miniprep was then carried out using a 

QiaPrep Spin Miniprep I-Cit (Qiagen, Hilden, Germany) as per m anufacturer’s 

instructions.

2.7.3 Restriction D igest and Agarose Gel Electrophoresis

I’he final plasmid isolates produced in the Miniprep were assessed by agarose gel 

electrophoresis. For the restriction digest, 500ng plasmid D N A  was incubated with 5% 

(v/v) B am H l restriction enzyme (Fermentas, Germany) in a final volume o f 20|o,l digest 

buffer (Fermentas) for two hours at 37"C. T o this, 5fj,l o f  6X Sample Loading buffer 

(Novagen) was added and 25|al was loaded per well o f  a 1% (w/v) agarose gel (Ig agarose 

in TA E buffer; 40mM Tris-HCl, 200mM sodium Acetate, Im M  ED TA , pH  8.2) 

containing 2|o,g/ml ethidium bromide. I 'h e  samples were run alongside 5|u,l D irectI.oad 

Wide Range D N A  Marker, 50 — 10,000bp range (Sigma). The gel was run at 65V for 90 

minutes and the D N A  bands were visualised under UV light using a UVP Bioimaging 

Systems Epi Chemi II D arkroom  and Labworks Image Acquisition and Analysis 

Software V 4.0.0.8. The results o f  the digests for each plasmid are shown in fig. 2.3.

2.7.4 Glycerol Stocks and Maxiprep

Glycerol stocks were prepared by adding 20% (v/v) sterile glycerol to the Im l o f culture 

derived from  the single colonies chosen and previously set aside before the miniprep. 

Stocks were frozen at -80“C until required. For the maxiprep, LB agar plates containing 

50|^g/ml kanamycin were streaked with H.coli from  glycerol stocks and incubated 

overnight at The following day, a single colony was picked and used to inoculate
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Figure 2.3: Agarose gels o f d igested  plasm ids from six colonies selected for Miniprep. Six E.fo// 
colonies growing on agar plates following transformation with PAGFP-mito (A) or DsRed-mito (B) 
expression plasmids were selected for Miniprep. A restriction digest was carried out on the plasmid DNA 
punfied from each colony and the digested plasmids were analysed agarose gel electrophoresis. All bands 
satisfactorily migrated to the portion o f the gel corresponding to a plasmid size o f 5kb. In both cases, 
colonies 1 and 6 were deemed to be the best and it was these from which glycerol stocks were prepared.
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10ml o f LB broth  containing 50)j,g/ml kanamycin in a 50ml falcon tube. The tube was 

incubated at 37”C for eight hours, with swirling (200 rpm), then added to 145ml o f  LB 

broth/kanam ycin in a 200ml Erlenm eyer flask and incubated overnight at 37”C,with 

swirling. The cells were then pelleted by centrifugation at 4000 rpm  for 20 minutes. The 

pure plasmid was extracted using Invitrogen’s PureLink HiPure Plasmid D N A  

Purification Maxiprep kit, according to m anufacturer’s specifications. Plasmid purity was 

assessed by ensuring that the ratio o f A bs260/280 was less than 1.80, indicating minimal 

Upopolysaccharide contamination. This was perfom ed using an E ppendorf 

Biophotometer Plus and E ppendorf UVette cuvettes.

2.8 Generation of DsRed-stable clones

For studies o f  m itochondrial m orphology (rather than mitochondrial fusion), a HeLa cell 

line stably expressing the mitochondrially-targeted DsRed protein was generated.

2.8.1 N eom ycin Kill Curve

■\s the plasmid confers neomycin resistance in eukar^'otic cells, a kiU cur\’e was 

constructed to ascertain the optim um  concentration to use to select positively transfected 

cells. CeUs were seeded in 6 well plates at 8 x lO'^/weU and were exposed to neomycin 

concentrations from  200 — 800|j,g/ml 24 hours later. Cells were visualised every 24 hours 

thereafter for seven days using an Olympus 1X81-long focal length fluorescent 

microscope and phase-contrast images o f ten random  fields per neomycin dose were 

captured at 20X magnification, using a F-View II black and white camera in conjunction 

with Cell P software. Cell counts in the images collected were perform ed using Image f  s 

‘Cell Counter’ function, the results o f  which are presented in fig 2.4. The appropriate 

neomycin concentration was deemed to be 600|.ig/ml.

2.8.2 Transfection o f Cells and Selection

Cells were transfected using G ene Juice Transfection Reagent (Merck) as per 

m anufacturer’s instructions. Briefly, cells were seeded in two wells o f  a six well plate at 

1.3 X 10^/weU. W hen 80% confluent, 100|j,l transfection solution containing 3fo,l Gene 

ju ice and l|ag D sRed plasmid in serum-free DM EM  was added to the cell culture 

medium o f  each well. ITie m edium  was rem oved after four hours and replaced with
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F igure  2.4: N eo m y cin  kill curve in  H eL a  cells. Cells were seeded in 6-well plates, at a density' o f 8 
X 10'*/well and exposed to neomycin 24 hours later at the concentrations indicated (|xg/ml). Cells were 
counted daily in 10 random fields per concentration for one week. Control cells grew to complete 
confluence, whilst those exposed to neomycin exhibited time-and dose dependent cell death. Data 
presented as mean i  SEM.
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fresh, pre-warmed medium. Cells were exposed to 600|j,g/ml neomycin 48 hours later. 

Surviving cells were allowed proliferate before further purification. Cells were selected 

and purified into 5ml sterile D M EM  in a Beckman Coulter MoFlo FACS Machine, using 

a 150mW Coherent blue laser and a 580/30 band pass filter. The high-fluorescing cells 

were replated and allowed to rest for 48h before exposure to a maintenance-level dose o f 

neomycin (120|o,g/ml). W hen sufficient stocks has been accumulated, cells were frozen 

in FBS containing 10% (v/v) dimethyl sulfoxide (DMSO) and stored in Hquid nitrogen 

until required. Upon retrieval from  liquid nitrogen, cells were cultured for at least a week 

before use in experiments.
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C H A PT ER  3

Bioenergetic Control of M itochondrial 

Dynam ics in H eL a Cells Cultured 

in H igh  Glucose M edium



3.1. Introduction

Hanahan and Weinberg defined six classic hallmarks of cancer as sustaining proliferative 

signalling, evading growth suppressors, resisting cell death, enabling replicative

immortality, inducing angiogenesis, and activating invasion and metastasis (Hanahan and 

Weinberg, 2000). Recently, they suggested the addition of a seventh hallmark;

reprogramming of energy metabolism (Hanahan and Weinberg, 2011). Mitochondria in 

cancer have come into focus owing to their central roles in two o f the distinguishing 

hallmarks of tumorigenesis; apoptosis regulation and cellular bioenergetics. Moreover, 

mitochondrial fission and fusion are fast being accepted as powerful regulatory

mechamsms in both of these functions (Karbowski et ai, 2002, Suen et al., 2008). 

rherefore, it is envisioned that a better understanding of the central attributes that 

distinguish mitochondria in cancer cells from their non-transformed counterparts wiU 

provide new insights into mmorigenesis and possibly reveal new therapeutic targets. 

What follows is a brief description of cancer bioenergetics, followed by a discussion of 

the potential role o f mitochondrial dynamics in neoplastic transformation and

progression.

3.1.1 Cancer Metabolism

At the core of the clonal selection that leads to invasive and metastatic disease is the 

ability o f cancer cells to adapt to, and modify, their microenvironment. Key to this is 

altering cellular bioenergetics, as evidenced by the discovery' that expression of a number 

o f mutated oncogenes/tumour suppressor genes has direct effects on metabolism. For 

instance, tumour suppressor p53 has been shown regulate the balance o f glycolysis and 

OXPHOS in the production of ATP (Matoba et ai, 2006). In non-trans formed cells, p53 

promotes OXPHOS by upregulating a number of OXPHOS promotion factors, 

including SC02 (synthesis of cytochrome c oxidase 2), a complex IV subunit assembly 

factor. Mutation or knock down of p53 leads to a significant decrease in respiration and 

an increase in glycolysis (Ma et ai, 2007), a common feature of cancer cells (see section 

3.1.1.1). The oncogene MYC encodes transcription factor c-Myc which transactivates a 

number of glycolytic enzyme genes, such as lactate dehydrognase A (LDHA) and 

hexokinase (HK) II (Dang et ai, 2009). Thus, mitochondrial function and oncogenesis 

are inextricably Hnked.
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3.1.1.1 The Warburg Effect

G erm an biologist O tto  W arburg was the first to discover one o f cancer’s m ost com m on 

metabolic features; the derivation o f a disproportionate am ount o f energy (~50 - 70%) 

from  glycolysis rather than O X PH O S, and the conversion o f m ost pyruvate to lactate, 

even in normoxic conditions (Warburg, 1956). Term ed ‘aerobic glycolysis’ or the 

‘W arburg effect’, it is now the basis o f  one o f the m ost com m on detection systems for 

cancer; positron emission tom ography (PET) (Mathupala et ai, 2009). In non 

transform ed cells, glucose is phosphorylated by H K  to glucose-6-phosphate (G-6-P), 

which is then converted to pyruvate and transported to mitochondria. There, it is 

converted to acetyl CoA via the pyruvate dehydrogenase complex (I’DH C), which enters 

the TCA cycle and yields reduced equivalents that donate electrons to the 

E T C /O X P H O S  system. O f the four H K  isoforms characterised in humans (HK I — 

IV), HK IV (also called ‘glucokinase’) is the smallest (SOkDa) and has the lowest affinity 

for glucose (K^ = 5 — 8mIM). Hexokinases 1 — 111 are lOOkDa proteins that duplicate the 

basic unit o f  H K  IV and have vastly higher affinity for glucose (K^ — 0.02 — 0.03). 

Hexokinase I is generally accepted as a consdtudvely expressed ‘housekeeping’ isoform, 

while H K  II is t)'pically regulated in response to extraceDular glucose levels (Robey and 

Hay, 2006). Im portantly, H K  II is the only H K  isoform  m which both catalytic sites o f 

the two SOkDa ‘glucokinase units’ are catalytically active. These attributes may 

contribute to the fact that H K  II is the primary' isoform  that is upregulated in cancer and 

involved in the W arburg effect (Pedersen et ai, 2002, Robey and Hay, 2006).

The P I3 K /A k t pathway prom otes cell survival through upregulation o f anabolic and 

proliferative pathways when nutrient availability is high. It is also instrumental in the 

inhibition o f  apoptotic pathways via Akt-mediated inhibition o f  pro-apoptotic Bcl-2 

proteins (Yamaguchi and W ang, 2001). This pathway is frequently dysregulated in cancer 

(Elstrom  et ai, 2004, Hennessy et al., 2005). Indeed, the m utation o f phosphatase and 

tensin hom olog (PTEN ), a po ten t negative regulator o f PI3K  signalling, is one o f the 

m ost com m on in cancer genetics (Pandolfi, 2008, Azim et a i, 2010). Deregulation o f  the 

P I3 /A k t pathway can directly affect H K  II in cancer cells; rather than residing in the 

cytosol, H K  II is phosphorylated by Akt (Majewski et a i, 2004), which prom otes its 

translocation to the m itochondrial OM  via interaction with the VDAC. I ’his holds three 

main advantages for the enzyme; the first is that it reduces aUosteric inhibition by G-6-P, 

the normal negative-feedback regulatory mechanism o f  H K , the second is that it gains
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preferential access to mitochondrial ATP by exploiting the close proximity of VDAC to 

ANT within the ATP synthasome (a putative complex comprising ATP synthase, ANT 

and the inorganic phosphate carrier) and the third is that VDAC-bound H K II has 4.8- 

fold higher affinity for A IT  compared to the cytosoHc form (Bustamante and Pedersen, 

1980, Mathupala et ai, 2009). Thus, HK II can phosphorylate glucose at a higher rate at 

a mitochondrial location.

It seems counterintuitive that rapidly proliferating cells would make use o f a decidedly 

less efficient metabolic pathway to generate ATP. This may only be an important factor 

when the energy source is limited i.e. the cell must make efficient use of scarce 

substrates. However, this is generally not a problem faced by mammalian cells, as there 

is a constant supply of nutrients circulating in the blood. Thus energy efficiency may not 

be a prerequisite for sur\'ival in these conditions (Vander Heiden et ai, 2009). One of the 

mam advantages o f aerobic glycolysis is that cells can channel glycolytic breakdown 

products not towards OXPHOS, put towards anaboUc pathways, generating biomass for 

the purpose o f proliferation. For instance, G-6-P can be channelled to the PPP to 

generate ribose-6-phosphate and reduced NAD-phosphate (NADPH) for nucleotide 

synthesis, while citrate generated in the TCA cycle is excreted back to the cytosol to 

make lipids (Jose et ai, 2011) (see fig. 3.1). In addition, NADPH generated through the 

PPP can be used by glutathione reductase to regenerate reduced glutathione and provide 

ROS defence.

Thus, committing glucose to the generation o f ATP is a lesser priority for proliferating 

cells than is the generation o f anabolic building blocks. The production o f amino acids, 

Hpids and nucleotides requires more carbon intermediates and NADPH than it does 

A IT . Furthermore, high intracellular A TP/A D P ratio inhibits HK, which would lead to 

a shortage o f glycolytic intermediates and the cessation o f cell growth (Vander Heiden et 

ai, 2009). In addition, the relatively little amount of glucose that is converted to pyruvate 

can be preferentially converted to lactate rather than decarboxylated to acetyl CoA 

(Vander Heiden et ai, 2009). This is due to the oncogenic hypoxia-induced factor-1 

(HIF-l)-mediated upregulation of LDH and PDH-kinase (negative regulator of PDH) 

and has a protective function: the release o f lactic acid into surrounding tissue lowers the 

local pH and provides a protective acidified microenv'ironment that is intolerable to 

other cell t)’pes (Wu et ai, 2007, Jezek et ai, 2010), aiding invasion.
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Figure 3.1: Comparison of m etabolism  in normal and cancer cells. (A) In normal cells glucose is phosphorylated to 
glucose-6-phosphate (G-6P) by hexokinase-I (HK), which is converted to pyruvate (Pyr). Upon im port into the 
mitochondrion, it is decarboxylated and oxidized to acet)'l CoA and enters the TCA cycle. This yields reduced 
equivalents (NADH), which donate electrons to the ETC (blue). A small am ount o f  G-6P is shuttled to the pentose 
phosphate pathway to generate ribose 5-phosphate (R-5P) and N A D PH , for nucleotide synthesis, while triose 
phosphates, N A D PH  and acetyl coA are used to synthesize lipids. Amino acids (aa), including glutamine (Gin) are also 
used in the TCA cycle and, in small amounts to synthesize the nucleotides. ATP synthase phosphotydates ADP and the 
resulting ATP is exchanged for ADP by the ANT. Reactive oxygen species (ROS) production is at basal levels. The 
emphasis is on ATP production, with lesser pronty given to generation o f biomass. (B) In cancer cells, anabolism is key, 
therefore glucose is mostly phosphorylated by HK-II (red), which is dramatically up-regulated and is localised to the 
mitochondrial OM  where it gains easy access to mitochondrial ATP. Glucose-6-phosphate is only partially oxidized to 
pyruvate and this, in turn, is mostly reduced to lactate. The majorit)' o f  G-6P is used to synthesize nucleotides that also 
require ammo acids and Gin. Furtherm ore, citrate is div'erted to the cytosol for conversion to acetyl CoA and is used, 
with N A DPH , to make Upids. Mitochondria may become dysfunctional, giving rise to excess ROS. D H .\P , 
dihydroxyacetone phosphate; FA, fatt}- acid; a-ketoglutarate; LD H, lactate dehydrogenase; ME, maUc enzyme. Taken 
from Solaini et al., 2011.



Finally, H K  II is known to confer apoptosis resistance to cancer cells (Solaini et ai, 2011). 

So m uch so, in fact, that knock down or chemical removal o f H K  II (for example, using 

the anti-fungal imidazole derivative clotriinazole) leads to massive ceU death in cultured 

carcinomas (Penso and Beitner, 1998). Although it is no t fuUy understood how H K  II 

confers apoptosis resistance, studies have shown that H K  II interferes with Bak- 

mediated M O M P and cytochrome c release (Pastorino et ai, 2002), while detachm ent of 

H K  II from  the OM  leads to P 'fP  opening, possibly independently o f VDAC (Chiara et 

ai, 2008). Hexokinase I has been shown to prevent VD AC opening (Azoulay-Zohar et 

ai, 2004), thus it is possible these two isoforms work in concert for this function.

i .  /. 1.2 The Role of Mitochondria in Cancer

W arburg initially proposed that aerobic glycolysis was necessary in cancer cells because 

their m itochondria were non-functioning. This is now known not to be the case and it is 

widely accepted that m itochondria are active participants in tumorigenesis. A t the very 

least, H K II could not get preferential access to ATP at the m itochondrial OM  if none 

was being produced by the organelle. Furtherm ore, several o f  the anabolic pathways 

m entioned above make use o f m itochondrial TCA cycle intermediates, such as citrate 

and malate. In  fact, cancer cells often exhibit num erous m itochondrial aberrations that 

are thought to contribute to cancer progression and survival, including m tD N A  

mutations, overproduction o f  ROS, and apoptosis resistance (Solaini et ai, 2011).

The degree to which O X PH O S continues during the W arburg effect is contentious. 

Some argue that respiration remains unchanged in malignant tumours despite concurrent 

aerobic glycolysis, generating a biogenesis-bioenergetics synergism (Mathupala et al., 

2010). However, larger tum ours lacking adequate vascular penetration m ost certainly 

contain anoxic cells at their core, for which O X PH O S would be impossible (Semenza, 

2010). Furtherm ore, HIF-1, the oncogenic transcription factor with glycolysis- 

prom oting and respiration-depressing abilities, is upregulated in hypoxic conditions 

(Semenza, 2010), as its name suggests, and is crucial survival o f  cancer cells in hypoxia. 

In addition, many investigators have dem onstrated increased respiration in cancer cells 

under conditions o f  forced O X PH O S (Rossignol et a i, 2004, DeBerardinis et ai, 2007, 

Vander Heiden et ai, 2009) suggesting a depression, to some extent, o f  O X PH O S during 

aerobic glycolysis. However it is im portant to note that even non-transform ed 

mammalian cells generally switch to a m ore glycolytic phenotype in culture conditions
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(Sauvanet et al, 2010), therefore this latter observation could be somewhat misleading. 

Furtherm ore, HIF-1 is likely to have roles in oncogenesis independent o f hypoxia, as it is 

also active in many normoxic tumours (Solaini et al., 2011).

The degree o f conformity to the "Warburg’ phenotype may depend on the proliferation 

rate o f ceils; fast-growing tumours can be effectively inhibited by administration o f  

bromopyruvate, an inhibitor o f glucose metabolism targeting HK , while this drug has 

little effect on slow-growing tumours (Jose et al., 2011). Smolkova et al (2011) have 

posited an intriguing hypothesis, whereby waves o f gene regulation sequentially suppress 

and restore O X PH O S in accordance with specific stages o f  malignant transform ation. 

Thus, early stages o f hyperproUferation may prom ote m hibition o f O X PH O S in order to 

satisfy biosynthetic demands, while m ore mature, established tumours with adequate 

angiogenesis may exploit the high ATP output o f O X PH O S. By this mechanism, cancer 

cells would be alternately vulnerable to glycolysis inhibition and O X PH O S inhibition, 

again indicating m itochondria as attractive targets for chemotherapeutics at crucial stages 

o f  cancer progression.

As a key downstream  effector o f the aforem entioned P I3K /A kt pathway, the 

mammalian target o f rapamycin (mTOR) is a major regulator o f cell grow th and 

proliferation, ceD survival, angiogenesis and m etabolism (Azim et a l, 2010). Signalling via 

m TO R  is extremely relevant to tumorigenesis; as part o f  a rapamycin-sensitive multi

protein complex (m TO RC l) containing regulatory associated protein (raptor), it 

prom otes the increase in translation o f cyclin D1 (prom oting a transition from  G , phase 

to S-phase), vascular endothelial growth factor (VEG F, an angiogenic factor) and, 

significantly, H lF -la , am ong others (Sun et al, 2011). In addition, its activity as part o f  a 

rapamycin-insensitive complex (mTORC2), containing rapamycin-insensitive com panion 

o f  m TO R  (rictor), stimulates Akt and also regulates actin remodelling (and thus cell 

motiHty) (Jacinto et al, 2004, Gulhati et al, 2011). Interestingly, m TO R  has been shown 

to positively regulate mitochondrial function both  in cancer and in norm al tissues. In 

skeletal muscle, its activation is associated with the activation o f transcription factors 

P G C -la  and yin-yang-1 (YYl) and subsequent increased expression o f  m itochondrial 

proteins (Cunningham et a l, 2007). Studies o f leukemic Jurkat cells have show n that 

m TO R  colocalises with the mitochondrial outer m em brane (Desai et a l, 2002, Schieke et 

al, 2006) and interacts with VDAC and Bcl-xL (Ramanathan and Schreiber, 2009), the
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latter being a specific phosphorylation substrate. Inhibition o f m TO R  with rapamycin in 

these cells abolishes this interaction and leads to the diversion o f  substrates away from 

m itochondria, increasing aerobic glycolysis and decreasing m itochondrial respiratory 

capacity within 25 minutes o f inhibitor exposure (Schieke et al, 2006, Ramanathan and 

Schreiber, 2009). These results indicate that m T O R  has both short-term  and long-term 

effects on m itochondrial function in transform ed and non-transform ed cells. The 

observation that m TO R  signalling positively regulates mitochondrial function, yet is 

increased in some cancers exhibiting aerobic glycolysis is slightly jarring. It probably 

reflects the vast complexit}' o f  m TO R  signaUing and arguably asserts the role o f 

m itochondrial biogenesis in cancer, even in highly glycolytic tumours. Indeed, the wave 

hypothesis states that during the aglycaemic phase o f  growth, brought on by rapid 

proliferation that exceeds vascularisation rate and thus limits glucose availabiUt)', mTOR. 

signalling can be transiently inhibited by A M PK  signalling but then reinstated by Akt 

signaUing when cellular A IT  levels have been restored (Smolkova et al., 2011).

Little data exists on the role o f m TO R  in m itochondrial dynamics, however the studies 

o f  G om es et al. (2011) examining SIHF have given some insight. Inhibition o f  m TOR is 

a classic stimulus o f autophagy; in these studies, the SIHF observed during cell starvation 

was also stimulated by m TO R  inhibition prom oted m itochondrial elongation and 

hyperfusion, concom itant with increased phosphorylation o f  D R P l. Thus, inhibition o f 

m T O R  signalling increased cell survival during starvation through simultaneous 

prom otion o f  autophagy and inhibition o f  mitophagy. Few other studies have examined 

the role o f  m itochondrial dynamics in cancer; what follows is a review o f the current 

knowledge on this emerging field.

3.1.2.3 Mitochondrial dynamics in cancer

As described, two key hallmarks o f  cancer — subversion o f apoptosis and metaboHc 

reprogram m ing — directly involve m itochondrial function. Given the im portant 

relationship between m itochondrial dynamics and bioenergetics/apoptosis regulation, it 

foUows that there may be a role for m itochondrial fission /fusion /transport in cancer. 

Despite the fact that m ost studies o f  m itochondrial dynamics are conducted on cancer 

cell lines, surprisingly little is known about this aspect o f  m itochondrial function in 

tum ours in mvo.
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Electron microscopy o f hum an and rat gliomas has revealed wide heterogeneity o f 

m itochondrial morphology, with the existence o f two predom inant types; swollen 

m itochondria with disarrangement and distortion o f cristae and partial or total cristolysis, 

and m itochondria with increased thickness and highly electron dense cristae were seen 

(Arismendi-MoriUo and Castellano-Ramirez, 2008, Arismendi-MoriUo, 2009, 2011). The 

authors speculate that these phenot\'pes correspond to hypoxia-sensitive and hypoxia- 

tolerant tumours, respectively (Arismendi-MoriUo and Castellano-Ramirez, 2008, 

Arismendi-MoriUo, 2011). Incidently, although it is impossible to define the rate o f 

mitochondrial fission and fusion from  electron microscopy, tethered mitochondria, or 

those in a state o f hemifusion were rarely observed (Arismendi-MoriUo and CasteUano- 

Ramirez, 2008).

Interestingly, the m itochondrial irregularities frequently observed in cancer hint at 

dysfunctional fusion, for example, m tD N A  aberrations (reductions in copy 

num ber/increased point mutations) and increased ROS (Brandon et ai, 2006). Yu et al. 

(2007) have shown that reduced m tD N A  copy num ber correlates with tum our 

progression in breast cancer patients, suggesting breast neoplastic transform ation or 

progression and m tD N A  content might be potentiaUy used as a tool to predict 

prognosis. Petros et al. (2005) found cytochrome oxidase subunit I (COI) gene 

m utations in 12% o f  a cohort o f  prostate cancer patients compared to less than 2% of 

healthy controls. Furtherm ore, a m m our from  one particular patient also harboured a 

m utation in the ATP6 gene (encoding A IT  F,, subunit 6), which, when introduced to a 

prostate cancer ceU line significantly increased ROS production and increased tum our 

growth seven-fold. Thus, decreased O X PH O S may have induced higher ROS 

production, and both o f these factors could have caused aberrant m itochondrial fission, 

leading to the accumulation o f  m utations that breached the heteroplasmic tolerance 

threshold. Conversely, disturbed m itochondrial fusion could have led to an 

accumulation o f  m tD N A  mutations, reduction in copy num ber and heterogeneity in the 

m itochondrial network, thus prom oting neoplastic transformation.

In complete contrast, carcinoma ceUs in culture typicaUy contain a highly interconnected 

m itochondrial reticulum with extremely efficient fusion rates (Legros et al., 2002). HeLa 

ceU m itochondria becom e condensed and highly reticulated foUowing a switch from 

energy production via glycolysis to O X PH O S (discussed m Chapter 4) (Rossignol et ai.
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2004), which echoes the obsen^ations o f  Hackenbrock (1966). Furtherm ore, carcinoma 

m itochondria have been shown to becom e hyperfused in response to starvation or other 

stressors, prom oting survival and staving o ff apoptosis and m itophagy (Tondera et al., 

2009, G om es et al., 2011). Chiche et al. (2010) have recently provided evidence that 

increased m itochondrial fusion is key to cancer survival in near anoxic conditions. While 

prolonged hypoxia in normal tissues, for example in cardiac or cerebral ischemia, can 

lead to high necrosis in the affected area, followed by apoptosis after reperfusion (FUss 

and Gattinger, 1996, Zhang et ai, 2005), transform ed cells are remarkably resilient during 

and after hypoxic events, owing to HIF-1-m ediated metaboHc reprogramming. This trait 

is also associated with chemoresistance. Chiche and colleagues have dem onstrated in 

colon carcinom a cells L S I74 that hypoxia induces an unusual enlargement o f 

m itochondria, distinct from  swelling, and that this enlargem ent is induced by a HIF-1- 

dependent upregulation o f M fnl. Furtherm ore, they showed that this process was due 

to an at\'pical form  o f M fnl-dependent fusion that was facilitated by Bcl-2 family 

members BN IP3 and BNIP3L, expressed in response to h\^oxia. In addition, these cells 

were resistant to staurosporine-induced apoptosis following this morphological change, 

which could be reversed by B N IP 3/3L  ablation or exposure to staurosporine following 

48h o f normoxia. Interestingly, the investigators also found that Mfn2 and O P A l were 

slightly downregulated concurrent with M fnl upregulation during hypoxia. Both Mfn2 

and O P A l are strongly implicated in positive regulation o f O X PH O S (Olichon et ai, 

2003, Pich et a l, 2005) but these roles could Ue outside their fusogenic functions. Thus, 

it is possible that m itochondrial fusogenicity and oxidative capacity can be simultaneously 

increased and decreased, respectively, through the m anipulation o f mitodynamin 

expression.

It is tem pting to consider that dysfunctional m itochondrial dynamics may be involved 

bo th  in the transform ation process and the progression o f cancer. There are parallels 

between the t\'pical features o f fusion-inhibited cells and transform ed cells, such as 

mcreased ROS, m tD N A  m utations and altered O X PH O S. Conversely, many o f  the 

features o f neoplastic transform ation suggest a downstream  effect on dynamics that may 

perpetuate the transformative process. Furtherm ore, cancer cells exhibit fundamental 

changes to apoptosis pathways in which m itochondria are central. The results relating to 

altered m itochondrial dynamics in cancer also tentatively hint at a potential therapeutic 

target for cancer in mitochondrial m orphogenesis. Flowever, developm ent o f such a
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therapy seems unlikely until we expand our knowledge o f how these processes work, 

both in normal and transform ed ceUs (Solaini et aL,7^)W). M oreover, it is imperative that 

we understand how and why bioenergetics relates to mitochondrial dynamics as 

metaboHc changes — and by extension, mitochondrial changes — are fundam ental to the 

process o f neoplastic transform ation. Thus, while many cancer ceUs exhibit the W arburg 

effect, m itochondria have been assigned an im portant role in the o f pathophysiology 

cancer and represent attractive therapeutic targets.
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3,2 Aims of the Chapter

Fission and fusion are critical in the maintenance and regulation of mitochondrial 

function. Dismrbing the balance between these opposing processes, in particular the 

inhibition of fusion, has been shown to significantly affect many other aspects of 

mitochondrial function, including bioenergetics, mtDNA maintenance, ROS production 

and apoptosis. Conversely, disruption of any of these latter functions has serious effects 

on mitochondrial dynamics, which, in turn, further perpetuates the original imbalance. 

'Fhis has clear implications for cancer biology, in which metabolic reprogramming and 

mitochondrial dysfunction are considered to be key to oncogenic transformation. While 

numerous studies have explored the effects of bioenergetic modulation on mitochondrial 

morphology in cancer cells, none have provided quantitativ^e mitochondrial fusion data 

to accompany these morphological observations. This smdy focuses on the effects of 

bioenergetic inhibition on fusion rates in HeLa cells engaging in aerobic glycolysis. The 

objectives were as follows:

1. Quantify mitochondrial fusion rates in HeLa cells engaged in aerobic 

glycolysis following mitochondfial inhibition. Using live-cell confocal 

microscopy and HeLa cells expressing mitochondrially-targeted photoactivatable 

GP'P (PA-GF’Pmito), fusion rates in small regions of interest throughout the 

mitochondrial reticulum were quantified. Rates were compared between control 

cells and those of cells exposed to a number of ETC/OXPHOS inhibitors.

2. Quantify mitochondfial fusion rates in HeLa cells following inhibition of 

glucose metabolism. Photo-activation studies were repeated in HeLa cells 

exposed to 2-deoxy-D-glucose, an inhibitor of glucose metabolism, in the 

presence or absence of various substrates alternative to glucose, namely L- 

glutamine, pyruvate and galactose, to define the influence of glycolysis inhibition 

on mitochondrial fusion rates.

3. Quantify the effects of inhibition of ETC/OXPHOS and glucose 

metabolism on mitochondrial membrane potential. This vital aspect of 

mitochondrial function was examined in the presence of each inhibitor to assess 

whether the observed effects on mitochondrial fusion (if any) could be correlated 

with changes in
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4. Quantify the effects of inhibition of ETC /O X PH O S and glucose 

metabolism on cellular ATP levels. Assessment of this parameter gave 

confirmation of whether the HeLa cells used derived energy from aerobic 

glycolysis or from OXPHOS, or both. In addition, it allowed for potential 

correlates to be drawn between the observed effects o f each inhibitor on 

mitochondrial fusion.
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3.3. Methods

3.3.1. Cell Culture

Human cervix epitheloid carcinoma cells (HeLa, ECACC No. 93021013) were 

maintained in high glucose Dulbecco's modified Eagle's medium (DMEM) with 

Glutamax (Invitrogen) supplemented with 10% foetal bovine serum and penicillin- 

streptomycin solution (100 units/ml peniciUin G, 0.1 mg/ml streptomycin sulphate, 

Gibco). Cells were initially seeded at a density of 1.3 x 10" /̂cm  ̂ and split at ~80% 

confluence by trypsinisation (0.05% trypsin/0.53mM EDTA solution, Gibco) for 5 

minutes at 37°C followed by centrifugation at 1000 x g and seeding at 1:3 -  1:10 ratio.

3.3.2. Transient Transfection

CeOs were transfected using Gene Juice Transfection Reagent (Merck) as described in 

section 2.8.2. For Hve cell imaging, 1.5 x 10̂  cells were seeded in 35mm glass bottomed 

fo,-dishes (Ibidi) two days prior to transfection and allowed to grow to ~80% confluence. 

A 100|Lil transfection solution containing 3fxl Gene Juice and l)j,g DNA (0.5)j,g each of 

PA-GFP and DsRed plasmids) in serum-free DMEM was added to the cell culture 

medium. The medium was removed after four hours and replaced with fresh, pre

warmed medium. The medium was refreshed again after 24h and cells were used for 

experimentation 48h after transfection. Transfection efficiencies of 57.5 + 13.97% 

(mean + SEM), with a rate of co-transfection of both plasmids of 92 ±_ 4.78% (mean + 

SEM), were regularly achiev^ed with this method.

3.3.3. A ssessm ent of Mitochondrial Fusion Rates after Transient FCCV Exposure

Investigation of mitochondrial fusion competence in cells following transient exposure 

to FCCP was conducted as follows. Imaging settings pertaining to photo-activation and 

pixel intensity (PI) calculation were as described as in Chapter 2. Fusion rates were 

measured in cells before FCCP exposure and found to be normal. FCCP (5^M) was 

added to the medium and, after 20 min incubation, fusion was re-assessed in the same 

cells by photo-activation of a different KOI within each cell. Fusion rates were seriously 

compromised, as expected. The FCCP-containing medium was carefully removed using
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a peristaltic pum p with a yellow 2 — 200)^1 tip attached to its extraction tube and replaced 

with fresh pre-equiHbrated medium after three washes with same. Cells were then 

imaged at 15 minute interv^als as mitochondrial re-estabHshed their tubular structure and 

concurrently resumed normal fusion rates.

3.3.4. Use of Ktebs Buffet

Norm al DM EM  was not a suitable incubation medium for studies examining the effect 

o f glycolysis inhibition (using 2-deoxy-D-glucose, D O G ) on fusion rates, cellular ATP 

levels or as m anipulation o f supplements (L-glutamine, glucose, pyruvate,

galactose) within the medium was not possible. Thus, l-Crebs buffer was used (3mM KCl, 

140mM NaCl, 25mM Tris-HCl, 2mM MgCl2 , 2mM CaCl2 , pH  7.4), with supplem ents 

added as required. Control cells were incubated in l-Crebs buffer containing 25mM 

glucose and 2mM L-glutarrune (as in DM EM ). In aU imaging experiments involving the 

use o f  D O G  (photo-activation studies, TMRM studies),control cells were imaged in high 

glucose I-Crebs buffer, which was then was removed, and cells were rinsed three times 

with pre-warmed Isjrebs buffer o f the required com position (containing any, or none, o f 

the aforem entioned supplements). Finally D O G  was added to the buffer and the 

imaging experiment was continued as previously described.
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3.4. Results

3.4.1. Mitochondrial Fusion Rates in HeLa Cells

The rate o f  mitochondrial fusion in HeLa cells was assessed using live cell confocal 

microscopy. Cells were co-transfected with two expression plasmids encoding 

mitochondrially-targeted fluorescent proteins. T he first, DsRed-m ito, conferred red 

fluorescence to mitochondria, allowing for visualisation o f  the entire m itochondrial 

network and its morphology. The second, photo-activatable green fluorescent protein 

(PA-GFP-mito), undergoes photoconversion upon irradiation with 405nm light and 

exhibits significantly increased fluorescence with excitation at 488nm (Patterson and 

Lippincott-Schwartz, 2002). This property allowed for the photo-activation o f discrete 

regions o f  interest (ROI) in the mitochondrial network, the pixel intensity o f which 

decreased as mitochondria actively fused and shared (diluted) the photo-activated 

protein. Thus, a decrease m mean pixel intensit}' (PI) in the ROI indicated active 

m itochondrial fusion. Conversely, the perturbation o f m itochondrial fusion resulted in a 

PI that did not decrease to the same degree, or at all, following photo-activation.

At resting conditions, HeLa cells exhibited highly active and efficient m itochondrial 

fusion (fig.3.2). For quantification o f fusion rates, the mean Pis o f the photoactivated 

ROIs were calculated in both  the red and green channels before and after 

photoactivation (1 ,15  and 30 minutes post-activation) and expressed as a percentage o f 

PI values one minute post-activation, deemed to  be the point at which the PA -G FP-m ito 

within the 7|am^ photo-activated RO I was emitting at its highest possible level (thus, P I at 

1 minute post activation = 100%). At rest resting conditions, the PI o f the 

photoactivated RO I dropped to 36.1 + 1.1% (mean + SEM) o f its post-activation value 

after 15 minutes and 25.95 + 0.65% after 30 m inutes (fig. 3.3). The PI o f the D sRed 

protein in the same ROI showed statistically insignificant fluctuations during this time 

penod, indicating that the PI decrease observed in relation to the PA -G FP was not due 

to a m ovem ent en masse o f  m itochondria away from  the ROI.
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Figure 3.2: Active m itochondrial fusion in H eL a cells at resting conditions. HeLa cells co-expressing two mitochor 
targeted fluorescent proteins, DsRed-nruto, left column, and PA-GFP-mito, right column, were imaged using live cell c 
microscopy. Photo-acavation o f  discrete 7(j.m^ RO Is o f  their mitochondrial networks (red and green squares, top row) 1 
~93% increase in pixel intensity' in these areas, which decreased over time as a result o f  mitochondrial fusion and 
exchange. Images were taken at 1, 15 and 30 minutes post-activation. PA-GFP channel is pseudo coloured for clarity', whe 
intensity' is depicted as indicated in the colour chart (bottom right). Scale = 20fxm
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Figure 3.3: Graphical display o f m ean pixel intensity changes over tim e in photo-activated ROIs.
Mean pixel intensities (PI) o f  photo-activated ROIs were calculated using Olympus FVIO-ASW Olympus 
Fluoview \^er. 2 software and expressed as percentage o f PI at 1 minute post-activation, deemed the point at 
which pixel intensities should be highest. In the PA-GFP channel (green line), there is low level fluorescence 
prior to activation, with a PI o f 7.7 i  0.34% that o f its post-activation value. Fifteen minutes following photo
activation, the PI had dropped to 36.1 + 1.1% o f its post-activation value and 25.95 ±  0.65% after 30 minutes. 
The DsRed channel (red Une) showed statistically insignificant fluctuations between images and indicated that 
the PA-GFP PI decreases observed were not due to m ovement o f  mitochondria out o f the ROI or 
photobleaching. Data presented as mean i  SEM, n = 3, where six fields, each contaimng 1 —7 cells were 
imaged in three separate dishes on three separate occasion. Thus, each data point is representative o f  18 -  127 
cells.
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3.4.2. Effects of Mitochondrial Inhibition on Fusion Rates

It has previously been shown that collapse o f the m itochondrial m em brane potential 

using the protonophore carbonyl cyanide-/>-trifluoromethoxyphenylhydrazone 

(FCCP) causes rapid and reversible fragmentation o f  the mitochondrial reticulum (Legros 

et ai, 2002). For this reason, FCCP treatm ent was used in these studies as a positive 

control for the blockade o f  fusion. Dose and time response experiments in HeLa cells 

stably expressing the DsRed-m ito protein indicated that exposure o f cells to 2, 5 and 

10)o,M FCCP led to extensive mitochondrial fragmentation within 30, 20 and 10 minutes, 

respectively (fig 3.4). Incubation o f cells with 5)j.M FCCP for 20 minutes prior to pho to

activation led to severe comprom ise o f m itochondrial fusion (fig 3.5), with Pis in pho to

activated regions remaining at 84 + 4.93% o f their post-activation values after 30 

minutes (fig 3.6).

M itochondria that have undergone extensive fission in the presence o f FCCP regain their 

tubular, reticulated m orphology upon its subsequent removal (Suen et al., 2008). 

However, a return to filamentous morphology cannot necessarily be equated with a 

rem rn to normal fusion dynamics; simple observ'ation o f the form er provides no 

quantitative inform ation about the latter. To investigate this, the m itochondrial fusion 

rates o f cells in a single imaging field were quantified before, during and after FCCP 

treatm ent (fig 3.7). The cells exhibited norm al m itochondrial fusion rates before FCCP 

treatm ent and showed fusion perm rbation following FCCP exposure, as expected. 

M itochondria displayed a return to fusion com petence within 30 minutes o f  FCCP 

removal, with a PI o f  55 + 26.72% (mean + SD) o f  its post-activation value. A t 90 

minutes post-FCCP removal, all but one cell showed a decrease in pixel intensity 

comparable to control cells (overall average 30.66 + 19.58%). These results show that 

removal o f FCCP from  cells no t only restores tubular morphology but also leads to 

eventual re-estabHshment o f  norm al fusion rates.

W ith the effects o f  dissipation on m itochondrial fusion dynamics established, the 

effects o f  o ther forms o f mitochondrial inhibition on this function were explored. Cells 

were incubated for 20 minutes with or w ithout a range o f inhibitors o f  individual 

enzymes o f the O X PH O S system. Inhibition o f  complex I, with either rotenone or 

piericidin A had no effect on fusion rates (fig. 3.8), nor did inhibition o f  complex II with 

malonate (fig. 3.9), complex III with antimycin A or myxothiazol (fig. 3.10), nor complex

81



Pre FCCP Post FCCP

10 m in 20 m in 30 min 45 m in 60 m in 75 m in

2|iiM

5^M

lO^M

■ A

i
■T»5Wf+'

Figure 3.4: E ffect o f m e m b ran e  depo larisa tion  on m itochondria l morphology' in H eL a  cells. Cells stably expressing DsRed2~mito were exposed to protonophore and 
mitochondrial uncoupler carbonylcyanide />-tnfluoromethoxyphenylhydrazone (FCCP) at the concentrations indicated and imaged, with z stacking, at the time points indicated. Cells 
exposed to 2|xM FCCP exhibited several ring-shaped and fragmented m itochondna after approximately 30min, the number o f which increased over time, 'fh is process began at earlier 
time points at higher FCCP concentrations (20min with 5|xM FCCP, lOmin with lOjxM FCCP) and also led to more extensive fragmentation in both cases (compare 2(iM and 10|j.M at 
'75mm). Image representative o f  at least six fields imaged per treatment group. Scale = 20|am.
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Figure 3.5: Dissipation of A'Pm compromises mitochondrial fusion in HeLa cells. Cells were pre-incubated with 
5^iM FCCP for 20 minutes and then had ROls photo-activated as previously described. There is a clear cessation of fusion 
observed, with negligible spread or dilution of photo-activated material throughout the mitochondrial matrix, even at 30 
minutes post activation. Data presented as mean + SEM. Unpaired t-test at each time point. Scale = 20)^m.
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Figure 3.6: Graphical display of mean pixel intensity changes over time in photo-activated ROIs of 
FCCP treated cells. Cells treated with 5|j,M FCCP for 20 minutes showed pronounced fusion perturbation, 
with a mean PI of 84.29 + 4.93% 30 minutes post-activation (dashed green line), while control cells showed 
normal fusion rates (PI of 27 + 3.23% 30 minutes post-activation, solid green Hne). The DsRed channels 
(solid red line, control, dashed ted line, FCCP-treated) showed statistically insignificant fluctuations between 
images and indicated that the PA-GFP PI decreases observed were not due to movement of mitochondria out 
of the ROI or photobleaching. Data presented as mean ±_ SEM, n = 3. Unpaired t-test at each time point. 
*** P<0.001.

84



CONTROL + FCCP WASH

D sR cd

PA-GFP

150n

II

5  100-

c
lU
4->

•S 50-

pre-PA 1 30 1 30 30 60 90

I -̂ - - - - - - - - - - - - - - - - 1 I ;- - - - - - - - - - - - - - - - - - - 1 I- - - - - - - - - - - - -̂ - - - - - - - - - - - - - - - - - - - - - - - - - - 1
Time post-PA Time post-PA Tim e post-wash

(min') (min) (min)
F ig u re  3.7: F C C P -in d u c e d  fu s io n  p e r tu rb a tio n  is reversib le  in  H e L a  cells . IVIitochondrial fusion rates were first m onitored in cells in norm al culture m edium  (left panel, ‘C O N T R O L ’) 
and were found to be in line with previously obtained rates (PI o f  17.44 7.22% at 30 m inutes post activation). Rates were then obtained for cells after addition o f  5fiM FCCP and incubation
for 20 m inutes (centre panel ‘+  FC C P’) and, as before, a distinct perturbation o f  fusion was observed (PI o f  93.76 ±  11.49% at 30 m inutes post-activation). Finally, FCCP was rem oved from  
m edium  by aspiration, followed by three washes w ith pre-equihbrated medium. The fusion rates were m onitored in the same R O Is photo-activated after FC C P treatm ent to ascertain w hether 
these mitocliondria could regain fusion competence (right panel, ^WASH*). By 30 minutes post-FCCP removal, the mean PI was 55.5 + 26.72, which fell to 30.66 ^  19.6 after a further 60 
minutes ( t  =  90 post FCCP removaV). TData presented as mean + SD, n = 4. One way ANIOV^. *P<0.05, . ***T><0.001. PA. phofo-acnVaHon.
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Figure 3.8: Com plex I inhibition does not affect m itochondrial fusion rates in H eL a cells. Cells 
were incubated with either 10|j.M rotenone (A), or 4|.iM pieriddin A (B) for 20 minutes prior to photo- 
activation o f 7|^m^ ROIs o f  their m itochondnal networks, as described. N o statistically significant 
difference in fusion rates was observed with either treatment. Data presented as mean + SEM, n = 3. 
Unpaired t-test at each time point.
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Fig 3.9. Com plex II inhibition does not affect m itochondrial fusion rates in H eLa cells. Cells were 
incubated with Im M  malonate for 20 minutes prior to photo-activation o f RO Is o f their
mitochondrial networks, as described. N o statistically significant difference in fusion rates was observed 
with treatment. Data presented as mean + SEM, n = 3. Unpaired t-test at each time point.
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Figure 3.10. Complex III inhibition does not affect mitochondrial fusion rates in HeLa cells. Cells 
were incubated with either 2.4|xM antimycin A (A), or myxothiazol (B) for 20 minutes prior to photo
activation of ROIs of their mitochondrial networks, as described. No statistically significant
difference in fusion rates was observed with either treatment. Data presented as mean ± SEM, n = 3. 
Unpaired t-test at each time point.
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IV with azide (fig. 3.11). In a departure from this trend, inhibition o f ATP synthase with 

oligomycin produced a statistically significant perturbation o f m itochondrial fusion, with 

rates 2.6-fold slower than those o f control cells (fig. 3.12). Thus, it has been shown here 

that inhibition o f  ETC enzymes in glycolytic HeLa cells had no effect on fusion rates, but 

that these rates were sensitive to ATP-synthase inhibition. Simultaneous inhibition o f 

multiple m itochondrial functions also com prom ised fusion rates. A lthough dissipation 

o f  coupled with inhibition o f ATP synthase, using FCCP and oligomycin,

respectively, sigmficantly reduced fusion, the effect was not synergistic; the magnitude o f 

perturbation replicated that o f FCCP alone (fig. 3.13A). Similarly, concurrent exposure 

to rotenone and oHgomycin comprom ised fusion but was not synergistic (fig 3.13B).

3.4.3. Effects o f Electron Transport Chain Inhibition and Microtubule 

Disassem bly on Mitochondrial Fusion Rates

Interestingly, inhibition o f complexes I and III with rotenone and antimycin A produced 

a 1.7-fold slowing o f fusion rates (fig. 3.14A), although neither o f these agents produced 

an effect when applied alone, suggesting synergism (fig 3.15). Howev'er, when complexes 

I and III were inhibited using piericidin A and antimycin A, no fusion deficit was 

observ^ed (fig. 3.14B). Thus, it appeared that the slowing o f  mitochondrial fusion 

observed with rotenone and antimycin A combined was not due to the simultaneous 

inhibition o f complexes I and III per se. Rotenone is known to have effects on 

m icrotubule assembly (Choi et a i, 2011), thus it was hypothesised that perhaps the 

obser\^ed effects were due to an interaction between microtubule disruption and electron 

transport chain inhibition.

To confirm  that rotenone was causing micro tubule disassembly under the incubation 

conditions employed here, cells were incubated for the times indicated with either 

vehicle, rotenone or the anti-neoplastic agent nocodazole, fixed and stained for a-mbulin 

(fig. 3.16). As suspected, rotenone caused a depolymerisation o f  the micro tubular 

netw ork akin to that caused by nocodazole, albeit to a slightly lesser extent (observation, 

no t quantified). Control cells showed distinct and filamentous microtubules 

characteristic o f  normal, healthy cells. Those treated with either nocodazole or rotenone 

exhibited disorganised tubules an d /o r  diffuse staining patterns, indicating an increase in 

m onom eric tubulin in the cytosol. The extent o f m icrotubule depolymerisation was 

tim e-dependent in both cases. M itochondrial fusion was then assessed in ceUs incubated
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Figure 3.11: Complex IV inhibition does not affect m itochondrial fusion rates in H eLa cells. Cells 
were incubated with 5mM azide for 20 minutes prior to photo-activation o f ROIs o f their
mitochondrial networks, as described. N o statistically significant difference in fusion rates was observed 
with either treatment. Data presented as mean + SEM, n = 3. Unpaired t-test at each time point.
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Figure 3.12: ATP synthase inhibition com prom ises m itochondrial fusion in H eLa cells. (A)
Image representative o f  results obtained following incubation  o f  cells w ith oHgomycin for 20
m inutes p n o r to photo-acUvation. Regions photo-activated  show ed a slowing o f  PI decrease 
com pared to controls. (B) P lot o f  PI decreases in photo-activated  R O Is over tim e shows a 2.6-fold 
slowing o f  fusion in oligomycin treated cells (dashed green Ime) com pared  to  contro l cells (bold green 
line), w ith a P is  at 30 m inutes post activation o f  55.68 +  2.42%  versus 21.73 + 1.80%. D ata presented 
as m ean ±_ SEM , n =  3. U npaired t-test at each tim e point. *P<0.05, *** P<0.001.
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Figure 3.13: Sim ultaneous inhibition o f m ultiple m itochondrial functions leads to perturbation of 
m itochondrial fusion in H eLa cells. (A) A 20 minute incubation combining dissipation o f A'Fm with 
5|j,M FCCP and ATP synthase inhibition with 2jig/m l oligomycin (Oligo) results in a fusion deficit, but is 
no greater than that which is induced by FCCP alone. (B) A 20 minute incubation combining complex I 
inhibition with lO^M rotenone (Rot) and ATP synthase inhibition with 2(ig/ml oHgomycin induces a 
fusion deficit which is o f the same magmtude as that o f  oligomycin alone. Data presented as mean + 
SEM, n = 3. Unpaired t-test at each time pomt. **P<0.01, *** P<0.001.
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Figure 3.14: Concurrent inhibition of complexes I and III leads to mitochondrial fusion 
perturbation in the presence of rotenone but not piericidin A. (A) Simultaneous inhibition of 
complexes I and III using 10|i,M rotenone (Rot) and 2.4tiM antimycin A (Anti A) (20 minute 
incubation) lead to a fusion rate that is 1.7-fold slower than control rates. (B) If the experiment is 
conducted with 4|xM piericidin A (Pier A) in place of rotenone, there is no slowing of fusion rates 
observed. Data presented as mean ± SEM, n = 3. Unpaired t-test at each time point. **P<0.01, 
P<0.001.
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Figure 3.15: Im ages show ing m itochondrial fusion deficit in rotenone + antim ycin A treated cells. Cells treated 
with 10|o,M rotenone (Rot) or 2.4fxM antimycin A (Anti A) alone (left and centre columns, respectively) displayed normal 
fusion rates. WTien both inhibitors were applied simultaneously (right column), fusion was slowed 1.7-fold com pared to 
control cells. Scale = 20|.im.
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Figure 3.16: Rotenone induces microtubule depolymerisation in HeLa cells. Cells were incubated for 20, 35 andl 
50 minutes (in tandem with time points of photo-activation studies, i.e. photo-activation after 20 minute incubation,, 
imaging 15 minutes later, and then a further 15 minutes later), with either vehicle (0.1% v /v  DMSO), 10|j,M nocodazolei 
or lOfiM rotenone then fixed and immunostained for a-tubulin (tub). Control cells exhibited distinct and filamentous 
microtubles characteristic o f normal, healthly cells. Those treated with either nocodazole or rotenone exhibited 
disorganised tubules and/or diffuse staimng patterns, indicating in increase in monomeric tubuhn in the cytosol. This 
effect increased over time. DAPI, 4,6-diamidino-2-phenyhndole, nuclear counterstain. Scale = 20|j,m.
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with nocodazole or nocodazole and antimycin A (fig. 3.17). Cells incubated with 

nocodazole alone exhibited a small but statistically significant decrease in fiasion rates (PI 

o f 37.85 + 3.24% 30 minutes post-activation, com pared to 26.49 ±_ 1.79% m controls, 

fig. 3.17A). This rate was slower still in cells incubated with both  nocodazole and 

antimycin A (PI 51.19 + 4.88% 30 minutes post-activation, fig 3.17B). Despite this 

trend, PI values o f  nocodazole and nocodazole + antimycin A post activation did not 

show statistically significant difference when analysed by one-way A N O V A  (fig 3.17C). 

Thus the synergism o f combined rotenone and antimycin A treatm ent was possibly not 

due to com bined microtubule disassembly and complex III inhibition. This line o f  

investigation was concluded at this stage.

3.4.4. Effects o f Inhibition of Glucose M etabolism on Mitochondrial Fusion Rates

HeLa cells, like many cancer cells, exhibit the metabolic phenom enon o f  aerobic 

glycolysis. For this reason, the effects o f  inhibition o f  the rate limiting enzyme o f the 

glycolytic pathway, HK, (using lOmM 2-deoxy-D-glucose (DOG)) on mitochondrial 

fusion rates were examined. As a glucose analogue, D O G  enters the cell t>ta glucose 

transporters and is phosphor^’lated by HK. D O G -6-phosphate cannot be further 

metabolised and upon accumulation in the cell, inhibits H K  allostericaUy and 

competitively (Aft et al., 2002). Thus, D O G  functions as an indirect inhibitor o f  H K  and 

glucose metabolism. It should be noted here that D O G  is no t a specific glycolysis 

inhibitor; the decrease in cellular glucose-6-phosphate resulting from  H K  inhibition may 

also affect the pentose phosphate pathway (PPP), with subsequent effects on cellular 

management o f  ROS, nucleotide synthesis and D N A  repair (Lin et al., 2003). All studies 

using D O G  were conducted using Kjrebs buffer (3mM KCl, 140mM NaCl, 25mM Tris- 

HCl, 2mM MgCl2 , 2mM CaClj, pH  7.4) rather than culture medium, to allow for easy 

manipulation o f  key substrates o f the incubation medium (glucose, L-glutamine, sodium 

pyruvate). AH control cells were incubated in Kjrebs buffer containing 25mM glucose 

and 2mM L-glutamine, concentrations identical to those o f  DM EM  culture medium. 

Neither short nor long incubation (30 and 90 minutes, respectively) in this buffer had any 

effects on m itochondrial fusion rates (fig. 3.18).

Cells incubated in glucose and L-glutamine-free Kjrebs containing lOmM D O G  exhibited 

very significant perturbation o f m itochondrial fusion, with Pis remaining at 77.41 + 5%
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Figure 3.17: Mitochondrial fusion is com prom ised by sim ultaneous inhibition o f  m icrotubule 
assem bly and com plex III inhibition. (A) Inhibition o f microtubule assembly following 20 minute 
incubation with lO^iM nocodazole (Noc) caused a small but statistically significant decrease in 
mitochondrial fusion rates. (B) Incubation o f  cells with nocodazole and 2.4|^M antimycin A (Anri A) 
caused a further slowing o f fusion rates. Data presented as mean + SEM, n = 3. Unpaired t-test at each 
time point. (C) Analysis by one-way A N O \'A  and Tukey’s HSD post-test reveals that fusion deficits 
observed at 15 and 30 minutes post-acrivation are not statisrically different between nocodazole- and 
nocodazole + antimycin A-treated groups. Data presented as mean ±  SEIM, n = 3. *P<0.05, ** P<0.01.
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Figure 3.18: Prolonged incubation in Krebs buffer does not affect m itochondrial fusion rates in 
H eLa cells. Cells were incubated in Krebs buffer containing 25mM glucose and 2mM L-glutamine for 
30 mmutes and 90 minutes and assessed for mitochondrial fusion rates. N o adverse effects on rates were 
observed. Data presented as mean + SEM, n = 2. Unpaired t-test at each time point.
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post activation values after 30 minutes (fig 19A). Aside from glucose, glutamine is the 

only other molecule cataboHsed to an appreciable degree in cultured cells (Vander 

Heiden et ai, 2009) and is an essential supplement in culture media. It is converted to 

glutamate by glutaminase, in a process called glutaminolysis, after which it can be 

converted to the TCA cycle intermediate a-ketoglutarate by glutamate dehydrogenase. 

Significantly, the DOG-induced fusion decrease was not improved by inclusion of 2mM 

L-glutamine in the incubation buffer (fig 3.19B). Furthermore, mitochondria in DOG- 

treated cells appeared to retain their tubular morphology despite being incapable of 

fusion (fig 3.20). This is in stark contrast to FCCP-treated cells, in which the fusion 

decrease is accompanied by obvious increased fission, and further emphasises that 

information relating to fusion cannot be deduced from simple observation of organelle 

morphology.

As previously described, pyruvate is an end product of glycolysis which is decarboxylated 

by the PDHC to form acetyl CoA, used in the citric acid cycle and thence, in the 

mitochondrial generation of ATP. However, in cancer cells, a significant amount of 

pyruvate is converted to lactate by lactate dehydrogenase (LDH). Adenosine 

monophosphate-activated kinase (AMPK) is an important regulator of energy 

homeostasis, through AMP;ATP ratio sensing, that primarily functions to increase fatty 

acid oxidation and glucose uptake and oxidation during cell stress or nutrient deprivation 

(Jorgensen et ai, 2006). Treatment of HeLa cells w’ith DOG has been shown to stimulate 

AMPK (Hurley et ai, 2005), while AMPK activity in rat soleus muscle is associated with 

an increase in PDH activity and subsequent increase of glucose oxidation (Smith et ai, 

2005). Thus, it was hypothesised that treatment of HeLa cells with DOG may lead to 

the diversion of more pyruvate to mitochondria for ATP synthesis and thus, improve 

fusion rates. To the contrary, it was found that ImM pyruvate, in addition to 2mM L- 

glutamine, in the incubation buffer did not significantiy restore the fusion rates in the 

presence of DOG (PI of 67.75 + 4.74% 30 minutes post-activation, fig 3.21A). A 10- 

fold higher pyruvate concentration did increase fusion rates somewhat (PI of 55.5 i  

6.66% 30 min post-activation, fig. 3.21 B) but this was stiU not comparable to control 

levels.
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Figure 3.19: Inhibition o f  glycolysis severely com prom ises m itochondrial fusion in FleLa cells. (A)
Cells were incubated in Krebs buffer free o f glucose and L-glutamine (L-Gln) containing lOmM 2-Deoxy- 
D-glucose (DO G ) for 20 minutes. Inhibition o f glycolysis led to ver)- pronounced slowing of 
mitochondrial fusion, with PI remaining at 77.41 + 5% at 30 minutes post-activation. (B) Inclusion of 
2mivl L-Gln did not improve fusion rates during D O G  treatment. Data presented as mean + SEM, n = 3. 
Unpaired t-test at each time point. * * *  P<0.001.
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A
Control 
Control 
DO G  +  
DOG +

100-

II 80-

60-

40-
u

.3
20-

pre-activation tim e post-activation (min)

B
Control PA-GFP 
Control DsRed
DOG + L-Gln + lOmM Pyr PA-GFP 
DOG + L-Gln + lOmM Pyr DsRed

V
T-H

II 80-

^  60- 
uau

40- 
I j

20-

pre-activation time post-activation (min)

Figure 3.21: Pyruvate does not restore m itochondrial fusion rates in  DOG-treated H eLa  
cells. N either inclusion o f  Im M  (A) nor lOmM (B) sodium pyruvate (pyr) in Krebs buffer 
containing 2-deoxy-D-glucose (DOG) and L-glutamine (L-Gln) is sufficient to fully restore 
mitochondrial fusion rates in HeLa cells. Data presented as mean + SEM, n =  3. Unpaired t-test 
at each time point, **P<0.01.
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Galactose is a six-carbon sugar derived from  dairy products and is converted in tissues to 

the m ore metabolicaUy useful glucose-1-phosphate by a process known as the Leloir 

pathway (Holden et al., 2003). G lucose-1-phosphate can then be fed into the glycolytic 

pathway by conversion to G-6-P by phosphoglucom utase. This sugar did not serve as an 

adequate alternative to glucose when D O G -containing I<j:ebs buffer was supplem ented 

with lOmM galactose and 2mM L-glutamine, as it did not improve the fusion deficit to 

any significant degree (PI o f 71.26 + 10.44% 30 minutes post-activation, fig. 3.22A). 

Finally, w hen D O G  was administered in the presence o f  2mM L-glutamine, lOmM 

pyruvate and lOmM galactose, m itochondrial fusion was stiU hindered, with P is in 

photo-activated areas o f cells remaining at 49.41 + 2.81% after 30 min, m ore than double 

those o f control cells (fig. 3.22B). One-way analyses o f  variance (ANOVA), with 

Tukey’s honestly significant difference (HSD) post-test o f  P is at 15 and 30 minutes post

activation for all D O G  incubations show no statistical difference between treatm ents at 

each time point, with the exception o f  D O G  alone versus D O G  + L-glutamine + 

galactose + pyruvate at 30 minutes post-activation (fig 3.23). This illustrates that in the 

presence o f  D O G , other substrates do not sufficiently restore fusion to a statistically 

significant degree. These results suggest that the metaboHsm o f glucose, at least its 

phosphorylation to G-6-P, is essential in the m aintenance o f HeLa cell m itochondrial 

fusion.

3.4.5. Effects of Inhibition of Oxidative Phosphotylation and Glucose Metabolism  

on Mitochondrial Membrane Potential

The observed decrease in m itochondrial fusion rates resulting from  dissipation o f the 

shows a clear Hnk between these two im portant aspects o f m itochondrial function. 

Live cell confocal m icroscopy was used to m easure in HeLa cells before and after 

20 m inute incubations with all previously described inhibitors. Cells were loaded with 

tetramethybrhodamine methyl ester (TMRM), a cationic, red-orange fluorescence- 

em itting dye sequestered by m itochondria in a A'l^^-dependent manner. A t non

quenching concentrations, m itochondrial depolarisation is indicated by loss o f  signal 

(and, conversely, hyperpolarisation by increase in signal). Pixel intensities o f  imaged 

fields were expressed as a percentage o f initial values. T o confirm  the sensitivity o f  this 

m ethod in detecting changes, time course and dose-response experiments with

PCCP were conducted (fig. 3.24). Cells loaded with 20nM TM RM  were imaged before 

and after 5, 10 and 20 minutes incubation with a range o f  FCCP concentrations (0.5 —
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Figure 3.22: Galactose does not restore mitochondrial fusion rates in 2-deoxy-D-glucose- 
treated HeLa cells. Galactose (lOmM), when applied with L-glutamme (A) or with L-glutamine 
+ lOmM pyruvate (B) is not an adequate alternative energy source to restore mitochondrial fusion 
rates in 2-deox}’-D-glucose-treated cells. All cells were incubated in Krebs buffer with or without 
the supplements indicated. L-Gln, L-glutamine; Gal, galactose; Pyr, pyruvate. Data presented as 
mean ±  SEM, n = 3. Unpaired t-test at each time point. *P<0.05, **P<0.01, *** P<0.001.
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Figure 3.23: The glycolytic pathway is important in the m aintenance o f m itochondrial fusion rates in H eLa  
cells. O ne way ANOVAs with Tukey’s HSD post test o f P is o f photo-activated regions in cells across 2-deoxy-D- 
glucose (DOG) treatment groups at 15 and 3 0  minutes post-activation reveals that they do not differ to a statistically 
significant degree generally, emphasising the importance o f glucose as a substrate in the maintenance o f  healthy 
mitochondrial fusion rates. The exception is the D O G  alone group versus the D O G  -I- L-glutamine (L-Gki) -I- 
galactose (Gal) -I- pyruvate (Pyr) group, the latter showing a statistically significantly lower PI at 3 0  minutes post- 
activation than the former. This PI, however, is still 2.7-fold higher than control values. Data presented as mean + 
SEM, n = 3. *P<0.05.
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Figure 3.24: FCCP causes A*Pm depolarisation in a dose- and rim e-dependent manner in H eLa cells. A
dose-response and time course experiment was performed to establish the sensitivity’ o f  the m ethod used to detect 
A^n, changes in HeLa cells. Cells were imaged before and at 5, 10 and 20 minutes after incubation with 0 — 5|xM 
FCCP in 25mM glucose DMEM. Mean PI o f  each field imaged were expressed as percentage o f  their initial, pre- 
FCCP value. FCCP caused rapid loss o f TMRM signal in a dose- and time-dependent manner, with all 
concentrations producing a depolansation o f at least 56.74 ±  9.86% within 5 minutes. Data presented as mean + 
SEM, n = 3. Two-way ANOVA with Bonferroni post-test. ***P<0.001.
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SfxNI). Pixel intensities were reduced within 5 minutes to at least 56.74 + 9.86% o f  initial 

values at all concentrations, with the largest PI decreases in the 2.5-5|j,M FCCP range 

(decrease to 11.07 + 3.34% and 6.20 + 2.28% o f initial, respectively). Gradual 

reductions at 10 and 20 minutes were observed in the lower concentration range (0.5 — 

IfxM), bu t further reductions were detectable even at 5)aM FCCP (PI o f  2.96 + 0.34% 

after 20 m inute incubation. These results confirm ed that this m ethod was suitable for 

detecting small changes in in response to m itochondrial inhibition.

The changes in following exposure to m itochondrial inhibitors were then assessed

(fig. 3.25). Many inhibitors targeted to the ETC (rotenone and piericidin A; complex I, 

antimycin A; complex III and azide; complex IV) elicited a statistically significant 

decrease in P is com pared to controls. The exceptions were m alonate (complex II) and 

myxothiazol (complex III), neither o f  which seemed to affect A'P^ significantly. ATP 

synthase inhibition with oHgomycin caused a statistically significant increase in PI, 

indicating hyperpolarisation, as expected. These results suggest that HeLa cell 

m itochondria are capable o f maintaining fusion rates despite partial depolarisation, but 

no t with com plete depolarisation. There is no evidence in the literature to suggest 

hypolarisation hm ders fusion.

Simultaneous incubation o f cells with FCCP and oHgomycin led to complete 

depolarisation (fig. 3.26A) whilst incubation o f  cells with rotenone and oHgomycin (fig. 

3.26B) prevented oHgomycin-induced hyperpolarisation (PI o f  65.21 + 5.95% o f  initial 

values). Co-incubation with either rotenone + antimycin A (fig. 3.27A), or piericidin A + 

antimycin A (fig. 3.27B) caused depolarisation o f  comparable magnitudes, with Pis o f 

80.66 + 1.82% and 75.66 + 2.75% post incubation, respectively. Finally, incubation with 

D O G  with or w ithout L-glutamine, pyruvate or galactose had no statistically significant 

effect on AW^ (fig 3.28). These results suggest that m itochondrial fusion rates are not 

necessarily AW ^-dependent. In the case o f  ETC inhibition, cells that have undergone 

partial A 'P„ depolarisation may stiU maintain norm al fusion rates. Conversely, cells in 

which glucose metaboHsm is inhibited exhibit m itochondria that are unable to fuse whilst 

m aintaining norm al AW^
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Figure 3.25: Effects o f m itochondrial inhibitors on A ^m  in H eLa cells. Cells were imaged before and after 20 
mmutc mcubations with the inhibitors indicated in 25m \I glucose DM EM  and the pixel intensities o f each field were 
plotted as a percentage o f pre-incubation values (% initial). FCCP and oligomycin caused complete depolarisation and 
significant hyperpolarisation, respectively. AU inhibitors targeting enzymes o f  the ETC caused statistically significant 
PI decrease o f  approximately 18 — 20%. The exceptions were malonate (mal) and mjTcothiazol (mj'x), neither o f  which 
appeared to impact A^m. Anti A, antimycin A; oligo, oligomycin; pier A, piericidin A. .Data presented as mean ±  
SEM. One-way ANOVA with D unnett’s Multiple Comparisons post-test. ***P<0.001.
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Figure 3.26: M itochondrial depolarisation in cells incubated with
m ultiple m itochondrial inhibitors. Cells co-incubated with FCCP and 
oligomycin (oligo) in 25mM glucose DM EM  showed complete 
depolansation (A), while cells co-incubated with rotenone and oligomycin 
showed a sigmficant PI decrease o f  34.79 +_ 5.95% (B). Data presented as 
mean + SEM. Unpaired t-test. **’''P<0.001.
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Figure 3.27: M itochondrial depolarisation in cells sim ultaneously incubated  
with com plex I and com plex III inhibitors. CeUs incubated with rotenone + 
antimycin A (A) or piencidin A + antimycin A (B) in 25mM glucose DM EM  
showed mitochondrial depolarisation levels o f comparable magnitude and statistical 
significance. Anti A, antimycin A; pier A, piericidin A; rot, rotenone. Data 
presented as mean + SEM. Unpaired t-test. *’*'’'‘P<0.001.
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Figure 3.28: Inhibition of glycolysis does not affect A'Pm in HeLa cells. Cells incubated with 2- 
deoxy-D-glucose (DOG) with or without the supplements indicated (alone or in combination) do not 
exhibit statistically significant changes in A^m- All cells were incubated in Krebs buffer with or without 
the supplements indicated. Gal, galactose (lOmM); Glue, glucose (25mM); Gin, L-glutamtne (2mM); Pyr, 
pyruvate (lOmM). Data presented as mean + SEM, One-way ANOVA with Dunnett’s Multiple 
Comparisons post-test.
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3.4.6. Effects of Inhibition of Oxidative Phosphorylation and Glucose M etabolism  

on Cellular ATP levels

As previously m entioned, cancer cells often under-utilise m itochondria in the generation 

o f ATP m favour o f glycolysis. It was hypothesised that the m itochondrial inhibitors 

used were not affecting fusion rates because o f the cells’ dependence on extra- 

m itochondrial energy generation pathways. The fusion deficit introduced by glycolysis 

inhibidon further supported this hypothesis. T o investigate this hypothesis, cells were 

incubated in the absence or presence o f each o f  the inhibitors for 20 m inutes, then lysed 

and assayed for ATP content using a luminescence-based assay.

As expected, exposure o f cells to mitochondrial inhibitors did not affect ATP levels to 

any statistically significant degree (fig. 3.29A), but D O G  induced a very significant 

decrease o f  84.1 + 2.39% in ATP levels. U pon further examination o f  the effect o f 

inhibition o f glucose m etabolism on ATP levels, it was revealed that supplem entation o f 

D O G -contam ing medium with L-glutamine, pyruvate or galactose, together or in 

combination, could not compensate for the ATP decrease induced by D O G  alone (fig. 

3.29B). Taken together, these data point towards a strong link between cellular ATP 

levels and the ability o f m itochondria to fuse normally.
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Figure 3.29: Effects o f O XPH O S and glycolysis inhibition on H eLa cell ATP levels. (A) Cells 
incubated with the inhibitors indicated for 20 minutes were lysed and assayed for ATP content as 
described. Exposure to O X PH O S inhibitors did not lead to statistically sigmficant changes in ATP, but 
incubation with 2-deoxy-D-glucose (DOG) led to a ~84%  drop in cellular ATP. All cells were incubated 
in normal 25mM glucose DM EM , except the D O G  group, which was incubated in glucose free DM EM  
containing L-glutarmne (B) Closer examination o f  the effect o f  glycolysis inhibition on ATP levels reveals 
that none o f  the supplements indicated were sufficient to maintain normal cellular [ATP] in the presence 
o f D O G . All cells were incubated in Krebs buffer with or \\,ithout the supplements indicated. Gal, 
galactose (lOmM); Glue, glucose (25mM); Gin, L-glutamine (2mM); Pyr, pyruvate (lOmM). Data 
presented as mean + SEM. One-way ANOVA with D unnett’s Multiple Compansons post-test. 
***P<0.001.
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3.5 Discussion

These smdies have quantified for the first trme the effects o f inhibition o f the 

ETC /O X PH O S system, microtubule assembly and glucose metabolism on 

mitochondrial fusion rates in HeLa cells exhibiting the Warburg effect. Complete 

depolarisation of the mitochondria led to extensive fragmentation and severely 

compromised fusion, yet did not affect cellular ATP levels. Inhibition of the ETC did 

not affect fusion, nor cellular ATP levels, despite inducing ~20% TMRM PI decrease. In 

contrast, inhibition o f ATP synthase did not affect ATP levels but induced a 2.6-fold 

decrease in mitochondrial fusion rates and membrane hyperpolarisation. Microtubule 

disassembly induced a small but statistically significant decrease in mitochondrial fusion, 

which was not significantly affected by co-incubation with antimycin A. FinaUy, 

inhibition of glycolysis induced a severe fusion deficit close to that induced by FCCP. 

Supplementation of DOG-containing medium with L-glutamine, pyruvate, or galactose, 

alone or in combination, did not fully restore fusion rates, indicating the importance of 

glucose metabolism for mitochondrial fusion these cells. In addition, D O G  treatment 

did not affect but dramatically reduced cellular A l’P levels. I ’hese results suggest a 

correlation between cellular A 1P levels and mitochondrial fusion rates.

Fragmentation o f the mitochondrial reticulum upon depolarisation was rapid and

reversible, in agreement with the literature (fig. 3.7) (Malka et ai, 2005, Duvezin-Caubet et 

al., 2006). This phenomenon occurs both in neoplastic and non-neoplastic cells 

(Duvezin-Caubet et ai, 2006, Guillery et ai, 2008). Mitochondrial fusion was seriously 

inhibited until the protonophore was removed, at which point fusion was restored. It 

has been suggested that OM fusion can proceed in the presence o f ionophores (Malka et 

ai, 2005) but this was not obser\^ed here. While the mechanism behind this response is 

thought to arise from AW^-dependent cleavage of O PA l to short isoforms (Guillery et 

ai, 2008), the reason for this phenomenon is unclear. Yeast mitochondria exhibit 

fragments of the mitochondrial inner compartment separated from the outer 

compartment called mitoplasts, which have been shown to prevent OM rupture and 

release o f pro-apoptotic effectors during cell stress (I-Cnorre et al., 2008). Mammalian 

cells have been proposed to contain intramatricial lipid junctions (Benard et ai, 2011) but 

this has yet to be confirmed. The only instance in which a formation close to a 

‘mitoplast’ has been observed in human cells is in O PA l knock-out cells (Song et ai, 

2009), which exhibit numerous matrix compartments bounded by a large OM. Thus,
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perhaps for wild type mammalian m itochondria, the OM  m ust also undergo scission in 

order to separate the inner m em brane com partm ent into smaller units for protection. 

Therefore, the obser\"ed transient ionophore-induced fragmentation may be an acute 

protective mechanism.

This work builds on im portant qualitative data generated by Legros et al. (2002) who 

examined the extent o f  m itochondrial fusion in osteosarcom a 143B cell polykaryons 

lacking m tD N A  or wild-type HeLa polykaryons exposed to FCCP, D O G , oligomycin or 

D O G  + oligomycin. These polykaryons were generated by fusing two populations o f 

cells with differently labelled m itochondria, such that m itochondrial fusion was identified 

as a m ixing/colocalisation o f  these labels within single organelles. Polykaty'ons are 

generated using the P E G  protocol established by Borer et al. (1989) and are maintained in 

cycloheximide to inhibit new protein synthesis. The authors found that fusion continued 

in the polykaryons lacking functional ETC machinery. However, it has been suggested 

that cycloheximide treatm ent stimulates m itochondrial fusion (Karbowski et al., 2004a, 

Tondera et al, 2009, Hoppins et al, 2011) and thus may generate false positives. The 

authors o f this study dispute this, as the degree o f mitochondrial fusion induction could 

be negligible (ivlanuel Rojo, personal communication). Nevertheless, the results 

presented in this chapter robustly confirm , with quantitative evidence, that HeLa cell 

m itochondria can indeed undergo fusion at a normal rate with non-functional ETC (figs. 

3.8 — 3.11). Interestingly, m ost o f  the ETC inhibitors used induced ~20%  decrease in 

I ’MRM PI yet no effect on fusion occurred (fig 3.25). Thus, slightly depolarised 

m itochondria can maintain normal fusion rates in glycolytic HeLa cells. This suggests 

that the O P A l cleavage induced by depolarisation m ust occur when depolarisation 

reaches a certain threshold. The extent o f  O P A l cleavage in these cells in response to 

ETC inhibitors is explored in the next chapter.

Significantly, inhibition o f ATP synthase reduced fusion levels to approximately half o f 

control values (fig. 3.12). This effect does no t appear to be related to ATP levels, as a 

luciferase luminescence-based assay revealed no significant changes in ATP amongst cells 

treated with any m itochondrial inhibitors (fig. 3.29). These data also support the study o f 

Legros et al. (2002), which showed reduced fusion in polykaryons incubated with 

oligomycin. Interestingly, a com m on characteristic o f hum an carcinomas is the 

downregulation o f  the catalytic ^-F l-A TPase (WiUers and Cuezva, 2011), i.e. the site at
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which phosphorylation o f  A D P occurs in normal O X PH O S. Fhe degree o f 

downregulation o f this subunit has been linked to colon cancer progression (Sanchez- 

Arago et al.̂  2010). In addition, many cancer cells also overexpress inhibitor factor 1 

(IFj), a protein that regulates A TP synthase activity, by preventing the enzyme working in 

reverse under hypoxic conditions (Campanella et al., 2008). This has obvious 

implications for hypoxic tumours, as prevention o f ATP synthase ‘cannibalisation’ o f 

cellular A TP during hypoxia would prom ote survival. Recentiy, Sanchez-Cenizo et al. 

(2010) have dem onstrated that IFj may inhibit ATP synthase function even in normoxic 

carcinomas, prom oting a W arburg phenot}"pe. As HeLa cells appear to be strongly 

glycolytic it seems likely that ATP synthase activity is constitutively lowered, although 

this was not directly assessed in the studies presented here. This raises the question o f 

why inhibition o f A TP synthase should impact m itochondrial fusion rates so strongly.

The effect may be structural. Compellingly, like O P A l, ATP synthase is involved in 

cristae formation. Strauss et al. (2008) have elegantly dem onstrated that ATP synthase in 

beef heart and rat Uver m itochondria is arranged in long ~l|o,m rows o f dimeric 

supercomplexes, located at the apex o f  cristae membranes, fhese so-called ‘dimer 

ribbons’ produce significant local cur\-ature on the m em brane with a 17nm outer radius 

owing to markedly increased charge density". This dimerisation involves interactions 

between the oHgomycin-sensitive portions o f the enzymes, (Hong and Pedersen, 2008, 

W agner et a l, 2010). Indeed, W agner et al (2010) have shown that in yeast, certain 

dim er-prom oting subunits o f  F„ do no t assemble with F^ in the presence o f  oHgomycin, 

leading to decreased dimerisation. I ’hus it is conceivable that in HeLa cells, oligomycin 

affects A TP synthase dimerisation, leading to altered cristae curv^ature and, possibly as a 

consequence, the distribution/function o f  O P A l.

An anomalous finding o f  these studies is the synergistic reduction in fusion induced by 

co-incubation with rotenone and antimycin A (fig 3.14). This effect was shown not to be 

due to simultaneous inhibition o f complexes I and III per se, as co-incubation with 

piericidin A and antimycin A did not replicate the result. Furtherm ore, the effect was not 

A^^^-dependent as both  treatm ents produced the same level o f depolarisation (fig 3.27). 

It would be useful to examine the ATP levels in this context. It seems unlikely that 

rotenone and piericidin A would have significantly different effects on this parameter, as 

they were bo th  present in excess in the culture medium and as such, probably inhibited
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complex I maximally. As rotenone was shown to cause microtubule disassembly by 

im m unostaining for tubuUn, it was considered that perhaps the effect was due to 

simultaneous microtubule disruption and ETC inhibition. Thus, m itochondrial fusion 

rates were assessed in cells incubated with anti-neoplastic agent nocodazole or co

incubated with nocodazole and antrmycin A (fig. 3.17). Unexpectedly, nocodazole alone 

produced a small but significant reduction in fusion rates. M icrotubule disassembly has 

previously been shown to cause disorganisation o f  the m itochondrial network 

(M attenberger et ai, 2003) which was also observed here (not shown). However, these 

studies show that it also impacts m itochondrial fusion rates to some degree. Microtubule 

targeting agents (M lA s) are regularly used in chem otherapeutic cancer treatm ent and 

m itochondria are thought to be involved in their cytotoxicity (Rovini et a i, 2011). These 

MTAs lead to apoptosis in cancer cells via the intrinsic pathway, thus involving M OM P 

and cytochrom e c release. Given the prom inent involvem ent o f  m itochondrial dynamics 

in this process, reduced fusion could be an early event induced by MTAs that leads to 

M OM P and fragmentation. Nocodazole + antimycin A treatm ent slightly decreased 

fusion further, but this was not a statistically significant difference when compared to 

that o f  nocodazole alone (fig 3.17C). Thus, the m echamsm  behind rotenone + antimycin 

A-induced fusion inhibition remams to be elucidated. There could be a synergistic effect 

involving simultaneous complex I, III and m icrotubule inhibition, which could be 

assessed by co-incubating cells with nocodazole, piericidin A and antimycin A and 

m onitoring fusion. It would also be w orth assessing A TP levels in cells following this 

treatment.

The m ost significant inhibition o f m itochondrial fusion, apart from  that elicited by 

FCCP, was observ^ed upon treatm ent o f cells with D O G  (fig. 3.19 — 23). Cells were 

shown to be fully dependent on the metabolism o f glucose for the maintenance o f 

m itochondrial fusion rates, although the exact reason for this dependence is not clear. 

I ’he supplem entation o f  the incubation m edium  with L-glutamine, pyruvate or galactose 

could not restore fusion to control levels in the presence o f D O G , possibly indicating a 

sigmficant under-utilisation o f  O X PH O S in these cells, characteristic o f the classic 

W arburg phenotype (Mathupala et ai, 2009). Indeed, ability to utilise L-glutamine for 

A'l P varies across cancer cell t\'^pes; early work by Reitzer et al. (1979) suggested that 

glutamine was the primary energy source for HeLa cells in culture, while m ore recent 

work by Rossignol et al. (2004) confirmed that HeLa cells could subsist primarily on

119



glutamine in the absence o f  glucose. However, the significant and rapid reduction of 

cellular ATP levels observ^ed upon D O G  treatm ent in the presence o f L-glutamine is at 

odds with the findings o f Reitzer and colleagues (1979) (fig. 3.29). In addition, high 

pyruvate levels did not restore fusion rates, indicating that an insufficient am ount o f 

pyruvate was undergoing decarboxylation to acetyl CoA for use in the TCA cycle (also 

another com m on trait o f  aerobic glycolysis). M itochondrial m em brane potential was 

stable under all D O G  treatm ents, however ATP levels dropped by 80 — 90% within 20 

minutes o f  D O G  treatm ent, in agreement with the literature (Malka et al., 2005, GuiUery 

et al., 2008, Sauvanet et al., 2010). It is possible that ATP synthase consum ed large 

amounts o f  ATP during D O G  treatm ent to maintain It would be interesting to

examine ATP levels following co-incubation with D O G  and oHgomycin, the expectation 

being that oligomycin would prevent the ATP decrease induced by D O G  alone.

An im portant effect o f D O G  treatm ent that was not examined here was the decreased 

flux o f G-6-P through the PPP and potential subsequent oxidative stress. As previously 

m entioned, the PPP is a pathway that generates N A D PH  and pentoses from  G-6-P, in 

two distm ct phases. In the oxidative phase, two molecules o f N A D P are reduced to 

N A D PH  as G-6-P is oxidised to ribulose-5-phosphate in two catalytic steps mediated by 

G-6-P dehydrogenase (G6PD H) and gluconolactonase. In the non-oxidative phase, 

ribulose-5-phosphate is converted to various pentoses, such as ribose-5-phosphate (used 

in nucleotide synthesis) and fructose-6-phosphate (used in glycolysis) by transketolase 

and transaldolase. The reducing power o f  the N A D PH  generated during the oxidative 

phase is essential in anti-oxidant defence, as it is used by glutathione reductase to 

replenish reduced glutathione (GSH) from  its oxidised form  (GSSG). G lutathione is the 

m ost abundant antioxidant in aerobic cells and can react directly with ROS by readily 

donating an electron from the thiol group o f  cysteine, and immediately reacting with 

another oxidised glutathione to form  GSSG. For this reason, the low ratio o f cellular 

GSH;GSSG can be used as a m arker o f  oxidative stress (Owen and Butterfield, 2010). In 

addition, glutathione can participate in the detoxification o f  ROS by glutathione 

peroxidases and glutathione-S-transferases (Pompella et a i, 2003).

As previously m entioned, oxidative stress has been implicated as an inhibitor o f normal 

mitochondrial dynamics (Pletjushkina et al., 2006), while disturbing dynamics itself can 

lead to increased ROS (Parone et ai, 2008). Thus, the m itochondrial fusion data
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presented here may indicate that HeLa cells in high glucose medium have access to 

sufficient antioxidant defence via the PPP to absorb ROS generated by O X PH O S 

inhibition but suffer oxidative stress in the face o f D O G  treatm ent, rendering 

m itochondrial fusion impossible. M easurement o f ROS production using fluorescent 

probes (Amplex Red, MitoSox, 2',7'-dichlorofluorescin) and GSH:GSSG ratio in cells 

during or following D O G  treatm ent would surely yield useful data. In addition, fusion 

could be measured in cells exposed to each inhibitor in the presence o f  an antioxidant, 

such as N-acetv'l-cysteine (NAC).

In contrast to FCCP treated cells, fusion-inhibited m itochondria in D O G -treated  HeLa 

cells retained tubular m orphology despite the inability to fuse. This suggests differences 

in the pathways leading to fusion perturbation with both  treatments. While FCCP 

treatm ent has been shown to induce O P A l cleavage, the pathway regulating the novel 

fusion-inhibitory mechanism o f D O G  presented here is unknown. Presumably if O P A l 

cleavage was involved, the m itochondria would fragment significantly, as with FCCP 

treatm ent. I ’herefore, although it cannot be excluded as a possibility', O P A l cleavage 

may not be involved here. Potentially, m itochondria under these conditions are trapped 

in a form  of stasis due to the dramatic drop in cellular ATP, neither fusing nor dividing. 

A decrease in cellular A IT  could also decrease cellular G 'lT , especially in the immediate 

vicinity o f the mitochondrial OM , where nucleoside diphosphate (NDP) kinases reside 

and convert ATP to G TP (Benard et al., 2011). Thus none o f  the GTPase mitodynamins 

would have the abiUt}' to exert their effects. Potentially, the effect is related to the 

allosteric inhibition o f H K  II by D O G -6-phosphate having a structural impact on the 

interaction o f  the enzyme with VDAC and the ATP-synthasome. Indeed, oligomycin 

may also affect the stability o f the synthasome and, in turn, disrupt H K  II function, thus 

providing an explanation for the observed perturbation o f  fusion by D O G  and 

oligomycin. Clearly, further experiments are required to identify the m echanism  behind 

the effects o f  both agents.

These results further emphasise the concept that inform ation pertaining to fusogenicity 

in m itochondria cannot be derived from mere observ'ation o f  morphology. For instance, 

overexpression o f  O P A l in M EFs can cause extensive fragmentation o f the reticulum, 

yet m itochondria can still actively fuse (Chen et ai, 2005). The data presented here 

provide evidence that the opposite scenario can also occur, at least within the
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experimental parameters employed. Thus, m itochondria can appear tubular yet be 

fusion-incompetent.

To conclude, these data show that mitochondrial fusion in glycolytic HeLa cells can 

proceed at a healthy rate in the presence o f ETC inhibitors and while m itochondria are 

partially depolarised. However, fusion is seriously com prom ised by mitochondrial 

mem brane depolarisation and inhibition o f glucose m etabolism and, to a lesser extent, by 

microtubule disassembly.
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C H A PT ER  4

Bioenergetic Control of M itochondrial 

D ynam ics in H eL a Cells Cultured in 

Galactose M edium



4.1 Introduction

In 1966, Hackenbrock published the first o f  a num ber o f pioneering works describing a 

distinctive co-ordination o f m itochondrial m orphology and energetic state 

(Hackenbrock, 1966, 1968, H ackenbrock et ai, 1971). E lectron microscopy revealed that 

during state 4 respiration, when A D P was low and O X PH O S was slowed, m itochondria 

assum ed an ‘orthodox’ conform ation; filamentous cristae within a matrix o f intermediate 

electron density and relatively small IMS. U pon induction o f  state 3 respiration, w hen 

A D P was high and O X PH O S accelerated, m itochondria assumed a ‘condensed’ 

conform ation, featuring an electron-dense matrix, with enlarged IMS but apparently 

unchanged total m itochondrial volume. Thus, a coupling between respiratory rate and 

m itochondrial structure had been established.

This coupling was observed in vitro some 38 years later, as described by Rossignol et al. 

(2004), who highlighted the relevance o f  this phenom enon in cancer biology. The 

authors reported that highly glycolytic HeLa cells previously cultured in standard high 

glucose medium (25mM) were capable o f growth and proliferation in m edium  containing 

an alternative hexose, galactose, and glutamine, with corresponding changes in 

m itochondrial morpholog)^ As described in the previous chapter, galactose is commonly 

found in dair\' products and is metabolised in the body to the more metaboUcaUy useful 

glucose-1-phosphate via the Leloir pathway. In this pathway, galactose is initially 

epimerised from p-D-galactose to a-D-galactose by galactose mutarose, which then is 

phosphorylated to galactose-1-phosphate by galactokinase (GAI.K). Thence forth, it is 

converted to glucose-1-phosphate by galactose-1-phosphate uridylyltransferase and 

finally to glucose-6-phosphate by phosphoglucom utase, although this last step is strictly 

not part o f the Leloir pathway (Frey, 1996, Holden et a l, 2003). While catabolism o f 

galactose to pyruvate yields the same num ber o f ATP molecules, it is less efficient, 

partially due to the lower affinity o f G A LK  for both  ATP and galactose [K^ = 2.10mM 

and 0.48mM, respectively) com pared to that o f V D A C -bound H K  II for ATP and 

glucose (K^ = 0.25mM and 0.02mM, respectively) (Shin-Buehring et al., 1979, 

Bustamante and Pedersen, 1980, Mathupala et al, 2009). Thus, the inefficiency o f 

converting galactose to G-6-P forced the ceUs to harness energy through glutaminolysis, 

reinstating O X PH O S as the primar)" energy production pathway (fig 4.1). In the studies 

o f Rossignol et al, increased O X PH O S was evident in the galactose cultured HeLa cells 

m num erous ways; (i) acidification o f the growth medium was significantly reduced to
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G alactokinase
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Glucose-6-phosphate
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Figure 4.1: Integration o f m etabolic pathways. Simplified schematic o f the integration o f  glycolysis, 
glutaminolysis, the Leloir pathway and the tricarboxylic acid (TCA) cyle. Successive small arrows indicate 
numerous catalytic reactions in glycolysis and the TCA cycle that were excluded, for clarit)^ (not 
representative o f  the number o i  reactions that were excluded).
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negligible levels, due to the reduction o f  lactate production, (ii) cellular respiratory rate 

doubled, (iii) the m itochondrial matrix was m ore oxidised and its steady state pH  

decreased, and (iv) expression o f PD H  and subunits o f complexes I, II, and IV and ATP 

synthase was increased.

CompeUingly, this metabolic switch was also accompanied by mitochondrial 

ultrastructural changes, akin to those described by H ackenbrock (1966, 1968, 

Hackenbrock et a i, 1971). Electron microscopy evidenced the change o f  conform ation 

to the ‘condensed’ state, while fluorescence microscopy revealed the reticulum to be 

highly reticulated and to span the outer regions o f  the cytoplasm. In contrast, glucose 

cultured HeLa cells exhibited m itochondria that were thicker in diameter and arranged in 

a m ore perinulear fashion, and were distinctly absent from distal regions o f the 

cytoplasm. Importantly, these data dem onstrated that the diminution o f  mitochondrial 

function in cancer cells engaging in aerobic glycolysis was reversible and, furthermore, 

dictated by available substrates. Thus the under-utilised m itochondrial phenot\'pe o f 

glycolytic cancer cells was not necessarily a result o f  inherent m itochondrial insufficiency; 

organellar functionality’ could be restored with a simple change in substrate. This study 

by Rossignol et al. (2004) was also instrum ental in shaping the recently published 

hypothesis o f  gene regulation in cancer occurring in ‘waves’ that sequentially depress and 

restore O X PH O S from  transform ation to steady tum our growth (Smolkova et al., 2011).

These results also implicated role for m itochondrial dynamics in cancer biology and 

raised some im portant questions. The increased reticulation and spreading o f the 

m itochondrial network suggested an increase in fusion, or a decrease in fission, or both, 

and possibly a change in transport. Furtherm ore, the increased dependence o f  the HeLa 

cells on O X PH O S for energy production may have sensitised the cells to aberrations in 

the regulation o f m itochondrial fission, fusion or transport, or indeed energ}^ production. 

These issues have not yet been addressed and thus, form ed the basis o f the studies 

described in this chapter.
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4.2 Aims of Chapter

While the metabolic switch from glycolysis to oxidative phosphorylation dependence is 

accompanied by mitochondrial ultrastructural changes in HeLa cells, it is not known if 

there is a correspondmg change in mitochondrial dynamics, specifically fusion rates. 

Furthermore, it is not known if these rates have altered sensitivity to mitochondrial 

inhibition and, if so, what the consequences are for cell sur\aval. In the previous chapter, 

mitochondrial fusion rates were shown to be impervious to ETC inhibition in glucose 

cultured HeLa (Gluc-HeLa) cells. Thus, it was hypothesised that galactose cultured 

HeLa (Gal-HeLa) cells could acquire increased sensitivity to mitochondrial inhibition that 

would be reflected in mitochondrial fusion permrbation and increased cell death. To test 

this hypothesis, the following objectives were set:

1. Assess if the ultrastructural changes in Gal-HeLa cell mitochondria are 

due to altered fusion dynamics. Photo-activation studies were conducted on 

HeLa cells cultured in galactose for at least two weeks and their fusion rates 

compared to those of Gluc-HeLa cells. Expression of mitodynamins was 

compared in cells across substrates.

2. Quantify the effects of ETC/OXPHOS inhibition and galactose starvation 

on Gal-HeLa cell mitochondrial fusion rates. Gal-HeLa cell mitochondrial 

fusion rates were assessed in the absence or presence of the mitochondrial 

inhibitors or m the absence of galactose to assess the degree of cellular 

dependence on each metabolic pathway in the maintenance of these rates.

3. Correlate changes in mitochondrial fusion rates with changes in 

/ATP levels. These parameters were examined, as before, to ascertain if they 

changed in response to mitochondrial inhibition/sugar starvation in a substrate- 

dependent manner

4. Determine the degree of dependence on sugar metabolism across 

substrates. Cell growth was quantified after three days of culture of Glue- and 

Cial-HeLa cells in the absence of sugar or in the presence of one of selection of 

alternative sugars, namely fructose, sucrose or maltose. In addition, the HK I/II 

expression profiles were compared between cell types. Finally, it was determined 

if the presence of glucose could abrogate the fusion inhibition induced by 

piericidin A in Gal-HeLa cells.
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5. Assess if mitochondrial inhibition/sugar starvation had substrate- 

dependent effects on mitodynamins. Western blots on mitochondria isolated 

from treated cells were compared across substrates to identify potential 

differences in PTM/proteolytic cleavage/recruitment of mitodynamins.

6. Compare across substrates the effects of prolonged exposure to 

mitochondrial inhibitors/sugar starvation. The effects of longer treatment (6 

hours) on gross mitochondrial morphology were compared across substrates. In 

addition, cell viability was assessed after 24 hour incubation of Gluc/Gal-HeLa 

cells with each of the mitochondrial inhibitors.
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4.3. Methods

4.3.1. Cell Culture

HeLa cells previously grown in high glucose DM EM  were retrieved from liquid nitrogen 

stocks and cultured for two days in high glucose medium to allow for equilibration 

following freezing. The m edium  was then replaced with glucose-free DM EM  containing 

lOmM galactose, 10% FBS, 2mM L-glutamine and penicillin-streptomycin solution 

(100 un its/m l penicillin G, 0.1 m g /m l streptomycin sulphate). Cells showed a marked 

increase in doubling time as previously reported (Rossignol et a l, 2004) from 24h to 

approximately three days. Cells were grown in galactose DM EM  for at least tw'o weeks 

before use in experiments.

4.3.2. Transfection

Cells were transfected using Gene Juice, as described in Chapter 3. I'ransfection 

efficiency was not adversely affected by growth o f the cells in galactose medium, nor was 

cell toxicit}' increased post-transfection.

4.3.3. Preparation of Whole Cell lysates

W hole cell lysates were prepared from  cells grown to 90% confluence in T175 culture 

flasks. Culture medium was aspirated and cells were rinsed with ice-cold PBS. Cells 

were then scraped in the presence o f  1.2ml Triton-X  100 buffer (150mM NaCl, 1% 

Triton-X  100, 50mM Tris, pH  8.0) containing 0.1% protease inhibitor cocktail. The cell 

lysate was transferred into a 1.5ml microfuge tube, which was maintained at 4"C with 

agitation for 30 minutes. The lysate was cleared by centrifugation at 12,000 x g for 20 

minutes at 4°C. The supernatant was rem oved and placed in a fresh minifuge tube and 

stored at -80°C until required.

4.3.4. Isolation of Mitochondria from Cells

M itochondria were isolated from  cells using the Pierce M itochondrial Isolation l<Cit for 

Cultured Cells as per m anufacturer’s instructions. Briefly, ~2.0 x lO’ cells cultured m 

either high glucose medium or galactose medium were incubated with or without
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inhibitors for 30 minutes and were rinsed with PBS. Cells were trypsinised and 

centrifuged at 1000 x g for five minutes. The cell pellet was washed once with PBS to 

rem ove any traces o f culture medium then resuspended in 800|o,l Reagent A containmg 

0.1% protease inhibitor cocktail. The suspension was vortexed at m edium  speed for five 

seconds then incubated on ice for exactly two minutes. T o  this, 10|al o f  reagent B were 

added and the suspension was vortexed at maximum speed 5 seconds at 1 minute 

intervals for five minutes. The suspension was com bined with 800|j,l reagent B and 

centrifuged at 700 x g for 10 minutes at 4”C remove nuclei and unlysed cells. The 

supernatant was transferred to a new tube and centrifuged at 12,000 x g for 15 m inutes at 

4°C. The supernatant was discarded and the m itochondria-rich pellet was resuspended in 

500|o,l reagent C and centrifuged again at 12,000 x g for five minutes. The pellet was 

resuspended in 50|u,l STE buffer (350mM Sucrose, lOmM Tris, Im M  ED TA , pH  7.4) and 

stored at -80“C until required.

4.3.5. Assessm ent of Mitochondrial Morphology after Six-Hour Inhibitor 

Exposure

Cells stably expressing DsRed-m ito were grown to 70% confluence on 13mm 

borosiUcate glass coverslips in 24-well plates. The culture m edium  was replaced with 

m edium  containing the appropriate inhibitor and cells were incubated at 37‘’C for 20 

minutes. I’he medium was aspirated and cells were briefly rinsed with PBS before 

fixation with 4% paraformaldehyde. Coverslips were prepared for confocal microscopy 

by m ounting on glass slides using Vectashield m ounting medium, contaimng DAPI 

counterstain. Coverslips were sealed with clear nail varnish, stored in darkness at 4°C 

until required and viewed within two days. Confocal settings were as described in 

general m ethods (Chapter 2).

4.3.6. A ssessm ent of Cell Viability

Cell proliferation and viability were measured using Invitrogen’s AlamarBlue redox 

indicator. The assay allows for quantification o f  cell viability by virtue o f  the ability o f 

healthy, metabolically active cells to convert the dye to a colorimetric indicator. Cells 

were cultured in 96-well plates until confluent and following experimental treatm ent, 

were incubated in the presence o f AlamarBlue for six hours (10|u,l reagent into 100|o,l 

m edium  per well). I 'h e  absorbance o f the wells at was m easured using a SpectraNL\X
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PLUS Microplate Spectrophotom eter. Absorbance was m easured at 570nm and 600nm 

the readings obtained at the form er wavelength were normalised to those obtained at the 

latter. All readings were corrected for blank and cell viability was expressed as percent 

control.
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4.4 Results

4.4.1 Effects of Substrate Change on Mitochondrial Fusion Rates

G luc-H eLa cells were capable o f growth and proliferation in galactose DM EM , in 

agreement with the literature (Rossignol et al., 2004). Cells also displayed the 

ultrastructural changes previously described (Rossignol et al., 2004), such as organeUe 

thinning and expansion to distal cytoplasmic regions (fig. 4.2). It was then investigated 

w hether these ultrastructural changes were accompanied by changes in mitochondrial 

fusion rates, using the photo-activation protocol previously described. Gal-HeLa ceUs 

were found to exhibit m itochondrial fusion rates comparable to those Gluc-HeLa cells 

(fig. 4.3A), with P is o f 39.43 + 2.45% at 15 minutes and 27.74 + 1.97% at 30 minutes 

post-activation (fig. 4.3B). These data show that HeLa ceUs can adapt over time and re

establish normal fusion rates in the absence o f glucose, despite their previous 

dependence on its metabolism for m itochondrial fusion.

This adaptation does not involve changes in expression o f the mitodynamins (fig 4.4). 

W estern blotting and densitometry analysis o f  whole cell lysates from  Glue- and Gal- 

HeLa cells show that there is no difference in expression o f  fission m ediator D R P l, nor 

o f OM  fusion mediators M fn l/2 , nor o f IM fusion m ediator O P A l. An increase in 

V D A C l expression in Gal-HeLas has been reported elsewhere (Rossignol et a i, 2004) 

but this was not observed in this study. Thus, the adaptation o f m itochondria to a lack 

o f glucose in the maintenance o f fusion rates appears no t to involve changes in 

expression o f mitodynamins.

4.4.2 Effects of Mitochondrial Inhibition on Fusion Rates in Gal-Hela Cells

Given that Gal-HeLa cells generate energy predom inantly through glutaminolysis (and 

thus O X PH O S), rather than glycolysis, it was hypothesised that the m itochondria of 

these cells may develop increased vulnerability to selective inhibition. To investigate this, 

m itochondrial fusion was assessed in Gal-HeLa cells following 20 minute incubations 

with each o f  the m itochondrial inhibitors used in Gluc-HeLa experiments.
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DAPI
DsRed-mito

Figure 4.2: Ultrastructural changes in the mitochondrial network of HeLa cells 
cultured in galactose DMEM. Cells cultured in high glucose medium (A) exliibit thick 
and tubular mitochondria with perinuclear clustering. Cells cultured in galactose medium 
(B) develop a thinner and more highly ramified reticulum which spreads to the outer 
reaches of the cell in addition to some pennuclear clustering. DAPI, 4,6-diamidino-2- 
phenyHndole, nuclear counterstain. Scale = 10|j,m.
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Figure 4.3: H e La cells can  ad ap t to absence  o f g lucose to  es tab lish  no rm al m itochondria l fusion 
rates. (A) Image showing mitochondnal fusion in Gluc-HeLa cells (left) and Gal-HeLa cells (nght), 
which occur at comparable rates. Scale = 20(j.m. (B) Graphical representation o f fusion data illustrating 
no statistically significant difference in mitochondrial fusion rates between cell types. Data presented as 
mean + SEM, n = 3. Unpaired t-test at each time point.
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Figure 4.4: G al-H eL a cells do  no t show  ch an g es in m itodynam in  expression. (A) W estern blot 
analysis o f fission mediator D R P l and fusion mediators O P A l, rmtofusins (Tvlfn) 1 and 2 and also 
mitochondnal outer membrane protein \T)AC1 m cells cultured m glucose (left) or galactose (nght) 
medium. TubuHn (tub) served as a loading control. (B) Densitometry' values normalised to tubulin values 
reveal no statistically significant difference in expression between cell groups. Data presented as mean + 
SD, n = 2.
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Gal-HeLa cells responded in a similar way to Gluc-HeLa cells following dissipation 

using 5)o,M FCCP. Cells exhibited a highly fragmented reticulum (not shown) and little 

PI decrease in photo-activated areas after 30 minutes (PI of 89.8 ±_ 2.55%, fig 4.5). In 

stark contrast to Gluc-HeLa cells, however, Gal-HeLa cells exhibited severe 

mitochondrial fusion deficit following incubation with almost aU OXPHOS inhibitors 

(fig 4.6). Complex I inhibition with rotenone (fig 4.7A) or 4|j,M piericidin A (fig

4.7B) resulted in complete inhibition of mitochondrial fusion, with Pis remaining at 

97.56 + 2.46% and 98.75 + 1.70%, respectively, at 30 minutes post-activation. As in 

Gluc-HeLa cells, complex II inhibition with ImM malonate had no effect on fusion rates 

(fig 4.8) but complex III inhibition with 2.4^M antimycin A (4.9A) or 2)o,M myxothiazol 

(fig 4.9B) resulted in ver)' significant decreases in fusion. Fusion was also inhibited with 

complex IV inhibition, using 5mM azide (fig 4.10). Finally, fusion was inhibited with 

ATP synthase mhibition using 2|o.g/ml oUgomycin (fig 4.11) and to a much greater extent 

than in Gluc-HeLa cells (refer to section 3.3).

Interestingly OXPHOS inhibition is capable of halting fusion in Gal-HeLa cells after just 

five minutes (fig 4.12). When cells were incubated for five minutes with 4|j,M piericidin 

A (fig 4.12A) or 2|j,g/ml oHgomycin (fig 4.12B), fusion was fully inhibited to the same 

degree as for the 20 minute incubation, with PI values of 92.78 + 2.79% and 88.91 + 

2.54% at 30 minutes post-activation, respectively. Thus, fusion inhibition following 

OXPHOS inhibition occurs rapidly. Taken together, these results show that although 

HeLa cells can adapt to changing energy substrates by altering OXPHOS-dependence, 

they also acquire new \ailnerabilities to mitochondrial inhibition. These cells show high 

sensitivity to inhibition of aU ETC enzymes, with the exception of complex II, and 

appear to be particularly sensitive to complex I inhibition.

4.4.3 HeLa Cell Adaptation to Glucose-Free Environment and Independence  

from Sugars for Mitochondrial Fusion.

As there are no commercially available inhibitors of the Leloir pathway enzymes, it was 

not possible to perform studies equivalent to glycolysis inhibition in Gluc-HeLas. 

However, simple incubation of Gal-HeLa cells in galactose-free DMEM for 20 minutes
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Figure 4.5: Dissipation of AWm compromises mitochondrial fusion in Gal-HeLa cells. Cells pre- 
incubated for 20 minutes with 5^M FCCP exhibited extensive inhibition of fusion, as expected (dashed 
green line). There was negligible change in Pis following photo-activation, indicating no exchange of 
photo-activated mitochondrial content through active fusion. Control cells fused normally, as evidenced by 
the gradual decrease in Pis following photo-activation (bold green Une). The DsRed channels (solid red 
line, control, dashed red Une, FCCP-treated) showed statistically insignificant fluctuations between images 
and indicated that the PA-GFP PI decreases observed were not due to movement of mitochondria out of 
the ROI or photobleaching. Data presented as mean + SEM, n = 3. Unpaired t-test at each time point. 
***P<0.001.
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Figure 4.6: Representative im ages showang m itochondrial fusion inhibition in Gal-HeLa cells incubated with O XPH O S inhibitors. Decreased fusion is evident m cells exposed to 
complex 1 inhibitors rotenone (rot, 10|j.M) and piencidin A (pier A, 4^M), complex III inhibitors antimycin A (anti A, 2.4|xM) and m^TOthiazol (m\Tc, 2(xM), complex inhibitor azide (5mM) 
and ATP synthase inhibitor oUgomycin (oligo, 2|ig/m l). Scale = 20[xm.
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Figure 4.7: C om plex I inhib ition  leads to perturbation o f  m itochondrial fusion  in G al-H eL a  
cells. Inhibition o f  complex I with 10|j,M rotenone (A) or 4|o,M piericidin A (B) for 20 m inutes leads 
to a serious decrease in mitochondrial fusion, with negligible PI decreases in photo-activated regions 
after 30 minutes (dashed green lines). D ata presented as mean ±  SEM , n =  3. Unpaired t-test at each 
time point. *’*"‘'P<0.001.
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Figure 4.8: Complex II inhibition does not affect mitochondrial fusion rates in Gal-HeLa 
cells. Cells pre-incubated with ImM malonate for 20 minutes (dashed green line) did not show a 
statistically significant change in mitochondrial fusion rates compared to controls (bold green Hne). 
Data presented as mean ±  SEM, n = 3. Unpaired t-test at each time point.
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Figure 4.9: C om plex III inh ib ition  leads to perturbation o f  m itochondrial fusion  in Gal- 
H eL a cells. Inhibition o f  com plex III with 2.4)j.M antimycin A (A) or 2|j.M myxothiazol (B) for 20 
minutes leads to a serious decrease in m itochondrial fusion. Pixel intensities rem ained at 73.15 i :  
4.0% 30 m inutes after photo-activation in cells treated with antimycin A, while remaining at 76.52 ±  
6.24% after myxothiazol treatm ent (dashed green Hnes). D ata presented as mean ±  SEM , n = 3. 
Unpaired t-test at each time point. *'*'*P<0.001.

142



*  Control PA-GFP
♦  Control D sR ed2  

A zide PA-GFP  
A zide D sR ed2

lOO

^  60  
CAc

• S 40
V2£

20

tim e post-activation  (m in)pre-activation

Figure 4.10: C om plex IV  inh ib ition  leads to perturbation o f  m itochondrial fusion in  G al-H eLa  
cells. Inhibition o f  complex IV  with 5mM azide for 20 minutes leads to  a serious decrease in 
m itochondrial fusion. Pixel intensities remained at 82.59 + 4.83% 30 minutes after photo-activation in 
cells treated with azide (dashed green line), while control cells exhibited the P is in the norm al range, at 
25.29 ±  2.34% (bold green line). D ata presented as m ean ±  SEM, n = 3. Unpaired t-test at each time 
point. ***P<0.001.
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Figure 4.11: ATP synthase inhibition leads to perturbation of mitochondrial fusion in 
Gal-HeLa cells. Inhibition of ATP synthase with 2|ig/m l oligomycin for 20 minutes leads to a 
significant decrease in mitochondrial fusion. Pixel intensities remained at 86.0 ±  3.09% 30 
minutes after photo-activation in cells treated with azide (dashed green line). Data presented as 
mean ±  SEM, n = 3. Unpaired t-test at each time point. *’*'*P<0.001.
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Figure 4.12: M itochondrial fusion  is in h ib ited  in G al-H eLa cells w ith in  five m in u tes  
O X P H O S inhibition . The effects o f  O X PH O S  inhibition on m itochondnal fusion observed 
after 20 minutes pre-incubation are replicated after just five minutes pre-incubation. Inhibition 
o f  complex I with 4(j.M piericidin A (A), o r A TP synthase with 2|j,g/ml oligomycin (B) leads to 
senous fusion deficit after just five minutes. D ata presented as mean ±  SEM, n = 3. U npaired 
t- te s ta t each time point. ’̂ ’*'*P<0.001.
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had no effect on mitochondrial fusion rates (fig 4.13). Although it is possible that the cells 

retained sufficient cytosolic galactose to sustain them throughout the experiment, it was 

considered that perhaps they had developed reduced dependence on galactose (and, possibly 

sugar catabolism in general) for the maintenance of mitochondrial fusion and cell viability. 

To assess the dependence of Gal-HeLas on sugars for survival, both Gal- and Gluc-HeLa 

cells were cultured for three days in sugar-free medium, or medium containing either lOmM 

or 25mM of galactose, glucose, fructose, sucrose or maltose in place of their original 

substrate.

Using Invitrogen’s AlamarBlue redox indicator, cell viabiUty was shown to be severely 

compromised in Gluc-HeLa cells culmred m sugar-free medium, with viability at just 26 + 

3.09% of controls (fig 4.14). Furthermore, viability of these cells was significandy reduced in 

galactose, fructose, and especially in sucrose medium, at both concentrations. Gluc-HeLa 

cells did not appear to be capable of growth to the level seen in glucose in any other medium 

apart from maltose, in which cell xnabilit}- remained unchanged (\aability at 102.79 + 1.87% 

and 104.33 + 1.32% of controls in lOmM and 25mM maltose, respectively). Gal-HeLa cells 

also showed reduced \aabiLit\' in sugar-free and sucrose media but, sigmficandy, this viabiltiy 

was more than double that of Gluc-HeLa cells in both cases. Surprisingly, Gal-HeLa cell 

viability actually exceeded controls in glucose and maltose media, at 10 and 25mM, by 22 — 

30%.

This detection of increased reduction of the AlamarBlue indicator in Gal-HeLa cells in 

glucose/maltose medium indicates that either the cells’ metabolic rates increased, or that 

their proliferation rate increased, or both, under these conditions. However, it is not 

possible to make this distinction using this assay. Fructose was the only sugar which affected 

\daiblity in both cell types in a dose-dependent manner (fig 4.14C), with \’iabnity higher at 

25mM; a 10.94 ±_ 4.13% increase in Gluc-HeLa cells and an 18.83 +_ 4.39% increase in Gal- 

HeLa cells. Taken together, these data suggest that, whilst Gal-HeLa cells can utilise sugars 

for growth, they are better adapted to survival without them and, in fact, are primed to take 

advantage of sudden sugar availability. It is possible that they benefit from a synergy 

between their increased OXPHOS capability and a latent ability to quickly utilise sugars;
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Figure 4.13: Acute galactose starvation does not affect mitochondrial fusion in Gal- 
HeLa cells. Cells incubated in galactose-free medium for 20 minutes did not show any 
differences in mitochondrial fusion rates, suggesting independence from sugar catabolism for 
this function. Data presented as mean +_ SEM, n = 3. Unpaired t-test at each time point. 
***P<0.001.
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Figure 4.14: E ffects o f different sugars at different concentrations on ce ll viability in Glue- and Gal- 
H eL a cells. Cells originally cultured in either 25mM  glucose medium (blue bars) or in lOmM galactose medium 
(green bars) were transferred to m edium  containing no sugar, glucose, galactose, fructose, sucrose, o r maltose 
at a concentration o f  either lOmM (A) or 25mM  (B) and cell viability was measured after three days. D ata was 
expressed as percent growth o f  cells in their original sugar substrate (i.e. 25mM glucose D M EM  or lOmM 
galactose D M EM  for Glue- and Gal-HeLa cells, respectively). G lutam m e was present in all media. Cell 
viabiUty in Gal-HeLa cells cultured in sugar-free or sucrose-containing medium, although reduced compared to 
controls, was m ore than double that o f  G luc-H eLa cells. Furtherm ore, G al-H eLa cell viability was at the same 
level, or better than in galactose, in m edium  containing glucose, fructose or maltose at both  concentrations, 
while G luc-H eLa cell viability suffered in all bu t glucose or maltose media. Finally, fructose was the only sugar 
that exerted concentration-dependent effects on viabiltiy, with 25mM  producing a statistically significantly 
higher level in both  cell types (C). D ata presented as mean i  SEM, n = 3. Two-way A N O V A  with Bonferroni 
post-test. ***P<O.OOL
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w hen b o th  energy pathways are in place, either metaboKc rate, grow th rate, or bo th  exceed 

that w hich is achievable from  use o f  either substrate alone.

In light o f  these results, it was hypothesised that perhaps the presence o f  glucose could 

rescue m itochondria from  fusion inhibition in G al-HeLa cells exposed to m itochondrial 

toxins. T o  investigate this, Gal-H eLa cells were incubated with 4|j,M piericidin A in the 

presence o f  5mM glucose for 20 m inutes and fusion rates were assessed. As expected, the 

presence o f  glucose dramaticaUy im proved fusion rates during piericidin A exposure; indeed, 

they returned to control levels (fig 4.15A). In an effort to elucidate how  these cells were able 

to quickly utilise glucose so effectively, the expression levels o f  H K  I and II were com pared 

in w hole cell lysates from  G lue and Gal-HeLa cells (fig. 4.15B(i)). B oth H K  isoform s were 

dow nregulated in G al-HeLa cells w hen com pared to G luc-H eLa cells, with H K  II show ing 

the m ost pronounced  decrease in expression (3.4-fold less, fig. 4.15C(i)). H ow ever, w hen 

H K  levels were examined in enriched m itochondrial fractions from  ceU lysates (fig. 

4.15B(ii)), it appeared there was m ore H K II localised to  the m itochondria o f  G al-H eLa cells 

(1.3-fold m ore, fig 4.15C(ii)). These results go som e way towards explaining how  G al-H eLa 

cells are capable o f  fast adaptation to environm ental changes in energy substrate; although 

there may be a decrease in cytosolic H K s, m itochondria-bound form s are retained, and even 

enriched, possibly to ‘prim e’ cells for opportunistic glucose utilisation.

4.4.4 Effects of Galactose Starvation and Inhibition of Oxidative Phosphorylation on 

Mitodynamins in Gal-HeLa Cells

D espite this highly dynamic m etabolic phenotype, in the absence o f  glucose, G al-H eLa cell 

m itochondria rem ain extremely \odnerable to inhibition. As pre\dously discussed, 

m itochondrial dynamics can be regulated through post-translational m odification o f  

m itodynam ins, including phosphorylation, ubiquitination and proteolytic cleavage. T o  assess 

w hether the observed decrease in  fusion upon m itochondrial inhibition is due to 

PTM /cleavage o f  m itodynam ins, W estern blots for fusion m ediators O P A l, M fn l and  2 and 

fission m ediator D R P l were perform ed on m itochondria isolated from  Glue- and G al-H eLa 

cells following treated for 20 m inutes with either 5)xM FCCP, 10|j,M rotenone, 2.4|aM
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Figure 4.15; Glucose metabolism restores mitochondrial fusion in Gal-HeLa cells exposed to 
piericidin A. (A) Gal-HeLa cells exposed to 4(j,M piericidin A (pier A) in the presence of 5mM glucose can 
utilise this substrate to restore mitochondrial fusion rates despite their previous vulnerability to this inhibitor.
(B) Western blot analysis reveals a decrease in expression o f hexokinases (HK) I and II in Gal-HeLa cells 
compared to Gluc-HeLa cells (i) but enrichment of HK II in the mitochondria of Gal-HeLa cells (ii). (C) 
Densitometric analysis o f Western blots shows the decreased expression of HK I and II m Gal-HeLa cells is 
statistically significant (normalised to tubulin (tub) levels) (i), as is the enrichment of HKII on their 
mitochondria (normalised to VDACl levels)(ii). Data presented as mean ±  SEM, n = 3 (A) or ±  SD, n = 2
(C). Unpaired t-test at each time point (A) or for each H K  isoform (C).
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anrimycin A, 5mM  azide, 2)j,g/ml oligomycin, lOmM D O G  (for G luc-H eLa cells) or 

galactose-free m edium  (for G al-H eLa cells) (fig.4.16). D issipation o f  as well as

apoptotic stimuli, have been show n to prom ote the cleavage o f  L -O P A l into S-O PA l 

isoform s (Ishihara et a l, 2006, Guillery et al., 2008). This smdy confirm s that this is the case 

in bo th  G lue- and G al-H eLa cells w hen treated w ith FCCP; bo th  cells exhibited the 

disappearance o f the L -O P A l isoform s in  with increased levels o f  S -O PA l isoform s. O P A l 

cleavage, however, does no t appear to be responsible for fusion inhibition during O X P H O S  

inhibition, as neither cell type show ed increased S -O PA l isoform s following treatm ent with 

antimycin A, azide, or oligomycin. O ne possible exception is ro tenone treatm ent, which led 

to slight decrease in L -O PA l isoform s in Gal-H eLa cells, bu t no t in G luc-H eLa cells. The 

other fusion-m ediating m itodynam ins, M fn l/2  did n o t exhibit any obvious post-translational 

m odifications, as no extra bands arose after treatm ent in either cell group but this cannot be 

stated categorically w ithout use o f  antibodies specifically targeted to post-translationaUy 

m odified forms o f  the proteins.

Im portandy, there were significant differences betw een cell groups in relation to D R P l 

levels in m itochondrial fractions (fig. 4.17A). Densitom etry' analysis o f  W estern blots 

revealed that G luc-H eLa cells show ed no significant changes in D R P l levels across 

treatm ents w hen com pared to  controls b u t G al-H eLa cells showed significandy increased 

D R P l levels following all treatm ents, except galactose starvation (fig. 4.17B). T hese results 

suggest a substrate-dependent change in m itochondrial dynamics signalling pathways, which 

leads to recruitm ent o f  D R P l to  m itochondria following O X P H O S  inhibition in G al-HeLa 

cells.

4.4.5 Effects of Galactose Starvation and Inhibition of Oxidative Phosphorylation on 

Mitochondrial Membrane Potential in Gal-HeLa Cells.

As G luc-H eLa cells were show n to m aintain m itochondrial fusion rates following partial 

dissipation o f  (Chapter 3), it was considered that G al-H eLa cells m itochondria may

experience m ore extensive depolarisation following O X P H O S  treatm ent, leading to 

decreased fusion. Changes in were m easured using m icroscopic analysis o f  TM RM

fluorescence, as described previously. Surprisingly, G al-H eLa cells show ed m itochondrial
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Figure 4.16: O X P H O S inh ib ition  does not lead to alterations in  the m itochondrial 
fu sion  m achinery. Glue- and G al-H eLa cells were incubated with 5)iM FCCP, 
ro tenone (rot), 2.4|oJM antimycin A (anti A), 5mM azide, 2|j,g/ml oligomycin (oligo) o r lOmM 
2-deoxy'D -glucose (D O G )/galactose free (gal-free) media (as appropriate) for 20 minutes 
before m itochondria were isolated and analysed for fusion-mediating m itodynam ins by 
W estern blot. All five isoform s o f  O P A l were resolved, the two long (L) isoform s (a, b) and 
the three short (S) isoform s (c, d, e) m all samples except FCCP treated cells, in w hich there 
was a disappearance o f  L -O P A l isoform s and an enrichm ent o f  S-O PA l isoform s. N o o ther 
treatm ents led to this processing o f  O P A l, with the possible exception o f  rot-treated Gal- 
HeLa cells, which exhibited slightly reduced L -O P A l. N o post-translational modifications 
were observed in m itofusins (Mfn) 1 or 2 as a result o f  treatm ent. The loading control was 
\"DAC1.
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of Western blot detection of DRPl in mitochondria isolated from Glue- and Gal-HeLa cells treated for 20 minutes with 5|jM r 
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of DRPl reveals a statistically significant increase in DRPl localised to mitochondria of OXPHOS inhibited Gal-HeLa cells, but on' 
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depolarisation to the same extent as Gluc-HeLa cells (fig. 4.18A). Only complex III 

inhibition with antimycin A/myxothiazol produced a statistically significant decrease o f 

in Gal-HeLa cells compared to Gluc-HeLa cells (fig. 4.18B). These results reiterate the 

conclusions drawn from Gluc-HeLa cell experiments; there may not be a significant role for 

partial dissipation in changes in mitochondrial dynamics following inhibition in these

cells.

4.4.6 Effects of Galactose Starvation and Inhibition of Oxidative Phosphorylation on 

ATP levels in Gal-Hela Cells

In Chapter 3, the correlation between fusion inhibition and ATP depletion was suggested in 

Gluc-HeLa cells treated with D O G . It was hypothesised that perhaps Gal-HeLa cells were 

also experiencing ATP depletion upon mitochondrial inhibition, leading to the failure of 

fusion. Using the same luciferase-based luminescence assay as before, Gal-HeLa cells were 

found to contain L4-fold more ATP than Gluc-HeLa ceUs at resting conditions (fig. 4.19A). 

This indicates that Gal-HeLa cells either produce more ATP (using the higher ATP-yielding 

O X PH O S system), consume less ATP (3-fold longer doubling time), or both. This higher 

basal ATP could not sufficiently compensate for mitochondrial inhibition however, as 

treatm ent with all toxins led to a severe decrease in ATP, (malonate to a lesser extent) (fig. 

4.19B). Galactose starvation did not lead to a decrease in A 'lT , again suggesting 

independence from sugar catabolism for energy in these cells. The decrease in ATP in 

FCCP-treated cells was unexpectedly low but the reason for this is not yet clear. However, 

taken together, these data highlight the distinct correlation between ATP levels and 

mitochondrial fusion rates.

4.4.7 Effects of Longer Exposure to OXPHOS Inhibitors/Galactose Starvation on 

Mitochondrial Morphology and Cell Viability

Due to the pronounced effects o f relatively short exposure to toxins on mitochondrial 

fusion in Gal-HeLa cells, the effects o f longer exposure were explored. Mitochondrial 

morphology was examined in Gal-HeLa cells exposed to OX PH OS inhibitors/galactose 

star\^ation for six hours and compared to the o f Gluc-HeLa cells following the similar
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treatm ent (fig. 4.20). Gal-HcLa cells show ed com plete fragm entation o f  m itochondrial 

reticula following inhibition o f  complexes I, III, IV and o f  A TP synthase, bu t no t galactose 

starvation. Conversely, G luc-H eLa cells show ed no such fragm entation following inhibition 

o f ET C  enzymes, bu t did so after D O G  treatm ent and A TP synthase inhibition. These 

results show  that early fusion perturbation following inhibitor treatm ent is predictive o f  fuU 

fragm entation o f the netw ork at later stages.

Finally, the im pact on cell \'iability o f  m itochondrial inhibition over a longer period was 

assessed. Cell viability m easurem ents in cells after 24 hours o f  O X P H O S  inhibition revealed 

sigmficandy higher ceU death in G al-HeLa cells com pared to G luc-H ela cells (fig. 4.21A). 

Gal-H eLa cells show ed 2.7 — 9-fold higher cell death following dissipation o f  or

inhibition o f  com plexes I, III, IV  and A TP synthase. E ven  concentrations 10-fold lower 

than those used in aU other experim ents led to 1.6-11.7-fold increases in cell death com pared 

to G luc-H eLa cells (fig 4.20B). O nly D O G  treatm ent led to higher cell death in G luc-H eLa 

cells (61.11 +_ 2.44%) com pared to G al-HeLa cells, which were unaffected by galactose 

star\"ation (fig. 4.20C). These results further illustrate how  fleL a cells can adapt to utilise 

new substrates, such as L-glutamine, in the absence o f glucose but, in doing so, acquire 

higher vulnerability to m itochondrial inhibition.

159



Control Pier A

Myx Azide Oligo DOG/Gal-free

DsRed-mito

Figure 4.20: Prolonged OXPHOS inhibition leads to extensive fragmentation of the mitochondrial reticulum in Gal-HeLa 
cells. Glue- and Gal-Hela cells stably expressing DsRed-mito were incubated for sbc hours with 10|j,M rotenone (rot), 4|j,M piericidin A 
(pier A), 2.4\jM  antimycin A (anti A), 2\xM myxothiazol (myx), 5mM azide, 2|ig/m l oligomycin (oligo) or lOmM 2-deoxy-D-glucose 
(DOG)/galactose free (gal-free) media (as appropriate), then fixed and imaged by confocal microscopy. Gal-HeLa cells exhibited 
'Complete fragmentation of mitochondrial networks following all treatments except galactose starvation. Gluc-HeLa cells exhibited no 
such fragmentation, except in the presence of oligomycin and D O G, while rotenone treated cells showed tubular yet disorganised 
Morphology, probably due to microtubule disassembly. DAPI, 4,6-diamidino-2-phenyUndole, nuclear counterstain. Scale = 5|om.
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Figure 4.21: P rolonged O X P H O S inhib ition  leads to h igher cell death in G al-H eL a cells . Glue- and 
Gal-HeLa cells were incubated for 24 hours in 5 (jAI FCCP, 10|jAI ro tenone (rot), 4|j.M piericidin A (pier A), 
Im M  malonate (mal), 2.4|j,M antimycin A (anti A), 2|^M myxothiazol (myx), 5mM azide, 2|j,g/ml oligomycin 
(oUgo) (A) o r 10-fold lower doses (B) o r lOmM 2-deoxy-D-glucose (D O G )/galactose free (gal-free) media (C) 
and cell viability was m easured using AlamarBlue. Gal-HeLa cells consistently showed significantly higher cell 
death following O X P H O S  inhibition, even at 10-fold lower doses, while viability was unaffected by galactose 
star\'ation. D ata presented as mean + SEM, n =  3. Two-way A N O V A  with B onferroni post-test (A,B) or 
unpaired t-test (C). *P<0.05, **P<0.01, ***P<0.001.
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4.5 D iscussion

T he glycolytic needs o f  large tum ours can outstrip glucose supply, inducing aglycemia 

(E igenbrodt et a l, 1998, Smolkova et a l, 2011). This can encourage a m etabolic shift from 

aerobic glycolysis to O X P H O S, in which glutamine is the primar)' energy substrate. The 

smdies presented here reveal a substrate-dependent change in m itochondrial fusion 

dynamics in response to initochondrial inhibition in HeLa cells. W hile ultrastructural 

changes modify the m itochondrial netw ork upon  adaptation to a glucose-free em dronm ent, 

fusion rates remain stable. H ow ever, these rates are highly sensitive to  m itochondrial 

inhibition, and fusion is robusdy blocked in the presence o f  E T C /O X P H O S . Thus, the 

sensitivity o f  fusion rates to m itochondrial inhibition is substrate-dependent. This sensitix'ity 

is correlated w ith decreased A T P levels and increased D R P l recruitm ent to  m itochondria o f 

treated G al-H eLa cells. Furtherm ore, early fusion inhibition is predictive o f  full 

fragm entation o f  the reticulum  following longer (six hour) exposure to toxins, bo th  in  Gluc- 

and G al-H eLa cells. Interestingly, the addition o f  glucose to G al-H eLa cell m edium  during 

E T C /O X P H O S  inhibition is protective and restores fusion rates to control values. Thus, 

glucose m etabolism  is a requirem ent for m aintenance o f  m itochondrial fusion rates during 

m itochondrial inhibition. G al-H eLa cells are also ~2-fold  m ore \iab le  than G luc-H eLa cells 

in m edium  containing L-glutamine bu t lacking any sugars. Furtherm ore, G al-H eLa cell 

\iability  in  m edium  containing L-glutam ine and g lucose/fructose/m alto se  exceeds that 

observed with galactose, while G luc-H eLa cells consistently fail to m atch, let alone exceed, 

\dability levels in any substrate o ther than glucose. Thus, either G al-H eLa cell m etabolism , 

grow th, or bo th  seem to benefit from  a synergistic effect o f  increased O X P H O S  and glucose 

availability. Finally, Gal-H eLa cells exhibit significantiy higher cell death following 24 hour 

exposure to  m itochondrial toxins. Thus, HeLa cells can adapt to the absence o f  glucose, but 

acquire new vulnerabilities to m itochondrial inhibition, leading to perm rbation  o f  fusion and 

increased cell death.

G al-H eLa cells exhibited basal m itochondrial fusion rates equal to those o f  G luc-H eLa cells 

(tig 4.3). This is a surprising result, given the dependence o f  glycolytic HeLa cells on glucose 

m etabolism  for the m aintenance o f  fusion rates, described in C hapter 3. T hus, HeLa cells 

are capable o f  adaptation to  loss o f  this substrate to m aintain norm al fusion rates. T he Gal- 

H eLa cells used in this smdy were cultured for at least a week in galactose D M E M  before
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used in experiments. It would be extremely interesting to assess how mitochondrial fusion 

rates are affected direcdy after this switch to galactose medium and in the days subsequent as 

it is likely that the cells would be undergoing extensive alterations in energy metabolism 

pathways during this time. For example, the removal o f glucose would probably lead to a 

transient increase in the AMP:ATP ratio, leading to an activation o f AM PK with subsequent 

inhibition o f anabolic pathways. Interestingly, AM PK inhibits m TOR through 

phosphorylation and activation o f tuberous sclerosis complex 1 /2  (TSC l/2), the negative 

regulators o f m TOR (Inoki et ai, 2003). As AM PK is also a stimulator o f autophagy (Kim et 

ai, 2011), and given the effects o f m TOR inhibition on SIHF (Gomes et ai, 2011), it is 

possible that fusion rates would transiently increase. Assessment o f  fusion rates during the 

hours and days following replacement o f glucose with galactose in the culture medium could 

yield some interesting data.

Comparison o f mitodynamin expression between Glue- and Gal-HeLa cells revealed that the 

retention o f normal fusion rates after adaptation to galactose medium was not due to 

changes in expression o f fission/fusion mediators (fig 4.4), despite ob\’ious changes in 

mitochondrial diameter and distribution (fig 4.2). N ot only were mitochondria thinner in 

diameter (observ^ation, not quantified), but the reticulum also extended to distal regions of 

the cytoplasm, as noted by Rossignol et ai (2004). This is in clear contrast to the thick 

tubules clustered in the perinuclear region observed in Gluc-HeLa cells. As stated in the 

literature, the mitodynamins are the main mediators o f mitochondrial fission and fusion. 

However, by no means are they the only effectors o f these processes. Thus, the changes in 

Gal-HeLa mitochondrial morphology may be related to changes in expression o f 

mitodynamin regulators. It m ust be noted that while increasing expression o f D R Pl does 

not necessarily increase fission, owing to a lack o f change in D R Pl recruitment under such 

conditions (Smirnova et al., 1998, Pitts et al.̂  1999), an increase in phosphorylated D R Pl 

would indicate increased retention o f D R Pl at the cytoskeleton and possibly, decreased 

fission. This could be investigated using antibodies raised against phosphorylated D R Pl.

The decreased diameter in Gal-HeLa cell mitochondria can be explained by the ‘condensed’ 

conformation assumed by mitochondria in state 3 respiration, as noted by Hackenbrock 

(1966). The spreading o f mitochondria into the cytoplasm may involve changes in
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mitochondrial transport activity. In neurons, mitochondria are recruited to areas o f high 

activity through interactions with cytoskeletal adaptor proteins with Ca"^ sensing abilities, 

such as Miro 1/2 (MacaskiU et al, 2009). Less is known about this process in other cell types 

but changes in mitochondrial transport mechanisms could affect their cellular distribution. 

Indeed, as described in Chapter 3, disassembly o f the micrombule architecture in HeLa cells 

disorganises the mitochondrial network (Legros et al.̂  2002), which was also observed 

following six hour incubation o f Gluc-HeLa cells with rotenone, a proven microtubule 

disassembly agent.

Importandy, fusion was seriously compromised by inhibition o f complexes I, III, IV o f the 

ETC and ATP synthase (figs 4.5 — 11). Inhibition o f these enzymes resulted in dramatic 

decreases in ATP levels (4.19), comparable to the level observed in Gluc-HeLa cells exposed 

to D O G , m agreement with the literamre (Marroquin et al, 2007). Thus, dependence on 

OX PH OS for maintaining ATP levels in Gal-HeLa ceUs is confirmed, as is the correlation 

between A l P levels and fusion inhibition. Although complex II inhibition caused a small 

but statistically significant drop in ATP levels, malonate did not affect fusion rates (fig 4.8), 

suggesting this enzyme is dispensable for maintenance of mitochondrial fusion within the 

time frame employed here. Alternatively, the concentration used may have been suboptimal 

for complete complex II inhibition, although this concentration (and 1 — 10-fold lower) has 

been used successfully in HeLa ceUs in other studies (Fujikawa and Yoshida, 2010, Lee et ai, 

2011). It is possible the effects o f complex II inhibition require a longer incubation period, 

as 3-NP has been shown to cause mitochondrial fragmentation in neurons within 3 — 6 

hours (Liot et ai, 2009). Surprisingly, dissipation did not differ significandy between 

inhibitor treated Glue- and Gal-HeLa cells (fig 4.18). Thus, it is difficult to correlate 

changes o f the magnitude obser\^ed here with mitochondrial fusion inhibition. A more Kkely 

candidate is cellular ATP level. Finally, ATP synthase inhibition resulted in fusion inhibition 

that exceeded the level observed in Gluc-HeLa cells. Although the fusion inhibition by 

oUgomycin in Gluc-HeLa cells seemed to occur through an as-yet undefined mechanism, the 

fusion deficit observed in Gal-HeLa cells with the same treatment may encompass a more 

general effect o f mitochondrial inhibition.
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VC’estern blot analysis o f mitodynamins in mitochondrial samples prepared from inhibitor- 

treated Glue- and Gal cells revealed and im portant substrate-dependent difference. Cleavage 

o f O PA l was eliminated as a causative factor in the observed Gal-HeLa fusion deficits, as no 

changes in the relative levels o f short and long isoforms were detected between groups or 

substrates. O ne possible exception could be rotenone treatment, as there was a very slight 

decrease in L-O PA l levels, but this requires further verification. Proteolytic processing was 

readily observed in FCCP treated groups, in agreement with the literature (Duvezin-Caubet 

et al, 2006, Guillery et al, 2008). A study on isolated mitochondria has shown that azide and 

oligomycin cause O PA l proteolytic cleavage in an ATP-dependent manner (high ATP being 

preventative o f cleavage) (Baricault et al., 2007) but this was not observed in the 

mitochondria from these treated cells. This may be related to the fundamental differences, 

not least structural ones, between isolated mitochondria and those in living cells. These 

results also suggest that the ~20%  depolarisation detected in treated cells is insufficient to 

prom ote O PA l cleavage. Therefore, it is possible this proteolysis only occurs when 

mitochondria fully depolarised, as with FCCP treatment. VCTiile the failure to detect higher 

additional bands in VC'estern blots for M fn l/2  in mitochondria from treated cells is indicative 

of no PTMs, this would have to be further verified with antibodies raised against 

mitodynamins with specific PTMs, or analysis by mass spectrometry.

Importantiy, D R Pl levels in mitochondria isolated from inhibitor-treated cells differed 

significandy between substrates. VĈ hile control Glue- and Gal-HeLa cells exhibited 

comparable levels o f D R Pl (as did Gal-HeLa cells in galactose free medium), this protein 

was enriched in the inhibitor treated samples from Gal-HeLa cells only. This signifies a 

substrate-dependent change in mitochondrial mitodynamin recruitment in HeLa cells. The 

mechanism of D R Pl recruitment is unclear. As it occurs with all mitochondrial inhibitors, 

D R Pl translocation may be a general response to E T C /O X PH O S inhibition. Potentially, 

ROS could play a role, as fragmentation the mitochondrial reticulum has been shown to 

accompany increased ROS in many cell types (Lyamzaev et al, 2004, Chernyak et al, 2006, 

Pletjushkina et al, 2006, Yu et al, 2006). In addition, D R Pl has been shown to become 

activated foUowing S-nitrosylation by nitric oxide (NO) (Barsoum et al, 2006, Cho et al, 

2009), promoting fission in neuronal cells. Indeed, overproduction o f N O  in tumour cells is 

associated with cytotoxicity (Dhankhar et al, 2010, Muntane and De la Mata, 2010) and
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improves chemotherapy efficacy. However, a low level o f OX PH OS in Gluc-Hel.a cells 

does not necessarily mean that ROS production would be any lower in response to 

mitochondrial inhibition. Indeed, basal ROS may be higher in Gluc-HeLa cells; slow, state 

4-Hke respiration allows electrons to reside longer in active redox sites in ETC enzymes, 

increasing the probability o f ROS production (Chance et al.̂  1979, Turrens, 2003, Adam-Vizi 

and Chinopoulos, 2006). Conversely, it is also possible the upregulation o f ETC enzymes in 

Gal-HeLa cells (Rossignol et al., 2004) would increase the total number o f redox sites within 

their mitochondria, pro\iding more oppormnities for ROS generation.

It is possible that Gluc-HeLa cells have a more robust anti-oxidant battery compared to Gal- 

HeLa cells, owing to high availability o f G6P for the PPP, and thus, NA DPH for the 

regeneration o f GSfl. Indeed, neurons, which are almost completely dependent on 

O X PH O S for ATP, have intrinsically low GSH levels and are highly sensitive to oxidative 

stress (Bolanos et al., 2010). Interestingly, mitochondrial inhibitors have been shown to 

cause rapid (within ~30min) depletion o f GSH in hepatocytes as a result o f increased cellular 

eiflux, rather than through increased oxidation (Mithofer et ai, 1992). Fhis would 

presumably render cells even more \Tjlnerable to oxidative stress during more prolonged 

mitochondrial inhibition. It would be interesting to compare both GSH levels and ROS 

production between Glue- and Gal-HeLa cells to determine whether there is a substrate- 

dependent effect on this parameter in relation to fusion inhibition.

Additionally, it is possible that the energetic crisis induced in Gal-HeLa cells by 

mitochondrial inhibition initiates apoptosis. The role o f D R Pl in apoptosis is controversial, 

as described in Chapter 1, however its depletion in cells has been shown to attenuate 

apoptosis (Lee et al, 2004). The current consensus seems to be that it is involved, yet 

dispensable (Sheridan and Martin, 2010). Nevertheless, its translocation to the mitochondria 

could indicate the onset o f apoptosis. Immunostaining for cytochrome c in treated cells 

could shed light on the matter. Interestingly, Gal-HeLa cells incubated for a longer time 

period o f six hours showed highly fragmented reticula with all inhibitors (fig 4.20). Gluc- 

HeLa cells showed no such fragmentation, except when treated with oHgomycin or D O G . 

Furthermore, Gal-HeLa cells in galactose-free medium did not exhibit fragmentation and 

showed no obvious signs o f SIHF (Tondera et al., 2009, Gomes et aL, 2011). Thus, early
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fusion deficit was predictive o f later coUapse o f the mitochondrial ultrastructure. It would 

be interesting to deplete D R Pl by RNAi in Gal-HeLa cells to assess whether this restored 

fusion rates an d /o r prevented later fragmentation.

Removal o f galactose from the medium did not affect fusion (fig 4.13), D R Pl recruitment 

(fig 4.17), (4-18) or ATP levels (4.19) in Gal-HeLa cells, although it is possible that the

cells contained sufficient galactose to compensate for this acute galactose starvation. 

However, Gal-HeLa cells were remarkably resilient when cultured without sugars for three 

days (fig 4.14), suggesting the derivation o f energy from glutamine is sufficient to sustain cell 

function and growth over this period. Pre\tious studies have suggested that glutamine is the 

primary source o f energy in HeLa cells culmred m glucose medium (Reitzer et al., 1979) but 

the data presented here suggest that Gluc-HeLa cells primarily rely on glucose. Indeed, L- 

glutamine was included in all media throughout experimentation in Chapters 3 and 4, 

therefore the poor viability o f Gluc-HeLas in sugar-free media cannot be attributed to the 

fact that that metabolic pathway was not available to them prior to growth without sugar.

Mammalian ceUs are believed to express transporters for monosaccharides only, while 

polysaccharides require degradation into monosaccharides before uptake (Meyer et al, 2011). 

Cells can be cultured in polysaccharide secondary sources o f glucose (sucrose, maltose) 

provided the appropriate hydrolytic enzymes are present in FBS supplementing the medium 

(Rheinwald and Green, 1974). Maltose is hydrolysed to two molecules o f glucose by 

maltase, while sucrase hydrolyses sucrose into a glucose molecule and a fructose molecule. 

Quantification o f Glue- and Gal-HeLa viability in alternative sugars reiterated the reliance of 

Gluc-HeLa cells on glucose; their viability matched control levels in maltose, as this 

disaccharide liberates two glucose molecules upon hydrolysis, while viability was reduced in 

fructose, which requires several catalytic conversions before it is incorporated into the 

glycolytic pathway. Furthermore, fructokinase, which phosphorylates fructose upon entry 

into the cell, is not allosterically inhibited by its product and as such, continues to 

phosphorylate fructose indefinitely, depleting ATP levels (Johnson et al, 2009). Conversely, 

Gal-HeLa cells seemed to benefit from access to glucose, as reduction o f the AlamarBlue 

indicator in glucose, maltose and fructose exceeded that observed in galactose. Sucrase does 

not appear to be present in FBS, viability in both ceU types growing in sucrose was
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com parable to that in sugar-free m edium . M easurem ent o f  respiration in G al-H eLa cells 

after three days in  these sugars w ould give an indication o f  the activity o f  the O X PH G S 

system. It would also be interesting to  com pare expression o f  Leloir pathway enzymes xi 

across substrates to assess w hether cells becam e m ore efficient in its catabolism  when it was 

the only sugar available.

This observ^ation inspired the assessm ent o f m itochondrial fusion rates in G al-H eLa cells 

exposed to piericidin A in the presence o f  glucose (fig 4.15). This led to  the interesting, 

discovery that m itochondrial fusion rates were restored in the presence o f  glucose. Agam, 

the m echanism  behind this effect is n o t clear, as the glucose could potentially have been 

utilised to generate glycolytic A T P, or to  generate N A D P H  for ROS defence. M easurement 

o f  cellular A TP and GSH after this treatm ent w ould help define how  glucose metabolism 

prevents fusion inhibition under these circumstances. W estern blotting for H K  I and II 

revealed that although total H K  II expression was dramatically decreased in G al-H eLa ceLs, 

it was enriched at the m itochondria, and even exceeded that observed on  Gluc-HeLa 

m itochondria (fig 4.15). It is possible that G al-HeLa cells were able to m obilise H K  II at the 

m itochondria to opporm m stically utilise newly available glucose. Aside from  the possibility 

that it allows for quick utilisation o f  glucose in the event that it becom es available, it is not 

clear why Gal-HeLa cells should enrich H K  II at their m itochondria. Perhaps it is related to 

the role if  H K  II in apoptosis prevention at this site (Pastorino et al., 2002, Solaini et al, 

2011). It w ould be extremely interesting to examine the effects o f  depletion o f H K  II in 

G al-HeLa cells, b o th  in term s o f  general cell \dability and m itochondrial fusion rates.

These data dem onstrate that G al-H eLa cells are metabolically m ore adaptable than  Gluc- 

HeLa cells, and that they can rapidly exploit glucose w hen available to restore m itochondr.al 

fusion rates. Interestingly, it has been observed that astrocytic gHoma cells w ith a prim arJy 

O X P H O S  phenotype can m igrate and invade Matrigel (a measure o f  malignancy) in t ie  

presence o f  sodium  azide if  there is adequate glucose available (Beckner et a l, 2005). Thus, 

this may be, in part, due to their ability to  maintain m itochondrial \iability using glycolytic 

ATP. In the absence o f  glucose, how ever the vulnerability o f  G al-H eLa cells to 

m itochondrial inhibition was extrem ely high, as confirm ed by analysis o f  cell viability after 

exposure to toxins for 24 hours (fig 4.21). Interestingly, G al-HeLa cells were equally
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\oilnerable to E T C /O X PH O S inhibition using 10-fold lower doses o f each inhibitor, with 

the exception o f malonate, which did not significandy impact viability. Conversely, cell 

death was significandy higher in Gluc-HeLa cells treated with D O G  than in galactose- 

starved Gal-HeLa cells. Therefore, HeLa cells display a substrate-dependent vulnerability to 

mitochondrial inhibition. These results also demonstrate a striking correlation between early 

mitochondrial fusion perturbation and later cell death, as any treatment that inhibited fusion 

after 20 minutes also caused extensive fragmentation o f the reticulum within six hours, and 

significant cell death after 24 hours. It appears that inhibition o f mitochondrial fusion is an 

early event in a biochemical cascade eventually leading to cell death, in agreement with the 

literamre pertaining to Bak/Bax interactions with D R Pl and Mfn2 during apoptosis 

(Karbowski et al, 2002, 2006, Wasiak et al, 2007).

To conclude, these data demonstrate that when glucose is abundant, FleLa cells exhibit high 

dependence on its metabolism for the maintenance o f mitochondrial fusion rates. However, 

they can adapt over time to maintain these rates in the absence o f glucose, but in so doing, 

they acquire vulnerability to mitochondrial inhibition. VC'hilst respiring on glutamine, HeLa 

cells exhibit complete cessation o f mitochondrial fusion upon exposure to mitochondrial 

inhibitors, concomitant with a dramatic decrease in cellular ATP. This eventually leads to 

the loss o f mitochondrial structural integrity and fragmentation o f the reticulum within six 

hours, and extremely high cell death within 24 hours.
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C H A PT E R  5

Bioenergetic Control of M itochondrial 

Dynam ics in Prim ary Cortical N eurons



5,1, Introduction

The importance o f mitochondrial dynamics in neurons is compounded by their morphology, 

post-mitotic state, significant dependence on oxidative metabolism and frequent intracellular 

calcium fluctuations. Neurons are morphologically polarised; the cell soma, containing the 

nucleus and associated biogenesis machinery, can be located up to a meter away from the 

axon terminal, the site at which neurotransmission occurs (I<Cnott et al, 2008). 

Neurotransmission is energetically expensive, involving the production and storage o f 

neurotransmitters, transient and rapid plasma membrane depolarisation (action potential), 

sudden spikes in cytosolic Ca'^ levels, neurotransmitter release/reuptake/catabolism  and re

establishment o f resting membrane potential by active ion gradient correction. The fact that 

neurons derive over 90% of ATP through OX PH OS places additional pressure on normal 

mitochondrial function (Cai and Sheng, 2009).

In addition, the polarised neuronal morphology brings the importance o f mitochondrial 

dynamics into sharp focus, especially the active transport o f these key organelles along the 

cytoskeletal architecture. In this way, mitochondrial bioenergetic or morphological 

dysfunction (or both) can have a severe impact on neuronal health and function. Indeed, 

metabolic disorders arising from mitochondrial dysfunction typically include severe central 

nen^ous system (CNS) or peripheral neuropathies (Rossignol et al., 2003, K nott et al, 2008, 

Chen and Chan, 2009). Furthermore, the complex interplay between mitochondrial function 

and dynamics has been implicated in the etiology and /o r progression o f several 

neurodegenerative disorders, such as Alzheimer’s disease (AD), Huntington’s disease (AD), 

and Parkinson’s disease (AD), W hat follows is a description o f mitochondrial dynamics in 

neuronal cells and how this aspect o f mitochondrial function has become relevant to the 

field o f neurodegeneration research.

5.1.1 Mitochondrial Dynamics in Neurons

Neurons can transport mitochondria (and other cargo) both anterogradely (to the synapse) 

and retrogradely (to the soma) using specific m otor machinery; the cytoskeletal scaffold 

(microtubules, actin filaments), m otor proteins (kinesin, dynein, myosin V) and 

linkers/adaptors with regulatory roles (M ilton/G R IFl, M irol/2). Microtubules are arranged
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in a polar fashion in axons, with the ‘plus’ ends pointing towards the synapse and the ‘minus’ 

ends, towards the soma, while the polarity in dendrites can be mixed (Hirokawa and 

Takemura, 2004). It is on these tracts that kinesin motors transport mitochondria in the 

anterograde direction, while dynein motors mediate retrograde transport. Actin filaments are 

enriched in areas o f high activity' within the cell, such as presynaptic terminals and dendritic 

spines and are thought to mediate short-range transport of organelles, using myosin V 

motors (Cai and Sheng, 2009).

The transport o f mitochondria is especially unique compared to that o f other cargo, in that it 

is saltatory and bi-directional. During transport, mitochondria can start, stop and change 

direction several times (Hollenbeck and Saxton, 2005, Cai and Sheng, 2009), with a 

movement velocity that falls between that o f slow moving cytoskeletal proteins and fast- 

moving vesicles (Blaker et ai, 1981). The direction and velocity o f mitochondnal transport is 

highly sensitive to local Ca“̂  flucmations (Saotome et ai, 2008) and this is thought to be due 

to the presence o f adaptor proteins involved in the attachment o f mitochondria to molecular 

motors. Glater et al. (2006) have shown that that micrombule-dependent mitochondrial 

transport m both Drosophila neurons and in mammalian cells requires an adaptor protein 

called Milton (also known as G R IF l in mammals), which recruits kinesin-1 heavy chain, 

KIF5 to the mitochondria. O ther proteins crucial for the microtubule-based transport o f 

mitochondria are OM mitochondrial Rho GTPases 1 /2  (M irol/2). M iro l/2  contain two 

EF-hand Ca"^ binding domains each and confer Ca'^ sensitivity to the transport machinery 

(Saotome et al, 2008), ensuring the localisation o f mitochondria at areas o f high calcium flux 

(Fransson et al., 2003, Wang and Schwarz, 2009). While it is not fully understood how Ca‘  ̂

arrests mitochondrial transport, two mechanisms have been proposed. The first, proposed 

by MacaskiU et al (2009), states that the binding o f Ca“̂  by Miro leads to its the detachment 

from KIF5, while G R IF l remains bound to Miro and the mitochondrion. The second, 

proposed by Wang and Schwarz (2009), states that Ca"* binding by Miro affects the 

interaction between KIF5 and micrombules, causing them to dissociate from one another.

VCliile disruption o f microtubule assembly does not heavily impact fusion in non-neuronal 

cells, as shown in Chapter 3 and by others (Legros et al, 2002), disassembly o f microtubules 

in neurons causes mitochondrial transport arrest and fragmentation (Ligon and Steward,
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2000). Indeed, some mutations o f Mfn2 do not affect fusion competence o f mitochondria 

but abolish the protein’s interaction with Miro2, thereby inhibiting mitochondrial transport 

and precipitating the peripheral neuropathy Charcot Marie Tooth Disease type Ila (CMTIIa) 

(Misko et al.̂  2010). Furthermore, use o f microtubule targeting agents in chemotherapy can 

induce transient neuropathy in patients (Rovini et aL, 2011). Chen and Chan (2009) note that 

mitochondrial transport and fusion are interrelated — if  transport is inhibited, mitochondria 

become immobile and thus the chances o f fusion are decreased due to spatial limitations, 

while fission would still be possible. Conversely, hyperfusion o f mitochondria would restrict 

transport due to the physical hindrance o f outsize cargo.

Mitochondrial fission and fusion have asserted themselves as key aspects o f  mitochondrial 

function in neuronal development and in synaptic plasticity. Li et al (2004) demonstrated 

the importance o f fission in rat hippocampal synaptogenesis. Small mitochondria were seen 

to redistribute to dendrites upon repeated stimulation, promoting the development of 

dendritic spines, projections jutting out perpendicularly from  dendrites on which other cells 

synapse. Expression o f dominant negative D R Pl decreased dendritic mitochondrial density, 

decreased dendritic spine formation by ~78% , and reduced synaptogenesis. Conversely, 

overexpression o f wild-type D R Pl led to increased dendritic mitochondrial numbers and a 

doubling o f dendntic spine formation, with increased synaptogenesis. Waterham et al. (2007) 

later described a female patient, carrying a single heterozygous dominant negative mutation 

for D R Pl that resulted in an Alâ ''̂ ’ — Asp substitution in the conser\^ed middle domain. The 

patient died 37 days after birth with an array o f neurological and metabolic symptoms, 

namely microcephaly, optic atrophy and hypoplasia, persistent lactic acidemia, and elevated 

plasma long-chain fatty acids. Fibroblast samples from the patient exhibited excessive 

mitochondrial and peroxisomal mbularity. Ishihara et al. (2009) showed that mice lacking 

D R Pl died at embryonic day (E) 12.5, while neuron-specific (NS) D R Pl knock-down mice 

died postnatally with brain hypoplasia. Primary neuronal cultures from N S-D RPl ' mice 

exhibited mitochondrial clustering at the soma and poor synapse formation. Thus 

mitochondrial fission is essential in neuronal development and synaptogenesis.

Mitochondrial fusion is also key in CNS development. While mice lacking M fnl and 2 die in 

utero, (Chen et al., 2003) Mfn2-deficiency induced after E7 (to circumvent the placental
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defects in M fn2-knockout mice leading to resorption at E l 2.5) leads to high postnatal 

mortality or, for survivors, severe and progressive cerebellar degeneration with associated 

m otor defects (Chen et al, 2007). Purkinje neuron cultures from these mice have increased 

mitochondrial diameter due to sweUing and a dearth o f mitochondria in axons and dendrites, 

possibly due to mitochondrial aggregates (Chen and Chan, 2009). Mutation o f O PA l is 

known to cause autosomal dominant optic atrophy (ADOA) (Alexander et ai, 2000, Delettre 

et al., 2000). Interestingly, some mutations in the GTPase domain o f O PA l produce 

‘ADOA-plus’ phenotypes, characterized by deafness, sensory-motor neuropathy, muscle 

m ovement disorders and m tD N A  instability (Amati-Bonneau et ai, 2008, Hudson et al., 

2008, K nott et al., 2008). A particular mutation leading to its relocation to the cytoplasm 

rather than the mitochondrial IM revealed the essential role o f O PA l in mouse embryonic 

development; mice carrying the mutation suffered embryonic lethaHt)' with exencephaly 

(Moore et al, 2010).

Beyond early development, and aside from neuropathies arising direcdy from mutations in 

the fusogenic mitodynamins (CMTIIa, DOA), permrbation o f mitochondrial dynamics has 

been implicated in neurodegenerative disease. Mitochondrial dysfunction has long been 

associated with the pathogenesis o f a number o f neurodegenerative illnesses, particularly 

AD, PD  and HD. A key factor in these illnesses is their progressive nature; both AD and 

PD  mostly arise sporadically, while H D  is autosomal dominant, but all generally emerge 

from middle age onwards (Swerdlow, 2009b). Thus, by the time symptoms manifest, there 

has been a cumulative effect o f ongoing damage and a tolerance threshold has been 

breached. Mitochondrial dysfunction can be self-propagating; excessive ROS production, 

for instance, can cause m tD N A  mutation, which in turn can precipitate further 

mitochondrial dysfunction, further ROS generation, depletion o f cellular antioxidant 

defences, aggregation o f oxidatively damaged proteins, Hpids and nuclear D N A  and 

thenceforth a vicious cycle o f cellular destruction (de Moura et al, 2010). The advances 

made in mitochondrial dynamics research in the last decade have provided the impetus to 

examine neurodegenerative diseases in this new context.
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5.1.2 Mitochondrial Dysfunction and Dynamics in Alzheimer’s Disease

Alzheimer’s disease is characterised by fatal degenerative dementia and memory loss, arising 

from cerebral accumulation insoluble amyloid-p Ap) protein (accumulating due to aberrant 

cleavage o f amyloid precursor protein, APP), neurofibrillary tangles containing 

hyperphosphorylated tau protein, senile plaques, and progressive neuronal loss (Wang et ai, 

2009b, de Moura et al.̂  2010). Impaired brain metabolism is one o f the best documented 

abnormalities o f AD and post mortem brains o f patients consistendy exhibit marked 

reductions in the activities o f a number o f mitochondrial enzymes, including PD H C, the a- 

ketoglutarate dehydrogenase complex and complex IV (Blass, 2000). Indeed, A[3 selectively 

inhibits complex IV in a dose-dependent manner in isolated rat brain mitochondria 

(Canevari et ai, 1999). In addition, there is strong evidence o f excessive ROS production in 

AD brains, including m tD N A  alterations, with reduced copy number, lipid peroxidation, 

oxidative protein and nuclear D N A damage and decreased ATT* production (Reddy et ai, 

2011). Thus, mitochondrial dysfunction is likely to be an im portant factor in the progression 

of this disease.

Abnormal mitochondrial dynamics were first implicated in AD with the discovery' that ceU 

neuroblastoma cybrids, containing m tD NA from from AD patients, exhibited swollen and 

clustered mitochondria, often lacking visible cristae (Trimmer et al, 2000). Subsequentiy, 

neurons in post-mortem AD brain tissue were found to contain fewer mitochondria per |nm“ 

compared to controls, and remaining mitochondria frequentiy exhibited broken cristae (Hirai 

et al., 2001). Several years later, it was shown that HSFs from AD patients contained 

significandy reduced D R Pl levels and excessively tubular mitochondria clustered in a 

perinuclear fashion (Wang et ai, 2008a). Interestingly, they also produced three-fold higher 

ROS than healthy controls, and treatment o f both cell types with H jO , led to a decrease in 

cellular D R Pl levels. Furthermore, exogenous expression o f APP in healthy HSFs led to a 

decrease in D R Pl and replicated the AD HSF mitochondrial morphological aberrations, 

u ith  expression o f an A^-generating, AD-relevant m utant (sweAPP) compounding this 

effect. Co-expression o f D R Pl with APP attenuated the morphological effects o f APP 

alone. Thus D R Pl dysregulation was shown to be key mediator o f mitochondrial 

dysfunction in AD.
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The same group then showed that exogenous expression o f APP or sweAPP in hum^n 

neuroblastoma M l7 cells caused mitochondrial fragmentation and perinuclear clustering, 

increased ROS and decreased ATP production (VĈ ang et al., 2008b). Furthermore, neurons 

in AD brain slices were shown to have a dearth o f mitochondria in axons and dendrites 

(Wang et al., 2009a), while PCR analysis o f  AD brains by another group revealed increased 

D R Pl levels (Calkins et al., 2011, Manczak et al, 2011). Interestingly, expression Df 

oligomeric A^-derived diffusible ligands (ADDLs) caused mitochondrial fragmentation and 

depletion in neuronal processes, leading to decreased dendritic spines and decreased 

synaptogenesis (Wang et ai, 2008b). The authors later speculated that the hyperfusion 

observed in AD patient fibroblasts may have been an adaptive mechanism to compensate 

for increase basal ROS production, that is lacking in neural cells (VC'ang et al, 2009b). Thus it 

seems that the AD brain suffers from a counterintuitive combination o f increased 

mitochondrial fission and decreased axonal transport in neurons.

Importandy, Cho et al. (2009) showed that D R Pl is S-nitrosylated by nitric oxide (NO) 

produced in response to A^; this PTM leads to activation of D R Pl and increases fissicn. 

Nitric oxide is a signalling molecule, particularly in the brain, but as a ROS, can have 

detrimental effects, such as inhibition o f complex IV, if produced in excess (Moncada and 

Bolanos, 2006). In the smdy by Cho et al, brains o f AD patients, but not those o f ID  

patients or non-diseased controls, contained S-nitrosylated D R Pl at Cys*’'*'* o f the protein’s 

G ED. Moreover, primary neurons exposed to AD-relevant Ap mutants exhibited 

sigmficandy increased mitochondrial fission, concomitant with D R Pl S-nitrosylation. T.iis 

was accompanied by decreased synaptogenesis and poverty o f dendritic spines. Interestingly, 

these effects were abrogated by mutation o f D R Pl Cys'’'*̂ that blocked S-nitrosylation. Most 

recendy, kymographic measurements o f mitochondrial movement in axons o f primary 

neurons from AD mice revealed that axonal transport o f the organelles is significantly 

hindered (Calkins et al, 2011). The authors also found that oHgomeric Ap physically 

interacts with D R Pl (Manczak et al, 2011), further suggesting a direct impact o f aberrant 

mitochondrial dynamics on disease progression.

Taken together, there is strong evidence that mitochondrial dynamic dysfunction is an 

important aspect o f the AD pathophysiology, although whether or not it is causative in the
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general mitochondrial dysfunction observed in the AD brain is not yet known. It is 

conceivable that excessive fission arising from of Ap-mediated D R Pl hyper-activation would 

lead to mitochondrial heterogeneity and the accumulation o f m tD NA mutations, which 

could then go on to induce further mitochondrial dysfunction. In addition, inhibition of 

mitochondrial axonal and dendritic transport would clearly impair synaptic transmission, 

leading to a lack o f long-term potentiation (LTP, the strengthening o f neural connections 

through repeated stimulation) and atrophy o f synaptic connections.

5.1.3 Mitochondrial Dysfunction and Dynamics in Parkinson’s Disease

The hallmark symptoms o f bradykinesia, rigidity, shuffling gait and resting tremor, are a 

consequence of dramatic and progressive depletion o f pigmented dopaminergic neurons in 

the Substantia Nigra pars compacta (SNpc) o f the basal ganglia (Dauer and Przedborski, 2003, 

Van Laar and Berman, 2009). Another classic histopathological feature in the PD brain is 

the presence o f eosinophilic, proteinaceous, intraneuronal inclusions called Lewy' Bodies, 

which contain misfolded proteins, a-synuclein and are extensively ubiquitinated (|in et ai, 

2005, Fasano tt al., 2007). The aettolog)- o f PD is still unknown but is thought to arise from 

a complex combination o f genetic, emdronmental and inflammatory factors, with age being 

the m ost significant risk factor (I])auer and Przedborski, 2003, Onyango, 2008). An-early 

onset form o f PD, caUed Autosomal Recessive juvenile Parkinson’s Disease (ARJPD), 

displays an aetiology more firmly rooted in inherted genetic mutations related to the 

proteasome protein degradation pathway [parkin, DJ-1 and PINK1 gene mutations) but such 

definite genetic Hnks in sporadic PD have yet to be established (Gasser, 2007, Lesage and 

Brice, 2009).

Parker et al. (2008) have described a 40% decrease in activity o f complex I that is widespread 

in the PD brain. Consistent with this, chronic exposure o f experimental animals to complex 

I inhibitors, such as rotenone and l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine (MPTP) can 

recapitulate many o f the behavioural and histopathalogical feamres o f PD (Langston et ai, 

1999, Fleming et al, 2004). Oxidative stress also seems to play an important role; increased 

iron, lipid peroxidation and oxidised proteins, are comm on in the SNpc o f PD brains 

(Onyango 2008). Parkinson’s disease brains also display reduced levels o f GSH in the
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midbrain (Zeevalk et al., 2008), suggesting normal antioxidant mechanisms have been 

overwhelmed. In addition, it has been shown by our lab, and others, that synaptic 

mitochondria (SM) are more vulnerable to inhibition, relative to non-synaptic mitochondria 

(NSM). Synaptic mitochondria have lower complex I inhibition thresholds, compared to 

NSM; SM require just 25% complex I inhibition before OX PH OS is affected, while NSM 

have a threshold o f 60% (Davey and Clark, 1996, Davey et al., 1997, 1998). Furthermore, 

40% inhibition o f Complex I activity in synaptosomes depolarised with 4-aminopyridine 

causes a three-fold increase in calcium-independent release o f glutamate (Kilbride et al, 

2008), indicating a potential role for excitotoxicity in the pathogenesis o f PD.

I ’he wide acceptance o f mitochondrial dysfunction as a pathophysiological feature o f PD has 

implicated a role for mitochondrial dynamics. There is a general consensus that neuronal 

death in the nigrostriatal pathway begins in synaptic terminals o f long, unmyelinated axons 

(Braak et al, 2004). This predisposes cells to problems o f mitochondrial transport and 

energy deficiency (\^an Laar and Berman, 2009). Furthermore, the complex I lesion in PD 

is thought to arise, at least partially, from m tDNA mutations, given the over-representation 

o f this enzyme within the mitochondrial genome (Smigrodzki et al, 2004, Swerdlow, 2009a). 

Dysfunctional mitochondrial dynamics can lead to m tDNA abnonnalities, as fusion is 

required for tolerance o f m tD NA mutations (Chen et al, 2010). Indeed, in their studies of 

AD cell cybrids. Trimmer et al (2000) also created sporadic PD cell cybrids and reported the 

generation o f cytoplasmic inclusions, and swollen, dysfunctional mitochondria with broken 

cristae. Thus, m tD NA from PD patients precipitated abnormal mitochondrial morphology. 

Complex I inhibition with rotenone or MPP" can lead to mitochondrial fragmentation in 

neurons (Barsoum et al, 2006), but it is not known if they are still fusion competent.

Much o f the insight gained into the role o f mitochondrial dynamics in PD has been through 

the study o f the rare, genetic Autosomal Recessive Juvenile Parkinson’s Disease (ARJPD). 

This familial form o f PD  is thought to arise in some cases from mutations in genes encoding 

P IN K l / parkin, which are thought to regulate mitochondrial fusion and degradation by 

ubiquitination o f Mfn (Twig et al, 2008b). Parkin is recruited to mitochondria (especially 

when depolarised) by unknown means, whereas P IN K l resides in the mitochondria 

(BurbuUa et al, 2010). Interestingly, P IN K l has been shown to interact with the
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M iro/G R IF l complex I mammalian cells, even when expressed without its mitochondrial 

targeting sequence, thus assigning it a potential role in mitochondrial trafficking (Weihofen et 

ai, 2009). M utation of either P IN K l (proposed to activate E3 ligase parkin by 

phosphorylation), parkin, or both, precipitates a severe phenotype in Drosophila, including 

flight muscle degeneration, dopaminergic neuron degeneration and swollen mitochondria 

with disrupted cristae (Chen and Chan, 2009, Ziviani et al, 2010). Despite these findings, 

mouse models carrying P IN K l mutations exhibit surprisingly mild phenotypes. Gispert et al. 

(2009) report that P IN K l deficient mice exhibit impairment o f ETC complex activities, 

mitochondrial and ATP generation in old age but in the absence o f neurodegeneration. 

Moreover, primary neurons from these mice exhibit no morphological differences in 

mitochondria, except under conditions o f proteasomal stress, during which PIN K l-null 

neurons show increased mitochondrial swelling and aggregation. It is possible that this 

pathway is not as important for dynamic regulation o f mouse mitochondria. Interference 

with P IN K l precipitates more pronounced phenotypes in HeLa cells (Exner et al, 2007); 

P IN K l knock down results in fragmented mitochondria with aberrant cristae, which can be 

reversed by exogenous expression o f wild type P IN K l but not the PD mutant. In addition, 

HSFs from ARJPD patients also exhibited fragmented mitochondria which could only be 

rescued by wild type parkin and P IN K l.

Similar to P IN K l mutations, parkin mutations do not precipitate fragmented mitochondrial 

phenotype in mouse models. Parkin'^ mice show no mitochondrial morphological 

abnormalities, despite a significant decrease in complex I and IV subunit expression and 

decreased respiratory capacity (Palacino et al, 2004). In contrast, parkin-nuU HeLa cells 

exhibit severely impaired mitophagy (Geisler et al, 2010), while neuroblastoma cells exhibit 

mitochondrial fragmentation owing to increased D RPl-m ediated fission (Lutz et al, 2009). 

Strangely, HSFs from parkin-mutant PD patients exhibit branching o f mitochondria,

but increased fragmentation compared to controls when exposed to rotenone (Mortiboys et 

al, 2008). This echoes the observations o f Wang et al (2009b), who saw hyperfusion o f 

mitochondria from HSFs o f AD patients, suggesting a comm on compensatory mechanism 

for mitochondrial dysfunction that is present in skin cells but absent in neurons.
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Finally, another mutation giving rise to ARjPD is in a gene encoding D Jl, a highly 

conserved cytosolic protein with a num ber o f reputed functions, including modulation of 

transcription, protein chaperoning, regulation o f mitochondrial homeostasis and modulation 

o f basal autophagy (BurbuUa et al, 2010). Kjebiehl et al. (2010) have shown that D |- l  knock 

down in M EFs leads to decreased respiratory rates, impaired loss o f mitochondrial

interconnectivity, impaired lysosomal activity and reduced mitochondrial clearance by 

autophagy. Neuroblastoma M l7 cells were also shown to have reduced resistance to 

oxidative stress when D |- l  was depleted (Canet-Aviles et al, 2004). This protein relocated to 

mitochondria when in wild type cells treated with paraquat or MPP^ (complex I inhibitors) 

and prom oted survival, while knock out cells exhibited significantiy higher ceU death.

Thus, it is clear that more research is needed if the importance o f mitochondrial dynamics in 

PD  is to be fully appreciated. In Drosophila, mutation o f PD-relevant genes precipitates 

Parkinsonian phenotype with impaired mitochondrial dynamics. Studies from mammals are 

sometimes contradictory' but a trend has emerged implicating genetic PD-relevant proteins in 

regulation o f mitochondrial dynamics and turnover via mitophagy. The relevance o f these 

results to sporadic PD , which ultimately constitutes the vast majority of PD cases, is 

undetermined. However, given the importance o f mitochondrial dynamics in organeUar 

regulation and quality control, it seems likely that this aspect o f mitochondrial function holds 

clinical sigmficance.

5.1.4 Mitochondrial Dysfunction and Dynamics in Huntington’s Disease

Huntington’s disease is a progressive neurodegenerative disorder arising from a cytosine, 

adenine, and guanine (CAG)-repeat expansion in the htt gene, which encodes a mutant 

huntingtin (mthtt) protein with a poly-glutamine tail. Its expression leads to the selective 

loss o f y-aminobutyric acid (GABA)-ergic medium spiny neurons in the striatum, combined 

with cortical degeneration, which precipitates in sufferers a number o f debilitating and 

ultimately fatal symptoms, including progressive chorea, dementia, seizures and psychiatric 

disturbances (Bossy-Wetzel et al., 2008). The length o f the poly-glutamine repeat is directiy 

proportional to disease severity, with a minimum of ~36 repeats necessary for emergence o f 

symptoms (Penney et al, 1997).
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The exact function o f wild type htt has been difficult to define, given the broad expression 

o f the protein and its multiple cellular locations, from the cytoplasm, to mitochondria, the 

the nucleus and the plasma membrane. It is also not known if the mutation leads to a loss or 

a gain o f function, though potentially both could occur (Bossy-Wetzel et ai, 2008). Several 

lines o f evidence indicate that expression o f m thtt induces mitochondrial dysfunction. 

Patients present with elevated lactate levels, and reduced glucose utilisation in affected brain 

areas, while mitochondria from patient samples show reduced calcium buffering capacity and 

reduced Post mortem brains show decreased activity o f complexes II, III and IV (Gu

et al, 1996), while chronic administration o f complex II inhibitor 3-NP repHcates H D  brain 

lesions with striatal specificity in animal models (Borlongan et aL, 1997).

Hungttngtin seems to have roles both in mitochondrial fusion and in trafficking in neurons. 

Wild type htt has been reported to become phosphorylated at Ser'*"’ by the Akt and promote 

anterograde vesicle trafficking through recruitment o f kynesin and adaprin to microtubules 

(Colin et al., 2008). Interestingly, constitutive phosphorylation o f m thtt at Ser'*"' restores this 

transport function, despite retention o f the poly-glutamine tail (Zala et al., 2008). However, 

mutant htt has been shown to cause aggregate ‘road-blocks’ that inhibit trafficking o f 

mitochondria and cause mitochondrial fragmentation (Chang et al, 2006). Furthermore, 

expression o f m thtt causes abnormal mitochondrial ultrastructure, impaired Ca2+ buffering, 

bioenergetic defects and m tD NA deletions (Bossy-Wetzel et al, 2008). Two very recent 

studies have indicated a direct interaction o f m thtt with D R P l. Song et al (2011) report the 

m thtt abnormally interacts with D R Pl in a mutation-derived gain o f function and increases 

its enzymatic function. They also showed that this effect was poly-glutamine length 

dependent; 17-glutamine long repeats had no effect, while those that were 97 repeats long 

caused complete fission. In addition, anterograde and retrograde transport were seriously 

affected. This interaction was further supported by Shirendeb et ai (2011) who showed an 

increase in the GTPase activity o f D R Pl upon interaction with mthtt, leading to reduced 

mitochondrial biogenesis and axonal degeneration.

Overall, understanding the interaction between mitochondrial bioenergetics and dynamics is 

of utmost importance in neurodegeneration. The destructive cascade that follows 

mitochondrial dysfunction has direct effects on mitochondrial morphology, fission, fusion
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and transport, which can only serv^e to potentiate this cascade. Importantly, correct 

regulation o f mitochondrial dynamics can abrogate or compensate for some aspects o f 

mitochondrial dysfunction; fission can exclude sub-optimal mitochondria from the greater 

network, while fusion can aid in the tolerance o f m tD NA mutations and rescue ailing 

organelles through functional complementation. Thus, elucidating the mysteries behind 

these processes might provide new therapeutic targets for neurodegenerative disorders.

183



5.2 Aims of the Chapter

Although neurons may exhibit slower basal rates o f mitochondrial fusion than other tissues 

(Karbowski et al., 2004a), it is nonetheless an extremely important aspect o f mitochondrial 

function in neuronal cells. Through discussion o f mitochondrial dynamics in 

neurodegeneration, it is clear that bioenergetic dysfunction can seriously impact 

mitochondrial fission and fusion. Furthermore, each o f the neurodegenerative illnesses 

described exhibit reduced activity in one particular ETC enzyme over the others but it is not 

known to what degree this enzyme inhibition impacts mitochondrial fusion. With particular 

reference to PD , complex I in brain mitochondria has been shown to tolerate a certain level 

of inhibition before significant impact on respiration, but it is not known if a threshold effect 

exists in relation to mitochondrial fusion rates. To address these issues, this study aimed to 

achieve the following:

1. Quantify the effects o f ETC inhibition on m itochondtial fusion rates in 

primary cortical neurons. The culture and transfection o f primary' cortical neurons 

from the brains of neonatal rat pups were optimised for the quantification of 

mitochondrial fusion rates using the PA-GFP-based confocal assay pre\iously 

described. Neurons were exposed to E T C /O X PH O S inhibitors and mitochondrial 

fusion rates were compared to those o f controls.

2. Attempt to find correlates between m itochondrial inhibition-induced fusion  

deficit and A'P^/ATP levels. Neurons were exposed to inhibitors and assessed 

for changes in A ^ ^ /A T P  levels, as previously described, to assess whether the 

observed fusion perturbation was correlated to changes in these im portant indicators 

o f mitochondrial integrity.

3. A ssess whether there exists a threshold o f com plex I inhibition, above which  

fusion is com prom ised. A dose-response titration o f  complex I inhibitor piericidin 

A was conducted to attain the maximal complex I inhibition tolerable by neurons 

before fusion was adversely affected.
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5.3 Methods

5.3.1 Primary Cortical Neuron Culture

Primary cortical neurons were isolated from  the brains o f one day old neonatal Wistar rats. 

Rats were decapitated using surgical scissors and the cortices carefully extracted using fine- 

tipped curv^ed forceps. The tissue was cross-chopped and incubated for 25 min in 0.3m g/m l 

trypsin/PBS, at 37°C. The trypsinisation process was halted by the addition o f increasingly 

concentrated solutions o f trypsin inhibitor (PBS containing 0.03m g/m l soybean trypsin 

inhibitor, 0.06m g/m l DNase, and 3mM MgSO^, followed by PBS containing O.lm g/m l 

soybean trypsin inhibitor, 0.2m g/m l DNase, and lOmM MgSO^. The cortical suspensions 

were passed through 40)j,m nylon mesh strainers and the filtrates were centrifuged at 2000 x 

g for 3 min, at room  temperature. The resultant pellets were resuspended in 1.5ml 

Neurobasal medium-A (NBMA, Invitrogen), supplemented with 10% horse serum (HS, 

Gibco), 2mM Glutamax (Gibco), penicillin-streptomycin solution (100 units/m l penicillin G, 

0.1 m g/m l streptomycin sulfate) and 2% B27 (Imdtrogen) and counted, using tr^'pan blue as 

a diluent. Each brain yielded approximately 3 — 5 x 10  ̂ cells. Immediately after isolation, 

cells were plated in aforementioned medium, on 13mm glass borosilicate glass coversUps in 

24-well plates or in 35mm glass bottom ed |^-dishes at a cell density equivalent to the total 

extract from one cortex per 24 well p late /per three 35mm )a-dishes. Each coverslip/dish 

was coated in 40ug/m l poly-l-lysine (MW 70 — 150kDa) for two hours prior to seeding o f 

cells. After three hours, medium was replaced with NBMA supplemented with 1% HS (all 

other supplements identical). After 24h, cells were exposed to 20|j.M cytosine beta D- 

arabinofuranoside (Ara-C) in 1% HS NBMA to discourage the proliferation o f glial cells. 

After a flirther 24h, Ara-C was removed and cells maintained in Ara-C-free 1% HS NBMA, 

with 50% medium changes every 3-4 days. Cells were used for experiments at DIV  8 - 11 .

5.3.2 Transfection

Neurons were transfected directly after isolation from cortices using Amaxa’s Rat Cortical 

Neuron Nucleofection system. Cells were transfected with 4|ug o f each plasmid (PA-GFP, 

DsRed) at 5 X 10'’ cells per transfection and plated on poly-l-lysine coated 35mm glass-
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bottom ed u-dishes at a density o f 2.5 x 10*’ cells per dish. Two to three hours post 

nucleofection, medium (10% HS NBMA) was refreshed to remove cell debris. After 24h, 

cells were exposed to 20|j,M cytosine [3-D-arabinofuranoside (Ara-C) in 10% HS NBMA to 

discourage the proliferation o f gHal cells. After a further 24h, Ara-C was removed and cells 

maintained in Ara-C-free 1% HS NBMA, with 50% medium changes every 3-4 days. Cells 

were used for experiments at 8-11 DIV.

5.3.3 Isolation of Rat Brain Mitochondria and Synaptosomes

Non-synaptic mitochondria (NSM) and synaptosomes were prepared as per Lai and Clark 

(1979) , with modifications. Two female Wistar rats were killed by cervical dislocation, and 

the brains extracted and suspended in 40ml ice-cold STE buffer (320mM Sucrose, lOmM 

Tris, Im M  EDTA, pH 7.4). The brains were chopped on ice, with several changes o f buffer 

to remove excess blood. They were then homogenized in STE using 40ml glass Kontes 

tissue grinder. The homogenate was centrifuged at 823 x g for 3 min in a SorvaU RC50 

centrifuge fitted with SS34 rotor to remove nuclei and unwanted debris. The supernatant 

was centrifuged at 10,085 x g for 10 min. The crude mitochondrial peUet was then 

resuspended in 9ml STE buffer and layered on top o f a discontinuous Ficoll gradient (fig. 

5.1), which was centrifuged in a SorvaU Discovery 100 centrifuge, fitted with an AH-629 

rotor, at 104,200 x g for 45 min at 4 °C. The synaptosomal layer was extracted, resuspended 

in 30ml STE and centrifuged at 13,173 x g for 10 minutes, while the NSM peUet was 

resuspended in 1ml STE, homogenised in a W heaton 2ml homogeniser and centrifuged at 

16,000 X g for five minutes. Finally both pellets were resuspended in 1ml STE and stored at 

-80°C until required.

5.3.4 Complex I Assay

The specific activity o f Complex I in NSM and synaptosomes was determined by the 

method of Ragan et al. (1987), with modifications. The spectrophotometric assay follows the 

oxidation o f reduced nicotinamide adenine dinucleoride (NADH) to NAD' by complex I 

(with Decyl Q as an artificial electron acceptor), which is reflected as a decrease in
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7.5% Ficoll (9ml) 
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Myelin sheath 
fragments

Synaptosomes

NSM

Figure 5.1: T he d iscontinuous F icoll gradient. The crude m itochondrial peUet (CMP) is layered on top o f  the 
Ficoll gradient (A). Centrifuging at 28,000 RPM  for 45 m inutes results in the fractionation o f  the CPM into 
myelin, synaptosom es and non-synaptic m itochondria (NSM), as show n in (B).
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absorbance at 340nm. Samples were thrice cryolysed in liquid nitrogen before 50|o,g (NSM) 

or 100|j,g (synaptosomes) were added to a 1ml plastic cuvette containing, in a final volume 

980|ul, assay buffer (25mM Potassium Phosphate, lOmM Magnesium Chloride, pH 7.4), 

Im M  potassium cyanide, 150iJ.M NA DH , 25m g/m l BSA and piericidin A in concentrations 

ranging from lOnM to l)aM (with the exception o f control samples, which contained no 

piericidin A).

The assay was carried out at 37°C in a Cary 300 Bio UV-Visible Spectrophotometer, using 

the accompanying Cary WinUV Varian Kinetics Application Software. The basal rates of 

AAbsj^) were monitored in the samples for two minutes before the redox reaction was 

initiated by the addition of 50)j.M Decyl Q. The reaction was monitored for three minutes 

(NSM) or 10 minutes (synaptosomes) before 10|u,M rotenone was added to each sample to 

inhibit complex I and obtain rotenone-insensitive rates. The rotenone-insensitive rates of 

Ai^bsj^, were subtracted from the rotenone-sensitive rates and specific acti\dties expressed as 

(im ol/m in/m g.

5.3.5 Confocal M icroscopy

5.3.5.1 Quantification of Mitochondrial Fusion Rates

Mitochondrial fusion rates were quantified as described in previous chapters but with 

modifications. Imaging conditions differed from those used for HeLa cells as foUows; z- 

stacking was increased from 5 slices to 8, owing to the more spherical morphology o f the 

neuronal cell body; Kalman filter o f 3 was applied to images to decrease background arising 

from the dense meshwork o f neuronal processes containing DsRed/PA-GFP-positive 

mitochondria surrounding the ceU bodies o f interest; a zoom  o f 2x was appHed to better 

visualise the smaller neuronal cell bodies and finally, an extra time point o f 45 minutes post- 

photo-activation was included to account for the previously reported slower rate o f neuronal 

mitochondrial fusion (Karbowski et al., 2004a). Photo-activation conditions differed also, 

requiring just 1% power output of the 405nm laser for 5 seconds.
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Conditions were further modified for the piericidin A titration, as it w’as deemed necessary to 

increase the sensitivity of the assay to detect more subde changes in fusion rates. This was 

achieved by increasing the zoom applied to the imaging field to 3x and by the photo

activation o f a smaller ROI (2.3|^m^ with a decreased 405nm laser power output o f 0.5%. 

This produced a faster rate o f pixel intensity decrease in control cells and thus allowed for 

the detection of less pronounced yet significant changes in fusion rates.

5.3.5.2Quantification

Quantification o f was performed as described in previous chapters, with modifications. 

Neurons were incubated with 20nM TMRM for 40 minutes rather than an hour before a 

change to 5nM TMRM for imaging. Imaging conditions were as for HeLa cells, except the 

z-stack included 8 slices rather than 7 and the 543nm laser was set to 2% power output. 

Finally, pixel intensity changes owing to changes were monitored in cell bodies of

neurons rather than in averages o f entire fields as with HeLa cells. This was because 

neuronal cultures are heterogeneous and contain glial cells which contribute to the pixel 

intensities in each field, thus measuring pixel intensities o f entire fields would yet erroneous 

results.
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5.4 Results

5.4.1. Optimisation of Primary Neuron Culture

Primary cortical neurons from one-day old neonatal rat pups were successfully cultured 

through a series o f optimisation steps, summarised in fig. 5.2. Glial contamination was the 

first issue addressed. CeUs were cultured for eight days in the absence (fig. 5.2A), or 

presence o f 20p,M cytosine [3-D-arabinofuranoside (Ara-C) (fig 5.2B). A third group were 

exposed to Ara-C for just 24 hours one day after plating, after which time the Ara-C was 

rem oved (fig 5.2C). Cells were fixed and immunostained for neuron-specific class III p- 

tabulin (Tuji) and glial acidic fibrillary protein (GFAP) to assess culture purit}'. Cells spared 

from Ara-C treatment exhibited excessive astrocytic proliferation, whereas constant 

exposure to Ara-C had deleterious effects on neuronal viability. Cells exposed to Ara-C for 

24 hours thrived, with minimal glial contamination, indicating transient Ara-C exposure was 

the m ost appropriate treatment.

The next issue addressed was the substrate on which cells were plated. Coverslips were 

prepared by coating with 40|a,g/ml poly-L-lysine (PLL) o f 15 — 30kDa molecular weight for 

one hour at 37"C, followed by overnight drying. However, cells cultured on these coverslips 

grew in poorly attached clumps (fig. 5.2D). To remedy this, coverslips were prepared using 

PLL o f a higher molecular weight (70 — ISOkDa) according to the original protocol or by 

coating for 2 — 3 hours at 37’C prior to cell plating (i.e. without a drying period). Cells plated 

on pre-dried coverslips showed reduced but still significant clumping (fig. 5.2E), while those 

cultured on coverslips prepared without a drying period showed no clumping and evenly 

dispersed cell somata (fig. 5.2F). This latter PLL coating regime was used for the following 

experiments.

Figure 5.2G is representative o f cultures routinely prepared following these optimisation 

steps. Cells were plated at high density (1.6 — 2 x 10'’ cells/35mm dish) to prom ote high cell 

viability, particularly post-transfection, with an average neuronal purity o f 95 + 1.59%.

190



Figure 5.2: Optimisation of primary cortical neuron culture. Cells were cultxired under various conditions for one 
week and immunostained for neurons-specific class III ^-tubulin (Tujl, red) and glial fibrillary acidic protein (GFAP, 
green), with nuclear counterstain 4,6-diamidino-2-phenylindole (DAPI, blue). (A) Cells cultured in absence of Ara-C 
showed excessive gHal contamination. (B) Cells cultured in the presence of 20|j,M Ara-C showed reduced glial 
contamination but also reduced viability in neurons (C) CeUs exposed to 20|j,M Ara-C for just 24 hours one day after 
plating thrived in the absence of excessive glial proliferation. (D) Cells cultured on coversUps pre-coated with low 
molecular weight (15 -30 kDa) poly-L-lysine (PLL), followed by an overnight drying period, grew in poorly a tta c h e d  

clumps. (E) Cells cultured on coversUps prepared in the same way but with higher molecular weight (70 -  ISOkDa) 
PLL grew in visibly smaller clumps but still showed suboptimal attachment. (F) Cells cultured on coversHps p re p a re d  

by 2 — 3 hour incubation in high molecular weight PLL, without a  drying period showed excellent attachment and no 
clumping. (G) Image representative of cultures regularly prepared following optimisation steps. Scale 100|u,m.
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5.4.2. Effects of Inhibition of Oxidative Phosphorylation on Mitochondrial Fusion 

Rates in Primary Cortical Neurons

Mitochondrial fusion rates in neuronal cell somata were assessed at resting conditions and 

under conditions o f mitochondrial inhibition. At rest, neurons exhibited active 

mitochondrial fusion (fig. 5.3), although at a significandy slower rate than that o f HeLa cells 

(fig. 5.4), in general agreement with the literature (Karbowski et al, 2004a, Berman et al, 

2009). Pixel intensities o f photo-activated areas remained at 49.7 + 7.12% after 30 minutes, 

compared to 25.95 + 0.65% in HeLa cells. For this reason, fusion was m onitored for an 

additional 15 minutes in neurons (total 45 minutes post-activation), after which time Pis fell 

to 37 ±_ 7.02%, which was not significantly different, statistically, from Pis o f HeLa cells at 

30 minutes post-activation.

Mitochondrial fusion rates were then assessed in neurons exposed to mitochondrial 

inhibitors for 20 minutes, as with HeLa cells. Dissipation o f using 5|u.M FCCP led to 

complete fragmentation o f the mitochondrial network and fusion inhibition, as expected (fig. 

5.5). Mitochondrial fusion rates were extremely sensitive to O X PH O S inhibition, with 

inhibition o f complexes I, III, IV and ATP synthase leading to rapid fragmentation o f the 

reticulum and a complete cessation o f fusion. Inhibition o f complex I with lOfiM rotenone 

(fig.5.6) or l)j,M piericidin A (fig 5.7) led to fragmentation o f mitochondria and cessation o f 

fusion, but inhibition o f complex 11 with ImM  malonate had no effect (fig 5.8). Inhibition 

o f complex 111 with 2.4|aM antimycin A (fig. 5.9) or 2|j,M myxothiazol (fig. 5.10) also caused 

inhibition o f fusion with mitochondrial fragmentation, as did inhibition o f complex IV with 

5mM azide (fig. 5.11) and ATP synthase, with 2u.g/ml oHgomycin (fig. 5.12).

5.4.3. Effects of Inhibition of Oxidative Phosphorylation on Mitochondrial 

Membrane Potential in Primary Cortical Neurons

It was found that OX PH OS inhibition not only inhibited mitochondrial fusion, but also 

promoted dramatically increased fragmentation. Given that mitochondrial depolarisation 

also had this effect, it was hypothesised that inhibition o f complexes I, III and IV was 

causing more pronounced dissipation than that observed in HeLa cells. Mitochondrial 

membrane potential was measured using microscopic measurement o f TMRM fluorescence.
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Figure 5.3: R epresentative im age o f m itochondrial fusion in the neuronal som a at resting  con d itions.

Photo-activated m itochondria o f  the neuronal som a show  a gradual sharing o f  fluorescent contents over 45 

minutes. Scale, mam image == 20)xm, inset =  5|xm.
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Figure 5.4: Mitochondrial fusion occurs at a slower rate in neurons than in HeLa cells. Comparison of 
typical quantitative fusion data from HeLa cells (dashed green line) and neurons (bold green line) emphasises the 
reduced efficiency of mitochondrial fusion in the latter cell type. Pixel intensities o f photo-activated regions in 
neurons are significantly higher than in HeLa cells after 15 and 30 minutes. For this reason, fusion was monitored 
for an additional 15 minutes post-activation in neurons (45 minutes post-activation in total). Data presented as 
mean + SEM, n = 3. Unpaired t-test at each time point. *P<0.05, **P<0.01.
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Figure 5.5: Dissipation of A'Pm causes mitochondrial fragmentation and inhibits fusion in neurons. (A) Image 
representative of effects o f 20 minute incubation with 5^,M FCCP on mitochondrial morphology and fusion in neurons. 
Mitochondria appear extensively fragmented after FCCP incubation (upper row) and are unable to undergo fusion (lower row). 
Scale, main image = 20|u.m, inset = 10(j,m. (B) Quantitative fusion data shows the inhibition of fusion in FCCP treated cells 
(dashed green line), compared to controls (bold green line). Data presented as mean + SEM, n = 3. Unpaired t-test at each 
time point, with Welch correction for unequal variance. ’'"''P<0.01, ***P<0.001.
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Figure 5.6: Complex I inliihition with rotenone causes mitochondrial fragmentation and inhibits fusion lo 
neurons. (A) Image representative of effects o f 20 minute incubation with 10|j.M rotenone on mitochondrial morpholo^ 
and fusion in neurons. The mitochondrial reticulum appears fragmented after rotenone incubation (upper row) and is 
unable to undergo fusion (lower row). Scale, main image =  20|am, inset = 10|om. (B) Quantitative fusion data shows the 
inhibition o f fusion in rotenone-treated cells (dashed green Hne), compared to controls (bold green Line). Data presented as 
mean + SEM, n =  3. Unpaired t-test at each time point. **P<0.01, ***P<0.001.
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Fig 5.7: Complex I inhibition with piericidin A causes mitochondrial fragmentation and inhibits fusion in 
neui'ons. (A) Image representative of effects o f 20 minute mcubadon with l|iM  piericidin on mitochondrial 
morpholog}’ and fusion m neurons. Mitochondria appear extensively fragmented after piericidin A treatment (upper row) 
and are unable to undergo fusion (lower row). Scale, main image = 20nm, inset = 10|^m. (B) Quantitative fusion data 
shows the inhibition of fusion in FCCP treated ceUs (dashed green line), compared to controls (bold green Une). Data 
presented as mean + SEM, n = 3. Unpaired t-test at each time point, with Welch correction for unequal variance.
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Figure 5.8: Complex II inhibition does not affect mitochondrial morphology or fusion rates in neurons. (A) I®*? 
indicates lack o f effects o f 20 niinute incubation with ImM  malonate on mitochondrial morphology and fusion in neuioo 
Mitochondria remain tubular following malonate incubation (upper row) and can undergo fusion at a healthy rate [  

row). Scale, main image = 20|j,m, inset = 10|i,m. (B) Quantitative fusion data shows no inhibition o f fusion in  ̂
treated cells (dashed green Une), compared to controls (bold green Une). Data presented as mean + SEM, n = 3. Unp^ 
t-test at each time point, with Welch correction for unequal variance.
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Figure 5.9: Complex III inhibition with antimycin A causes mitochondrial fragmentation and inhibits fusion in 
neurons. (A) Image representative of effects o f 20 minute incubation with 2.4|oAI antimycin A on mitochondrial morphology 
and fusion in neurons. Mitochondria undergo extensive fission after antimycin A incubation (upper row) and are unable to 
undergo fusion (lower row). Scale, mam image = 20\xm, mset = 10|j.m. (B) Quantitative fusion data shows the inhibition of 
fusion in antimycin A treated cells (dashed green Une), compared to controls (bold green line). Data presented as mean i  
SEM, n = 3. Unpaired t-test at each time point, with Welch correction for unequal variance. **P<Q.01, ***P<0.001.

200



+ Myxothiazol

DsRed

PA-GFP

t = l I t = 45
B

Control PA-GFP 
♦  Control DsRed

M yxothiazol PA-GFP 
M yxothiazol DsRed

100-

80-

60-

40-

pre-activation tim e post-activation (min)

Figure 5.10: Complex III inhibition with mjrxothiazol causes mitochondrial fragmentation and inhibits 
in neurons. (A) Image representative of effects of 20 minute incubation with 2 p M  mptothaizol on ro k o c h o n  

morphology and fusion in neurons. Mitochondria appear extensively fragmented after myxothiazol incubation 
row) and cannot fuse (lower row). Scale, main image = 20|j,m, inset = 10|jin. (B) Quantitative fusion data 
inhibition of fusion in myxothiazol treated cells (dashed green Une), compared to controls (bold green Ude)' 
presented as mean + SEM, n  = 3. Unpaired t-test at each time point, with Welch correction for u n e q u a l vai
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Figure 5.11: Com plex IV inhibition causes m itochondrial fragm entation and inhibits fusion in neurons. (A) Image 
representative of effects o f 20 minute incubation with 5mM azide on mitochondrial morphology and fusion in neurons. 
M itochondria appear extensively fragmented after azide treatm ent (upper row) and are tinable to undergo fusion (lower 
row). Scale, main image = 20|xm, inset = lOj^m. (B) Quantitative fusion data shows the inhibition o f  fusion in azide treated 
cells (dashed green Une), compared to controls (bold green line). Data presented as mean + SEM, n = 3. Unpaired t-test at 
each time point, with Welch correction for unequal variance. ***P<0.001.

202



+ Oligomycin

PA-GFP

t = 45
B

♦  Control PA-GFP
♦  Control DsRed  

Oligom ycin PA-GFP 
Oligom ycin DsRed

- f

80-

60-

40-

20-

pre-activation time post-activation (min)

Figure 5.12: ATP synthase inhibition causes mitochondrial fragmentation and inhibits fusion in neurons. (A)
representative of effects of 20 minute incubation with 2[ig/m l oligomycin on mitochondrial morphology and fusio* 
neurons. Mitochondria appear extensively fragmented after oUgomycin treatment (upper row) and are unable to 
fusion (lower row). Scale, main image = 20|^m, inset = 10(a,m. (B) Quantitative fusion data shows the inhibition of fusion  ̂
oligomycin treated cells (dashed green Une), compared to controls (bold green line). Data presented as mean + SEM, 
Unpaired t-test at each time point, with Welch correction for unequal variance. ***P<0.001.
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as described. Twenty minute exposure o f  neurons to complex I, III, and IV inhibitors 

led to significant PI decreases o f between ~68.78 — 82.53% (fig. 5.13). ATP synthase 

inhibition did not lead to hyperpolarisation as expected, but did lead to a lesser PI 

decrease than other inhibitors (PI decrease o f  35.94 + 3.81%). These results suggest a 

threshold o f mitochondrial depolarisation that m ust be reached before mitochondrial 

fragm entation occurs.

5.4.4 Effects of Inhibition o f Oxidative Phosphorylation on ATP levels in Primary 

Cortical Neurons

The observation in Gal-HeLa ceUs that decreased fusion is correlated with decreased 

cellular ATP levels provided the impetus to examine this variable in neurons. CeUs 

exposed to inhibitors o f  complexes I, III, IV and A TP synthase, as well as showed

very sigmficant decreases in A IT  levels (fig. 5.14). Cells treated with FCCP showed ATP 

levels at just 22.87 + 2.86% o f  controls, while complex I-inhibited cells showed ATP 

levels at 20.56 + 2.08% (rotenone) and 15.72 + 1.05% (piericidm A). Complex III 

inhibition led to a drop o f A'FP levels to 26.6 + 4.03% (myxothiazol) and 40.03 + 4.43% 

(antimycin A) o f  controls, while complex IV inhibition produced a decrease to 40.28 + 

3.53%. Finally, ATP synthase inhibition caused a m odest but statistically sigmficant 

decrease to 80.87 + 6.65% o f controls. These results lend further support to the 

previously obtained results in Gal-HeLa cells. Unking intracellular ATP levels and 

m itochondrial fusion rates.

5.4.5 Threshold Effects of Complex I Inhibition on Mitochondrial Fusion Rates in 

Primary cortical Neurons

Given the sensitivity o f  m itochondrial fusion rates to O X PH O S inhibition in neuronal 

cells, it was hypothesised that there may be a threshold o f inhibition beyond which 

fusion rates were adversely affected. Complex I was selected as the target enzyme, given 

its im portant role in neuronal bioenergetics and disease; it has been shown to be the rate 

limiting ETC enzyme in synaptosomal oxygen consum ption (Telford et a i, 2009) and, as 

discussed, has a widely accepted involvement in PD  pathophysiology (ICeeney et ai, 

2006). As previously described, rotenone affects microtubule assembly; this rendered it
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Figure 5.13: Non-fusing mitochondria in OXPHOS-inhibited neurons are significantly depolarised. Microscopic 
measurement of TMRM fluorescence revealed that neurons are significantly depolarised following 20 minute treatment 
with 5|xM FCCP, 10|oM rotenone (rot), 1|jM  piericidin A (pier A), 2.4|iM antimycin A (anti A), 2|iM myxothiazol (myx), 
5mM azide and, to a lesser extent, 2)ag/ml oUgomycin (oUgo). Data presented as mean + SEM (n = 3) and expressed as 
% initial (pre-treatment) values. One-way ANOVA with Dunnett’s post-test. ***P<0.001.
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an unsuitable agent for complex I inhibition titration experiments, given the im portance 

o f microtubules in neuronal transport (Ligon and Steward, 2000). Thus, piericidin A was 

used to selectively inhibit complex I at concentrations ranging from  lOnM — l|o,M.The 

sensitivity o f the fusion assay was increased through adjustment o f  photo-activation and 

imaging parameters, described in section 5.3.5.1. Am ong other changes, a smaller ROI 

(2.3|j,m^) was photo-activated in cell somata, using 405nm laser set to lower power output 

(0.5%). These changes allowed for faster diludon o f the photo-activated signal (fig. 

5.15), and thus, faster PI decreases com pared to those observed using the previous 

settings (fig. 5.16).

Earlier experiments had established that 20 minute incubation with l|o,M piericidin A led 

to fragmentation o f the m itochondrial network. Further imaging experiments using 

piericidin A at this concentration determ ined that the minimum incubation time in which 

this occurred was five minutes (fig. 5.17), thus, all incubations with concentrations below 

l|o,M were o f the same duration. Five-minute exposure o f neurons to 500nM piericidin 

A led to complete cessation o f fusion and, although not within five minutes, complete 

fragmentation o f  the network did occur and was obvious at 45 minutes post-activation 

(fig. 5.18). Piericidin A inhibited fusion at lower still concentrations o f lOOnM (fig. 5.19) 

and 50nM (fig 5.20), but had no effect at lOnM (fig 5.21). I’hus it appeared neurons 

could withstand a certain level o f complex I inhibition before mitochondrial fusion was 

affected.

M itochondrial m em brane potential experiments (again, using microscopic measurement 

o f TM RM  fluorescence) showed a dose-dependent decrease in in response to five 

m inute incubations with piericidin A (fig. 5.22). Statistically significant decreases in 

were observ^ed at all concentrations above —and including- 50nM. It is interesting to note 

that 50nM caused significant inhibition o f  fusion and a decrease o f 20 + 3.38% in A'4^ .̂ 

A decrease in o f this magnitude was not sufficient to cause fusion inhibition in

Gluc-HeLa cells, suggesting a higher dependence o f neurons on this aspect of 

mitochondrial function for the maintenance o f  healthy fusion rates.

Neuronal ATP levels were also significantly affected following five-minute exposure to 

piericidin A, in a dose-dependent m anner (fig. 5.23). A t a concentration o f lOOnM, 

piericidin A caused a 32.82 + 5.23% decrease in cellular ATP, with a 2-fold greater
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Figure 5.15: N ew  photo-activation parameters allow for faster p ixel intensity decrease in photo
activated regions. Changing photo-activation settings on the confocal microscope allowed for a faster 
dilution o f photo-activated signal and thus a faster decrease in pixel intensity'. Zoom  was increased to 3x, 
ROT was reduced to 2.3|o.m, and 405nm laser power output was reduced to 0.5%. Scale = 20fim
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Figure 5.16: Comparison of pixel intensity decreases observed with different photoactivation settings.
Photo-activating ROIs with new settings (bold green line) led to a faster dilution o f  photo-activated signal and 
thus a faster decrease in the pixel intensity’, compared to those photo-activated with old settings (dashed green 
line). The new settings had no effect on DsRed fluorescence measurement (red Hnes). Data presented as mean 
±  SEM, n = 3.
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l̂ igute 5.17: Five m inute incubation w ith l^iM piericidin A  causes inhibition o f m itochondrial fusion and increased
[fission. (A) N eurons exposed to l^M  piericidin A for just five minutes exhibited increased mitochondrial fission (top row) 
l*nd fusion cessation (bottom row). Scale, main image = 20|xm, inset 5|im, (B) Quantitative fusion data shows the inhibition
; “f fusion following five minute treatm ent o f  neurons with IfxM piericidin (dashed green line), compared to controls (bold 
■ Steen Une). D ata presented as mean +  SEM, n  =  3. Unpaired t-test at each time point, with Welch correction for unequal 
'’̂ tiance. ***P<0.001.
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Figure 5.18: Five minute incubation with 500nM piericidin A causes inhibition of mitochondrial fusion and 
increased fission. (A) Neurons exposed to 500nM piericidin A for just five minutes exhibited increased mitochondrial 
fission (top row) and fusion cessation (bottom row). Scale, main image = 20jxm, inset 5|o.m. (B) Quantitative fusion data 
shows the inhibition of fusion following five minute treatment of neurons with 500nM piericidin (dashed green line), 
compared to controls (bold green line). Data presented as mean + SEM, n = 3. Unpaired t-test at each time point, with 
Welch correction for unequal variance. ***P<0.001.
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Figure 5.19: Five minute incubation with lOOnM piericidin A causes inhibition of mitochondrial fusion and 
increased fission. (A) Neurons exposed to lOOnM piericidin A for just five minutes exhibited increased mitochondrial 
fission (top row) and fusion cessation (bottom row). Scale, main image = 20|xm, inset 5jxm. (B) Quantitative fusion data 
shows the inhibition of fusion following five minute treatment of neurons with lOOnM piericidin (dashed green hne), 
compared to controls (bold green Hne). Data presented as mean ±  SEM, n = 3. Unpaired t-test at each time point, with 
Welch correction for unequal vanance. ***P<0.001.
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Figure 5.20: Five minute incubation with 50nM piericidin A causes inhibition of mitochondrial fusion and 
increased fission. (A) Neurons exposed to 50nM piericidin A for just five minutes exhibited increased 
mitochondrial fission (top row) and fusion cessation (bottom row). Scale, main image = 20fxm, inset 5(j,m. (B)
Quantitative fusion data shows the mhibition of fusion following five minute treatment of neurons with 50nM 
piericidin (dashed green hne), compared to controls (bold green Hne). Data presented as mean i  SEM, n = 3. 
Unpaired t-test at each time point, with Welch correction for unequal variance. ***P<0.001.
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Figure 5.21: Five minute incubation with lOnM piericidin A does not affect mitochondrial fusion. (A)
Mitochondria m neurons exposed to lOnM piencidin A for five minutes exhibited no morphological changes (top 
row) and were capable of normal fusion (bottom row). Scale, main image = 20(xm, inset 5|j.m, (B) Quantitative 
fusion data shows no inhibition of fusion following five minute treatment of neurons with lOnM piericidin (dashed 
green Hne), compared to controls (bold green line). Data presented as mean + SEM, n = 3. Unpaired t-test at each 
time point, with Welch correction for unequal variance. ***P<0.001.
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Figure 5.22: Five minute incubation with piericidin A causes partial mitochondrial depolarisation in 
a time and dose-dependent manner. Neurons loaded with TMRM were exposed to piericidin A at the 
concentrations indicated for five minutes (light blue bars) and exhibited statistically significant mitochondrial 
depolarisation from 50nM onwards. Incubation with l|o,M for twenty minutes (striped bar) leads to an even 
larger depolarisation. Data presented as mean + SEM (n = 3) and expressed as % initial (pre-treatment) 
values. One-way ANOVA with Dunnett’s post-test. **P<0.01, ***P0.001
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Figure 5.23: Five m inute incubation with piericidin A decreases neuronal ATP in a tim e and dose- 
dependent manner. Neurons exposed to piencidin A for five minutes (light blue bars) at the concentrations 
indicated showed a dose-dependent decrease in ATP from lOOnM onwards. Longer exposure to l^M  piericidin 
A (20 minutes, striped bar) led to a more pronounced ATP decrease. Data presented as mean + SEM, n = 3. 
One-way ANOVA with D unnett’s post-test. ***P<0.001.
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decrease at 500nM and Despite the inhibition o f  fusion at 50nM piericidin A, there

were no changes in A 'l'P obser\^ed within five minutes. It is possible that ATP decreased 

sigmficantly at a later period, given the early and significant changes in observed at 

this concentration, but this cannot be stated definitively here.

Finally, to assess the degree o f complex I inhibition at each piericidin A concentration, 

complex I assays were carried out on non-synapdc m itochondria (NSM) and 

synaptosomes (SYN) prepared from adult rat brains (fig. 5.24 — 25). It m ust be noted 

here that NSM contain m itochondria not only from  neuronal somata but also from  gHa 

and thus are not pure preparations o f neuronal m itochondria. Therefore, the results 

obtained were considered an approximation o f  the degree o f inhibition o f complex I 

occurring in neuronal cells exposed to piericidin A. Complex I was inhibited to 

approximately the same degree in NSM and SYN at each concentration, with ~33%  

inhibition at lOnM, increasing sharply to ~75%  inhibition at 50nM, ~87%  inhibition at 

lOOnM, and ~99%  inhibition at 500nM-l|u,M. W hen NSM complex I inhibition was 

plotted against % fusion (where a PI decrease to ~37%  post-activation value after 45 

minutes represented 100% fusion), it appeared that the threshold o f complex I inhibition 

affecting m itochondrial fusion lay between ~33 — 75% (fig. 5.26). Thus, neuronal cells 

may withstand at least ~33%  complex I inhibition before m itochondrial fusion was 

seriously compromised. These data indicate that the previously reported threshold 

effects o f complex I inhibition on O X PH O S and respiration (Davey and Clark, 1996, 

Davey et al., 1997, Davey et a i, 1998, Telford et ai, 2009) in neuronal tissue could 

potentially be extended to m itochondrial dynamics.

218



NSM
R otD Q0 . 1'

- 0.0

- 0 . 2<

- 0 . 3'

- 0 . 4-1
Time (min)

Control
0.01
0.05
0.1
0.5 
1

B 120i 

100- 

80-
O u

o 60  ̂

40- 

20- 

0 “ I"
0

X

X

0.01 0.05 0.1 0.5

[Piericidin A] (|iM)

T "
1

n  % activity 

Q  % inhibition

Figure 5.24: Com plex I inhibition by piericidin A in non-synaptic m itochondria. (A) Typical trace obtained in 
spectrophotom etnc measurement o f complex I activity in non-synaptic m itochondna (NSM), where a fast decrease 
in absorbance (A^\3 4 o/min) indicates rapid oxidation o f  N A D H  by complex I. Samples were assayed in the absence 
or presence o f  piericidin A at the indicated concentrations (|aM) and gave A*\3 4 o/m in readings o f  approximately 0 
before the addition o f artificial electron acceptor, decylubiquinone (DQ). After following the reaction for three 
minutes, the rotenone insensitive rates were obtained by m onitoring A i\3 4 o/m in after the addition o f  lO^iM rotenone 
(rot). (B) Complex I activity’ (dark blue) and inhibition (Hght blue) in NSM at the piericidin A concentrations 
indicated. Data presented as mean i  SEM, n = 3. One-way ANOV^-\ with Bonferrom post-test. ***P<0.001.
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Figure 5.25: Complex I inhibition by piericidin A in synaptosom es. (A) Typical trace obtained in 
spectrophotometric measurement o f  complex I activity in synaptosomes (SYN), where a fast decrease in absorbance 
(Aj\j4 o/min) indicates rapid oxidation o f N A D H  by complex I. Samples were assayed in the absence or presence o f 
piericidin A at the indicated concentrations (|xM) and gave A i\3 4 o/m in readings o f  approximately 0 before the 
addition o f artificial electron acceptor, decylubiquinone (DQ). After following the reaction for six minutes, the 
rotenone insensitive rates were obtained by monitoring A^\3 4 o/min after the addition o f  lOjiM rotenone (rot). (B) 
Complex I activity (dark blue) and inhibition (light blue) in SYN at the piericidin A concentrations indicated. Data 
presented as mean ±  SEM, n = 3. One-way A NOVA with Bonferroni post-test. ’*'**P<0.001.
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Figure 5.26: Complex I inhibition threshold and m itochondrial fusion. XXlien % complex I inliibition 
(NSM) is plotted against % fusion (where a pixel intensit)' decreased to ~37%  post-activation value after 45 
minutes represented 100% fusion), it appears that complex I has an inhibition threshold between ~33 — 75% 
before mitochondrial fusion is seriously compromised. Data presented as mean + SEM, n = 3.
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5.5 Discussion

These studies highlight the extreme vulnerability o f  neurons to bioenergetic mhibition. 

M itochondrial fusion was completely blocked by O X PH O S inhibition, which was 

concom itant with a rapid dissipation o f  and significant decreases in ATP. In

addition, it was shown that 5-minute inhibition o f complex I had dose-dependent effects 

on fusion, and ATP levels and, when plotted against complex I inhibition in NSM, 

neurons could withstand at least ~33%  inhibition o f  complex I before fusion was 

perturbed.

Control neurons exhibited a rate o f m itochondrial fusion that, although slower than that 

o f HeLa cells, was more efficient than expected when compared to the literature (figs 5.3 

— 4). Berman et al. (2009) observed that only 1-2% o f encounters between m itochondria 

in primary cortical neurons from embryonic mice resulted in fusion events, while 

Karbowski et al. (2004a) report that primary' neurons require an average o f 1 hour to 

decrease Pis to the same level achieved in HeLa cells within 30 minutes. In the smdies 

presented here, neurons required just 15 additional minutes to reach Pis comparable to 

those o f HeLa cells. I ’here are several possible explanations for this discrepancy. The 

first, o f  course, is that this technique is semi-quantitative and, as such, is difficult to 

compare across labs due to differences between activation and imaging settings. The 

second is that, in the studies m entioned, fusion was m onitored within axons, no t cell 

somata. Fusion is less likely to occur in axons, as extremely tubular m itochondrial would 

presumably overwhelm the transport machinery and potentially cause obstruction. In 

addition, interactions between m itochondria are spatially and temporally Limited in the 

narrow axon, whereas those in the soma could potentially engage with others with higher 

frequency and in three dimensions.

However, in general, the studies presented here agree with o f reports slower fusion rates 

in neurons. The exact reason for this inherent property o f neuronal mitochondrial 

dynamics is not known. N euronal m itochondria may be m ore dynamic during growth 

and developm ent to ensure extensive branching and interconnectivity, while the 

m aintenance o f mature neurons requires less active turnover (Chang and Reynolds, 

2006). As previously m entioned, Mfn2 is reputed to be expressed in preference to M fnl 

in rat brain (Eura et al., 2003) and it was recently dem onstrated that Mfn homotypic
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complexes are less fusogenic than heterotypic ones (Hoppins et ai, 2011). It follows that 

if neuronal mitochondria more frequently present Mfn2 on their OMs, a fusion event 

may be less likely to occur. Interestingly, postnatal cortical mouse neurons exclusively 

express a truncated form o f Bak, called N-Bak, that contains only the BH3-domain, thus 

placing it in the category of BH3-only group o f the Bcl2 family (Uo et al., 2005) and 

removing its MOMP effector function. Given the roles o f Bak and Bax in mitochondrial 

fusion facilitation (Karbowski et ai, 2006), perhaps this truncated form o f Bak also lacks 

fusogenic properties.

Exposure of neurons to ETC /O X PH O S inhibitors had marked effects on both 

mitochondrial morphology and fusion rates (figs 5.5 — 12). Individual inhibition of 

complexes I, III, IV and ATP synthase induced marked change in mitochondrial 

appearance in agreement with the literature. Antimycin A, azide, FCCP (Safiulina et ai, 

2006), rotenone (Barsoum et ai, 2006) and oUgomycin (I<.aasik et al., 2007) have been 

shown to elicit fragmentation in neuronal mitochondria. As suggested in Chapter 4, 

although malonate had no effect on mitochondrial form in the studies described here, 

complex II inhibition with 3-NP has been shown to cause fragmentation, albeit after 3 — 

6 hour incubations (Liot tt ai, 2009). Thus, it is possible that complex II inhibition with 

malonate may have resulted in morphological affects at a later time point. Crucially, the 

studies cited above neglected to assess the effects of these inhibitors on mitochondrial 

fusion. This is an important distinction that may not seem obvious; for instance, 

inhibiting mitochondrial transport would tip the balance towards fission, without 

inhibiting fusion per se (Baloh, 2008). Mitochondria would be less likely to come in 

contact with one another and thus the chances o f fusion would decrease, but the ability 

to fuse would not necessarily change. Indeed, mtDNA functional complementation 

studies highlight this fact; polykaryons generated from cells harbouring mtDNA 

mutations exhibit punctate mitochondria that are nonetheless able to fuse and eventually 

restore mitochondrial function (Gilkerson et ai, 2008). Thus, this study showed for the 

first time that mitochondrial fragmentation induced by OXPHOS inhibition was 

accompanied by the complete cessation of fusion in neurons.

The reason for this effect is not clear. In contrast to HeLa cells, ETC inhibitors also 

dramatically decreased in neurons (fig 5.13). Therefore, it is possible that OPAl 

cleavage to short isoforms occurred in neurons is due to this more pronounced
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decrease (Guillery et al, 2008). This would be interesting to investigate in the future. 

Cellular ATP was also markedly lowered by ETC inhibitors (fig 5.14), possibly due to the 

‘cannabilisation’ o f ATP by ATP synthase working in reverse to maintain (Nicholls 

and Budd, 2000). Aside from the G TP-dependence o f the mitodynamins, both  kinesin 

and dynein are ATPases (Johnson and Wall, 1983, K uznetsov and Gelfand, 1986), while 

m icrotubule dynamic instability is G lT -dependen t (Desai and Mitchison, 1997). Thus it 

is conceivable that energy deficiency prevented mitochondrial transport, which may have 

tipped the balance toward fission. A IT  synthase inhibition, again, is sHghtly anomalous, 

as it induced fragmentation and fusion cessation with only m odest decreases in and 

ATP levels. It is surprising that oHgomycin did not hyperpolarise neuronal m itochondria, 

as reported in the literature (Joshi and Bakowska, 2011), however, this effect is known to 

be transient (Kim et al., 2003) and may have happened at earlier time points. The m odest 

reduction in A^^^ observed with this treatm ent is probably the result o f  averaging across 

neurons in which m itochondria had either completely depolarised or slightly 

hyperpolarised. The m odest decrease in ATP was expected, as although m itochondrial 

ATP production was prevented, the hydrolysis o f ATP by ATP synthase was also 

prevented.

Interestingly, it has been dem onstrated that ETC inhibition causes swelling in neuronal 

m itochondria which decreases their motility (Safiulina et ai, 2006, Kaasik et al., 2007), 

again suggesting a potential inabilit}' o f  the organelles to prom ote physical contact with 

one another under these conditions. It is also possible that the m itochondria were 

undergoing restructuring, rather than fission. Safiulina et al (2006) noted that the 

reduced motility o f swollen neuronal m itochondrial was not accompanied by significant 

changes in organeUar surface area. Intriguingly, although the m itochondria assumed a 

punctate appearance, their overall surface area did not change, indicating that fission had 

not occurred; fission would have induced punctate morphology and decreased surface 

area due to organeUar scission. This has also been noted by Tan et al (2011) in astrocytes 

exposed to high Ca^^; the majority o f  m itochondria became punctate but did not increase 

in num ber. M itochondrial swelling has long been associated with the form ation o f the 

PTP, which, as previously m entioned, is sensitive to Ca^^ overload (Jeyaraju et a l, 2009). 

Therefore, inhibition o f electron transport or dissipation o f AW^ could also lead to Ca^^ 

efflux from  m itochondria, as calcium buffering and O X PH O S are inextricably linked 

processes (Nicholls and Budd, 2000). Calcium also arrests m itochondrial m ovem ent
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through interaction with M iro l/2 , which in turn interacts with Mfn2. Thus it is possible 

that m itochondrial swelling induced by O X PH O S inhibition leads to disturbances o f 

calcium homeostasis, with downstream  effects on transport and fusion.

Increased cytosolic Ca^^ levels could also prom ote calcineurin-dependent 

dephosphorylation o f D R P l, leading to increased fission (Cribbs and Strack, 2007). 

Indeed, Barsoum  et al. (2006) note that rotenone-induced fragmentation is D R P l- 

dependent in neuronal m itochondria. It would be useful to examine D R P l recruitm ent 

to neuronal m itochondria under the experimental conditions employed in this study in 

the future, as results from Gal-HeLa ceUs indicate that O X PH O S-dependence increases 

D R P l recruitm ent in response to m itochondrial inhibition (Chapter 4). In addition, it is 

conceivable that the mitochondrial inhibitors were inducing apoptosis in the cells. 

A lthough the role o f fragmentation in apoptosis is controversial (Sheridan and Martin, 

2010), it is nonetheless a com m on feature o f program m ed cell death. Imm unostaining 

for cytochrom e c localisation would give a reliable indication o f apoptosis initiation. As 

with Gal-HeLa cells, it would be m teresting to assess whether D R Pl silencing in neurons 

affects inhibitor-induced fusion perturbation.

An extremely interesting aspect o f  these results is that glucose (25mIVI) was present in the 

neuronal culmre medium during exposure to all m itochondrial inhibitors, yet provided 

no protection against fusion mhibition. This is in stark contrast to HeLa cells, which 

were protected from fusion inhibition w hen m itochondrial inhibitors were applied in the 

presence o f  this substrate. The highly selective permeability o f the blood-brain barrier 

means the brain uses glucose almost exclusively for ATP production. Indeed, although 

the brain accounts for just 2% o f  total body weight, it consumes over 20% o f total body 

glucose (Schubert, 2005). The relative utilisation o f glucose between the cellular 

subpopulations o f  the brain is both  poorly understood and controversial (NehHg and 

Coles, 2007). A popular current hypothesis is that astrocytic uptake accounts for a large 

proportion o f total glucose consum ption (particularly following glutamate release by 

neurons) and that astrocytes have the ability to shuttle glucose-derived lactate to neurons, 

where it is converted back to pyruvate and, thence, enters the TCA cycle (Hertz, 2004). 

Fascinating studies in recent years have uncovered im portant differences in glucose 

metabolism between astrocytes and neurons, relating to the regulation o f
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phosphofructokinase 1 (PFK l), the glycolytic enzyme that irreversibly commits glucose 

to glycolysis, rather than entering other pathways, such as the PPP or glycogenesis.

An essential positive regulator o f P F K l is 6-phosphofructo-2-kinase/fructose-2,6- 

bisphosphatase 3 (PFKFB3), an enzyme that generates a potent allosteric activator o f 

P F K l, fructose-2,6-bisphosphate (F26P) (Yalcin et al., 2009). In neurons, the 

comparatively higher activity o f the E3 ubiquitin ligase anaphase-prom oting complex- 

C dhl (APC'^‘*'’’) leads to targeting o f PFK FB3 for proteasomal degradation (Herrero- 

M endez et ai, 2009), decreasing the rate o f  glycolysis significantly. This renders neurons 

unable to utilise glycolytic ATP during inhibition o f  O X PH O S, as seen in astrocytes 

(Almeida et al., 2001). Furtherm ore, in astrocytes (Almeida et al, 2004) and tissues such 

as the heart (Marsin et al, 2000) the activadon o f AM PK following O X PH O S inhibition 

leads to the stimulation o f PFK 2, which in turn produces F26P, thus activating PF'Kl 

and further stimulating glycolysis. Despite constitutive expression o f AM PK, this 

m echanism  is absent in neurons due to low expression o f  PFK2 (Culmsee et a l, 2001, 

Almeida et at, 2004).

Interestingly, prolonged stimulation o f glutamatergic N-m ethyl-D-aspartate receptor 

(NMDAR) in neurons stabilises PFKFB3 through C dhl inhibition, leading to increased 

glycolysis concom itant with decreased fluxed o f glucose through the PPP (Rodriguez- 

Rodriguez et al, 2012). This leads to oxidative stress and cell death, highlighting both the 

im portance o f glucose for ROS m anagement and the metabolic inflexibility o f neurons. 

It is possible that the inability o f neurons to make this metabolic switch during 

m itochondrial inhibition has direct effects on mitochondrial dynamics. It would be 

interesting to investigate m itochondrial fusion in neurons exposed to O X PH O S 

inhibitors following prolonged N D M A R stimulation, to assess if  glycolysis could be 

activated to maintain fusion rates. Presumably, concom itant protection from  oxidative 

stress would be required to circumvent the diversion o f  glucose away from the PPP 

during N M D A R stimulation (e.g. by applying NM D A and an antioxidant, e.g. N- 

acet)4cysteine, simultaneously). A recent paper by Garedew and colleagues (2012) 

describes how APC'^‘*'’* negatively controls cellular levels o f O P A l, M fnl and Tfam  in T  

cells and M EFs. The high activity o f APC' '̂ '̂’’ in neurons could partially explain the 

relatively low expression o f M fnl (Eura, et al, 2003) and the relatively slower rate o f 

m itochondrial fusion. Conceivably, inhibition o f C dh l, as occurs during N M D A R

226



stimulation (Rodriguez-Rodriguez et ai, 2012) could increase mitochondrial fusion 

through a gradual increase in cellular levels o f O PA l and M fnl. This is a question that 

warrants further investigation.

The studies presented here also suggest that neuronal mitochondria can withstand at least 

~33% inhibition o f complex I before fusion is seriously compromised (fig 5.26). This is 

in line with the reports by our lab, and others, that neuronal complex I inhibition beyond 

25 - 40% has significant consequences on respiration rates and leads to synaptic 

dysfunction, such as aberrant glutamate release (Davey et ai, 1998, Kilbride et ai, 2008, 

Telford et ai, 2009). A limited supply of neuronal cultures, combined with well- 

documented low transfection efficiencies of these cultures (Zeitelhofer et ai, 2009) 

restricted the dose-response to the concentrations presented. It would be useful to 

expand the data at the lower piericidin A range. A concentration o f lOnM inhibits 

complex I in NSM /SYN by ~33%, while 50nM steeply increases inhibition to 75%. 

PreHminar\' data suggest that 25nM piericidin A also inhibits mitochondrial fusion (not 

shown) but it is not known to what extent complex I is inhibited at this concentration. It 

would also be useful to examine the degree o f complex I inhibition at each piericidin A 

concentration m primary cortical neurons rather than isolated mitochondria and 

synaptosomes from adult rat brains, given the limited correlations that can be drawn 

between the two. This would require measurement o f respiration with apparatus 

equipped for adherent cells, such as the Seahorse XF24 Extracellular Flux Analyser, 

which was not yet installed in our School during the course o f this project.

Finally, it is interesting to note that was modestly but statistically significantly

reduced at the lowest dose of piericidin A that inhibited fusion (50nM), whereas ATP 

levels were only impacted from lOOnM upwards. Neither parameter was affected at 

lOnM, which inhibited complex I by 35% but had no effect on fusion. This suggests that 

plays a more prominent role in the dynamics of neuronal mitochondria than in 

HeLa cell mitohcondria. It has been reported that parkin is recruited to depolarised 

mitochondria, where it promotes mitophagy (Narendra et ai, 2008, Narendra et al., 2009). 

Furthermore, it is proposed that fragmentation of mitochondria is required for 

mitotophagy to take place (I’ondera et al.̂  2009, Gomes et al., 2011). Thus, it is possible 

that fusion is somehow inhibited during mitochondrial stress to allow for the clearance 

o f sub-optimal organelles by autophagosomes. Further experiments examining
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autophagosom al localisation with m itochondria following neuronal exposure to 

mhibitors may yield some informative data.

To summarise, these results firmly assert the dependence o f cortical neurons on 

O X PH O S for maintenance o f  mitochondrial fusion rates. The presence o f glucose 

during mitochondrial inhibition could not prevent fusion perturbation as it could in 

HeLa cells, indicating that neuronal metabolic inflexibility also affects mitochondrial 

fusogenicity. M oreover, it has been shown complex I inhibition with a threshold 

between ~33 — 75% adversely affects fusion. These data have relevance to 

neurodegenerative diseases such as AD, PD and H D , as each o f these illnesses bear the 

hallmark pathophysiological feature o f mitochondrial dysfunction. Small changes in 

mitochondrial function precipitated significant alterations in mitochondrial dynamics, 

highlighting the sensitivity o f this particular process to bioenergetic inhibition in neurons.
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C H A PT ER  6

General D iscussion



6.1 General Discussion

Research in the last decade has revealed mammalian m itochondria to exist as part o f a 

dynamic reticulum, which undergoes constant ultrastructural remodelling to m eet the 

demands o f  the cell. M itochondria represent a vital control point for num erous essential 

cellular functions, including anabolic and catabolic metabolism, homeostasis,

apoptosis and the regulation o f  cell cycle. As a field that is still in its infancy, 

m itochondrial dynamics and its regulatory pathways are still poorly understood. 

However, there is strong evidence to suggest that m itochondrial fission and fusion are 

essential in the preserv^ation o f organellar integrity, m tD N A  quality control, metaboUte 

exchange and regulation o f the intrinsic apoptotic pathway. Disturbing the balance 

betw een mitochondrial fission and fusion has deleterious effects, not only on 

m itochondria but on the cell as a whole and as such, has wide implications for human 

health and disease. In particular, cancer and neurodegeneration bear the hallmarks o f 

m itochondrial dysfunction as contributory to their pathophysiology^ as affected cells in 

each case can exhibit bioenergetic and metabolic aberrations, m tD N A  m utations/copy 

num ber reductions, ROS damage and m itochondrial morphological abnormalities.

While a sizeable am ount o f qualitative data has been generated in relation to 

m itochondrial m orphological changes following bioenergetic modulation, there is a 

dearth o f  quantitative data describing the effects o f  bioenergetic inhibition on 

m itochondrial fusion rates. In an effort to elucidate the consequences o f metabolic 

dysregulation on mitochondrial dynamics, this study examined m itochondrial fusion rates 

in hum an cervacal carcinoma cells and rat primary cortical neurons during bioenergetic 

inhibition. A semi-quantitative m ethod was employed, using live cell confocal 

microscopy and cells expressing PA -G FP-m ito, which allowed for the m easurem ent o f 

PI decrease in photo-activated areas as a function o f active m itochondrial fusion.

Chapters 3 and 4 described the substrate-dependent changes in HeLa cell mitochondrial 

fusion rates in response to bioenergetic/m etaboUc inhibition. Gluc-HeLa cell 

m itochondrial fusion rates proved to be impervious to ETC inhibition but vulnerable to 

A'FP synthase inhibition. Inhibition o f  glucose metabolism impacted mitochondrial 

fusion m ost severely in these cells and supplem entation o f  the medium with alternative 

substrates failed to restore fusion rates to control levels. Gal-HeLa cell mitochondrial 

fusion was seriously perturbed by O X PH O S inhibition, bu t rescued if glucose was made
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available during this inhibition. In addition, fusion inhibition by D O G  or OXPHOS 

inhibitors was predictive of significant cell death that resulted from 24 hour incubation. 

Finally, Chapter 5 demonstrated that neuronal mitochondrial fusion was completely 

inhibited by OXPHOS inhibition, despite hyperglycaemic culture conditions, highlighting 

a key difference in metabolic flexibility between these cell t}"pes. Although cell death 

after 24 hour incubation with inhibitors was not measured in neurons, massive cell death 

following exposure to these toxins is well established and documented (Radad et ai, 

2006, Yao et ai, 201 la). Thus, inhibition o f mitochondrial fusion could be an early event 

in the cell death cascade resulting from bioenergetic inhibition across multiple cell types.

Taken together. Chapters 3 and 4 could be described as an examination of mitochondrial 

dynamics in cancer cells during an approximation of two distinct stages of the ‘wave’ 

hypothesis o f gene regulation in cancer, postulated by Smolkova et al. (2011). The 

hypothesis states that in response to environmental cues and substrate availability waves 

of gene regulation co-ordinately diminish and restore OXPHOS in tandem with the 

stages of cancer progression. In the studies presented here, fusion dynamics have been 

shown to change in response to mitochondrial inhibition in a substrate-dependent 

manner. Thus, the ‘waves’ of gene expression regulating the metabolic flux in cancer 

cells could have effects on mitochondrial dynamics. Although cancer-selective delivery 

represents one o f the greatest challenges o f mitochondrial medicine (‘mitocans’) design 

(D'Souza et ai, 2011), it seems that therapeutically targeting mitochondria whilst also 

inhibiting glucose metabolism may be more efficacious than targeting either alone, 

especially because tumours are frequently composed of heterogeneous layers of cells that 

vary their metabolism in response to nutrient and oxygen availability (Jose et ai, 2011).

Chapter 5 examined mitochondrial dynamics in primar)' cortical neurons. It was 

demonstrated that, much like Gal-HeLa cells, mitochondrial fusion in these cells 

demanded a fuUy functioning OXPHOS system. Furthermore, the mitochondrial 

reticulum fragmented within minutes of application o f inhibitors, indicating the most 

extreme sensitivity o f all cells examined was by far in neurons. Thus, these studies 

quantified the fusion deficit in OXPHOS-inhibited neurons to be close to 100%. 

Significandy, neurons were unable to utilise glucose to rescue mitochondrial fusion rates 

when faced with OXPHOS inhibition, highlighting an important difference in metabolic 

flexibility between neurons and cancer cells. Intriguingly, similarities between neurons
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and cancer cells and their m etabolism o f glucose have been described in the context o f 

apoptosis regulation. Vaughn and D eshm ukh (2008) have shown that both neurons and 

cancer cells utilise the glucose metabolism, ina the PPP, to generate GSH and reduce 

oxidised cytochrome c when released to the cytosol, rendering it a less effective inducer 

o f  apoptosis. Thus, while cancer cells and neurons share the ability to use glucose in 

ROS defence, the studies presented here show that neurons are at a distinct disadvantage 

when required to use glucose in the maintenance o f  fusion rates. This is possibly due to 

their metabolic inflexibility arising from  rapid degradation o f PFKFB3 (Almeida et ai, 

2001, 2004, Herrero-M endez et al., 2009 ).

It was also suggested in Chapter 5 that neurons could withstand at least 33% complex I 

inhibition before m itochondrial fusion rates were seriously comprom ised. Although 

ATP levels correlated well with mitochondrial fusion decreases, mitochondrial 

depolarisation showed stronger still correlation, potentially indicating a difference in the 

mechanisms behind fusion perturbadon under these conditions, com pared to HeLa cells. 

In fact, all inhibitors affected to a much greater extent than in HeLa cells, perhaps 

indicating different rates o f  ATP hydrolysis by ATP synthase between these cells. 

Indeed, IF, has been shown to be m ore highly expressed in neurons com pared to more 

glycolytic astrocytes and inhibition o f complex IV in both  cells leads to significant 

depolarisation in the former, while the latter maintains a steady state (Almeida et ai, 

2001, Campanella et ai, 2008).

Overall, the results o f these studies highlight the diverse nature o f  the bidirectional 

bioenergetic-dynamic crosstalk between cell t\'pes, and even within cell types. It has 

been dem onstrated that in HeLa cells, bu t no t neurons, glucose metabolism is protective 

o f  fusion rates when m itochondria are under bioenergetic duress.

6.2 Future Work

I 'here  are many aspects o f  m itochondrial dynamics in health and disease that await 

further investigation. Specifically, aU o f the fission/fusion effectors have yet to be 

identified, as do the mechanisms behind the execution o f fission and fusion events. The 

im portance o f mitochondrial dynamics in the regulation o f apoptosis also remains poorly 

understood. The interaction between bioenergetics and m itochondrial dynamics is
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extremely obscure, as no clear pattern emerges between cell t}'pes. Indeed, the pattern 

may be that the dynamic properties of mitochondrial are unique to each cell type. This 

fact may hinder the development o f therapeutic agents targeting this aspect of 

mitochondrial function. Additional experimentation based on the work presented here 

could yield useful information.

One question that dominates studies regarding bioenergetic modulation o f mitochondrial 

morphology is why mitochondria undergo reversible fragmentation in the presence of 

uncouplers. While elegant studies by Guillery et al. (2008) and Ishihara et al. (2006), 

among others, have answered the question of how this occurs, it is still not known why 

this occurs. In this thesis, it is proposed that this may be a method of segregating the 

inner membrane into smaller units so as to prevent the release of pro-apoptotic 

modulators, as a similar process is observ^ed in yeast (Knorre et al, 2008). This may 

become maladaptive if the depolarising agent is a chronic presence, leading to 

mitochondrial heterogeneity and dysfunction (Chen et al., 2005). This issue clearly 

warrants further investigation.

With regard to the HeLa ceUs studies, it is imperative to elucidate the reason for 

mitochondrial fusion inhibition foUow'ing ATP synthase inhibition. This enzyme has 

unique expression patterns in cancer (Willers and Cuezva, 2011) and ATP synthase 

inhibition was the only form o f bioenergetic modulation that affected HeLa cells across 

both substrates. This suggests a unique vxilnerability to ATP synthase inhibition across 

cancers of different metabolic phenot}'pes, i.e. is a substrate-independent effect. It is also 

important verify further the observation that DRPl translocation o f Gal-HeLa 

mitochondria is increased ETC inhibition. This could be achieved through microscopic 

analysis o f treated cells immunostained for D RPl and a mitochondrial marker. 

Furthermore, it would be pertinent to knock down D RPl in Gal-HeLa cells to assess if 

fusion is still adversely affected by OXPHOS inhibition. If the fragmentation is due to 

the onset of apoptosis, immunostaining for cytochrome c should be possible, as 

fragmentation is said to occur up to ten minutes following MOMP (Gao et al., 2001).

An important line o f investigation pertaining to all studies is the examination o f ROS 

production during treatments that inhibited mitochondrial fusion. Virtually all 

treatments that precipitated a fusion deficit across cells and substrates are likely to have
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increased ROS production an d /o r  affected ROS defence mechanisms; D O G  would 

prevent G 6P entry' to the PPP and thus prevent N A D P H  and GSH regeneration, while 

inhibiting O X PH O S is a classic stimulus o f ROS production. Cellular ROS could be 

assessed microscopically on live cells using a fluorescent indicator, such a 

dichlorofluorescein (DCF) or using flow cytometry, while oxidative stress could be 

determ ined by m easurem ent o f the GSH:GSSG ratio. To determine w hether prevention 

o f oxidative stress rescued fusion rates, cells could be treated with anti-oxidants (such as 

NAC or cell permeable GSH) concomitantly with D O G /O X P H O S  inhibitors.

The results obtained using D O G  in Gluc-HeLa cells are particularly captivating as they 

raise many questions as to the specific deficit caused by inhibition o f  glucose metabolism 

in these cells. In addition to the effects on ATP dem onstrated and potential effects on 

ROS defence, it is possible that D O G -6-phosphate is responsible for the fusion effects 

through interaction with H K  II. It was found that H K  II was enriched at the OM  o f 

Gal-HeLa cell mitochondria, despite a m arked absence in the cytosol. Treatm ent o f Gal- 

HeLa cells with D O G  should have no effect on cellular ATP or GSH levels, as G6P 

production can be maintained by the Leloir pathway. Therefore, it would be interesting 

to  assess if there was an effect o f D O G  on fusion, or viability m Gal-HeLa cells. If  an 

effect was observed, an additional role for H K  in regulation o f m itochondrial dynamics 

in cancer could be established. Indeed, this may shed light on the mechanism of 

cytotoxicity induced by detachm ent o f H K  II from  the m itochondrial OM  in cancer 

cells.

A num ber o f lines o f investigation are stiU open regarding the neuron studies. The first 

is the influence o f glycolysis on m itochondrial fusion rates in these cells. As described in 

the previous chapter, it would be extremely interesting to assess w hether stabilising 

PFKFB3 in neurons (using NM DA) whilst compensating for oxidative stress (using an 

anti-oxidant) could rescue fusion rates in neurons. The second is that the mechanism o f 

the fusion inhibition, com bined with complete fragmentation o f the reticulum, has not 

been assessed. Immunocytochemical studies may shed Hght on the issue o f D R Pl 

recruitment. It is also not obvious w hether the m itochondria are undergoing 

sw elling/’remodelling’ or fission. If  it is the former, why and how does swelling inhibit 

fusion or w hat is mediating this ‘remodelling’? If it is the latter, it would be interesting to 

examine O P A l proteolytic cleavage patterns in neurons following ETC inhibition.
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Neurons exhibited extensive (~80%) decrease in following treatm ents that reduced 

AWn, by just ~20%  in HeLa cells; in this way, the depolarisation o f neuronal 

m itochondria might be closer to the threshold below which L-O PA l is cleaved. The 

third im portant line o f investigation is the expansion o f  the piericidin A titration in the 

lower concentration range. As aforem entioned, preliminary data suggest that 25nM 

piericidin A also mhibits fusion, but this requires repetition before it can be definitively 

declared. In addition, a m ore robust m ethod o f estimating the degree o f complex I 

inhibition induced by each piericidin A dose is required. For example, respirometry 

using the Seahorse XF24 Extracellular Flux Analyser system, which has very recently 

been installed in the School, has been used for this purpose by a num ber o f  groups 

(Brustovetsky et al., 2011, Yao et ai, 201 lb).

A final line o f investigation pertaining to this work is the role o f metaboHc regulatory' 

signalling pathways in mitochondrial dynamics. The inhibitor^" effects o f  m TO R  

inhibition on Jurkat cell mitochondrial function occur within 25 minutes o f rapamycin 

treatm ent (Schieke et a i, 2006, Ramanathan and Schreiber, 2009). This time point is 

quite comparable to the studies presented in this thesis as m ost incubations were for 20 

minutes. The increase in cellular AMP that is likely to have occurred during cell 

treatments that lowered cellular ATP could have activated AMPK, leading to inhibition 

o f m TO R  signalling, with potential effects on mitochondrial function. To this end, 

measurement o f  cellular AM PK and m TO R  activity following inhibitor treatm ent (using 

antibodies raised against phosphorylated forms o f each in conjunction with W estern 

blotting or flow cytometry) would be useful. In addition, fusion could be measured 

during chemical stimulation or inhibition o f AM PK (using 5-aminoimida2ole-4- 

carboxamide-l-[3-D-ribofuranoside (AICAR) and Com pound C, respectively) and 

inhibition o f m TO R  (rapamycin) signalling. If  a positive result emerged, substantial 

further investigation would be required to define the probably complex mechanism 

around this A M P K /m T O R  signalling control o f mitochondrial dynamics. A sensible 

starting point would be to assess the PTM  status o f the mitodynamins by a com bination 

o f W estern blotting, im m unoprecipitation and mass spectrometry.

To conclude, these studies have yielded some im portant results relating to the influence 

o f bioenergetic m odulation on m itochondrial fusion rates in cancer cells o f  differing 

metabolic phenotypes and in neurons, thus contributing to our understanding of
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potential routes to pathogenesis via mitochondrial dynamics. However, questions 

surrounding the mechanisms behind these effects remain to be resolved. It is anticipated 

that further studies will address these issues and hopefully contribute significantly to 

mitochondrial research in the context of cell biology, cancer and neurodegeneration.

6.3 Conclusions of the Thesis

These studies have quantified for the first time the effects o f bioenergetic modulation on 

mitochondrial fusion rates in cancer cells and neurons. The most significant conclusions 

that can be drawn from this work are;

1. Mitochondrial fusion is inextricably linked to the bioenergetic status of the cell 

but the intricacies of this dynamic relationship differ between cell types.

2. Perturbation of fusion is an early event in cell death resulting from prolonged 

bioenergetic inhibition, during which time the mitochondrial reticulum loses 

structural integrity and fragments completely.

3. Glucose metabolism is protective of mitochondrial fusion rates during inhibition 

of OXPHOS in cancer cells, but not in neurons.
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