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Abstract 

Mitochondria contain their own DNA (mtDNA) which can be damaged, leading to the 

ŦƻǊƳŀǘƛƻƴ ƻŦ Ƴǘ5b! ŘŜƭŜǘƛƻƴǎ όɲƳǘ5b!ύΦ ¢ƘŜǎŜ ŀǊŜ ǇŀǊǘƛŎǳƭŀǊƭȅ ǇǊƻƳƛƴŜƴǘ ƛƴ Ǉƻǎǘ ƳƛǘƻǘƛŎ 

ǘƛǎǎǳŜǎ ŀƴŘ ǇǊƻƎǊŜǎǎƛǾŜƭȅ ŀŎŎǳƳǳƭŀǘŜ ǿƛǘƘ ŀŘǾŀƴŎƛƴƎ ŀƎŜΦ ²ƛǘƘƛƴ ǘƘŜ ōǊŀƛƴΣ ɲƳǘ5b! Ƴŀȅ 

reach levels of 50% and has been linked to COX-deficiency and neurodegeneration. Although 

ǘƘŜǎŜ ɲƳǘ5b! ŀǊŜ ǿŜƭƭ ŎƘŀǊŀŎǘŜǊƛǎŜŘΣ ǘƘŜ ŘŜŦƛƴƛǘƛǾŜ ƳŜŎƘŀƴƛǎƳ ŦƻǊ ǘƘŜƛǊ ŦƻǊƳŀǘƛƻƴ ŀƴŘ 

accumulation to high levels is unknown. One of the suggestions for deletion formation is 

inadequate replication. This study aimed to further understand how mtDNA replication differs 

between neurons and with age, and whether such changes could be associated with the 

formation and accumulation of mtDNA deletions. 

This was investigated in different ways. Various regions of the brain differ in the levels of 

deletions. Therefore, the mtDNA replication levels in different regions were investigated via 

thymidine analogue labelling to identify any alterations. Significant differences were noticed 

between different regions with cerebellum generally presenting increased signal and the SN 

presenting the lowestΦ {ƛƴŎŜ ŀƎŜƛƴƎ ŀƴŘ ŘƛǎŜŀǎŜ ƛǎ ŀ Ǌƛǎƪ ŦŀŎǘƻǊ ƻŦ ɲƳǘ5b! ŀŎŎǳƳǳƭŀǘƛƻƴΣ ŀƎŜŘ 

mice and PolgAmut/mut mice were used, demonstrated a general decrease in thymidine 

analogue signalling with increased age and with a replication defect. The replication levels 

obtained from this study were compared to another study from the literature investigating 

the levels of deletions from different brain regions. No correlation was observed suggesting 

that although mtDNA replication is altered within different regions in the brain, there could 

ōŜ ƻǘƘŜǊ ƳŜŎƘŀƴƛǎƳǎ ŜŦŦŜŎǘƛƴƎ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ŀƴŘ ŀŎŎǳƳǳƭŀǘƛƻƴ ƻŦ ɲƳǘ5b!Φ  

Additionally, the thymidine analogue labelling was developed and optimised for in vitro use 

on HeLa cells and was used to label iPSCs and differentiated neurons from a patient with a 

large scale mtDNA deletion. Two isogenic cell lines of varying heteroplasmy (>10% and 40%) 

were used for this study to sŜŜ ǘƘŜ ŜŦŦŜŎǘ ƻŦ ŀƭǘŜǊŜŘ ɲƳǘ5b! ƻƴ ǊŜǇƭƛŎŀǘƛƻƴΦ ¢ƘŜ ƳŜǘƘƻŘƻƭƻƎȅ 

was optimised successfully for further use.    

Along with the total replication levels, the location of replication was also investigated to 

understand the impact of this on the accumulation oŦ ɲƳǘ5b!Φ ¢Ƙƛǎ ƛǎ ŘǳŜ ǘƻ ǇǊŜǾƛƻǳǎ ǘƘŜƻǊƛŜǎ 



 

 

that have suggested that since replication and mitophagy happen in close proximity to the 

nucleus and each other, this increases the chances of a dysfunctional mitochondria, containing 

ɲƳǘ5b!Σ ǊŜǇƭƛŎŀǘƛƴƎΦ ¢ƘŜ ǊŜǎults suggested that majority of the replication happened in the 

perinuclear region, and preliminary data on the location of mitophagy also showed a 

perinuclear increase.   

To further investigate the health and connectivity of the mitochondria in the perinuclear 

ǊŜƎƛƻƴ L ŎƻƳǇŀǊŜŘ ǘƘŜƳ ǘƻ Řƛǎǘŀƭ ƳƛǘƻŎƘƻƴŘǊƛŀΦ ¢Ƙƛǎ ƴƻǾŜƭ ΨǇǊƻƻŦ-of-cƻƴŎŜǇǘΩ ǎǘǳŘȅ 

investigated the morphology and structural connectivity of mitochondria in human brain 

tissue using electron microscopy techniques. This study was successful and preliminary data 

from dopaminergic neurons are discussed.  

In conclusion although mtDNA replication levels and replication location varies between 

ƴŜǳǊƻƴǎΣ ŀƎŜƛƴƎ ŀƴŘ ƎŜƴƻǘȅǇŜ ǎǳƎƎŜǎǘƛƴƎ ƛƳǇƭƛŎŀǘƛƻƴǎ ŦƻǊ ɲƳǘ5b! ŦƻǊƳŀǘƛƻƴΦ  

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

Dedicated to all individuals that have donated to scientific research in any form. 

 

 

 

 

 

 

 

 



 

 

Acknowledgements 

ΨL Ŏŀƴ Řƻ ŀƭƭ ǘƘƛƴƎǎ ǘƘǊƻǳƎƘ ƘƛƳ ǿƘƻ ǎǘǊŜƴƎǘƘŜƴǎ ƳŜΩ ς Thanks to the big G.   

Firstly, thanks to all the sponsors who have funded this thesis.  

Thank you to my supervisors. Doug, thank you for your input and insight that is unparalleled. 

¸ƻǳǊ ƴŜŜŘ ǘƻ ΨǘŜƭƭ ŀ ǎǘƻǊȅΩ Ƙŀǎ ƘŜƭǇŜŘ ƳŜ ƛƴ Ƴŀƴȅ ǿŀȅǎ ǿƛǘƘ Ƴȅ ǊŜǎŜŀǊŎƘΦ !ƳȅΣ ǎǘŀǊǘƛƴƎ ǿƛǘƘ 

my mŀǎǘŜǊǎ ȅƻǳ ƘŀǾŜ ŀƭǿŀȅǎ ōŜŜƴ ǘƘŜǊŜΦ ¸ƻǳ ǎŀǿ ǇƻǘŜƴǘƛŀƭ ƛƴ ƳŜ ǿƘŜƴ L ƻŦǘŜƴ ŎƻǳƭŘƴΩǘ ŀƴŘ 

LΩƭƭ ŦƻǊŜǾŜǊ ōŜ ƛƴ ŘŜōǘ ŀƴŘ ǘƘŀƴƪŦǳƭ ŦƻǊ ȅƻǳǊ ǇŀǘƛŜƴŎŜΣ scientific knowledge, encouragement 

and chats. Thank you also to my assessors Prof Bobby McFarland, Dr Laura Greaves and Dr 

Helen Tuppen for all your insights and guidance regarding my projects.  

!Ƴȅ ±Σ ǘƘŀƴƪ ȅƻǳ ŦƻǊ ōŜƛƴƎ ŀ ΨǎǳǊǊƻƎŀǘŜΩ ǎǳǇŜǊǾƛǎƻǊ ƛƴ ǘƛƳŜǎ of need. You are someone I often 

confide in science and science-related life problems and thank you so much for being friendly 

ŀƴŘ ƻŦŦŜǊƛƴƎ ǎƻǳƴŘ ŀŘǾƛŎŜΦ  IŜƭŜƴΣ ŜǾŜƴ ǘƘƻǳƎƘ ǿŜ ŎƻǳƭŘƴΩǘ ŦƛƴƛǎƘ ǘƘŀǘ ǇǊƻƧŜŎǘΣ ǘƘŀƴƪ ȅƻǳ ǎƻ 

much for helping me become a better scientist in techniques and writing. Thank you also for 

a lot of funny chats. Ollie, thanks for being so clever. You always have the answer for 

everything and a great fashion sense #GreenShirtSquad. Hannah Rosa, thanks for making work 

bearable on the days when real-ǘƛƳŜ ŦŀƛƭŜŘ ІDƻƴŜ.ǳǘbŜǾŜǊCƻǊƎƻǘǘŜƴ ό5ƻƴΩǘ ǿƻǊǊȅΣ ǎƘŜ ƛǎ ǎǘƛƭƭ 

alive, just left the lab).  

A number of people have made these past three years more vibrant and exciting that even an 

introvert like me, enjoyed it. My main gals Char, Nisa, Chun, G, ¢ΩŘǿŀƎΣ /ŀǊƭŀ2, Hulio, Pavan, 

Hannah and ShawnΦ ²ƻǊƪ ŘƻŜǎƴΩǘ ŦŜŜƭ ǘƘŀǘ ǘƻǳƎƘ ǿƛǘƘ ȅƻǳ Ǝǳȅǎ ŀǊƻǳƴŘΦ Thank you for the 

endless hours of funny conversations, pick-me-ups and venting times. Thank you also, for 

proof-reading. Thank you also to my mallu squad, you know who you are 

#StartedFromTheBottomNowWeHere #TooManyToName. Thanks Lily mumma and BLC for all 

their support.  

CƛƴŀƭƭȅΣ Ƴȅ hDΩǎΣ tŀǇǇŀŘƻƳΣ tŀŎƻΣ /Ƙƛƴƴƻƭ ŀƴŘ [ƛƴƛƴΦ ¸ƻǳ Ǝǳȅǎ ŀǊŜ ŜȄŎŜǇǘƛƻƴŀƭ ƘǳƳŀƴ ōŜƛƴƎǎΦ 

Papa and mamma, you have put aside so much for a better life for Chinnu and me, and I am 

forever grateful for your love and in awe of your selflessness. Chinnu, thanks for constantly 



 

 

being worried about me and checking up on me. Libin, thanks for all the distractions that I 

needed and giving me hope when I didnΩt have any.     



1 

 

Contents 

Chapter 1 : Introduction ........................................................................................................... 24 

1.1 Origin of Mitochondria .............................................................................................. 24 

1.2 Mitochondrial Structure ............................................................................................ 25 

1.3 Mitochondrial dynamics ............................................................................................ 28 

1.3.1 Mitochondrial biogenesis ................................................................................... 28 

1.3.2 Mitochondrial fusion .......................................................................................... 29 

1.3.3 Mitochondrial fission .......................................................................................... 31 

1.3.4 Mitochondrial degradation (Mitophagy)............................................................ 34 

1.4 Mitochondrial functions ............................................................................................ 35 

1.4.1 ¢ǊƛŎŀǊōƻȄȅƭƛŎ ŀŎƛŘ ό¢/!ύ ŎȅŎƭŜ όYǊŜōΩǎ ŎȅŎƭŜύ ....................................................... 35 

1.4.2 Oxidative phosphorylation (OXPHOS) ................................................................ 37 

1.4.3 Biogenesis of molecules in mitochondria ........................................................... 41 

1.4.4 Calcium buffering ............................................................................................... 41 

1.4.5 Reactive oxygen species (ROS) production ........................................................ 42 

1.4.6 Apoptosis ............................................................................................................ 42 

1.5 Mitochondrial DNA .................................................................................................... 43 

1.5.1 MtDNA replication .............................................................................................. 45 

1.5.2 MtDNA repair ..................................................................................................... 49 

1.5.3 MtDNA transcription and translation ................................................................. 53 



2 

 

1.6 MtDNA deletions ....................................................................................................... 55 

1.6.1 MtDNA deletion formation through replication ................................................ 57 

1.6.2 MtDNA deletion formation through repair ....................................................... 60 

1.6.3 Clonal expansion of mtDNA deletions ............................................................... 62 

1.6.4 MtDNA deletions in post-mitotic cells ............................................................... 65 

1.6.5 MtDNA deletions in neurons ............................................................................. 66 

1.6.6 MtDNA deletions and neurological disease ....................................................... 67 

1.6.7 Why are SN neurons particularly prone to accumulating mtDNA deletions? ... 67 

1.6.8 MtDNA deletions in PolgAmut/mut transgenic mice ............................................. 68 

1.7 Significance of this thesis .......................................................................................... 70 

Chapter 2 : Materials and Methods ......................................................................................... 71 

2.1 Equipment, software, reagents and consumables .................................................... 71 

2.1.1 Equipment .......................................................................................................... 71 

2.1.2 Software ............................................................................................................. 72 

2.1.3 Reagents and consumables................................................................................ 73 

2.1.4 Antibodies .......................................................................................................... 76 

2.1.5 Solutions ............................................................................................................. 78 

2.2 Mouse brain tissue methods ..................................................................................... 81 

2.2.1 PolgAmut/mut mitochondrial mutator mice .......................................................... 81 

2.2.2 Thymidine analogue labelling of mouse tissue .................................................. 82 



3 

 

2.2.3 Harvesting the mouse brain ............................................................................... 83 

2.2.4 Haematoxylin and Eosin staining ....................................................................... 83 

2.2.5 Cresyl Fast Violet/Luxol Fast Blue staining ......................................................... 84 

2.2.6 Immunofluorescent labelling of mouse brain tissue .......................................... 85 

2.2.7 Analysis of thymidine analogue labelling ........................................................... 86 

2.3 Mammalian Cell culture ............................................................................................. 87 

2.3.1 HeLa cells ............................................................................................................ 87 

2.3.2 HeLa cell passaging and freezing down .............................................................. 87 

2.3.3 Induced pluripotent stem cells ........................................................................... 88 

2.3.4 Matrigel Preparations ......................................................................................... 89 

2.3.5 Freezing down and defrosting cells .................................................................... 89 

2.3.6 Cell culture .......................................................................................................... 90 

2.3.7 iPSC Cell Counting and passaging ....................................................................... 90 

2.3.8 Differentiating iPSC stem cells into neurons ...................................................... 91 

2.3.9 Preparing coverslips and PDL/Laminin coating .................................................. 91 

2.3.10 MtDNA extraction and cell lysis.......................................................................... 92 

2.3.11 Preparation of IdU and CldU .............................................................................. 94 

2.3.12 Cell fixation and Immunofluorescent labelling of Cells ...................................... 94 

2.3.13 Analysis ............................................................................................................... 96 

Chapter 3 : Understanding the possible link between mtDNA replication and mtDNA deletion 
load in the mouse brain ............................................................................................................ 97 



4 

 

3.1 Introduction ............................................................................................................... 97 

3.1.1 Variations in mtDNA deletion load between neuronal subtypes ...................... 97 

3.1.2 Thymidine analogue ......................................................................................... 102 

3.1.3 Significance of this study .................................................................................. 104 

3.2 Aim and objectives .................................................................................................. 105 

3.2.1 Aims .................................................................................................................. 105 

3.2.2 Objectives ......................................................................................................... 105 

3.3 Methods .................................................................................................................. 105 

3.3.1 Double thymidine analogue labelling in vivo ................................................... 105 

3.3.2 Immunohistochemistry to identify CldU/IdU labelling .................................... 106 

3.3.3 Immunohistochemistry to identify specific cells ............................................. 107 

3.3.4 Microscopy and analysis .................................................................................. 107 

3.3.5 Statistical analysis ............................................................................................ 108 

3.4 Results ..................................................................................................................... 108 

3.4.1 Optimisation ..................................................................................................... 108 

3.4.2 Data obtained................................................................................................... 125 

3.4.3 MtDNA replication correlation analysis to previous literature ....................... 136 

3.4.4 Variability between individual mice................................................................. 143 

3.4.5 Mitophagy levels between cerebellum and SN ............................................... 146 

3.5 Discussion ................................................................................................................ 149 



5 

 

3.5.1 Differentiating between mtDNA repair and replication .................................. 149 

3.5.2 Is there variation in mtDNA replication levels between neuronal subtypes? . 150 

3.5.3 Is there variation in mtDNA replication with ageing and in replication defective 

model? 151 

3.5.4 /ƻǊǊŜƭŀǘƛǾŜ ŀƴŀƭȅǎƛǎ ƻŦ ɲƳǘ5b! ŀƴŘ ŎƻǇȅ number with mtDNA replication level

 152 

3.5.5 Other mechanisms which may lead to mtDNA deletion formation ................. 152 

3.5.6 Mechanisms that could affect the level of mtDNA replication observed ........ 154 

3.5.7 Future work ...................................................................................................... 157 

3.5.8 Final conclusion ................................................................................................ 158 

Chapter 4: Optimising thymidine analogue labelling as a tool to assess the site of mtDNA 
replication in actively dividing cell lines ................................................................................. 160 

4.1 Introduction ............................................................................................................. 160 

4.1.1 Thymidine analogues to study mtDNA replication .......................................... 160 

4.2 Aim and objectives ................................................................................................... 162 

4.2.1 Aim .................................................................................................................... 162 

4.2.2 Objectives ......................................................................................................... 162 

4.3 Methods ................................................................................................................... 163 

4.3.1 CldU/IdU labelling ............................................................................................. 163 

4.4 Results ...................................................................................................................... 163 

4.4.1 Method optimisation ς Mitochondrial markers ............................................... 163 

4.4.2 Thymidine analogue concentration optimisation ............................................ 174 



6 

 

4.4.3 Dual thymidine analogue toxicity .................................................................... 182 

4.4.4 Reduction of IdU nuclear staining .................................................................... 184 

4.4.5 Thymidine analogue labelling in iPSCs and derived neurons .......................... 187 

4.5 Discussion ................................................................................................................ 190 

4.5.1 Thymidine analogue labelling methodology .................................................... 190 

4.5.2 IdU incorporation into iPSCs and neurons ....................................................... 191 

4.5.3 Future work ...................................................................................................... 192 

4.5.4 Final conclusion ................................................................................................ 193 

Chapter 5: Chapter 5: Investigating the localisation of mtDNA replication in neurons: 
Implications for mtDNA deletion formation and accumulation. ........................................... 194 

5.1 Introduction ............................................................................................................. 194 

5.1.1 Is there a preferential location for mtDNA replication in neurons? ................ 194 

5.1.2 How is mtDNA replication affected by mtDNA damage? ................................ 196 

5.1.3 Significance of this study .................................................................................. 196 

5.2 Aim and objectives .................................................................................................. 198 

5.2.1 Aim ................................................................................................................... 198 

5.2.2 Objectives ......................................................................................................... 198 

5.3 Methods .................................................................................................................. 199 

5.3.1 In vivo analysis of mtDNA replication .............................................................. 199 

5.3.2 In vitro analysis of mtDNA replication ............................................................. 199 

5.3.3 Analysis of mtDNA replication loci ................................................................... 199 



7 

 

5.3.4 Classification of perinuclear and distal regions. ............................................... 201 

5.3.5 Statistical analysis ............................................................................................. 203 

5.4 Results ...................................................................................................................... 205 

5.4.1 Distribution of thymidine analogues within single neurons ............................ 205 

5.4.2 Site of mtDNA replication within single neurons ............................................. 209 

5.4.3 Variations in delta values between neuronal subtypes ................................... 211 

5.4.4 Variations in delta values, the effect of age and a replication defect ............. 211 

5.4.5 Preliminary data ς mtDNA replication site within neurons in vitro ................. 214 

5.4.6 Preliminary data ς Detection of the site of mitophagy .................................... 216 

5.5 Discussion................................................................................................................. 219 

5.5.1 Key results......................................................................................................... 219 

5.5.2 MtDNA replication occurs primarily in the perinuclear region ........................ 219 

5.5.3 ¢ƘŜ ǎƛǘŜ ƻŦ aǘ5b! ǊŜǇƭƛŎŀǘƛƻƴ ŘƻŜǎ ƴƻǘ ŀƭǘŜǊ ǿƛǘƘ ǾŀǊƛŀǘƛƻƴǎ ƛƴ ɲƳǘ5b! levels

 221 

5.5.4 Limitations of the study .................................................................................... 222 

5.5.5 Future work ...................................................................................................... 223 

5.5.6 Final conclusion ................................................................................................ 224 

Chapter 6: Proof of concept study investigating the ultrastructure of mitochondria in 
dopaminergic neurons; implications for neurodegeneration ................................................ 226 

6.1 Introduction ............................................................................................................. 226 

6.1.1 Electron microscopy advances ......................................................................... 226 



8 

 

6.1.2 Significance of this study .................................................................................. 227 

6.2 Aim and objectives .................................................................................................. 230 

6.2.1 Aim ................................................................................................................... 230 

6.2.2 Objectives ......................................................................................................... 230 

6.3 Methods .................................................................................................................. 230 

6.3.1 Patient Cohort .................................................................................................. 230 

6.3.2 Sample collection and preparation .................................................................. 231 

6.3.3 Transmission electron microscopy (TEM) ........................................................ 232 

6.3.4 Serial block face scanning electron microscopy (SBFSEM) .............................. 233 

6.3.5 Analysis of the 3D structures ........................................................................... 233 

6.4 Result ....................................................................................................................... 235 

6.4.1 Optimising methodology.................................................................................. 235 

6.4.2 Comparison between IMARIS 9 and AMIRA .................................................... 238 

6.4.3 Comparing variability between controls .......................................................... 240 

6.4.4 Comparing mitochondrial parameters with healthy ageing and disease 

conditions ....................................................................................................................... 243 

6.4.5 Comparing mitochondrial parameters in neurons with Lewy bodies ............. 245 

6.4.6 Comparing mitochondrial parameters with perinuclear and distal mitochondria

 246 

6.4.7 Nanotunnels or Mitochondria on a string (MOAS) .......................................... 248 

6.5 Discussion ................................................................................................................ 252 



9 

 

6.5.1 Comparing mitochondrial parameters between healthy ageing and patients 252 

6.5.2 Comparing mitochondrial parameters between perinuclear and distal 

mitochondria ................................................................................................................... 253 

6.5.3 Variability between cells from the same patient ............................................. 254 

6.5.4 Nanotunnels ..................................................................................................... 255 

6.5.5 !ŎŎǳƳǳƭŀǘƛƻƴ ƻŦ ɲƳǘ5b!................................................................................. 255 

6.5.6 Future work ...................................................................................................... 256 

6.5.7 Final conclusion ................................................................................................ 257 

Chapter 7: Final discussion ................................................................................................. 258 

7.1 Introduction ............................................................................................................. 258 

7.2 Major findings and further work ............................................................................. 258 

7.2.1 Variations in mtDNA replication with neuronal type, age and genotype. ....... 258 

7.2.2 wŜƭŀǘƛƻƴǎƘƛǇ ōŜǘǿŜŜƴ ɲƳǘ5b! ŀƴŘ Ƴǘ5b! ǊŜǇƭƛŎŀǘƛƻƴ .................................. 260 

7.2.3 Developing thymidine analogue labelling for use in vitro................................ 261 

7.2.4 Localisation of mtDNA replication within neurons in vivo ............................... 262 

7.2.5 Could mitochondrial structure affect the clonal expansion of mtDNA deletions?

 262 

7.2.6 Role of ɲƳǘ5b! ǊŜǇƭƛŎŀǘƛƻƴ ƛƴ Ƴǘ5b! ŦƻǊƳŀǘƛƻƴ ŀƴŘ ŀŎŎǳƳǳƭŀǘƛƻƴ.............. 264 

7.3 Final conclusion ........................................................................................................ 264 

Chapter 8: Appendix ........................................................................................................... 266 

8.1 Thymidine analogue incorporation ς cell death ...................................................... 266 



10 

 

8.2 Analysis of thymidine analogue labelling in vitro using IMARIS 9 .......................... 267 

8.3 Determination of nuclear size ................................................................................. 270 

8.4 Immunofluorescent image analysis optimisation ................................................... 272 

8.5 Differentiating between replication and repair ...................................................... 276 

8.6 Normalising datasets ............................................................................................... 278 

References.............................................................................................................................. 280 

 

 

 

 

 

 

 

 

 

 

 

 

 



11 

 

List of figures 

Figure 1.1 The structure of the mitochondrion. ................................................................................................26 

Figure 1.2 Mitochondrial transport machinery in neurons. ..............................................................................33 

Figure 1.3 The reactions of glycolysis and the TCA cycle. ..................................................................................37 

Figure 1.4 Oxidative phosphorylation. ..............................................................................................................39 

Figure 1.5 Mitochondrial DNA. .........................................................................................................................44 

Figure 1.6 Models of replication for the mtDNA ...............................................................................................49 

Figure 1.7 Slipped strand model of mtDNA deletion formation. ......................................................................59 

Figure 1.8 MtDNA deletion formation through repair of double strand breaks. ..............................................61 

Figure 2.1 IdU and CldU channel surfaces created from masked mitochondrial surface ..................................87 

Figure 3.1 Thymidine analogues used for labelling DNA replication ............................................................... 103 

Figure 3.2 Optimisation of mitochondrial markers: VDAC .............................................................................. 111 

Figure 3.3 Optimisation of mitochondrial markers: GRP75 ............................................................................ 112 

Figure 3.4 Optimisation of mitochondrial markers: TOM20 (P) ...................................................................... 113 

Figure 3.5 Optimisation of mitochondrial markers: TOM20 (M) ..................................................................... 114 

Figure 3.6 Optimisation of DNA marker: Anti-DNA antibody ......................................................................... 115 

Figure 3.7 Morphological identification of cerebellum ................................................................................... 119 

Figure 3.8 Optimisation of CamKII .................................................................................................................. 120 

Figure 3.9 Neuronal marker optimisation - CamKinase2 ................................................................................ 121 

Figure 3.10 Neuronal marker optimisation ς Tyrosine hydroxylase (TH). ....................................................... 122 

Figure 3.11 Thymidine analogue labelled mice brain regions ......................................................................... 124 

Figure 3.12 Regional variations in incorporation of CldU into mitochondria in mouse neurons .................... 128 

Figure 3.13 Regional variations in incorporation of ldU into mitochondria in mouse neurons. ..................... 129 

Figure 3.14 Variation with ageing in incorporation of CldU into mitochondria in mice neurons .................... 131 

Figure 3.15 Variation with ageing in incorporation of ldU into mitochondria in mice neurons. ..................... 132 

Figure 3.16 Variation with wildtype and PolgAmut/mut  model in incorporation of CldU into mitochondria in mice 
neurons. ................................................................................................................................................. 134 



12 

 

Figure 3.17 Variation with wildtype and PolgAmut/mut  model in incorporation of CldU into mitochondria in mice 
neurons .................................................................................................................................................. 135 

Figure 3.18 correlation between thymidine analogue incorporation and ɲmtDNA ....................................... 139 

Figure 3.19 correlation between thymidine analogue incorporation and mtDNA copy number .................... 142 

Figure 3.20 Variation between individual mice .............................................................................................. 145 

Figure 3.21 Staining of dopaminergic and Purkinje neurons from MitoQC mice ............................................ 147 

Figure 3.22 Mitophagy levels from the MitoQC mice ..................................................................................... 148 

Figure 4.1 Optimisation of mitochondrial marker staining ............................................................................. 165 

Figure 4.2 Optimisation of mitochondrial marker staining. ............................................................................ 166 

Figure 4.3 Optimisation of mitochondrial marker staining ............................................................................. 168 

Figure 4.4 Optimisation of mitochondrial marker staining ............................................................................. 169 

Figure 4.5 Optimisation of mitochondrial marker staining ............................................................................. 172 

Figure 4.6 Optimisation of mitochondrial marker staining ............................................................................. 173 

Figure 4.7 Optimisation of mitochondrial marker staining ............................................................................. 174 

Figure 4.8 IdU staining of HeLa cells ............................................................................................................... 176 

Figure 4.9 Optimisation of various IdU concentrations in HeLa cells .............................................................. 178 

Figure 4.10 Optimisation of various CIdU concentrations in HeLa cells .......................................................... 179 

Figure 4.11 Optimisation of CldU and IdU labelling in HeLa cells.................................................................... 181 

Figure 4.12 Images of CldU and IdU labelled HeLa cells obtained with confocal imaging............................... 183 

Figure 4.13 Graphical representation of the percentage of cells with nuclear and mitochondrial incorporation 
of thymidine analogues .......................................................................................................................... 184 

Figure 4.14 IdU incorporation into nucleus and mitochondria of HeLa cells with aphidicolin ........................ 186 

Figure 4.15 IdU labelled iPSC stem cells .......................................................................................................... 188 

Figure 4.16 IdU labelled neurons. ................................................................................................................... 189 

Figure 5.1 This figure presents the prime loci of mtDNA replication and mitochondrial degradation via 
mitophagy based on the current literature ............................................................................................ 197 

Figure 5.2 Simplified cartoon of the analysis pipeline. ................................................................................... 202 

Figure 5.3 Visual representation of the classification of the perinuclear and distal regions........................... 203 

Figure 5.4 Mock representation of delta calculation ...................................................................................... 204 

Figure 5.5 Tom20  to identify the cell boundary and mitochondria ................................................................ 206 



13 

 

Figure 5.6 Variations in CldU incorporation with distance from the nucleus in vivo. ..................................... 207 

Figure 5.7 Variations in ldU incorporation with distance from the nucleus in vivo. ....................................... 208 

Figure 5.8 Differences between CldU and IdU incorporation into perinuclear and distal regions in vivo. ...... 210 

Figure 5.9  Delta values to compare the effect of age, genotype and brain regions on CldU  nd IdU incorporation 
into perinuclear and distal regions ......................................................................................................... 213 

Figure 5.10 IdU incorporation in vitro ............................................................................................................. 215 

Figure 5.11 Staining of dopaminergic neurons from MitoQC mice ................................................................. 217 

Figure 5.12 Localisation of mitophagic events in dopaminergic neurons from MitoQC mice ......................... 218 

Figure 6.1 Dopaminergic neurons are distinguished from other neuronal population by the presence on 
neuromelanin. ........................................................................................................................................ 236 

Figure 6.2 Manually measuring the distance from nucleus in AMIRA ............................................................ 239 

Figure 6.3 Comparing mitochondrial volumes obtained from IMARIS 9 and AMIRA. ..................................... 240 

Figure 6.4 Testing the variability between controls ........................................................................................ 242 

Figure 6.5 Comparing mitochondrial parameters between healthy ageing and disease conditions ............... 244 

Figure 6.6 Comparing mitochondrial MCI (degree of branching) between healthy ageing and DLB ............... 245 

Figure 6.7 Comparing cells with and without Lewy bodies from the same patient. ....................................... 246 

Figure 6.8 Comparing mitochondrial parameters between perinuclear and distal mitochondria .................. 247 

Figure 6.9 sequential sections highlighting the tubular structure ................................................................... 250 

Figure 6.10 Mitochondrial nanotunnel. .......................................................................................................... 251 

Figure 6.11 Mitochondrial nanotunnels in patient and control cells .............................................................. 252 

 

Supplementary figure 8.1 The effect of CldU and IdU labelling on cell survival in HeLa cells ......................... 266 

Supplementary figure 8.2 The steps to analysing the IdU labelled cells using IMARIS (bitplane). .................. 269 

Supplementary figure 8.3 Variations in nuclear radius diameter (in pixels) ................................................... 271 

Supplementary figure 8.4 Analysis optimisations: IMARIS vs Image J ............................................................ 273 

Supplementary figure 8.5 Analysis optimisation: Image J normalised............................................................ 275 

Supplementary figure 8.6 mtDNA replication vs repair .................................................................................. 277 

Supplementary figure 8.7 Data normalisation. ............................................................................................... 279 

 



14 

 

List of tables 

Table 1.1 List of proteins associated with the DNA (and RNA) repair of mitochondrial DNA and their functions. 
BER refers to base excision repair and MMR to mismatched repair ........................................................ 51 

Table 2.1 List of equipment used in this thesis ................................................................................................. 72 

Table 2.2 List of softwares used in this thesis ................................................................................................... 73 

Table 2.3 List of reagents and consumables used in this thesis ........................................................................ 76 

Table 2.4 List of antibodies used in this thesis .................................................................................................. 77 

Table 2.5 List solutions and their contents used in this thesis .......................................................................... 81 

Table 2.6 Thymidine analogue labelling schedule ............................................................................................ 83 

Table 2.7 Antibodies used for Immunofluorescence of mouse brain tissue ..................................................... 86 

Table 2.8 Reagents and DNA used for each sample to run the real time PCR ................................................... 94 

Table 2.9 Antibodies used for Immunofluorescence of HeLa cells/iPSC stem cells/Differentiated Neurons, along 
with their species, isotype and dilution. .................................................................................................. 95 

Table 3.1 Brief literature review of the levels of ɲmtDNA observed within different brain regions in mice .... 99 

Table 3.2 Brief literature review of the levels of ɲmtDNA observed within different brain regions in humans.
 ............................................................................................................................................................... 101 

Table 3.3 Mice used in this study .................................................................................................................... 106 

Table 3.4 Mitochondrial, neuronal and mtDNA replication antibodies used .................................................. 109 

Table 3.5 List of abbreviations and their full forms used for the mice in this study ....................................... 125 

Table 3.6 Average level of thymidine analogue incorporation into the mtDNA ............................................. 126 

Table оΦт ɲmtDNAs in various brain regions ................................................................................................... 137 

Table 3.8 MtDNA copy number in various brain regions ................................................................................ 141 

Table 3.9 The total number of mice and neurons analysed per each age/genotype and region .................... 144 

Table 5.1 The total number of mice and neurons analysed per each age/genotype and region. ................... 201 

Table 6.1 List and details of individuals used for this study ............................................................................ 231 

 

 



15 

 

List of equations 

Equation 1.1  Complex I reaction ......................................................................................................................38 

Equation 1.2 Complex II reaction ......................................................................................................................38 

Equation 1.3 Complex III reaction .....................................................................................................................40 

Equation 1.4 Complex IV reaction .....................................................................................................................40 

Equation 1.5 Complex V reaction ......................................................................................................................40 

Equation 5.1 Calculation of delta values ......................................................................................................... 204 

Equation 6.1 The MCI equation used to calculate mitochondrial branching .................................................. 234 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



16 

 

Abbreviations 

3D Three-dimensional       

ADP Adenosine diphosphate      

AIFM1 Apoptosis Inducing Factor Mitochondria Associated  

AMPK AMP-activated protein kinase  

ANT Adenine nucleotide Translocator     

ATP Adenosine Triphosphate      

ATPase Adenosine Triphosphate synthase     

BAG3 BCL2-Associated Athanogene 3     

BCL2 B-cell lymphoma 2 

BER base excision repair  

C Cytosine       

Ca2+ Calcium ion      

CBC Comparative Biology Centre  

CCCP Carbonyl cyanide m-chlorophenyl hydrazone  

cDNA Coding DNA 

CER cerebellum 

CFV Cresyl Fast Violet     

CldU 5-Chloro-2-deoxyuridine thymidine  

CM cristae membrane  

CO2 Carbon dioxide 

COR cortex 



17 

 

COX Cytochrome c oxidase     

CPEO Chronic Progressive External Opthalmoplegia    

dH2O Distilled water      

D-Loop Displacement loop      

DMSO Dimethyl Sulfoxide        

DNA Deoxyribonucleic Acid      

dNTP Deoxynucleotide       

DRP Dynamin-related proteins      

DRP dynamin-like protein        

DSB Double strand break  

E site Exit site 

EM electron microscopy 

ERR Estrogen Related Receptor  

ETC Electron transport chain     

FADH Flavin adenine dinucleotide     

Fe-S Iron-sulphur       

FIS Fission 

G Guanine       

GAPDH Glyceraldehyde 3-phosphate dehydrogenase     

GFM1 by G Elongation Factor Mitochondrial 1 

GTP Guanosine triphosphate 

H strand Heavy strand     



18 

 

H+ Protons       

H2O Water       

HCl Hydrochloric acid      

HIP hippocampus 

HMG high mobility group  

HR heptad repeats  

HSP Heavy strand promoters     

HVR Hypervariable region      

IBM inner boundary membrane  

IdU Iodo-2-deoxyuridine  

IHC Immunohistochemistry       

IMM Inner mitochondrial membrane     

IMS Intermembrane space      

Kb Kilobase       

kDa Kilo daltons 

KSS Kearn-Sayre Syndrome      

L strand Light strand     

LC3 Light chain 3  

LFB Luxol Fast Blue staining 

LIR LC3-interacting region  

LONP Mitochondrial Lon peptidase 

LSP Light strand promotor     



19 

 

M Molar       

MALM Mieap-induced accumulation of lysosome-like organelles 

MCU mitochondrial Ca2+ uniporter  

MELAS  Mitochondrial Enchephalomyopathy, Lactic Acidosis and Stroke-like episodes        

MFF mitochondrial fission factor  

MFN Mitofusion 

MiD mitochondrial dynamic 

ml millilitre       

mM millimolar       

MMR mismatch repair  

mRNA messenger Ribonucleic Acid     

MT Microtubules 

mtDNA Mitochondrial DNA      

mtEFT translation elongation factor 

mtIF Mitochondrial Translational Initiation Factor  

mtSSB Mitochondrial Single Strand Binding protein   

mtTFB mitochondrial transcription factor B  

mt-tRNA mitochondrial transfer Ribonucleic Acid    

mtTUFM Tu Translation Elongation Factor, Mitochondrial 

mV millivolts 

Na+ Sodium ion      

NADH Nicotinamide adenine dinucleotide     



20 

 

NaOH  Sodium hydroxide       

NBTR Newcastle brain tissue resource    

ND NADH dehydrogenase  

nDNA nuclear DNA      

NER nucleotide excision repair  

NGS Normal goat serum     

NH3  Ammonia 

NIX NIP3-like protein X  

nM nanomolar       

NRF Nuclear respiratory factors  

O2 oxygen 

OH Origin of heavy strand replication   

OL Origin of light strand replication   

OMM Outer mitochondrial membrane     

OPA1 Optic Atrophy 1     

OXPHOS Oxidative phosphorylation      

P site peptidyl-tRNA binding site 

PARL presenilins-associated rhomboid-like protein 

PBS Phosphate buffered saline     

PCR Polymerase Chain Reaction     

PEO Progressive External Opthalmoplegia     

PEO progressive external ophthalmoplegia  



21 

 

PGC-мʰ  Peroxisome proliferator-ŀŎǘƛǾŀǘŜŘ ǊŜŎŜǇǘƻǊ ʴΣ ŎƻŀŎǘƛǾŀǘƻǊ мʰ  

Pi Inorganic Phosphate      

PINK1 PTEN-induced putative kinase 1  

PM Post-mortem       

PO PolgAmut/mut old 

POLG Polymerase Gamma      

POLMRT Mitochondrial RNA polymerase     

POLRMT mtRNA polymerase 

tƻƭʴ Polymerase Gamma      

tt!wʴ Peroxisome Proliferator Activated Receptor Gamma  

PY PolgAmut/mut young 

Rcf Relative Centrifugal Force     

RITOLS Ribonucleotide incorporation throughout the lagging strand  

RNA Ribonucleic Acid      

ROI Region of interest 

ROS Reactive oxygen species     

RRM2B Ribonucleotide Reductase subunit M2 B   

RT Room temperature      

SBF-SEM Serial Block Face Scanning Electron Microscopy  

SD Standard Deviation      

SDH Succinate Dehydrogenase      

SDM strand-displacement  



22 

 

SIRT1 Situins 

SLC solute carrier 

smPCR Single molecule PCR     

SN Substantia nigra 

SPATA18 Spermatogenesis Associated 18  

SPATA18 Spermatogenesis Associated 18  

T Thymidine       

TCA Tricarboxylic Acid      

TEM Transmission Elctron Microscopy     

TFAM Transcription Factor A, Mitochondrial  

TIM translocases of the inner membrane  

Tm Melting temperature      

TOM translocases of the outer membrane  

tRNA transfer ribonucleic acid     

TSFM Tu Translation Elongation Factor, Mitochondrial  

TWINKLE Twinkle helicase      

UNG Uracil-N glycoslyase      

UV ultra violet 

VDAC Voltage Dependant Anion Channel    

VGLUT Vesicular glutamate transporter     

WO wildtype old 

WT Wild-type       



23 

 

WY wildtype young 

ɲƳǘ5b! mtDNA deletion 

˃ƭ microlitre       

˃Ƴ micromolar       

 

 

 

 

 

 

 

 

 

 

 

 

 



24 

 

Chapter 1 : Introduction 

1.1 Origin of Mitochondria 

Mitochondria are dynamic organelles present within the cytoplasm of all mammalian 

nucleated cells. The origin of mitochondria has been theorised to arise due to an 

endosymbiotic relationship, where a primitive free-living prokaryote with the ability to utilise 

oxygen available in the atmosphere as an energy source, was engulfed by a pre-eukaryotic 

cell. This was brought to light in 1971 (Margulis, 1971), and explained that the reason for this 

symbiotic relationship was that the free-living prokaryote received a secure and stable 

environment and in return ATP (adenosine triphosphate) as the result of respiration, was 

provided for the host cell (Martin et al., 2015). The main evidence for this theory is the 

prokaryotic-like properties of the mitochondrion including its double membrane, circular 

genome, ability to undergo fission and fusion and the ability to independently synthesise 

proteins. Alongside this, a high proportion of genes required for mitochondrial structure, 

function and quality control are found in the nuclear genome (Gray, 2012, Gray et al., 1999). 

The hydrogen hypothesis theory proposes another basis for mitochondrial origin (Martin and 

Müller, 1998). This theory suggests that the host cell was a methanogenic archezoa which 

engulfed a eubacterium with the ability to produce H2 and CO2. When the host was in an 

environment with a lack of H2, a symbiotic relationship was formed between the two species. 

Selective pressures within this environment selected the host cells with this symbiotic 

relationship (Martin et al., 2001). This theory suggests that the formation of the nucleus 

occurred following this symbiotic event. However this theory is not completely accepted as a 

ΨǘǊǳŜ ŀǊŎƘŜȊƻŀΩΣ ŀ ŜǳƪŀǊȅƻǘƛŎ ŎŜƭƭ ǿƛǘƘƻǳǘ ŀ ƳƛǘƻŎƘondria, has not been identified and 

molecular analysis has identified mitochondrial genes present within the nuclear DNA of this 

group (Clark and Roger, 1995, Roger, 1999).  

The ancestor of mitochondria has been suggested to be the intracellular parasite Rickettsia 

prowazekii, identified by whole genome sequencing (Andersson et al., 1998). This analysis 

found genes encoding for components of the tricarboxylic acid (TCA) cycle and complexes of 

the respiratory chain within its genome, allowing Rickettsia prowazekii to produce ATP, similar 



25 

 

to mitochondria. However, due to inconsistencies in phylogenetic trees during analysis and a 

fast evolution rate, it has been suggested that this might not be the true ancestor of 

mitochondria but simply a lineage relative (Degli Esposti, 2018, Degli Esposti, 2016). In other 

studies, a few other organisms have been suggested to be the evolutionary ancestor of 

mitochondria (Yang et al., 1985, Atteia et al., 2009, Williams et al., 2007, Degli Esposti, 2018), 

despite this, all studies are consistent in their agreement for a prokaryotic origin for the 

mitochondrion (Gray, 2015). 

1.2 Mitochondrial Structure 

In concurrence with their prokaryote ancestors, mitochondria have been observed through 

electron microscopy as consisting of a double membrane structure with an outer 

mitochondrial (OMM) and an inner mitochondrial membrane (IMM) separated by the 

intermembrane space (Palade, 1953, Mannella et al., 1994). Figure 1.1 presents a cartoon 

illustration of a mitochondrion highlighting its integral structures (figure 1.1a), and an image 

obtained from electron microscopy (EM, figure 1.1b). Although typically illustrated as a rod 

shaped organelle (figure 1.1a), the shape and size of mitochondria vary due to their dynamic 

nature and ability to form a reticular network. Initial studies, using EM, measured 

mitochondrial length to be in the range of 1-4µm and with diameters ranging between 0.3-

0.7µm (Palade, 1953). This is consistent with the EM image (figure 1.1b) produced for the 

purpose of this thesis. Further studies looking at 3D models have demonstrated consistent 

values within the range of 0.75 to 3µm2 for the size of mitochondria (Rafelski and Marshall, 

2008, Bereiter-Hahn, 1990, Wiemerslage and Lee, 2016). The number of mitochondria per cell 

also varies depending on the cell type due to differential energy requirements (Nass, 1969). 

Analysis of five different mammalian cell types demonstrated an average of 83 mitochondria 

per cell (Robin and Wong, 1988). However, these measures are not fixed since mitochondria 

can undergo fission and fusion constantly merging or separating.  
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Figure 1.1 The structure of the mitochondrion. Image A presents the cartoon representation of a mitochondrion 

with its structural components labelled. Image B presents an electron microscopy image of multiple mitochondria 

presented within an axon. The image shows clearly the cristae and double membrane structures of the 

mitochondria 

The double membrane of the mitochondrion has a similar structure to the phospholipid 

bilayer of the cell membrane and functions in a similar way to allow selective permeabilisation. 

The OMM is a smooth lipid membrane separating the free flow of molecules between the 

mitochondrial interior and the cytoplasm of the cell. The membrane contains voltage-

dependent anion channels (VDAC), also known as mitochondrial porin. These channels allow 

the exchange of molecules and ions <10kDa to pass (Alberts et al., 2002, Szabo and Zoratti, 

2014). VDAC remains open at a membrane potential of 0mV, but when the potential reaches 

30mV (for both positive and negative potential), it closes (BlŀŎƘƭȅπ5ȅǎƻƴ ŀƴŘ CƻǊǘŜΣ нллмύ.  

Compared to the OMM, the IMM is highly selective in terms of permeabilisation, only allowing 

O2, CO2, H2O and NH3 to pass freely. The IMM has an increased protein to lipid ratio due to 

the presence of cardiolipin and the IMM bound oxidative phosphorylation (OXPHOS) 

complexes I ς V (also termed respiratory complexes), that are required for ATP production 

(Fleischer et al., 1961). Cardiolipin is a protein required for the function of the respiratory 

chain enzymes and also provides structural support for the IMM (Pfeiffer et al., 2003). Due to 

this high protein content, the IMM is less permeable then the OMM. Alongside this, the IMM 

is also folded into convoluted structures called cristae (Frey and Mannella, 2000). The 
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convolution provides an increased surface area, which is beneficial for oxidative 

phosphorylation (OXPHOS) protein assembly and to maximise ATP production. Originally, 

according to the baffle model, the IMM was thought to be folded back on itself to form 

internal ridges with broad openings (Palade, 1953). However, with better resolution and 3D 

9aΣ ǎǘǊǳŎǘǳǊŜǎ ǘŜǊƳŜŘ ΨǇŜŘƛŎǳƭƛ ŎǊƛǎǘŀŜΩ ǿŜǊŜ ŘƛǎŎƻǾŜǊŜŘΦ ¢ƘŜȅ ŘŜƳƻƴǎǘǊŀted that the IMM 

contained an inner boundary membrane (IBM) and a cristae membrane (CM) that were 

connected together via narrow and tubular openings called cristae junctions (Daems and 

Wisse, 1966, Mannella et al., 1997, Frey and Mannella, 2000). As mentioned before, the IMM 

is highly selective in terms of permeabilisation, and hence for protein transport it contains 

adenine nucleotide translocator (ANT) which is responsible for the transport of ATP out of the 

mitochondrial matrix into the cytoplasm and the transport of adenosine diphosphate (ADP) 

from the cytoplasm into the matrix in a 1:1 ratio (Pfaff et al., 1969, Lauquin et al., 2017). 

Certain molecules over 10kDa, including pyruvate produced as the result of glycolysis in the 

cytoplasm and various nuclear encoded proteins, are required within mitochondria. These 

proteins contain N-terminal sequences that target them to mitochondria but they require 

assistance to cross the membranes. To facilitate this, the OMM and IMM also contain the 

translocases of the outer membrane (TOM) and inner membrane (TIM) that allow protein 

transport across the mitochondrial membranes and into the matrix (Alberts et al., 2002, Endo 

and Yamano, 2010, Ahmed and Fisher, 2009).  

Surrounded by the inner membrane, is the matrix, containing a mixture of substances that 

makes it more viscous than the cytoplasm (Palade, 1953). They included various nuclear 

encoded proteins and multiple copies of the mitochondrial DNA (mtDNA) packed together in 

nucleoids. Initially studies discovered an average of 2.6 mtDNA molecules per mitochondria, 

and within the whole cell the range was from 220-1720 in various mammalian cell types (Robin 

and Wong, 1988). In human carcinoma cell lines, for example, mtDNA copy number was 

suggested to be in the range of 1-15 mtDNA molecules or an average of 4.6 mtDNA molecules 

within each mitochondrion (Satoh and Kuroiwa, 1991). This was consistent with later studies 

using more developed techniques such as quantitative-PCR and immune-EM  which 

demonstrated a similar range of 2-10 mtDNA molecules per mitochondrion (Legros et al., 

2004, Iborra et al., 2004). 
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As mentioned above, a number of nuclear encoded proteins required for mitochondrial 

function are also transported into the matrix. This includes proteins required for the 

transcription, translation and general maintenance of the mtDNA. The majority of the proteins 

required for this purpose are coded for by the nuclear DNA and transported into the matrix. 

Mitochondria contain mitochondrial ribosomes for translation. The matrix is also the site of 

iron-ǎǳƭǇƘǳǊ ŎƭǳǎǘŜǊ ōƛƻƎŜƴŜǎƛǎΣ ǇȅǊǳǾŀǘŜ ƻȄƛŘƛǎŀǘƛƻƴΣ ʲ-oxidation of fatty acids and Krebs 

cycle, hence electron carriers, enzymes required for these processes and their by-products are 

also present within the matrix (McCommis and Finck, 2015, Braymer and Lill, 2017, Wanders 

et al., 2010). 

1.3 Mitochondrial dynamics 

Mitochondrial dynamics is a term that describes various characteristics of mitochondria 

including their biogenesis, fission, fusion, transport and finally their degradation, through the 

process of mitophagy.  

 Mitochondrial biogenesis  

This is the process by which, new mitochondria are formed. This normally occurs in response 

to the requirement for energy within cells, for example an increase in the demand for more 

ATP would stimulate the production of more mitochondria (Handschin and Spiegelman, 2006). 

One of the most studied proteins within the biogenesis pathway is Peroxisome Proliferator-

!ŎǘƛǾŀǘŜŘ wŜŎŜǇǘƻǊ DŀƳƳŀΣ /ƻŀŎǘƛǾŀǘƻǊ м !ƭǇƘŀ όtD/мʰύΦ ¢Ƙƛǎ ƛǎ ŀŎǘƛǾŀǘŜŘ ǳǇƻƴ 

phosphorylation by AMP-activated protein kinase (AMPK) in response to an increase in the 

AMP/ATP ratio, or by Sirtuin (SIRT1)-dependent deacetylation, which then functions to 

ŀŎǘƛǾŀǘŜ ǇǊƻŘǳŎǘƛƻƴ ƻŦ ƳƻǊŜ tD/мʰ ƛƴ ŀ ŦŜŜŘōŀŎƪ ƭƻƻǇ (Jäger et al., 2007, Handschin et al., 

2003, Cantó et al., 2010). 

PG/мʰ ǘƘŜƴ ƛƴŘǳŎŜǎ ŘƻǿƴǎǘǊŜŀƳ ǇǊƻŘǳŎǘƛƻƴ ƻŦ ǾŀǊƛƻǳǎ ǘǊŀƴǎŎǊƛǇǘƛƻƴ ŦŀŎǘƻǊǎ ǘƘŀǘ ŀŎǘƛǾŀǘŜ ǘƘƛǎ 

biogenesis pathway via other signalling proteins such as Peroxisome Proliferator Activated 

wŜŎŜǇǘƻǊ DŀƳƳŀ όtt!wʴύΣ bǳŎƭŜŀǊ ǊŜǎǇƛǊŀǘƻǊȅ ŦŀŎǘƻǊǎ м ŀƴŘ н όbwCмΣ bwCнύΣ Estrogen Related 

Receptor (ERR) all of which function to assist in mitochondrial biogenesis (Zong et al., 2002, 

Hardie et al., 2012, Fan and Evans, 2015, Jäger et al., 2007).  
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tD/мʰ deficient mice have been describŜŘ ŀǎ ōŜƛƴƎ άōƭǳƴǘŜŘέ ǿƘƛŎƘ ƛƴŎƭǳŘŜǎ ŜŦŦŜŎǘǎ ǎǳŎƘ ŀǎ 

a diminished mitochondrial number and respiratory capacity (Leone et al., 2005). While 

ƻǾŜǊŜȄǇǊŜǎǎƛƻƴ ƻŦ tD/мʰ in vitro has demonstrated an increase in mitochondrial density, 

oxygen consumption, oxidative phosphorylation genes and mtDNA levels all indicating an 

increased level of biogenesis (Wu et al., 1999). 

A more specific discussion of mitochondrial biogenesis in neurons can be found in chapter 5. 

 Mitochondrial fusion 

As mentioned above, originally, with EM, mitochondria were observed to be simple rod 

shaped organelles and were thought to be distinct, individual mitochondrion (Palade, 1953). 

However, with advances such as live cell imaging, it was discovered that mitochondria are 

dynamic organelles that undergo simultaneous and continuous fission and fusion resulting in 

altered morphology to form complex networks with one another (Johnson et al., 1981, Rizzuto 

et al., 1996, van der Bliek et al., 2013). These mechanisms determine the shape and size of 

mitochondria. Fusion is the merging of multiple mitochondria to form the connected 

mitochondrial network observed in many cells. The main purpose of fusion is to share contents 

between mitochondria such as mtDNA and other vital molecules (including NADH, FADH and 

cAMP), to provide mtDNA stability and at times, to compensate for mitochondrial dysfunction 

and avoid degradation (Olichon et al., 2003, Twig et al., 2006, Nunnari and Suomalainen, 2012, 

Chen et al., 2010).  

This process requires the fusion of both the OMM and IMM and is mediated by mitofusin 

proteins 1 and 2 (mfn1 and mfn2) and mitochondrial dynamin like GTPase, also called opa1 

due the involvement of this gene in dominant optical atrophy, which is the neurodegeneration 

of the optic nerve (Delettre et al., 2000, Santel and Fuller, 2001). These are GTPases which 

hydrolyse guanosine triphosphate (GTP) for their energy requirements. Mfn1 and 2 mediate 

the fusion of OMM as they contain hydrophobic heptad repeats (HR) which tethers them to 

the OMM. Although the exact mechanism of fusion is unclear, the mitofusins can also bind to 

HR regions on adjacent mitochondria which eventually leads to the fusion of the phospholipid 

bilayer using the energy obtained from GTP hydrolysis (Koshiba et al., 2004, Formosa and 

Ryan, 2016, Westermann, 2010). Studies have shown that they are present together within a 



30 

 

cell and have certain structural and functional differences, however they are capable of 

facilitating successful fusion individually as well (Chen et al., 2003a). This was also highlighted 

by a study showing mRNA expression of mfn1 and mfn2 in most human tissues examined, 

including skeletal muscle, heart, brain and pancreas, however their expression levels differed 

in different tissues suggesting differential affinity for either protein based on tissue (Santel et 

al., 2003). Following OMM fusion, is the fusion of the IMM.  

The opa1 protein is involved in the fusion of IMM.  Studies have observed that OPA1 mutations 

(or their yeast orthologs), resulted in fusion of the OMM, but not the IMM (Meeusen et al., 

2006, Meeusen et al., 2004, Malka et al., 2005, Westermann, 2010). Similar to mfn1 and mfn2, 

the exact mechanism of action of opa1 is still undetermined. However, it is known that it is 

imported into the mitochondria, again due a mitochondria targeting sequence, and can be 

tethered to the IMM of both mitochondria that are undergoing fusion (Escobar-Henriques and 

Anton, 2013, Westermann, 2010). 

Although the mechanism of action is not completely clear, several studies have identified the 

importance of these proteins in mitochondrial fusion. Studies on patient fibroblasts with 

mutations in the OPA1 gene have demonstrated complete inhibition of mitochondrial fusion 

in some cases (Zanna et al., 2007). Further highlighting the importance of the fusion process 

is that mutations in the genes that code for mfn2 and opa1 are involved in neuropathies such 

as optic atrophy or axonal neuropathy (Züchner et al., 2006, Williams et al., 2010). Other 

studies have also observed a lack of tubular network and the presence of fragmented 

mitochondria in cells with mutations in mfn1, mfn2 or opa1 (Chen et al., 2003a, Olichon et al., 

2003). Alongside this, knockdowns of OPA1 using siRNA in HeLa cells has demonstrated 

increased mitochondrial fragmentation and apoptosis (Olichon et al., 2003), with Mfn1 

knockout displaying similar characteristics. Over expression of mfn1 cDNA results in a highly 

complex mitochondrial network and the presence of mfn1 containing a point mutation results 

in fragmented mitochondria in vitro (Santel et al., 2003). Over expression of Mfn2 also gives 

similar results, leading to a highly connected network of mitochondria in most cases, however 

in some cases, they also produced clusters of fragmented mitochondria within the perinuclear 

region and causing the release of cytochrome c (Huang et al., 2007). This could be because 
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Mfn2 has also been identified as being involved in the removal of damaged mitochondria and 

cellular apoptosis (Chen and Dorn, 2013, Wan-Xin et al., 2012).  

 Mitochondrial fission 

Fission is the process by which individual mitochondria separate from the network, typically 

for transport to distal regions or for degradation purposes (Simcox et al., 2013). The fission 

process of the IMM is still inconclusive, however, the main protein conducting this is dynamin-

like protein 1 (drp1), which is a GTPase (Smirnova et al., 2001). Mutations in the drp1 gene 

lead to perinuclear clusters of highly connected mitochondria as observed with 

overexpression of mfn2 (Huang et al., 2007). The method of action of this protein is to form a 

multimeric structure with itself which encloses the site of fission and allows cleavage of the 

OMM (Smirnova et al., 2001). Other proteins such as fission protein 1 (FIS1), mitochondrial 

fission factor (mff), mitochondrial dynamic proteins (MiD49 and MiD51) also have roles in 

fission by recruiting drp1 from the cytoplasm to the OMM (Losón et al., 2013, Mozdy et al., 

2000). Studies looking at knock down of fis1 in human cell lines has not demonstrated an effect 

on fission, however mff was demonstrated as having an effect on drp1 and fission, as drp1 

was not recruited to mitochondria (Otera et al., 2010).  

Knockout of drp1 in mice leads to the presence of extremely large individual mitochondria 

instead of a tubular network (Wakabayashi et al., 2009). Drp1 knockout mice in this study also 

demonstrated embryonic lethality and this was determined as being due to developmentally 

regulated apoptosis not occurring during neural tube formation. Other studies using drp1 

knockout mice have also demonstrated the need for this protein in cytochrome c release and 

apoptosis (Ishihara et al., 2009). This is because fission is required for targeted removal of 

damaged mitochondria, also termed mitophagy (Twig et al., 2008). In support of this, patient 

fibroblasts with parkin mutations (a protein involved in mitophagy, see section 1.3.5) have 

demonstrated increased mitochondrial branching, suggesting that they experienced increased 

fusion (Mortiboys et al., 2008). 

Mitochondrial transport 
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Mitochondrial transport occurs due to the demand for ATP in various regions of a cell. 

Mitochondria move along the cytoskeleton of the cell on microtubules (MT) which have a 

negative or positive charge that facilitates the movement and transport direction of cargo. 

This movement uses ATP as an energy source and utilises the proteins kinesin, dynein and 

myosin (Frederick and Shaw, 2007). Disruption of these proteins in HeLa cells has been 

observed as causing defective mitochondrial movement leading to perinuclear clustering of 

mitochondria and formation of highly branched mitochondria (Varadi et al., 2004). 

Mitochondrial movement is particularly important in neurons due to their architecture, they 

are the longest cells in the human body and are highly branched with a number of processes 

and axons. Dopaminergic neurons, for example, can have a total length of 4.5m when all their 

processes are added up (Bolam and Pissadaki, 2012, Matsuda et al., 2009).  

Transport of mitochondria into distal regions of the neuron such as axons is termed 

anterograde and the movement back towards the cell body or the perinuclear region is 

retrograde (figure 1.2). The cytoskeletal structure of neurons is comprised of cytoskeletal 

ŜƭŜƳŜƴǘǎ ǘŜǊƳŜŘ ǘƘŜ ƳƛŎǊƻǘǳōǳƭŜǎ όa¢ύ ǿƘƛŎƘ Ŏƻƴǎƛǎǘ ƻŦ ʰ ŀƴŘ ʲ-tubulin. Each MT has a 

negatively charged end directed towards the cell body and a positively charged end towards 

the distal regions which allows bi-directional transport based on their polarity and driven by 

the hydrolysis of ATP (Hirokawa et al., 2010). This transport is mediated by two motors: 

kinesins for anterograde movements as they travel towards the positively charged end of the 

MT, and dynein motors for retrograde movement as they travel to the negatively charged end 

(Ligon and Steward, 2000, Tanaka et al., 1998). Dynein can also mediate anterograde 

movement and kinesin is required for dynein mediated retrograde transport (Hirokawa et al., 

1990, Pilling et al., 2006, Haghnia et al., 2007). The attachment of mitochondria to these 

motors is facilitated by two proteins: Miro and Trak1 (Milton) (van Spronsen et al., 2013, 

Schwarz, 2013). These act as a connection between the motor proteins and the mitochondria, 

forming a motor-adaptor-receptor complex, allowing bi-directional movement of the 

mitochondria. Miro is a GTPase found on the OMM, which binds to Trak1 which then interacts 

with kinesins. The interaction between mitochondria and dynein remains unclear, however it 

has been suggested that dynein can bind with proteins present on the OMM, for example 
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VDAC, but it is also thought to interact with Miro as loss of Miro impacts on both anterograde 

and retrograde mitochondrial transport (Russo et al., 2009, Schwarzer et al., 2002).  

 

Mitochondria are not always moving, they can remain stationary for a period of time, in fact 

evidence suggests that the majority of the mitochondria are stationary (Sun et al., 2013). 

There have been multiple mechanisms suggested for the stalling of mitochondria, one of 

which involves syntaphilin (SNPH, figure 1.2) (Kang et al., 2008). Other suggested methods 

include anchoring to the microtubules by myosin present on the mitochondrial surface, 

inhibiting Miro or the motor complexes and disassociation from the motor complexes which 

in turn blocks the movement mediated by them (Schwarz, 2013, Sheng, 2014, Pathak et al., 

Figure 1.2 Mitochondrial transport machinery in neurons. Miro1, Trak2, Kinesin and Dynein are 

involved in the anterograde and retrograde movement of mitochondria along the microtubules 

that form the cytoskeleton of a neuron. The negative and positive charge of the microtubules is 

also highlighted in the image. Syntaphilin halts mitochondrial movement and anchoring them to 

the microtubule. 
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2010). SNPH is a protein specific to neurons and capable of binding to the MT and the OMM, 

but it is not capŀōƭŜ ƻŦ ƳƻǾƛƴƎ ŀƭƻƴƎ ǘƘŜ a¢ ǿƘƛŎƘ ƛƴ ǘǳǊƴ ΨŀƴŎƘƻǊǎΩ ǘƘŜ ƳƛǘƻŎƘƻƴŘǊƛŀ ǘƻ ǘƘŜ 

microtubule. As further evidence, knockout of this gene in mouse models has demonstrated 

an increase in mitochondrial movement (Sheng and Cai, 2012). 

 Mitochondrial degradation (Mitophagy) 

The specific degradation of mitochondria is termed mitophagy. This is the process by which 

dysfunctional mitochondria are removed from the reticular network and degraded by 

lysosomes. This process is connected to fission as this is required to remove the damaged 

mitochondria from the network in order for mitophagy to occur (Duvezin-Caubet et al., 2006, 

Frank et al., 2012). This term was coined by a study that used GFP tagged Light chain 3 (LC3) 

protein in hepatocytes (Kim et al., 2007). This study demonstrated that when cells were 

exposed to laser induced photo damaged, there was a loss of membrane potential and 

following this loss, there was an increase in GFP tagged LC3 intensity over time.  

One of the suggested pathways of mitophagy, is the PTEN-induced putative kinase 1 (PINK1) 

and parkin pathway. PINK1 contains a mitochondrial targeting sequence and localises within 

the inner membrane space. Usually in healthy mitochondria, PINK1 undergoes proteolysis by 

presenilins-associated rhomboid-like protein (PARL). In cases of mitochondrial damage such 

as a loss of membrane potential or an increase in reactive oxygen species (ROS), PARL does 

not cleave PINK1, which in turn transfers to and accumulates within the OMM (Narendra et 

al., 2008). This accumulation activates and recruits the E3 ubiqutin ligase protein, parkin, from 

the cytoplasm which ubiquitinates OMM proteins (including VDAC1 and DRP1) and recruits 

lysis proteins such as p62, LC3 and autophagosomes (Narendra et al., 2010). This relationship 

of PINK1 and parkin is further evidenced by overexpression studies, where overexpression of 

parkin in PINK1 deficient cells was beneficial, rescuing the ensuing defects, however 

overexpression of PINK1 in parkin deficient cells did not have the same effect suggesting that 

parkin was required for the recruitment of further mitophagy related proteins (Clark et al., 

2006, Exner et al., 2007, Park et al., 2006). In the absence of PINK1, it has been suggested that 

VDAC is abundant within the OMM alters to be accessible for parkin translocation and 
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mitophagy, suggesting that parkin mediated mitophagy can occur even in the absence of 

PINK1 (Geisler et al., 2010) 

Another pathway of mitophagy uses NIP3-like protein X (NIX) which has been studied in 

erythrocytes since their differentiation involves the complete removal of mitochondria and 

through the action of this pathway (Aerbajinai et al., 2003). Mice lacking NIX in these cells 

retain their mitochondria as the cells mature (Sandoval et al., 2008). In this pathway, NIX 

localises to the OMM and then in turn binds to LC3 present in the cytoplasm via the LC3-

interacting region (LIR) on the NIX. LC3 then functions to recruit autophagosomes. In mice 

with NIX deficiency, there is a decrease in mitophagy, however decreasing the membrane 

potential of the IMM by treatment with the uncoupler Carbonyl cyanide m-chlorophenyl 

hydrazone (CCCP) can rescue mitophagy, suggesting stimulation of another pathway such as 

PINK1/Parkin (Zhang and Ney, 2009, Sandoval et al., 2008). BNIP3 has also been suggested to 

behave in a similar manner to NIX, as they both contain LIR allowing binding to LC3 

(Chinnadurai et al., 2009, Rodger et al., 2018). In vivo models with loss of BNIP3 resulted in 

lower levels of mitophagy along with an accumulation of damaged mitochondria (Chourasia 

et al., 2015) 

Mitophagy, and its importance for neurons is discussed in more detail in chapter 5. 

1.4 Mitochondrial functions 

 Tricarboxylic ŀŎƛŘ ό¢/!ύ ŎȅŎƭŜ όYǊŜōΩǎ ŎȅŎƭŜύ  

The initiation of glucose breakdown for ATP production occurs within the cytoplasm via the 

process of glycolysis. This reaction breaks down glucose through intermediate products, into 

pyruvate producing a net yield of two adenosine triphosphate (ATP) molecules and two 

molecules of reduced Nicotinamide adenine dinucleotide (NADH) (Berg, 2011) (figure 1.3). 

When the conditions are hypoxic, this pyruvate is converted to lactic acid via anaerobic 

respiration, however in the presence of oxygen, the pyruvate is imported into the 

mitochondrial matrix and is converted into Acetyl CoA by pyruvate dehydrogenase (producing 

NADH as a by-product), which is used for the TCA cycle (Wang et al., 2010). Fatty acid 
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breakdown through tƘŜ ʲ-oxidation pathway, can also result in the production of Acetyl CoA 

for use within the TCA cycle (Houten and Wanders, 2010).  

The TCA cycle consists of a series of enzyme mediated reactions through which Acetyl CoA is 

oxidised, in turn reducing several products such as GDP, NAD+ and FAD into GTP, NADH, and 

FADH2 respectively, which are required for downstream oxidative phosphorylation (Krebs and 

Eggleston, 1940b, Krebs and Eggleston, 1940a). Figure 1.3 presents all the intermediate 

products in glycolysis and the enzymes that mediate this process. Within this cycle, 

oxaloacetate is produced, which then combines with a new molecule of Acetyl CoA to go 

through the same series of oxidative reactions again. The name citric acid cycle comes from 

the formation of citrate from oxaloacetate and Acetyl CoA. 
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Figure 1.3 The reactions of glycolysis and the TCA cycle. This presents the breakdown of glucose to pyruvate 

through glycolysis, which happens in the cytoplasm. It also presents the transport of pyruvate into the 

mitochondrial matrix, where it is converted into Acetyl CoA, and enters the TCA cycle. All the intermediates are 

named for both the processes. All the enzymes mediating the reactions are presented in blue. The green asterisks 

represent the production of NADH. The image also shows the production of FADH2 from succinate which is used 

by complex II of the OXPHOS system 

 

 Oxidative phosphorylation (OXPHOS) 

As the final process of ATP production, mitochondria contain the electron transport chain 

within their inner membrane. This enables OXPHOS, which requires complexes I ς V (figure 
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1.4). The OXPHOS processes utilise redox reactions which transport electrons across the 

complexes and transfers protons into the IMS, thereby establishing a proton gradient and 

allowing the maintenance of a negative membrane potential across the IMM (Mimaki et al., 

2012). The protons are then utilised by complex V to phosphorylate ADP to form ATP.  

Complex I, or NADH ubiquinone oxidoreductase, is the largest of the 5 OXPHOS complexes 

containing around 45-46 subunits (Hirst et al., 2003, Sazanov, 2007), 7 of which are coded for 

by the mammalian mitochondrial DNA (mtDNA) (MTND1, MTND2, MTND3, MTND4L, MTND4, 

MTND5 and MTND6). The remaining subunits are encoded by the nuclear genome and 

translocate into the mitochondria to be assembled in the inner membrane, to produce the full 

enzyme complex with the mitochondrially encoded subunits. This complex oxidises NADH 

produced in the TCA cycle into NAD+ transferring four protons into the intermembrane space 

and transferring electrons to reduce Coenzyme Q (Janssen et al., 2006) (equation 1.1). This 

complex is also a site of reactive oxygen species (ROS) production, as it can produce 

superoxide radicles as a result of electron leakage (Hirst et al., 2008). 

ὔὃὈὌ+ὗ+5Ὄ +
 (matrix) ҦὔὃὈ++ὗὌ2+4Ὄ +

 (IMS) 

Equation 1.1  Complex I reaction 

Complex II is also called Succinate dehydrogenase, and functions in oxidising succinate to 

fumarate (this reaction is part of the TCA cycle) and produces FADH2 (Cecchini, 2003). The 

oxidation of FADH2 into FAD, by the iron sulphur clusters within this complex, produces 

electron that are passed on reducing Coenzyme Q (equation 1.2). Complex II is the smallest of 

all the complexes and is completely coded for by the nuclear DNA.  

ίόὧὧὭὲὥὸὩ + ὗ ҦὪόάὥὶὥὸὩ + ὗὌ2 

Equation 1.2 Complex II reaction 
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Figure 1.4 Oxidative phosphorylation. Highlighted on the figure are the complexes (I-V) embedded in the inner 

mitochondrial membrane and functions within the OXPHOS system. This system functions by transporting 

electrons from complex I and II to complex IV with the help of cytochrome C. This process releases protons into 

the intermembrane space creating a proton gradient that is then utilised by complex V to convert ADP into ATP. 

More details about the individual processes are present in section 1.4.2. 

 

Electrons produced from oxidation of NADH and FADH2 from Complex I and II respectively, are 

transferred on to Coenzyme Q that is then oxidised by complex III. This complex, also known 

as ubiquinol cytochrome c oxidoreductase, consists of 11 subunits, one of which; cytochrome 

b (gene: MTCYB), is coded for by mtDNA (Schägger et al., 1995). This complex is responsible 

for transferring electrons from Coenzyme Q to cytochrome c. This complex also releases 4 
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protons into the intermembrane space (van den Heuvel and Smeitink, 2001). Cytochrome c is 

then responsible for transferring electrons from Complex III to complex IV.  

2ὗὌ2+ὗ+2ὅώὸὧ (έὼὭὨὭίὩὨ) +2Ὄ + (matrix) Ҧнὗ+ὗὌ2+2ὅώὸὧ (ὶὩὨόὧὩὨ) +4Ὄ +
 (IMS) 

Equation 1.3 Complex III reaction 

Complex IV (Cytochrome c oxidase; COX) is comprised of 13 subunits, 3 of which; COXI, COXII 

and COXIII, are coded for by the mtDNA (van den Heuvel and Smeitink, 2001). This complex 

accepts electrons from cytochrome c and transfers them to oxygen (the terminal electron 

acceptor), producing H2O. This also releases two protons into the intermembrane space 

further adding to the proton gradient (Capaldi, 1990, Diaz, 2010).  

4ὅώὸὧ (ὶὩὨόὧὩὨ) +8Ὄ +
 (matrix) + ὕ2 Ҧпὅώὸὧ (έὼὭὨὭίὩὨ) +2Ὄ2ὕ+4Ὄ +

 (IMS) 

Equation 1.4 Complex IV reaction 

The final complex, complex V is also termed ATP synthase. This contains 17 subunits, 2 of 

which; ATP6 and ATP8, are present on mtDNA. This molecule is responsible for 

phosphorylating ADP into ATP using the protons pumped out into the IMS by the other 

complexes. This protein contains two main domains: FO and F1. The protons in the 

intermembrane space travel down their concentration gradient into the matrix through the 

FO subunit of ATP synthase causing this to rotate. This leads to the rotation of the F1 subunit 

which functions to catalyses the phosphorylation of ADP into ATP and the release of this ATP 

molecule into the matrix (Boyer, 1997).  The ATP synthase can also function in reverse 

converting ATP into ADP and releasing protons to IMS in the process (Abramov et al., 2010). 

This usually occurs as a response to loss of membrane potential in order to regain this, and to 

avoid mitophagy (Gottlieb et al., 2003, Safiulina et al., 2006). 

ὃὈὖ+ὖὭ+2.7Ὄ+
 (IMS) Ҍ ҦὃὝὖ+2.7Ὄ +

 (matrix) 

Equation 1.5 Complex V reaction 
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 Biogenesis of molecules in mitochondria 

Iron is transported into the mitochondria using mitoferrin present on the IMM (Shaw et al., 

2006, Zhu et al., 2016). This is used within mitochondria for haem synthesis which is a catalyst 

for redox reactions occurring in complexes I-III, by acting as an electron carrier. Iron is also 

important for the movement of electrons in the OXPHOS system as it is used for Fe-S cluster 

biogenesis. These are required within the OXPHOS complexes to accept electrons, for example 

the Fe-S cluster within Complex II accepts electrons from FADH2 (Lill et al., 2012, Wang and 

Pantopoulos, 2011). Fe-S clusters are formed and matured using various mitochondrial 

proteins (such as Isu1/2, Isa1/2, Nfu, Grx5 and Abcb7), which obtain the iron through frataxin, 

and forms Fe-S clusters. The sulphur for this process is produced from cysteine mediated by 

the enzyme cysteine disulfurase (Tong and Rouault, 2000). Mitochondria also function to 

regulate iron homeostasis within the cell (Rouault and Tong, 2005). 

Although the mechanisms remain unclear, mitochondria are also the site of steroid hormone 

synthesis from cholesterol (Miller, 2013).  

 Calcium buffering  

Mitochondria assist the cell with calcium buffering and the regulation of this ion is particularly 

important within neurons for action potential generation (Bean, 2007, Surmeier and 

Schumacker, 2013). Mitochondria contain the mitochondrial Ca2+ uniporter (MCU) in their 

IMM and VDAC on the OMM, which together are capable of importing calcium ions from the 

cytoplasm into the mitochondrial matrix regulating the calcium ion concentration within the 

cell. This is based on a calcium gradient and when there is large concentration of calcium 

within the cell, it is sequestered down its concentration gradient into mitochondria, which can 

sequester large quantities of calcium, up to 1000nmol per mitochondrion (Kirichok et al., 

2004). Ca2+ is required for various signalling pathways and functions within the cell such as 

ATP production, however at large concentrations it can be detrimental and lead to apoptosis 

of the cell (Griffiths and Rutter, 2009, Orrenius et al., 2003, Mattson and Chan, 2003). Calcium 

is released into the cell through an exchange with Na+ ions at a ratio of 3 Na+ for each Ca2+ 

molecule.  
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 Reactive oxygen species (ROS) production 

Reactive oxygen species can be produced from the mitochondrial OXPHOS system due to the 

leakage of electrons from complex I and III (Chen et al., 2003b). These electrons can react with 

oxygen molecules in the vicinity (produced from complex IV) to produce the superoxide anion 

(ωO2
-). Although initially thought to be detrimental, recent studies discovered that at low 

levels, ROS are beneficial for cells though various pathways such as cell signalling, 

differentiation and immunity (Sena and Chandel, 2012). However, at higher levels, ROS can 

have negative effects, and therefore the mitochondria possess antioxidant enzymes to 

minimise this risk and regulate ROS. Superoxide dismutase (SOD), present within the matrix 

and IMS, converts the ωO2
- into H2O2, which is then converted into H2O by gluthathione 

peroxidase (GPx) or peroxiredoxins (PRX) (Sabharwal and Schumacker, 2014). Although this 

system is beneficial, H2O2 can itself be converted into the hydroxyl radical (ωOH) upon reaction 

with ωO2
- (Sena and Chandel, 2012). ROS scavengers such as uric acid and vitamin C can also 

function to protect from ROS related damage (Valko et al., 2007). ROS can be detrimental as 

it can also cause the oxidation of proteins, lipids and DNA within the cells and mitochondria 

(Lyras et al., 1997, Slupphaug et al., 2003). Since mitochondria are a site of ROS production, 

mtDNA can be particularly damaged due to its close proximity to the source of ROS, leading 

to mtDNA damage (Indo et al., 2007, Liang and Godley, 2003). An accumulation of this damage 

can eventually lead to apoptosis of the cell (Kim et al., 2010). 

 Apoptosis 

Cellular damage, such as oxidative stress, DNA damage and high levels of intercellular calcium 

can lead to cell death. Apoptosis is the process by which a damaged or unrequired cell is 

degraded. The IMM contains Apoptosis Inducing Factor Mitochondria Associated (AIFM1). 

This generally functions as a NADH oxidoreductase, however in the case of damage, this 

protein translocates to the nucleus in order to cause chromosome condensation and DNA 

fragmentation leading to apoptosis (Kettwig et al., 2015). This protein can also induce the 

release of cytochrome c.  

Within the IMM, cytochrome c is present and functions as an electron transporter for the 

OXPHOS system. The release of cytochrome c from the IMM is generally regulated by the Bcl-
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2 family of proteins. BNIP3L is involved in mitochondrial quality control by interacting with 

Spermatogenesis Associated 18 (SPATA18, or Mieap) which can regulate the translocation of 

lysosomal proteins into the mitochondrial matrix to degrade damaged proteins, a process 

termed Mieap-induced accumulation of lysosome-like organelles (MALM) (Nakamura and 

Arakawa, 2017). BNIP3L can also bind to Bcl-2. Bcl-2 is capable of interacting with VDAC to 

increase the membrane permeability and also influence cytochrome c release which 

induces apoptosis. This is in response to high levels of damage, where cytochrome c released 

to trigger caspase-9 leading to apoptosis (Wang and Youle, 2009, Hüttemann et al., 2011).  

1.5 Mitochondrial DNA 

Mitochondria are the only other organelle that contain their own DNA, which like the 

organelle in which is it found is maternally inherited (Giles et al., 1980). As mentioned, the 

subunits required for OXPHOS are coded for by both the nuclear and the mitochondrial 

genomes. The mtDNA of humans was first sequenced in 1981, which was later revised in 1999 

to include any polymorphisms and correct any errors (Anderson et al., 1981, Andrews et al., 

1999)Φ aǘ5b! Ŏƻƴǘŀƛƴǎ от ƎŜƴŜǎ ŎƻŘƛƴƎ ŦƻǊ мо ǇǊƻǘŜƛƴǎΣ нн ǘwb!Ωǎ ŀƴŘ н Ǌwb!Ωǎ ǿƛǘƘƛƴ мсΣрсф 

base pairs (figure 1.5). It is a circular DNA molecule that consists of a heavy (H) strand on the 

outside that gets this name, as it is rich in purines, which are heavier than pyrimidines. This H 

strand is paired with the light (L) strand on the inside.  
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MtDNA is supercoiled and arranged into structures called nucleoids (which average 100nm in 

diameter), within the mitochondrial matrix, causing this molecule to be highly compact (Satoh 

and Kuroiwa, 1991, Gilkerson et al., 2013). Although previous studies have eluded to a higher 

number of mtDNA molecules within these nucleoids, recent advances in electron microscopy 

discovered that each nucleoid contained an average of 1-3 mtDNA molecules (Kukat et al., 

2011, Brown et al., 2011). Super resolution fluorescence imaging was also used to identify that 

each nucleoid, in addition to mtDNA, also contains mtDNA maintenance proteins, such as 

those involved in transcription and replication (Brown et al., 2011). One such example of a 

nucleoid protein is mitochondrial transcription factor A (TFAM). This is involved in mtDNA 

transcription; however, it also has an additional function in the appropriate packaging of 

Figure 1.5 Mitochondrial DNA. Highlighted on the figure are the protein encoding genes in colour and the genes 

are stated on the image. The orange sites code for rRNAs and the green stadium shapes demonstrate the tRNAs. 

The OL and OH regions are also indicated, along with the D-loop. Image taken with permission from (Vincent, 

2017) 
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mtDNA. TFAM can generate U-shaped bends with the mtDNA, due to the presence of a high 

mobility group (HMG) box, allowing mtDNA to be compacted within the nucleoid (Alam et al., 

2003, Ngo et al., 2011b).  

MtDNA contains a non-coding displacement-loop (D-loop) which consists of the origin of 

replication (OH) for the heavy strand. For replication to initiate, a complementary strand binds 

to the D-loop displacing the H strand from the L strand. This exposes OH where replication for 

the H strand is initiated. The origin of replication for the light strand (OL) is present further 

into the strand. The region from OH to OL is the major arc and the remaining bases pairs from 

OL to OH are termed the minor arc. The 13 genes present are all essential for OXPHOS and all 

the genes are expressed as there are no introns in the mtDNA and some genes even have 

overlapping regions; therefore any damage to mtDNA could be severe. As mentioned in the 

previous section, high levels of ROS are also produced within the mitochondria from the 

OXPHOS system. As a result, mtDNA is also highly susceptible to damage which accumulates 

with age (Castro et al., 2012, Manczak et al., 2005, Corral-Debrinski et al., 1992b, Yen et al., 

1991, Fayet et al., 2002).  

Unlike the nuclear DNA, cells and indeed individual mitochondria harbour multiple copies of 

mtDNA. A single cell has been estimated to contain 103-104 copies of mtDNA, however the 

number can vary based on age, tissue and cell (Wiesner et al., 1992, Lightowlers et al., 1997, 

Miller et al., 2003). Individuals with inherited mtDNA mutations commonly harbour wild type 

and mutant genomes within most cells, a situation termed heteroplasmy. If the mtDNA 

genomes present are all the same, this is termed homoplasmy. For a mutation within mtDNA 

to have a biochemical defect, a certain threshold level of mutant mtDNA has to be achieved, 

at which point the wild type mtDNA could not compensate for the mutated mtDNA. This is 

termed the biochemical threshold effect (Rossignol et al., 2003). Due to this threshold, there 

is often some residual function of the OXPHOS system in cells harbouring mtDNA mutations, 

as wild type mtDNA might be present (Brunelle et al., 2005).  

 MtDNA replication 

MtDNA replication will be discussed in more detail in chapter 4, therefore this brief 

introduction will focus on the replication machinery and the modes of replication. 
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As mentioned before, a nucleoid contains mtDNA molecules alongside a few replication 

machinery related proteins. These include TFAM, mitochondrial transcription factor B 

όƳǘ¢C.ύΣ Ƴǘwb! ǇƻƭȅƳŜǊŀǎŜ όth[wa¢ύΣ 5b! tƻƭȅƳŜǊŀǎŜ ƎŀƳƳŀ όtƻƭʴύΣ ƳƛǘƻŎƘƻƴŘǊƛŀƭ ǎƛƴƎƭŜ 

strand binding protein (mtSSB), Twinkle and Mitochondrial Lon peptidase (LONP) 

(Bogenhagen et al., 2008, Gilkerson et al., 2013). TFAM, as discussed above, is involved in 

transcription and packaging of mtDNA. TFAM, mtTFB and POLRMT are involved in mtDNA 

transcription (section 1.5.2). POLRMT also has roles in replication initiation by providing RNA 

primers at the at the site of OH (Fuste et al., 2010)Φ tƻƭʴ ƛǎ ǘƘŜ 5b! ǇƻƭȅƳŜǊŀǎŜΣ ǎǇŜŎƛŦƛŎ to 

mitochondria, that carries out mtDNA synthesis based on template sequence and is also 

ǎǳƎƎŜǎǘŜŘ ǘƻ ƘŀǾŜ ǊƻƭŜǎ ƛƴ ǊŜǇŀƛǊΦ ¢ƘŜ ƛƳǇƻǊǘŀƴŎŜ ƻŦ tƻƭʴ ǿŀǎ ƴƻǘƛŎŜŘ ǿƘŜƴ ǘǊŀƴǎƎŜƴic 

knockdown mice displayed an accelerated ageing phenotype and when a number of diseases 

ǿŜǊŜ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ tƻƭʴ Ƴǳǘŀǘƛƻƴǎ (Trifunovic et al., 2004, Wong et al., 2008). MtSSB is a 

single strand DNA binding protein, and has been thought to provide stability to single stranded 

mtDNA during replication. An increase in mtDNA replication was associated with an increase 

in mtSBB protein levels indicating this is involved in mtDNA replication and repair (Schultz et 

al., 1998, Ruhanen et al., 2010). Twinkle is a mtDNA helicase capable of unwinding short 

ǎǘǊŜǘŎƘŜǎ ƻŦ 5b! ƛƴ ŀ рΩ ǘƻ оΩ Řirection in response to stimulation from mtSSB, and mutations 

ǿƛǘƘƛƴ ǘƘƛǎ ƎŜƴŜ ŀǊŜ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ Ƴǘ5b! ŘŜƭŜǘƛƻƴǎ όɲƳǘ5b!ύ ŀƴŘ ƳǳƭǘƛǇƭŜ ŘƛǎŜŀǎŜ 

conditions (Korhonen et al., 2003, Goffart et al., 2008, Tyynismaa et al., 2005). LONP is a 

protease and functions to degrade damaged nucleotides (Lu et al., 2007). 

Although the definitive mechanism of replication is uncertain, a few theories exist, which have 

postulated potential mechanisms. The first theory to be proposed suggests that mtDNA 

replication occurs through the strand-displacement method (SDM). This mechanism was 

initially described in a paper looking at mouse mitochondria isolated using caesium chloride 

density centrifugation (Kasamatsu and Vinograd, 1973). This led to the development of the 

SDM model of replication which has also been referred to as the asynchronous model of 

mtDNA replication (Clayton, 1982). The SDM mechanism suggests that replication begins at 

ΨhIΩ ƻŦ ǘƘŜ ƭŜŀŘƛƴƎ ǎǘǊŀƴŘ όƘŜŀǾȅ ǎǘǊŀƴŘύΣ ŀǎ ǘƘŜ 5-loop is displaced. This heavy strand is then 

ǊŜǇƭƛŎŀǘŜŘ ŦǊƻƳ рΩ ǘƻ оΩΣ ƻƴŎŜ ŀǇǇǊƻȄƛƳŀǘŜƭȅ 2/3rd ƻŦ ǘƘŜ ǎǘǊŀƴŘ Ƙŀǎ ōŜŜƴ ǊŜǇƭƛŎŀǘŜŘΣ Ψh[ΩΣ ǘƘŜ 

origin of replication of the lagging strand (light strand) becomes exposed. This allows 
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replication of the lagging strand to begin (Krishnan et al., 2008) in an opposing direction from 

рΩ ǘƻ оΩ ǳƴǘƛƭ ōƻǘƘ ǎǘǊŀƴŘǎ ƘŀǾŜ ōŜŜƴ ǊŜǇƭƛŎŀted (figure 1.6). Further evidence supporting this 

was obtained when the origin of replication sites OH and OL were found on opposite strands 

with a distance of over 11kb between them (Clayton, 1982). This suggests that replication is 

initiated at different locations within both the strands. The 11kb distance supports the original 

idea that 2/3rd of the H strand is replicated before replication begins at the L strand.  

Another proposed theory is the coupled leading-lagging-strand replication (Holt et al., 2000) 

also termed the synchronous model which was observed using 2D-neutral agarose gel 

electrophoresis. This theory suggests that replication is initiated at the zone of replication 

(OriZ) that is present at the same loci for both the leading and the lagging strand. This region 

is broad and said to be between the bases 12337 and 15887 containing the genes ND5, ND6 

and CYB. In this model, replication proceeds bidirectionally (Bowmaker et al., 2003). However, 

the coupled leading-lagging theory was observed after mtDNA in human cultured cells was 

depleted using нΩоΩ ŘƛŘŜƻȄȅŎȅǘƛŘƛƴŜ (ddC) or ethidium bromide, hence this mode of replication 

could be the result of damage. This study also investigated an untreated control cell line which 

presented with a different replication intermediate to the ddC or ethidium bromide 

treatments. This suggested that multiple modes of replication could exist.  

bƻƴŜǘƘŜƭŜǎǎ ǘƘƛǎΣ ŀƴŘ {5aΣ ƘŀǾŜ ōŜŜƴ ŎƘŀƭƭŜƴƎŜŘ ōȅ ǘƘŜ ŘƛǎŎƻǾŜǊȅ ƻŦ ƳǳƭǘƛǇƭŜ Ψh[Ω ǎƛǘŜǎ ǿƛǘƘƛƴ 

the L strand suggesting multiple origins of replication (Brown et al., 2005). Another challenge 

for the SDM model came when mitochondrial RNA polymerase was found to have RNA 

primase activity in the mitochondria and to be capable of producing primers for the OL region. 

This can initiate replication of the L strand even without H strand exposing the OL site as 

suggested by SDM (Fusté et al., 2010). This primase can start replication at any one of the 

ƳǳƭǘƛǇƭŜ h[ ǎƛǘŜǎ ŀƴŘ ǘƘŜ ƎŀǇ ōŜǘǿŜŜƴ ǘƘŜǎŜ ǎǘǊŀƴŘǎ Ŏŀƴ ǘƘŜƴ ōŜ ŦƛƭƭŜŘ ƛƴ ōȅ Ǉƻƭʴ (Wanrooij et 

al., 2008). As mentioned above, the study (Holt et al., 2000) discovered two replication 

intermediates, one with and one without mtDNA depletion, one of these was vulnerable to 

single stranded nuclease digestion as suggested by SDM, which was initially used to support 

SDM and couple-leading lagging theory co-existing (Holt et al., 2000). However upon further 

study using a purer preparation of mitochondria, these single stranded intermediates were 

found to not be DNA but RNA:DNA hybrids (Yang et al., 2002, Yasukawa et al., 2006). The led 
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ǘƻ ǘƘŜ Ǉƻǎǘǳƭŀǘƛƻƴ ƻŦ ǘƘŜ Ψwb! ƛƴŎƻǊǇƻǊŀǘƛƻƴ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ƭŀƎƎƛƴƎ ǎǘǊŀƴŘΩ ƳƻŘŜƭ όǘƘŜ wL¢h[{ 

model) (figure 1.6) (Holt and Reyes, 2012, Yasukawa et al., 2006). This is similar to the SDM 

method where the H strand replicates as normal from OH, whereas the single stranded L 

strand replicates as segments of RNA of about 2.5kb in length, which hybridises with the H 

strand, and is then matured into DNA.  

wŜŎŜƴǘƭȅ ŀ ΨōƻƻǘƭŀŎŜΩ ƳŜŎƘŀƴƛǎƳ ƻŦ ǊŜǇƭƛŎŀǘƛƻƴ ǿŀǎ ŀƭǎƻ Ǉǳǘ ŦƻǊǿŀǊŘ ŀŦǘŜǊ ŀƴŀƭȅǎƛǎ ƻŦ 

replication forks on 2D gel electrophoresis (Reyes et al., 2013). This theory is similar to RITOLS, 

however it suggests that RNA transcripts complementary to the L-strand are produced prior 

to replication. This was verified as RNA chain terminators did not block the labelling of mtDNA 

replication intermediates however DNA chain terminators did, hence RNA transcripts was 

produced beforehand. Once the D-ƭƻƻǇ ƛǎ ŘƛǎǇƭŀŎŜŘ ŀƴŘ 5b! ǎȅƴǘƘŜǎƛǎ ōŜƎƛƴǎ ŀǘ ΨhIΩ ƻƴ ǘƘŜ 

H strand, these RNA transcripts bind to the L strand discontinuously. This is later processed 

into DNA through a maturation process which is as yet unclear. This  also explains the single 

stranded regions noticed by (Holt et al., 2000) as the RNA transcripts are discontinuous, 

therefore short single strands of DNA are present between the DNA:RNA hybrid regions.  
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 MtDNA repair 

DNA can undergo various chemical modifications that result in damage. Over the evolutionary 

period, sufficient repair mechanisms have been developed to combat this damage. Although 

an abundance of information is available regarding the repair of nuclear DNA, DNA repair 

within mtDNA remains relatively unknown (Houtgraaf et al., 2006). Until recently mtDNA was 

believed to have no repair system at all due to the increased DNA mutations observed in 

mtDNA compared to nuclear DNA (Yakes and Van Houten, 1997, Mecocci et al., 1993). 

However this was because most of the mtDNA is coding and polycistronic, hence mutations 

have a higher chance of leading to a biochemical defect, and due to the high oxidative stress 

present within mitochondria, high levels of DNA damage were inevitable. Recent advances 

however have paved the way to better understand the repair mechanisms present in mtDNA 

(Alexeyev et al., 2013, Bowmaker et al., 2003). A list of proteins involved in mammalian mtDNA 

repair and their function in presented in table 1.1 

Figure 1.6 Models of replication for the mtDNA. In the top image, SDM starts replication at the OH and as the OL 

strand is revealed, replication of the lagging strand begins. The bottom image demonstrates the RITOLS model 

where the replication of both strand is initiated at the OH region, and the lagging start replicates using RNA 

fragments. Image taken with permission from (Reeve, 2007) 
















































































































































































































































































































































































































































































