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Abstract  

 

Mitochondrial dysfunction occurs in patients with mitochondrial disease, in neurodegenerative 

conditions and as part of the ageing process. It affects predominantly tissues with high 

metabolic requirements such as central nervous system and skeletal muscle. In patients with 

mitochondrial disease, both mitochondrial and nuclear genetic defects commonly cause a 

biochemical defect in muscle. However, due to the multi-copy nature of mitochondrial DNA, 

muscle displays a mosaic pattern of deficiency when the mitochondrial genome is affected. 

This particular pattern makes these defects challenging to quantify. 

Current standard methods to diagnose and investigate mitochondrial disease in affected 

tissues present several limitations. Biochemical studies are only suitable for cases with a high 

proportion of cells with mitochondrial respiratory chain deficiency. Moreover, histochemical 

assays only provide qualitative assessment of complex II and IV activities and are not capable 

of evaluating other complexes, such as complex I - the commonest affected respiratory 

complex in mitochondrial pathology. This project aimed therefore at developing a novel assay 

to accurately quantify mitochondrial dysfunction in human skeletal muscle. Once optimised, 

this assay was further used to explore: the mechanisms underlying mitochondrial pathology, 

its potential in helping the current diagnostic setting, as well as its potential to assess the 

effectiveness of therapeutic approaches aimed at treating mitochondrial dysfunction.  

This work described the development and validation of a novel quadruple immunofluorescent 

technique. This assay quantifies accurately key subunits of respiratory complexes I and IV 

together with mitochondrial mass, using a single 10µm section. The additional labelling of a 

cell membrane marker allows semi-automatic and computer-based sampling of large numbers 

of individual muscle fibres. Using this technique, this study characterised a variety of 

mitochondrial and nuclear genetic defects and demonstrated that specific genotypes exhibit 

distinct biochemical signatures in muscle. In patients with suspected mitochondrial disease, 

this assay provided clues on the possible genetic causes. Furthermore, this novel assay 

evaluated the effect of an endurance exercise program in patients with mitochondrial 

myopathy and was able to detect subtle changes in respiratory complexes levels. 
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Chapter 1. Introduction  

 

¢ƘŜ ǎƪŜƭŜǘŀƭ ƳǳǎŎƭŜ ƛǎ ǘƘŜ Ƴƻǎǘ ŀōǳƴŘŀƴǘ ǘƛǎǎǳŜ ƛƴ ǾŜǊǘŜōǊŀǘŜǎΩ ōƻŘȅΦ Lǘ ŎƻƴǘǊƻƭǎ ǾƻƭǳƴǘŀǊȅ 

movement and its mass is a determinant factor of muscle strength, endurance and physical 

performance. Due to its high metabolic demand, skeletal muscle is highly dependent on 

mitochondria ς the main producer of cellular energy.  

During normal ageing, skeletal muscle undergoes an inevitable loss of muscle mass ς also 

known as sarcopenia (Rosenberg, 1997); approximately 40% of muscle mass is lost between 

the ages of 20 and 80. This is responsible for a decline in muscle strength and fitness leading to 

varying degrees of restricted mobility, disability and loss of independence of the affected 

individual.  

Since mitochondrial function and content in human muscle also declines with ageing, 

dysfunctional mitochondria are thought to play an important role in sarcopenia.  In light of 

increasing life expectancy, understanding mitochondrial dysfunction in ageing skeletal muscle 

and finding strategies to reduce sarcopenia are important and relevant.  

In trying to understand the role of mitochondrial dysfunction in sarcopenia, it became 

apparent to me that the methods used to assess mitochondria in human muscle sections had 

major limitations. My PhD studies therefore focused on developing improved methods to 

quantify respiratory chain deficiency in human skeletal muscle and for this I extensively used 

muscle from patients with mitochondrial disease. Mitochondrial diseases are a group of 

disorders that arise from defects of the mitochondrial oxidative phosphorylation system 

(OXPHOS). The skeletal muscle is one of the tissues frequently affected and remains a major 

target of clinical investigations, often used to confirm or refute a mitochondrial diagnosis. 

This introduction provides an overview of (1) mitochondrial structure, functions and genetics 

and (2) the healthy skeletal muscle. This is important to understand the following sections 

covering mitochondrial damage accumulating in the skeletal muscle during (3) ageing and in 

(4) mitochondrial diseases.  
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1.1 Mitochondria structure and function  

Mitochondria are vital cellular organelles with a predominant role in energy metabolism. They 

provide energy via the process of oxidative phosphorylation to produce ATP for the majority of 

cellular processes. In addition, mitochondria are also involved in regulation of cellular 

metabolism, redox homeostasis, (Ca2+) calcium signalling and programmed cell death.  

 

1.1.1 Mitochondrial structure and organization 

Mitochondria are highly dynamic organelles that form a complex network inside cells. Their 

organisation was first elucidated by Palade, which with the use of electron microscopy, 

identified a common mitochondrial structure irrespective of the species. These comprise of 

two separate membrane systems (the outer and the inner membrane), the mitochondrial 

matrix and a system of internal cristae. Both inner and outer membranes are separated by the 

intermembraneous space (Palade, 1953) (Figure 1.1). Later studies using 3D electron 

microscopic tomography provided a better resolution of mitochondrial structure. These 

described the cristae as separate tubular membranes bound to the inner mitochondrial 

membrane (Mannella et al., 1994).  

Both membranes are involved in the import and export of molecules. The outer membrane 

contains the voltage-gated ion channel porin (VDAC). This channel allows the diffusion of 

cations (such as Ca2+) and small molecules of low molecular weight (metabolites and 

nucleotides) (Szabo and Zoratti, 2014). Both inner and outer membranes contain the 

translocases TIM/TOM (translocase of the inner membrane/ translocase of the outer 

membrane), which mediate the transport of nuclear-encoded proteins across the membranes 

(Endo and Yamano, 2010). They also enclose proteins that are crucial for mitochondrial fusion, 

namely the mitofusins mfn1 and mfn2 (located in the outer membrane) and OPA1 (optic 

atrophy 1, located in the inner membrane) and also Drp1 (Dynamin related protein 1, located 

in the outer membrane) which is crucial for fission (Westermann, 2012). These act in concert 

to allow constant network remodelling - changes in mitochondria morphology, size, number 

and content ς and therefore adapting to changing metabolic demand (Westermann, 2012). 

The inner mitochondrial membrane holds the mitochondrial respiratory chain system 

responsible for oxidative phosphorylation and energy generation.  

Lastly, mitochondrial matrix houses the mitochondrial genome (mtDNA), all the biochemical 

ǊŜŀŎǘƛƻƴǎ ƛƴǾƻƭǾŜŘ ƛƴ ŜƴŜǊƎȅ ǇǊƻŘǳŎǘƛƻƴ όǎǳŎƘ ŀǎ ǘƘŜ ŎƛǘǊƛŎ ŀŎƛŘ ŎȅŎƭŜ ŀƴŘ ʲ-oxidation), as well 

as mitochondrial replication, transcription and translation. 
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Figure 1.1 Schematic illustration of mitochondrial structure and organisation.  

Mitochondrial are ovoid double-bounded organelles. The inner and outer membranes are separated by 

the intermembrane space. The inner membrane harbours the oxidative phosphorylation system and 

mitochondrial matrix contains the mitochondrial genome. 

 

1.1.2 Mitochondrial genome 

1.1.2.1 Mitochondrial DNA 

Mitochondria are the only cellular organelles holding their own genome in mammalian cells. 

They are maternally inherited (Giles et al., 1980) and contain thousands of copies of mtDNA 

packaged in stable nucleoprotein complexes called nucleoids (Miyakawa et al., 1987, Satoh 

and Kuroiwa, 1991). Nucleoids reside in the mitochondrial matrix in close association with the 

inner membrane (Albring et al., 1977). Although each nucleoid was thought to contain 6-10 

mtDNA copies (Legros et al., 2004), more recent super-resolution microscopy revealed that it 

only contains 1-2 mtDNA copies (Kukat et al., 2011). The number of mtDNA copies in cells is 

variable ranging from none (in erythrocytes) (Shuster et al., 1988), to hundreds or thousands 

(Shoubridge and Wai, 2007), depending upon the tissue and cellular energy requirements. 

Each mtDNA molecule measures 16,569 bp, is circular and double-stranded (Figure 1.2) 

(Anderson et al., 1981, Andrews et al., 1999). The mitochondrial genome is highly compact; 

there are no introns or intergenic non-coding regions except for the displacement loop (D-

loop) - containing transcriptional promoters. Most genes are separated by only one or two 

non-coding base pairs, and two genes (MT-ATP6 and MT-ATP8) have overlapping regions 

(Anderson et al., 1981).  

The mitochondrial genome encodes 13 core subunits of the oxidative phosphorylation system 

(complex I, III, IV and V) as well as 22 transfer RNAs (tRNAs) and 2 ribosomal RNAs (rRNAs) 

(Anderson et al., 1981, Andrews et al., 1999) (Figure 1.2). Both tRNAs and rRNAs are required 

for the translation of mitochondrial mRNA transcripts. The remaining 79 subunits, over 35 

assembly factors (Kadenbach, 2012) and proteins involved in mtDNA synthesis, mtDNA 
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transcription, mtDNA translation, RNA maturation, RNA stability and regulation, are encoded 

by the nuclear genome (Smits et al., 2010). Following transcription, nuclear mRNAs are 

translated in the cytoplasm and then imported into the mitochondria where both 

mitochondrial-encoded and nuclear-encoded subunits are assembled into fully functional 

complexes (Tuppen et al., 2010).  

 
Figure 1.2 The human mitochondrial genome.  

The mtDNA encodes 13 polypeptides of the OXPHOS system; genes encoding complex I subunits are 

shown in green, those encoding complex III in purple, complex IV in green and complex V in cyan. 

Additionally, it encodes two ribosomal RNA (shown in red) and 22tRNAs (denoted by their single amino 

acid code) required for mitochondrial protein synthesis. Image (adapted) with the courtesy of Dr Casey 

Wilson.  

 

 

Table 1.1 Composition of OXPHOS complexes and factors required for the proper assembly. 

 
Mitochondrial-encoded  

subunits 
Nuclear-encoded 

Subunits 
Nuclear-encoded 
assembly factors 

Complex I 
7 

ND1-ND6, ND4L 
37 11 

Complex II 0 4 2 

Complex III 
1 

Cytochrome b 
10 2 

Complex IV 
3 

MTCO1-MTCO3 
11 18 

Complex V 
7 

ATP6, ATP8 
17 4 

 

1.1.2.2 Replication and maintenance of mitochondrial DNA 

The replication of mtDNA relies entirely on the nuclear genome. It occurs continuously, 

independent of the cell cycle in replicative cells and in post-mitotic cells (Bogenhagen and 

Clayton, 1977). Korhonen et al. have reconstituted the minimum mitochondrial replisome in 
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vitro and identified three major nuclear-encoded proteins:  the trimeric polymerase gamma 

(POLG), the mitochondrial single stranded binding protein (mt-SSB) and the helicase Twinkle 

(Korhonen et al., 2004).  

The heterotrimeric POLG (Lestienne, 1987) ƛǎ ƳŀŘŜ ƻŦ ŀ ŎŀǘŀƭȅǘƛŎ ǎǳōǳƴƛǘ όth[ḃ! ς encoded by 

POLG1ύ ŀƴŘ ǘǿƻ ŀŎŎŜǎǎƻǊȅ ǎǳōǳƴƛǘǎ όth[ḃ. ς encoded by POLG2). It has polymerase activity, 

оΩ-рΩ ŜȄƻƴǳŎƭŜŀǎŜκǇǊƻƻŦǊŜŀŘƛƴƎ ŀŎǘƛǾƛǘȅ ŀƴŘ рΩŘŜƻȄȅǊƛōƻǎŜ ǇƘƻǎǇƘŀǘŜ ƭȅŀǎŜ ŀŎǘƛǾƛǘȅ όƛƴǾƻƭǾŜŘ ƛƴ 

mtDNA repair) (Gray and Wong, 1992). Twinkle has 5´-3´ DNA helicase activity and facilitates 

mtDNA synthesis by unwinding the double stranded mtDNA (Spelbrink et al., 2001) whereas 

the mt-SSB stabilises the single stranded regions of mtDNA at replication forks, and enhances 

POLG and Twinkle activities (Curth et al., 1994, Korhonen et al., 2003). 

In addition, other nuclear proteins are indirectly involved in mtDNA maintenance by 

controlling the deoxynucleoside triphosphates (dNTP) pool, such as the cytosolic 

ribonucleotide reductase (p53R2 subunit, encoded by RRM2B) (Tanaka et al., 2000) and the 

mitochondrial adenine nucleotide translocator (ANT1, encoded by SLC25A4) (Neckelmann et 

al., 1987). The p53R2 subunit catalyses de novo synthesis of dNTPs whereas ANT1 mediates 

the exchange of ATP (out) for ADP - and by this it regulates the intramitochondrial 

concentration of adenine nucleotides. It was shown that a balanced proportion of the four 

nucleotides is essential for mtDNA and nDNA replication fidelity and repair (Mathews and 

Song, 2007).   

 

1.1.2.3 Mitochondrial transcription and translation  

Mitochondrial transcription is also operated by nuclear-encoded proteins; the basic machinery 

required for transcription initiation (mitochondrial transcriptional core) includes mtRNA 

polymerase (POLRMT) (Tiranti et al., 1997), mitochondrial transcription factor A (TFAM) (Fisher 

and Clayton, 1988) and transcription factor B2 (TFB2M) (Falkenberg et al., 2002, Sologub et al., 

2009). TFAM binds mtDNA upstream to the promotor site inducing a conformational change of 

the light-strand; this exposes the promotor region and activates transcription. Following this, 

POLRMT recognises the promotor and initiates RNA synthesis after forming a heterodimer 

with TFB2M (Rebelo et al., 2011).  

Transcription of both strands generates long polycistronic primary mRNA, which then undergo 

endonucleolytic processing. The mitochondrial ribonuclease P (RNase P) is responsible for the 

рΩ ŜƴŘ ŎƭŜŀǾŀƎŜ ƻŦ Ƴǘ-tRNAs precursors (Rossmanith and Karwan, 1998) whereas the tRNase Z 
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(encoded by ELAC2ύ ƛǎ ǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ ǘƘŜ оΩ ŜƴŘ ŎƭŜŀǾŀƎŜ ό{ŎƘƛŦŦŜǊ et al., 2002). Since most 

mRNAs and rRNAs are punctuated by tRNAs, this cleavage releases individual mRNAs, rRNAs 

and tRNAs (Ojala et al., 1981). 

aƻǎǘ ŜȄŎƛǎŜŘ Ƴwb!ǎ όŜȄŎŜǇǘ b5с Ƴwb! ǘǊŀƴǎŎǊƛǇǘύ ŀǊŜ ǇƻƭȅŀŘŜƴȅƭŀǘŜŘ ƻƴ ǘƘŜƛǊ оΩŜƴŘ ŀƴŘ 

then released for translation (Van Haute et al., 2015). By contrast, tRNAs follow extensive 

post-transcriptional modifications before being aminoacylated with the cognate amino acid 

όǘwb!ǎύΦ Lƴ ǘƘŀǘ ǊŜǎǇŜŎǘΣ ǘƘŜ ŀŘŘƛǘƛƻƴ ƻŦ //! ǘǊƛƴǳŎƭŜƻǘƛŘŜ ŀǘ ǘƘŜ оΩŜƴŘ ƻŦ ǘwb!ǎ ƛǎ ŜǎǎŜƴǘƛŀƭ ŦƻǊ 

correct aminoacylation by the cognate tRNA-aminoacyl synthetases; the modifications of the 

wobble position (first position of the anticodon) are critical for accurate decoding and 

translation fidelity; as many as other modifications which are essential for structural stability, 

maturation and correct folding. Finally excised rRNAs (12S and 16S) undergo several nucleotide 

modifications required for proper folding, stability, and ribosome assembly and function (Van 

Haute et al., 2015). 

Translation of the 13 polypeptide subunits of OXPHOS complexes can then proceed. It requires 

several nuclear-encoded factors (involved in translation initiation, elongation, termination and 

ribosome recycling), assembled mitoribosomes (made up of 12S and 16S and further 81 

nuclear-encoded mitochondrial ribosomal proteins) and aminoacylated tRNAs (Smits et al., 

2010). 

 

1.1.3 Mitochondrial biogenesis 

Mitochondrial biogenesis is the process by which mitochondrial number and activity increases 

in response to metabolic stress (such as exercise) or environmental stimuli (Kelly and Scarpulla, 

2004).  The peroxisome proliferator-activated receptor gamma co-activator 1-ʰ όtD/-мʰύ plays 

a central role in this process through the co-activation of a great number of nuclear 

transcription factors, such as NRF-1 and NRF-2 (Wu et al., 1999). The activation of the later, 

was shown to increase the expression of TFAM (Virbasius and Scarpulla, 1994), TFB2M 

(Gleyzer et al., 2005) and several nuclear-encoded respiratory chain subunits (Evans and 

Scarpulla, 1990). Alongside, TFAM is imported into mitochondria were it up-regulates 

mitochondrial-encoded subunits such as COX-II (Puigserver et al., 1998, Wu et al., 1999). The 

resulting increased synthesis and incorporation of new mitochondrial proteins results in a 

higher overall mitochondrial activity and content (Kelly and Scarpulla, 2004). 
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1.1.4 Mitochondrial functions 

1.1.4.1 Mitochondria oxidative metabolism 

Mitochondria are the centre of oxidative metabolism - the major metabolic system to 

replenish ATP levels in cells. Production of ATP from both glucose and fatty acids occurs in four 

major steps: acetyl coenzyme A (acetyl-CoA) generation (the main substrate of the 

tricarboxylic acid cycle, TCA), electron transfer to electron carriers (TCA cycle), electron 

donation to the mitochondria respiratory chain and lastly ATP production by ATP synthase 

(MacIntosh et al., 2006).  

 

1.1.4.1.1 Acetyl-CoA and TCA cycle 

Acetyl-CoA can be generated either through the oxidation of fatty acids or through the 

breakdown of pyruvate. Cytoplasmic fatty acids are transported into mitochondria via the 

carnitine shuttle (Bremer, 1983). Once in the matrix, these are sequentially broken into acetyl-

CoA through the beta-oxidation όʲƻȄƛŘŀǘƛƻƴύ ǇŀǘƘǿŀȅΦ Lƴ ǇŀǊŀƭƭŜƭΣ ǇȅǊǳǾŀǘŜ όŀ ōȅ-product of 

glycolysis) can also be imported into mitochondria - via the mitochondrial pyruvate carrier. 

There, pyruvate is converted by decarboxylation into acetyl-CoA by the pyruvate 

dehydrogenase. At this stage, acetyl-CoA ŘŜǊƛǾŜŘ ŦǊƻƳ ŜƛǘƘŜǊ ƎƭȅŎƻƭȅǎƛǎ ƻǊ ʲ-oxidation enters 

TCA cycle (Baker et al., 2010). Series of oxidative reactions transfer electrons to hydrogen from 

electron carriers - nicotinamide adenine dinucleotide (NADH+) and flavin monocleotide (FAD) - 

forming three NADH and one FADH2 respectively (Krebs, 1940, Krebs and Eggleston, 1940).  

 

1.1.4.1.2 The oxidative phosphorylation system 

Oxidative phosphorylation (OXPHOS) is embedded in the inner mitochondrial membrane and 

consists of the mitochondrial respiratory chain (complexes I-IV) and ATP synthase (complex V). 

It is coupled to the oxidative pathway at complex I and complex II levels (Figure 1.3). 

Complexes I and II are the first electron-acceptors of the respiratory chain, receiving the 

electrons derived from NADH and FADH2 respectively. These are then transferred along the 

chain: to complex III, via coenzyme Q (or ubiquinone), and to complex IV through cytochrome 

c. The flow of electrons along the respiratory chain is coupled with the active pumping of 

protons into the intermembrane space (at complexes I, III and IV) building up the 

mitochondrial transmembrane potential. The generated electrochemical gradient is finally 
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used by the ATP synthase to drive ATP production upon the diffusion of protons back into the 

matrix (Mitchell, 1961).  

The capacity of mitochondria to produce ATP under maximal or basal conditions 

(mitochondrial oxidative capacity) depends on the oxidative enzyme content and activity. 

These, together with mitochondrial density define muscle oxidative capacity (Schwerzmann et 

al., 1989) 

. 

 

 
Figure 1.3 Schematic model of the oxidative phosphorylation system.  

The respiratory chain (complexes I-IV) and ATP synthase (complex V) are responsible for ATP production. 

While electrons are transferred along the chain by diffusible electron carriers (coenzyme Q or 

ubiquinone and cytochrome c), protons are pumped into the intermembrane space via cI, cIII and cIV. 

The created proton gradient across the inner membrane is finally used by the complex V to drive ATP 

production. Black arrow indicate the direction of electron flow; Grey arrows represent the translocation 

of protons (H+). Keys: cI: complex I, cII: complex II, cIII: complex III, cIV: complex IV, cV: complex V, CoQ: 

coenzyme Q, Cyt c: cytochrome c, e-: electron.  

 

1.1.4.1.3 Components of the OXPHOS system 

Complex I (NADH dehydrogenase) is the largest enzyme (~ 980 kDa) of the OXPHOS system and 

represents the major entry point of electrons. It consists of 45 structural subunits, of each 

seven are mitochondrial-encoded (ND1-ND6 and ND4L) and 38 are nuclear-encoded. The 

assembly of the structural subunits into a functional holocomplex requires additionally 

nuclear-encoded assembly factors; 10 have already been identified, but more are expected to 

be discovered (Kadenbach, 2012). The complex presents three functional modules. The N 

module where dehydrogenase oxidizes NADH, the Q module where hydrogenase reduces 

ubiquinone (lipid-soluble electron carrier) and the P module where protons are pumped into 

the intermembrane space by a proton translocase. The coordinated cross-talk between these 

modules allows the transfer of electrons from NADH to ubiquinone, and the translocation of 
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four protons across the inner membrane. The latter generates an internal negative membrane 

potential (Mimaki et al., 2012).  

Complex II (succinate dehydrogenase) is the smallest complex (~123 kDa) of the OXPHOS 

system and is also a member of the TCA cycle. It consists of four structural subunits (SDHA, 

SDHB, SDHC and SDHD) all encoded by nuclear genes. SDHA and SDHB compose the catalytic 

core; SDHC and SDHD anchor the complex to the inner membrane. Only two assembly factors 

are presently known (Kadenbach, 2012). Complex II acts as a link between TCA cycle and the 

OXPHOS system. In the TCA cycle complex II catalyses oxidation of succinate to fumarate, 

producing FADH2. The oxidation of FADH2 releases electrons, which are transferred through 

several prosthetic groups and ultimately used to reduce ubiquinone to ubiquinol in the 

OXPHOS system (Hagerhall, 1997). 

Complex III (cytochrome c reductase) consists of 11 subunits, of which one is mitochondrial-

encoded (cytochrome b). Two assembly factors have been identified. Complex III oxidizes 

ubiquinol (reduced by complex I and II) and transfers electrons to cytochrome c (a water 

soluble electron carrier located in the intermembrane space). This process is coupled with the 

translocation of two protons into the intermembrane space (Benit et al., 2009).  

Complex IV (cytochrome c oxidase, 200 kDa) is composed of 13 subunits, of which three 

(MTCOI, MTCO2, MTCO3) are mitochondrial-encoded. MTCOI and MTCO2 compose the 

catalytic core involved in the electron transfer whereas MTCO3 appears to be involved proton 

pumping. Complex IV mediates the transfer of electrons (through several prosthetic groups) 

from reduced cytochrome c to molecular oxygen. Reduction of oxygen to water is coupled with 

the translocation of four protons into the intermembrane space (Diaz, 2010). 

Complex V (F1F0 ATP synthase, 550 kDa) consists of 16 subunits, two of which are 

mitochondrial-encoded (ATPase6 and ATPase8). It has two domains: the F1 sector and F0 

sector. The F1 sector is a soluble globular structure that extends into the matrix and composes 

the catalytic ATP synthase portion; the F0 sector is cylindrical rotor-like structure embedded in 

the inner membrane, through which protons are translocated. Similarly, two assembly factors 

have been identified (ATPF1, ATPF2) (Kadenbach, 2012). Complex V uses the electrochemical 

proton gradient created by complexes I, III and IV to drive the synthesis of ATP. The diffusion of 

protons along F0 creates a rotary motion which is transmitted to the catalytic domain F1 that in 

turns drives the condensation of ADP and inorganic phosphate (Pi) into ATP molecules 

(Jonckheere et al., 2012).  
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1.1.4.2 Calcium Handling 

Mitochondria play a crucial role in calcium homeostasis due to their ability to uptake and 

buffer large quantities of Ca2+ (Rossi and Lehninger, 1963). Calcium crosses both outer and 

inner mitochondrial membranes mainly through VDAC and mitochondrial calcium uniporter 

(MCU) (Baughman et al., 2011, De Stefani et al., 2011), respectively, diffusing down its 

electrochemical gradient. This process reduces cytoplasmic calcium and is dependent on 

mitochondrial membrane potential. Extrusion occurs mainly through the 3Na2+/Ca2+ exchanger 

(Patergnani et al., 2011). 

Calcium is a major modulator of cellular function, with a crucial role in regulation of ATP 

production (Griffiths and Rutter, 2009) and apoptosis induction (Orrenius et al., 2003). An 

increase in calcium uptake stimulates mitochondrial respiratory chain function (by stimulating 

the dehydrogenases and electron carriers) and hence ATP production (Denton et al., 1980, 

Jouaville et al., 1999). However, a sustained and excessive accumulation of calcium in 

mitochondria is toxic and can drive apoptosis (Mattson and Chan, 2003). Furthermore, in 

muscle, calcium is the signalling messenger that triggers all processes underlying muscle 

excitation-contraction. A tight regulation of calcium concentration is therefore crucial for 

proper muscle function (MacIntosh et al., 2006). 

 

1.1.4.3 ROS production 

Mitochondrial OXPHOS system is a major source of ROS in cells (Jensen, 1966, Boveris et al., 

1972). Although historically they were seen as major cause of cell damage, it is now accepted 

that they are biologically important for several cellular functions such as adaptation to hypoxia 

and regulation of autophagy (Sena and Chandel, 2012).  

During oxidative phosphorylation, some electrons leak from the transport chain, at complexes 

I and III (Loschen et al., 1973, Cadenas et al., 1977). These electrons can react with oxygen and 

convert it into superoxide anion (O2.-), by partial reduction (Loschen et al., 1974). O2
.-  ς the 

precursor of other ROS - is released either into the intermembrane space (O2
.- produced by 

complex III) or mitochondrial matrix (O2
.- produced by complex I), where it is converted into 

hydrogen peroxide (H2O2) by copper/zinc superoxide dismutase (SOD1) or manganese 

superoxide dismutase (SOD2), respectively. Subsequently, H2O2 diffuses into cytoplasm and is 

converted into water by glutathione peroxidase (Turrens, 2003). Although antioxidant 

enzymes work together to convert ROS into less harmful by-products, some H2O2 can be 

reduced to hydroxyl radical (OH.) by O2
.- and by reduced transition metals (Winterbourn, 1995). 
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When excessive ROS are produced, the cellular antioxidant system might not be sufficient to 

counteract. This results in damage of lipids, proteins and nucleotides and can ultimately lead 

to necrosis or apoptosis. 

 

1.1.4.4 Apoptosis 

Finally mitochondria have a pivotal role in programmed cell death (apoptosis) (Hockenbery et 

al., 1990). Apoptosis can be triggered either extrinsically (by ligand-activation of death 

receptors on plasma membrane) or intrinsically (by DNA damage, oxidative stress, Ca2+ 

overload and endoplasmic reticulum stress). In the intrinsic pathway, intracellular signals 

facilitate mitochondrial inner membrane pemeabilisation and the consequent release of pro-

apoptotic factors (proteins from the Bcl-2 family and cytochrome c) into the cytosol. This leads 

to the assembly of the apoptosome and further activation of caspases (Galluzzi et al., 2007).  

 

1.1.5 Mitochondrial genetics  

1.1.5.1 Mitochondrial DNA mutations 

The mutation rate of the mitochondrial genome is estimated to be 10 to 20-fold higher than 

the nuclear genome (Brown et al., 1979). Somatic (de novo) mtDNA mutations are partly 

caused by reactive oxygen species (ROS) damage due to the close proximity of the 

mitochondrial genome with the source of mitochondrial ROS (complexes I and III) and the lack 

of protective histones (Ljungman and Hanawalt, 1992). Additionally, mutations can arise 

during mtDNA synthesis and/or during mtDNA repair processes (Krishnan et al., 2008). POLG 

presents a high error rate (Kunkel and Loeb, 1981) and its exonuclease activity was shown to 

generate single-stranded regions of mtDNA at double strand beaks, thereby promoting mtDNA 

deletion formation (Krishnan et al., 2008).  

Mitochondrial DNA mutations can be grouped into two major classes, point mutations and 

rearrangements. The former arise from single base pair substitutions either in structural genes 

(coding for the respiratory chain complexes), rRNAs or tRNAs. They can be pathogenic or 

neutral polymorphisms (Tuppen et al., 2010). Neutral polymorphisms arise from either 

synonymous mutation (mutations not causing changes in the amino acid) or neutral non-

synonymous mutations (causing a change in the amino acid). Pathogenic mutations usually 

affect highly conserved amino acids/nucleotides and/or lead to a clear loss of function of the 

affected protein, among other features as revised by Taylor et al. (Taylor et al., 2004). 



12 

 

Rearrangements include deletions (single or multiple), which are always pathogenic due to the 

partial removal of the mitochondrial genome, and duplications (Tuppen et al., 2010). 

 

1.1.5.2 Heteroplasmy  

Due to the multi-copy nature of the mitochondrial genome, wild-type and mutant copies can 

co-exist in individual muscle fibres (Holt et al., 1988, Zeviani et al., 1988). Homoplasmy occurs 

when all mtDNA copies are identical (wild type or mutant) whereas heteroplasmy occurs when 

there is a mixture of more than one mtDNA genotype (wild type and mutant) (Taylor and 

Turnbull, 2005). The proportion between wild-type and mutated mtDNA copies ς known as 

mutation load ς can vary between muscle fibres, along muscle fibres length (Sciacco et al., 

1994) or among other tissues and organs within the same patient (Shanske et al., 2004). Also, 

mutation load can change with time, decreasing in fast dividing tissues (blood) (Rahman et al., 

2001) and increasing in post-mitotic tissues (muscle and brain) (Larsson et al., 1990, Weber et 

al., 1997). 

 

1.1.5.3 Threshold effect 

MtDNA mutations are functionally recessive (with rare exceptions (Sacconi et al., 2008)). The 

biochemical profile depends on the amount of mutated and wild type mtDNA (Figure 1.4); a 

muscle fibre segment shows respiratory chain dysfunction (Figure 1.4, blue segment of muscle 

fibre) when mutated mtDNA copies accumulate above a certain pathological threshold 

(Sciacco et al., 1994, Elson et al., 2002). Above this level, wild type mtDNA copies can no longer 

compensate for the mutation and support the normal mitochondrial function (Rossignol et al., 

2003).  

The threshold level was shown to vary according to the tissue and the type of mutation. While 

single large-scale mtDNA deletions cause a biochemical defect when present at levels higher 

than 60% (Hayashi et al., 1991), point mutations in tRNA genes only manifest a defect when 

present at levels above 90% (Chomyn et al., 1992). Also, tissues which are highly dependent on 

OXPHOS system present a lower threshold level when compared to tissues relying on 

anaerobic glycolysis (Tuppen et al., 2010). Deficient regions of muscle fibres are usually flanked 

by regions with intermediate activity progressing gradually into regions with normal 

mitochondrial function (Elson et al., 2002, Murphy et al., 2012).  
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Figure 1.4 Illustration of the threshold effect.  

Mutated mtDNA can accumulate within cells up to a critical threshold with no impact on mitochondrial 

respiratory chain function (illustrated in the longitudinal fibre in beige); wild type molecules can 

complement the defect. When the percentage of mutated mtDNA relative to wilt type mtDNA (mutation 

ƭƻŀŘύ ŜȄŎŜŜŘǎ ǘƘŜ άǘƘǊŜǎƘƻƭŘέΣ ƳƛǘƻŎƘƻƴŘǊƛŀƭ ǊŜǎǇƛǊŀǘƻǊȅ ŎƘŀƛƴ ŦǳƴŎǘƛƻƴ ŘŜŎƭƛƴŜǎ ŀƴŘ ǘƘŜ ōƛƻŎƘŜƳƛŎŀƭ 

defect become apparent (illustrated in the longitudinal fibres in blue).  

 

1.2 The healthy skeletal muscle  

The skeletal muscle is formed during myogenesis through the proliferation, differentiation and 

fusion of mononuclear myoblasts into myotubes (MacIntosh et al., 2006). These, group into 

cylindrical multinucleated syncytium called muscle fibres which are generally arranged in 

parallel along the longitudinal axis of the muscle (MacIntosh et al., 2006). The number of 

muscle fibres increases until 25 weeks of gestational age. Beyond this age, cell proliferation is 

slowed (ceasing after birth) and muscle crossςsectional area increases through the 

hypertrophy of existing fibres (Stickland, 1981).  

 

1.2.1 Muscle architecture 

1.2.1.1 Extracellular matrix 

The skeletal muscle is mechanically supported by the extracellular matrix organized into three 

interconnecting layers (Figure 1.5) (Borg and Caulfield, 1980). The endomysium covers 

individual muscle fibres and is crucial for force transmission to both tendons and adjacent 

fibres. The perimysium is a thicker layer that holds together muscle fibres into fascicules 

providing the pathway for the capillary network and innervating motor neurons. And finally, 
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the epimysium surrounds the entire muscle and is continuous with the outer layer of the 

tendon (Gillies and Lieber, 2011). 

Each muscle fibre is additionally surrounded by a glycoprotein complex, called the basement 

membrane (Bowman, 1840), which lies between the endomysium and plasma membrane (or 

plasmalemma). It is involved in the organization of the neuromuscular junction, the 

termination of synaptic transmission and the connection between the plasmalemma and the 

endomysium (MacIntosh et al., 2006). The plasmalemma and basement membrane are 

collectively referred to as sarcolemma (MacIntosh et al., 2006). 

 

 
Figure 1.5 Schematic illustration of skeletal muscle organisation.  

The skeletal muscle consists of muscle fibres encapsulated within epimysium, grouped by the 

perimysium, and covered by the endomysium. Each muscle fibre is composed of myofibrils. Image 

(adapted) with the courtesy of Professor Richard L. Lieber. 

 

1.2.1.2 Muscle fibres ultrastr ucture 

Muscle fibres are formed by myofibrils arranged in parallel, and each myofibril is formed by 

the repetition of sarcomeres. Sarcomeres represent the contractile unit of the muscle 

(Hopkins, 2006). They are separated from each other at Z line and are made up of actin (thin 
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myofilaments), myosin (thick myofilaments) and associated proteins (troponins and 

tropomyosin) (Hanson and Huxley, 1953, Huxley, 1953).  

Each myofibril is surrounded by two networks of tubular structures: T tubules and 

sarcoplasmatic reticulum (Franzini-Armstrong and Porter, 1964). T tubules are invaginations of 

the plasmalemma that run transversely across the fibre, encircling myofibrils. Its branched 

arrangement allows propagation of the action potentials into the interior of muscle fibre. T 

tubules harbour dihydropyridine receptors (DHPR, voltage-gated Ca2+ channels) involved in the 

transduction of excitation into contraction. The sarcoplasmatic reticulum derives from the 

outer nuclear envelope and forms a network of longitudinal channels and chambers. They 

house ryanodine receptors (RyR) and Ca2+ ATPase (SERCA). RyR is a channel responsible for 

Ca2+ release whereas SERCA is involved in Ca2+ sequestering (MacIntosh et al., 2006). 

In mature muscle fibres, nuclei accumulate in the periphery of individual fibres adjacent to the 

plasmalemma. According to the myonuclear domain theory, each nucleus controls the 

surrounding area of cytoplasm by transcribing mRNAs locally and incorporating proteins in the 

myonuclear domain (Hall and Ralston, 1989, Pavlath et al., 1989).   

 

1.2.1.3 Motor endplate 

The motor endplate is the muscle region contacting with motor nerve terminals. It is 

characterized by a deep folding of the sarcolemma; the crests of the folds accumulate nicotinic 

acetylcholine (ACh) receptors (AChRs) (Fertuck and Salpeter, 1974) while the depths contain 

voltage-gated sodium (Na+) channels. Nicotinic AChRs are non-selective cations channels 

activated by ACh and mediate the depolarization of the plasmalemma. When the ACh-

mediated depolarization reaches a certain threshold, voltage-gated Na+ channels are activated 

leading to the genereation of a muscular action potential (Kandel et al., 2000). 

 

1.2.2 Muscle fibre types 

The growth and differentiation of muscle fibres is known to be tightly controlled by the 

nervous system. Motor neurons influence the phenotype of muscle fibres through the 

frequency of electrical activity (Buller et al., 1960).  Discharge rates at 10 and 100Hz are 

decoded by the transcriptional machinery into different patterns of gene expression triggering 

slow and fast- phenotypes respectively (Schiaffino et al., 1999). 
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Muscle fibres can be grouped into different classes according to morphological, metabolic and 

contractile characteristics (Table 1.2) (Burke et al., 1971, Peter et al., 1972, Reiser et al., 1985). 

Briefly, type I fibres present a high oxidative capacity, their contraction and relaxation times 

are longer, they generate less power (mechanical energy released per unit of time) and require 

less ATP. Type II present elevated glycolytic capacity, less mitochondria, high ATP consumption 

rates and they fatigue more rapidly in response to sustained activity. These differences 

between muscle fibres extend further to motor neuron properties as well as to the structure of 

contractile elements. Most skeletal muscles have a mixture of different fibre types with the 

ratio between type I to II varying with the muscle. 

Several studies have shown marked differences in mitochondria between fast and slow fibre 

types. In type II fibres, the Ca2+ buffering capacity per mitochondria is lower, the threshold for 

Ca2+ induced apoptosis is 3-fold higher and they produce 3-fold more ROS (Picard et al., 2012). 

 

1.2.3 Mitochondrial subpopulations in muscle fibres 

Skeletal muscle fibres contain two subpopulations of mitochondria that differ essentially in 

their subcellular localization, structure, bioenergy, activity, adaptive capacity and susceptibility 

to apoptosis (Palmer et al., 1977, Elander et al., 1985, Cogswell et al., 1993, Bizeau et al., 1998, 

Adhihetty et al., 2005, Mollica et al., 2006).  In brief, 20% of mitochondria accumulate around 

the nuclei in sub-sarcolemmal regions (called sub-sarcolemmal mitochondria) whereas the 

remaining accumulate in parallel rows between myofibrils. These inter-myofibrillar 

mitochondria are involved in energy production for muscle contraction. They are smaller and 

more compact, have a higher oxidative capacity (efficiency in ATP production), produce more 

reactive oxygen species (ROS) and are less sensitive to Ca2+ induced cell death. 
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Table 1.2 Muscle fibre type enzymes, function and contractile characteristics.  

 
Type I 
Slow 

Type IIa 
Fast-resistant 

Type IIb 
Fast-fatigable 

Morphological properties 

Fibre diameter Small Medium Large 

Capillary density Rich Rich/ medium Sparse 

Mitochondria Rich Rich Poor 

Oxidative activity  High High Low 

Glycolytic activity Low High/ intermediate High 

Myoglobin High High/ Intermediate Low 

Myosin heavy chain Type I Type IIa Type IIb 

Functional properties 

Recruitment 1 2 4 

Ca2+ sequestration (SR) Slow Slow/ rapid Rapid 

ATP consumption Low High High 

Contraction speed Slow Fast Fast 

Twitch force Small Intermediate Large 

Fatigues resistance  High Low/ Intermediate Low 

Key: SR: sarcoplasmic reticulum. Adapted from (MacIntosh et al., 2006) and (Hopkins, 2006).  

 

 

1.2.4 Muscle contraction 

Muscle contraction is initiated with synaptic transmission at the neuromuscular junction. The 

propagation of an action potential into the pre-synaptic terminals causes the opening of 

voltage-gated Ca2+ channels. This increases cytoplasmic Ca2+ concentrations which in turn 

activates the exocytosis machinery. As a result, ACh is released into the synaptic cleft. On the 

post-synaptic side, ACh binds to nicotinic AChRs. This interaction triggers the influx of cations 

into muscle fibres depolarizing the surrounding plasmalemma. Consequently, the activation of 

voltage-gated Na+ channels generates a muscular action potential that spreads bi-directionally 

along plasmalemma (Kandel et al., 2000).  

The transduction of depolarization into contraction (excitation-contraction coupling) is 

facilitated by DHPR receptors. While depolarization spreads down t-tubular membranes, DHPR 

interact with RyR receptors present in sarcoplasmatic reticulum. As a result, Ca2+ is released 

into cytoplasm initiating the interaction of actin and myosin (cross-bridges formation). 

Multiple cycles of actin-myosin interaction occur (increasing or shortening the muscle) (Huxley 

and Niedergerke, 1954a, Huxley and Niedergerke, 1954b) until Ca2+ sequestering by SERCA 

exceeds release. As a result, the sarcomere returns to normal length (Hopkins, 2006). 
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The activation of muscle fibres can result in three types of contractions: isometric, shortening 

and lengthening (Faulkner, 2003). Isometric contractions occur when the external load is equal 

to the force developed (or immovable load) and fibre length remains unchanged. When the 

load is lower, the muscle shortens (concentric contractions), and when it is greater the muscle 

lengthens (eccentric contractions). During shortening contractions muscle performs work and 

the velocity is load-dependent. By contrast, during lengthening contractions the energy 

expenditure drops and the intensity of muscular effort is lower (Faulkner, 2003). 

 

1.2.5 Muscle metabolism 

Muscle contraction requires a lot of energy. Cross-bridge movement is dependent on myosin 

ATPase, Ca2+ sequestering relies on SERCA and the restoration of Na+ and potassium (K+) 

concentrations across the plasmalemma on Na+/K+ ATPase (MacIntosh et al., 2006). During 

short-term intense exercise, energy consumption can increase up to 1000-fold (Baker et al., 

2010). The energy expenditure rate (which is a function of the load and velocity) is dependent 

on the breakdown ATP. Since muscle fibres (like all cells) do not store ATP in large quantity, 

they rely mainly on three metabolic systems to replenish ATP levels (MacIntosh et al., 2006, 

Baker et al., 2010).   

The immediate energy system relies on the form of phosphocreatine (PCr). ATP is derived from 

phosphocreatine by creatine (Cr) kinase (ADP + PCr = ATP + Cr) sustaining intense muscle 

contraction for brief periods of time (10-15 seconds). This system regenerates ATP at an 

extremely rapid rate (Baker et al., 2010). The short-term energy system relies on the anaerobic 

metabolism of glucose.  It is activated during more prolonged activity and starts with an 

increase in glucose levels through blood uptake and glycogenolysis (mobilisation of muscle 

glycogen). Glucose is cleaved into pyruvate by a series of enzymes (glycolysis) leading to a 

rapid ATP formation close to the required sites (MacIntosh et al., 2006). Pyruvate is 

subsequently converted into lactate (NADH + H+ + pyruvate = lactate + NAD+), by lactate 

dehydrogenase; this reaction is essential to remove excessive pyruvate, regenerate 

nicotinamide adenine dinucleotide (NAD+) and fuel further glycolysis . Both Cr and pyruvic acid 

end-products stimulate mitochondrial oxidative metabolism, the long-term energy system 

(covered in detailed in 1.1.4.1 Mitochondria oxidative metabolism) (Baker et al., 2010).   

Any reduction in muscle ATP or ATP turnover results in the development of fatigue. This is 

characterised by decreased force production, slower force development and slower relaxation 

of the muscle (Baker et al., 2010). 
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1.3 The ageing skeletal muscle  

During ageing (between the 20s and 70s), skeletal muscle undergoes a decline in total muscle 

mass by 25-40% (Young et al., 1984, Young et al., 1985, Lexell et al., 1988). This reduction has 

been associated with a preferential atrophy of type II fibres (Grimby et al., 1984, Lexell et al., 

1988) and a decline in the number of muscle fibres (Lexell et al., 1988, Lexell, 1993), with the 

number of both type I and II fibres being reduced by 50% between the ages of 20 and 90 years 

old. Functionally, muscle strength was shown to decrease by 25-40% during both isometric and 

shortening contractions in 70-80 aged individuals falling to 50% after 90 years of age (Larsson 

et al., 1979, Young et al., 1984, Young et al., 1985, Vandervoort and McComas, 1986). Also, 

shortening velocities were shown to become higher, leading to slower movements and 

reduced power (Bassey et al., 1992)  

Due to the high metabolic demand of skeletal muscle, dysfunctional muscle mitochondria are 

thought to be an important driver of muscle functional decline with age. First evidence of 

mitochondrial involvement in ageing muscle arose with studies using electron microscopy 

which demonstrated a decrease in the total number of mitochondria, in the number of cristae 

and increase in size of individual organelles in aged mice and rats myocardium (Miquel et al., 

1980). Subsequent histochemical, biochemical, and molecular studies provided more evidence 

for the role of mitochondria in ageing (Hiona and Leeuwenburgh, 2008). The next section 

highlights a selection of important studies performed in this field which support the 

association of mitochondrial dysfunction and muscle functional decline with ageing. 

 

1.3.1 Biochemical and in vivo and in vitro studies 

Several studies performed in healthy ageing individuals have shown a decline in muscle 

mitochondrial bioenergetics. Trounce et al. were the first to report a reduction in 

mitochondrial respiratory chain function with age in human muscle (16-92 years old) (Trounce 

et al., 1989). Subsequently, Cooper et al. showed that complex I and IV activities decline by 

59% and 47% between the 20-30 and 60-90 age ranges, respectively (Cooper et al., 1992). 

These findings are consistent with reductions in ATP flux. In that respect, the in vitro ATP 

synthesis measured from isolated mitochondria was shown to decline at a rate of 5% per 

decade between 18 and 78 years old (Short et al., 2005). Also, further in vivo studies using 

phosphorous magnetic resonance spectroscopy indicated a 50% reduction in muscle oxidative 

capacity of aged individuals (69 years of age), which was related to a decline of mitochondrial 

density by 30%, and a reduction in mitochondrial oxidative capacity by 50% (Conley et al., 
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2000). Besides the bioenergetic decline, in vivo rates of mitochondrial protein synthesis were 

also shown to be reduced by 40% in middle-aged (å54) and in older (å72) individuals 

(Rooyackers et al., 1996). These results support the functional decline observed in the ageing 

muscle ς which include a reduction in force production and increased fatigue. 

 

1.3.2 Histochemical studies  

In 1990, Muller-Hocker et al. demonstrated that segments of fibres showing no COX activity 

were randomly distributed in ageing muscle creating a mosaic appearance (Muller-Hocker, 

1990).  This results from the focal accumulation of mutated mtDNA within individual muscle 

fibres, as demonstrated by cytochrome c oxidase (COX) and succinate dehydrogenase (SDH) 

histochemistry  (Figure 1.6) (Old and Johnson, 1989); fibres appearing brown show normal COX 

activity whereas those appearing blue are devoid of COX activity despite normal levels of 

mitochondria.  

 

 
Figure 1.6 Mosaic deficiency of the mitochondrial respiratory chain in ageing muscle.  

Left panel shows young skeletal muscle; all muscle fibres show normal COX activity. Right panel shows 

an aged muscle section; some fibres show normal COX activity (brown fibres), whereas some fibres 

present no COX activity (blue fibres). 

 

COX deficient fibres are a hallmark of mitochondrial dysfunction and were later shown to 

accumulate with age in several species. In rhesus monkeys vastus lateralis, the percentage of 

COX deficient fibres was shown to increase from 4% up to 60% between 11 and 34 years of age 

(Lopez et al., 2000). Also, some abnormal fibres exhibiting subsarcolemmal accumulation of 

mitochondria (called ragged-red fibres, RRF (Egger et al., 1981)) were observed. Similar results 

were observed ƛƴ ǊŀǘΩǎ rectus femoris and human vastus lateralis. In rats, abnormal fibres 

showing RRF phenotype increased from non-detectable levels up to 42% between 5 and 38 

months (Wanagat et al., 2001); in humans, they increased from 6% to 31% between the ages 
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of 49 and 92 years (Bua et al., 2006). The increased overall mitochondrial mass in RRF is 

associated with the activation of sub-sarcolemma mitochondrial biogenesis as a compensatory 

response to the respiratory chain defect and energy failure (Moraes et al., 1992).  

 

1.3.3 Molecular studies 

Mutations in mtDNA were shown to accumulate with age in diaphragm muscle (Hayakawa et 

al., 1991) and cardiac muscle (Cortopassi and Arnheim, 1990), among other tissues (Yen et al., 

1991, Taylor et al., 2003). Although deletions, point mutations and depletion of mtDNA have 

been reported (Fayet et al., 2002, Welle et al., 2003, Short et al., 2005) the ageing muscle 

predominantly accumulates deletions (Cortopassi and Arnheim, 1990, Cortopassi et al., 1992). 

Initial studies performed by Simonetti et al. in human muscle homogenates underestimated 

the impact of mtDNA deletions. These assessed mtDNA mutation load in homogenised muscle 

and found that mutated mtDNA constituted only up to 0.1% of total mtDNA (Simonetti et al., 

1992). Later studies analysing individual muscle fibres provided evidence that mtDNA deletions 

accumulated focally to high levels within a subset of muscle fibres. This was observed in laser 

microdissected fibres displaying mitochondrial dysfunction from aged rhesus monkey (34 years 

old) (Schwarze et al., 1995), humans (75-90 years old) (Brierley et al., 1998) (49-92 years old) 

(Bua et al., 2006) and rats (38 months old) (Cao et al., 2001, Wanagat et al., 2001). Further 

quantitative PCR analysis in both aged human vastus lateralis and rat quadriceps (36 months) 

showed that mutated mtDNA accumulate to detrimental levels, higher than 90% (Bua et al., 

2006, Herbst et al., 2007). Interestingly, studies performed in rodents revealed that regions 

accumulating high levels of mtDNA deletions co-localize with dysfunctional cellular phenotypes 

such as atrophic fibres, and fibres displaying splitting and breakage (Wanagat et al., 2001, 

Herbst et al., 2007). Also, RRF were shown to be more frequent in rat type II fibres (Wanagat et 

al., 2001) and in muscles showing a higher muscle mass loss, such as vastus lateralis when 

compared to the soleus or adductor longus muscles (Bua et al., 2002). These results suggest 

that accumulation of mtDNA mutations in ageing muscle fibres correlates with fibre atrophy 

and degeneration.  

 

1.3.4 Studies in animal models 

In 2004, Trifunovic et al. provided more evidence for the association between mitochondria 

and ageing with the generation of the mutator mice. These mice harbour a knock-in mutation 
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in the proofreading region of mtDNA polymerase gamma which impairs the fidelity of mtDNA 

replication (Trifunovic et al., 2004). Consequently, the mutator mice accumulate high levels of 

mtDNA point mutations (3 to 5 fold higher, (Trifunovic et al., 2004)) and deletions (7 to 11 fold, 

(Vermulst et al., 2008)), and interestingly, exhibit a premature ageing phenotype and 

sarcopenia (Trifunovic et al., 2004, Hiona et al., 2010).  

In this mouse model, mtDNA mutations accumulating in muscle fibres were shown to induce a 

decline in total content of complexes I, III and IV and a severe respiratory chain dysfunction. 

Also, both oxygen consumption and ATP production were shown to be reduced (Trifunovic et 

al., 2004, Trifunovic et al., 2005, Hiona et al., 2010). Due to the impaired oxidative metabolism 

these mice present a higher reliance on glycolysis as a mean of energy production (Saleem et 

al., 2015).  

Although some studies did not find correlations between mtDNA mutations and enhanced ROS 

production, mtDNA oxidative damage and up-regulation of the antioxidant system (Kujoth et 

al., 2005, Hiona et al., 2010) some contradictory results were recently published. Kolesar et al. 

using a newly developed method to measure mtDNA replication and oxidative damage in 

intact mtDNA, found that the mutator skeletal muscle had lower levels of mitochondrial 

proteins  and increased levels of 8-OHdG (marker of oxidative damage) within the mtDNA of 

muscle (Kolesar et al., 2014). Also, Logan et al. used a new method (mitochondria-targeted 

mass spectrometry probe MitoB) to measure H2O2 within mitochondria in living mice. They 

found an increased production of ROS in skeletal muscle of the aged mutator group (35-42 

weeks) when compared to the young mutator group (6-20 weeks) - a trend not observed in 

ageing control mice (Logan et al., 2014).  

Finally mtDNA mutations in cardiac and skeletal muscle were shown to trigger apoptosis 

(Zhang et al., 2003, Kujoth et al., 2005, Hiona et al., 2010). This suggests that mtDNA 

mutations, and the consequent decrease in respiratory chain function, may lead to energy 

defects and ultimately to programmed cell death, with fibre loss being the phenotypic 

hallmark.  

 

Although many studies have already documented the accumulation of mitochondrial 

dysfunction in ageing muscle, a more rigorous study using accurate quantification tools was 

needed. For that purpose, a novel assay was developed and extensively optimised 

using  muscle samples from patients with mitochondrial disease. The following section gives an 

overview of mitochondrial diseases 
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1.4 The skeletal muscle in mitochondrial diseases  

Mitochondrial diseases are a group of heterogeneous disorders that arise from defects of the 

OXPHOS system. The prevalence of 1 in 4300 people has been reported for the North East of 

England (Schaefer et al., 2008). These diseases are caused by mutations in either mitochondrial 

or nuclear genomes. Mitochondrial DNA mutations were shown to account for 9.6 in 100,000 

and nuclear mutations to account for 2.9 in 100,000 of the adult cases in the North East of 

England (Gorman et al., 2015). This section will overview the most common mitochondrial and 

nuclear defects - which are relevant to this research. Rare defects will only be covered in 

chapter 5.  

 

1.4.1 Clinical presentations 

Mitochondrial disorders are characterised by a wide spectrum of clinical presentations: they 

can affect either a single structure such as the optic nerve in Leber´s hereditary optic 

neuropathy, a whole organ such as seen in myopathies, cardiomyopathies and 

encephalopathies or multiple organs (Chinnery, 2014). Due to its high metabolic demand, 

muscle is commonly affected, either exclusively or predominantly in patients with a multi-

systemic phenotype. Common clinical features include ptosis, proximal myopathy and exercise 

intolerance, cardiomyopathy, external ophthalmoplegia, deafness, optic atrophy and diabetes 

(Chinnery and Hudson, 2013).  

Despite the heterogeneity of mitochondrial disorders, some well-defined syndromes have 

been characterised such as Kearns-Sayre syndrome (KSS), chronic progressive ophthalmoplegia 

(CPEO), Pearson syndrome (PS), mitochondrial encephalomyopathy, lactic acidosis and stroke-

like episodes (MELAS), myoclonus epilepsy with ragged-red fibres (MERRF), Leber´s hereditary 

optic neuropathy (LHON), neuropathy, ataxia and retinitis pigmentosa (NARP) and maternally 

inherited Leigh syndrome (MILS) (Chinnery, 2014). Description of these symptoms are 

summarised in Table 1.3 and Table 1.4. It is important to mention that not all patients fall 

neatly into just one category.  
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Table 1.3 Common syndromes caused by mutations in mitochondrial DNA.     

Syndrome Common genotypes Affected organs 

Point mutations    

Mitochondrial 
encephalopathy, 
lactic acidosis and 

stroke-like 
episode (MELAS) 

m.3243A>G MT-TL1 
m.3271T>C MT-TL1 

 
m.9957T>C MT-CO3 

m.12770A>G MT-ND5 

Brain (stroke-like episodes, encephalopathy, migraines), skeletal 
muscle (myopathy, lactic acidosis), heart, pancreas, ear and gut 

Onset in late childhood or adult life. Characterised by stroke ς
like episodes with seizures commonly leading to visual fields 

defects. 

Myoclonic 
epilepsy and 

ragged red fibres 
(MERRF) 

m.8344A>G MT-TK 
m.8356T>C MT-TK 

Skeletal muscle (myoclonus and myopathy), brain (cerebellar 
ataxia, deafness and dementia), heart 

Onset in late childhood or adult life. Progressive 
neurodegenerative disease characterised mainly by myoclonus 
(involuntary twitching of muscle), myopathy, proximal muscle 

wasting  and neurological features (generalised epilepsy, 
cerebellar ataxia, optic atrophy, hearing loss)  

Neuropathy, 
ataxia and 
retinitis 

pigmentosa 
(NARP) 

m.8993T>G MT-ATP6 

Brain (ataxia), eye 
Onset in late childhood or adult life.  Characterised mainly by 
peripheral neuropathy. Development delay, seizures and 

dementia may occur. 

[ŜōŜǊΩǎ ƘŜǊŜŘƛǘŀǊȅ 
optic neuropathy 

(LHON) 

m.3460G>A MT-ND1 
m.11778G>A MT-ND4 
m.14484T>C MT-ND6 

Eye (central vision loss), heart 
Onset in late childhood or adult life (around 24years). Most 

common mtDNA-related disorder, affecting predominantly men. 
Organ-specific disease characterised by acute visual loss 

(unilateral and progressing to bilateral). Mutations are usually 
homoplasmic. 

Leigh syndrome m.10158T>C MT-ND3 

Brain (brainstem, diencephalon and basal ganglia), peripheral 
nerve, skeletal muscle  

Onset in early infancy. Neurodegenerative condition affecting 
mainly brainstem, diencephalon and basal ganglia. Common 

clinical features include: development delay, respiratory 
abnormalities, ataxia, dystonia and early death 

Single deletions   

Kearns-Sayre 
Syndrome (KSS) 

Single large-scale 
mtDNA deletion 

Extra-ocular skeletal muscle (progressive paralysis) heart 
(cardiomyopathy), brain (cerebellar ataxia, deafness), eye  

Onset in early infancy/childhood: <20years. Characterised by 
retinitis pigmentosa and PEO before age of twenty. 

tŜŀǊǎƻƴΩǎ 
Syndrome (PS) 

Single large-scale 
mtDNA deletion 

Bone-marrow, exocrine pancreas, skeletal muscle and brain. 
Onset in early infancy. A blood disorder characterised by 

sideroblastic anemia and exocrine pancreatic failure. It causes 
either early death or development of KSS clinical feature in 

patients that survive. 

Chronic 
progressive 

external 
ophthalmoplegia 

(CPEO) 

Single large-scale 
mtDNA deletion 

 
m.3243A>G MT-TL1 

Extra-ocular skeletal muscle (progressive weakness/paralysis 
and ptosis), proximal  skeletal muscles (muscle weakness and 

wasting), exercise intolerance, heart 
Onset in late childhood or adult life (most common presentation 

of mtDNA disease in adults). Characterised by a progressive 
paralysis of eye muscles causing impaired eye movement and 

ptosis (asymmetrical or bilateral) 

(Zeviani and Di Donato, 2004, Tuppen et al., 2010, Ylikallio and Suomalainen, 2012) 

  

https://en.wikipedia.org/wiki/Muscle
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Table 1.4 Common syndromes caused by mutations in nuclear DNA.     

Syndrome Gene mutated Affected organs 

Genes encoding structural and assembly factors  

Leigh syndrome 
 

NDUFS1-4, NDUSFS6-
8, NDUFV1-2, NDUFA1 
(Complex I subunits) 

 
SURF1, SCO1, LRPPRC 
(Complex IV assembly 

factors) 

Brain (brainstem, diencephalon and basal ganglia), peripheral 
nerve, skeletal muscle  

Onset in early infancy/childhood. Neurodegenerative 
condition affecting mainly brainstem, diencephalon and basal 
ganglia. Common clinical features include: development delay, 

respiratory abnormalities, ataxia, dystonia and early death 

Genes involved in mtDNA maintenance 

mtDNA depletion 
syndrome 

 

POLG, PEO1 
(replisome machinery) 

 
SLC25A4, RRM2B 

(dNTPs metabolism) 

Skeletal muscle (muscle weakness), progressive 
encephalopathy or liver failure. 

Onset in early infancy/childhood. Clinical features depend on 
the organ affected by mtDNA depletion. 

Progressive 
external 

ophthalmoplegia 
(PEO) 

 

POLG, PEO1 
(replisome machinery) 

 
SLC25A4, RRM2B 

(dNTPs metabolism) 

Extra-ocular skeletal muscle (progressive weakness/paralysis 
and ptosis), proximal  skeletal muscles (muscle weakness and 

wasting), exercise intolerance, heart 
Onset in late childhood or adult life. Characterised by a 

progressive paralysis of eye muscles causing impaired eye 
movement and ptosis (asymmetrical or bilateral) 

Genes involved in transcript maturation and mtDNA translation 

Myopathy, lactic 
acidosis, 

sideroblastic 
anemia 

PUS1 
(tRNA modification) 

Skeletal muscle, bone-marrow 
Onset in early infancy/childhood. Characterised by 
mitochondrial myopathy and sideroblastic anemia 

Infantile 
hepatocerebral 

syndrome 

GFM1 
(Elongation factor) 

Brain, liver 
Onset in early infancy. Characterised by severe lactic acidosis 

and rapidly progressive, fatal encephalopathy. 

Fatal neonatal 
lactic acidosis 

MRPS16, MRPS22 
(Ribosomal proteins) 

MRPS16: brain (corpus callosum) 
MRPS22: heart, kidney 

Onset in early infancy. Characterised by severe, infantile, lactic 
acidosis, development defects in the brain and hipotonia. 

MRPS16: facial dimorphisms; MRPS22: fatal neonatal 
hypertrophic cardiomyopathy and kidney tubulopathy. 

Leukoencephalop
athy, brainstem 
and spinal cord 
involvement, 
lactic acidosis 

DARS2 
(Amynoacyl-tRNA 

synthase) 

Brain 
Onset in childhood disorder. Characterized by slowly progressive 

pyramidal, cerebellar and dorsal column dysfunction. Some 
affected children have learning problems, and some affected 

adults experience mild mental decline. 

Genes involved in protein and RNA import 

Progressive 
mitochondrial 

myopathy 

GFER 
(protein import into 

IMS) 

Skeletal muscle (progressive myopathy), eye 
Onset in early infancy. Characterised by congenital cataract, 

progressive muscular hypotonia, sensorineural hearing loss, and 
developmental delay. 

Deafness PNPT1 
Brain (severe hearing impairment) 

Onset in early childhood. Characterised by a severe hearing 
impairment and consequently inability to acquire normal speech 

Genes involved in mtDNA dynamics 

Dominant optic 
atrophy 

Autosomal-dominant 
OPA1 

Brain (optic atrophy, hearing loss), Extra-ocular skeletal muscle 
(progressive weakness/paralysis and ptosis) 

Characterised by optic atrophy and visual failure. Sensorineural 
hearing loss, and ophthalmoplegia can also occur. 

Data shown here serves merrily to illustrate the variety of symptoms caused by secondary mitochondrial defects. 

((Zeviani and Di Donato, 2004, Tuppen et al., 2010, Ylikallio and Suomalainen, 2012) 
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1.4.2 Hallmarks of mitochondrial disease 

Patients with OXPHOS defects can present with increased lactic acid production. This can be 

detected in blood and cerebrospinal fluid (Jackson et al., 1995) in severely affected patients. 

This increased production results from the up-regulation of glycolysis and the accumulation of 

pyruvate; due to the OXPHOS impairment, pyruvate is no longer imported into mitochondria 

to feed the TCA cycle after its decarboxylation. Instead it remains in the cytoplasm where it is 

converted into lactic acid. This overproduction is commonly associated with lactic acidosis ς a 

condition of global low pH in blood and body tissues (Schon et al., 2012).  

 

 
Figure 1.7 Mosaic deficiency of the mitochondrial respiratory chain in muscle from patients with 

mitochondrial disease.  

Left panel shows a muscle section from a patient with multiple deletions in muscle. Right panel shows a 

muscle section from a patient with a single large-scale mtDNA deletion. Brown fibres show normal COX 

activity (brown fibres), blue fibres are devoid of COX activity. 

 

Additionally, patients usually display other biochemical and morphological features.  The 

activity of one or more complexes is commonly reduced (Taylor et al., 2004). Similar to what 

occurs in the ageing muscle, involvement of mtDNA (as point mutations in tRNAs, single or 

multiple DNA deletions) lead to a mosaic pattern of COX deficiency in muscle (Johnson et al., 

1983, Sciacco et al., 1994) (Figure 1.7). RRF are also common, however these can either be 

COX normal (in MELAS) or COX deficient (in CPEO, KSS or MERRF) (Petruzzella et al., 1994).  

Involvement of nuclear DNA (other than mutations in genes leading to multiple deletions) can 

only be detected using COX/SDH histochemistry if the defect impairs complex IV activity and in 

this case, the defect is usually uniformly expressed across all muscle fibres. The impairment of 

remaining complexes can be detected by performing biochemical studies on muscle 

homogenates (Taylor et al., 2004).  
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Most of the functional and cellular consequences of specific mutations have been studied 

using transmitochondrial cytoplasmic cybrid cells; these are immortalised human cell lines 

depleted of their own mtDNA that ŀǊŜ ǊŜǇƻǇǳƭŀǘŜŘ ǿƛǘƘ ǇŀǘƛŜƴǘǎΩ ƳǳǘŀǘŜŘ Ƴǘ5b! όYƛƴƎ ŀƴŘ 

Attardi, 1989). This system allows testing of different levels of heteroplasmy and the resulting 

impact on ATP production, ROS production and calcium homeostasis. It was shown that when 

one or more respiratory chain complexes are compromised, oxygen consumption and ATP 

production are usually decreased (Trounce et al., 1994, Hofhaus et al., 1996, Pallotti et al., 

2004, Gong et al., 2014). This could explain why mitochondrial patients commonly experience 

fatigue, muscle weakness and exercise intolerance, which is characterised by incapacity to 

produce force during sustained muscle contraction (Haller et al., 1978). Additionally, other 

mitochondrial functions may be impaired. For instance ROS production and cell death were 

shown to be upregulated in cybrid cells containing specific pathogenic mutations in complex I 

and V (Wong et al., 2002, Mattiazzi et al., 2004). A perturbation of calcium homeostasis, as 

reported by elevated cytosolic Ca2+ due to a reduced capacity of calcium sequestering, was 

also detected in fibroblasts from patients with MELAS and complex I deficiencies caused by 

nuclear mutations (Mattiazzi et al., 2004, Willems et al., 2008). 

 

1.4.3 Mitochondrial defects 

First pathogenic mutations in mtDNA were identified in 1988. Single large-scale mtDNA 

deletions of up to 7kb were detected in patients with encephalomyopathy (mitochondrial 

myopathy and KSS) (Holt et al., 1988, Zeviani et al., 1988) and a single base alteration in the 

mitochondrial gene encoding ND4 was found in patients with LHON (Wallace et al., 1988a). 

Since then many more mutations and rearrangements of mitochondrial genome have been 

reported (Mitomap). Table 1.3 summarises and characterises common syndromes observed in 

patients with mitochondrial defects.  

 

1.4.3.1 Point mutations 

Pathogenic point mutations are present in the adult population with a prevalence of 1 in 5000 

(Schaefer et al., 2008, Gorman et al., 2015). They are typically maternally inherited and most 

of them (50%) have been reported in tRNAs genes; 40% were located in structural genes and 

only 2% within rRNAs genes (Schon et al., 2012). 



28 

 

Point mutations are usually heteroplasmic and require high thresholds (80-90%) to express 

mitochondrial dysfunction (Chomyn et al., 1992, Mariotti et al., 1994). However, some 

exceptions have been found with some mutations causing disease at low threshold. Two 

studies detected: a 25% mutation load in clinically affected tissues of patients with the 

m.5545C>T within the tryptophan tRNA (MT-TW) gene (Sacconi et al., 2008) and 7% mutation 

load in patients with the m.14723T>C in the glutamic acid tRNA (MT-TE) gene (Alston et al., 

2010). Also, some cases of homoplasmy have been reported in structural genes of complex I 

(Wallace et al., 1988a) and within the mitochondrial serine 1 tRNA gene (m. 7445T>C MT-TS1) 

(Reid et al., 1994); these mutations were associated with organ-specific symptoms such as 

blindness and deafness, respectively. 

Common point mutations include those occurring within mitochondrial lysine (m.8344A>G MT-

TK) and leucine (3243 A>G MT-TL1) tRNAs ς first identified in patients with MERRF (Shoffner et 

al., 1990) and MELAS (Goto et al., 1990, Kobayashi et al., 1990), respectively. The m.3243A>G 

MT-TL1 mutation is the most prevalent (7.8 in 100,000) point mutation in the North East of 

England (Gorman et al., 2015). Althought  80% of the patients display a MELAS syndrome 

(Goto et al., 1990), CPEO (Moraes et al., 1993) and myopathy (Karppa et al., 2005) are also 

frequent.  The m.8344A>G MT-TK mutation associated with MERFF (Shoffner et al., 1990) is 

rarer in the North East of England (0.7 in 100,000) (Gorman et al., 2015). Mutations in tRNAs 

can affect mitochondrial protein synthesis through several mechanism such as altered 

aminoacylation, altered three-dimensional structure and incorrect folding or decoding. 

Regardless of the underlying mechanism, mutations in tRNAs commonly lead to a decline in 

oxygen consumption rate, decreased activity of multiple OXPHOS complexes (such as I and IV) 

and increased lactate production (Mariotti et al., 1994).  

Pathogenic point mutations in all mitochondrial subunits of complex I, IV and V genes have 

been associated with disease (Ylikallio and Suomalainen, 2012). For instance, three common 

mutations in mitochondrial ND1 (m.3460G>A), ND4 (m.11778G>A) and ND6 (m.14484T>C) 

were shown to cause LHON (Wallace et al., 1988b, Howell et al., 1991, Johns et al., 1992). 

 

1.4.3.2 Single deletions 

Most rearrangements of mtDNA consist of single large-scale mtDNA deletions (1.5 in 100,000) 

(Gorman et al., 2015)Φ ¢ƘŜȅ ǘȅǇƛŎŀƭƭȅ ƻŎŎǳǊ ǎǇƻǊŀŘƛŎŀƭƭȅ όŜƛǘƘŜǊ ƛƴ ǘƘŜ ƳƻǘƘŜǊΩǎ ƎŜǊƳ ƭƛƴŜ ƻǊ 

early embryogenesis) and can remove from 1.3 kb up to 10 kb of mtDNA, encompassing at 

least one tRNA gene  (Pitceathly et al., 2012). A common deletion of 4,977 bp (with 
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breakpoints at nucleotides: 8470 and 13477) is frequently reported (Schon et al., 1989). 

Although individual single deletions may vary between patients, each patient harbours only 

one deleted genome species within affected tissues. These are heteroplasmic, and require 

lower pathological threshold (60%) to manifest dysfunction when compared to point 

mutations (Hayashi et al., 1991). Patients can present variable clinical phenotypes (PEO, KSS 

and PS) which can be predicted by the mtDNA deletion size and mutation load (Grady et al., 

2014). 

 

1.4.3.3 Duplications 

Duplications of mtDNA were first identified in 1989 in blood from patients with mitochondrial 

myopathy and a multi-systemic disorder (Poulton et al., 1989). More cases have been reported 

since then (Rotig et al., 1992, Poulton et al., 1994). There is still some uncertainty whether 

these larger genomes result from the insertion of individual deletion genome into a wild type 

molecule, or they result from the combination of two partially deleted molecules (Poulton et 

al., 1989). Also, their effects on mitochondrial functions are unclear since duplications do not 

lack any tRNAs, rRNAs or structural genes, and no oxidative impairment has been reported in 

these patients (Manfredi et al., 1997, Odoardi et al., 2003). Interestingly, mtDNA duplications 

are found with combination in single deletions in patients with an early-onset KSS disease, 

representing an hallmark of KSS (Poulton et al., 1994). 

 

1.4.4 Nuclear defects 

The nuclear genome contributes to mitochondrial function in many different ways: through 

the structure or assembly of OXPHOS complexes, maintenance of mtDNA, transcription and 

translation of mtDNA, mitochondrial fusion and fission and last but not least, import of 

nuclear-encoded RNA and proteins into mitochondria (Schon et al., 2012).  

The first pathogenic mutation in a nuclear gene was identified in 1995. Bourgeron et al. 

reported a mutation in a nuclear-encoded subunit of the succinate dehydrogenase (SDH) in 

two sisters with complex II deficiency (Bourgeron et al., 1995). Since then, molecular and 

sequencing approaches made the identification of novel mutant nuclear genes possible (Calvo 

et al., 2012). Table 1.4 characterises syndromes observed in patents with nuclear defects; 

some of the defects are mentioned to illustrate the heterogeneity and complexity of this 

disease. As opposed to mitochondrial defects, nuclear mutations present a Mendelian 

inheritance . 
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1.4.4.1 Mutations in nuclear-encoded structural subunits or assembly factors 

The nuclear genome encodes 70 (out of 83) polypeptides of the OXPHOS complexes. 

Mutations in nuclear-encoded subunits of all OXPHOS complexes have been identified (Schon 

et al., 2012). Those affecting complex I are most common, and have been described in 16 out 

of 45 nuclear structural genes. By contrast, mutations in nuclear-encoded subunits of complex 

IV are less frequent and have only been described in 2 out of the 11 nuclear structural genes. 

These mutations in nuclear-encoded structural genes usually cause severe disorder, 

sometimes are even lethal during infancy, and manifest at birth or soon after (DiMauro et al., 

2013). Apart from structural genes, the nuclear genome encodes assembly factors which are 

strictly required for proper assembly and stability of the holocomplexes. Mutations in 

assembly factors of all OXPHOS complexes have also been reported (Tiranti et al., 1998, Zhu et 

al., 1998, Visapaa et al., 2002, Ghezzi et al., 2009, Calvo et al., 2010). 

 

1.4.4.2 Mutations in genes involved in mtDNA maintenance 

Several nuclear-encoded proteins are directly (POLG and Twinkle) (Lestienne, 1987, Spelbrink 

et al., 2001) or indirectly (p53R2 subunit, and ANT1) (Neckelmann et al., 1987, Tanaka et al., 

2000) responsible for mtDNA maintenance and regulation of mtDNA copy number - either by 

composing the replisome or by supplying dNTPs to mitochondria. Mutations in these genes are 

commonly associated with a severe onset multisystemic disease (mtDNA depletion syndrome), 

or with a mild adult-onset autosomal-recessive or autosomal-dominant PEO (with 

accumulation of multiple mtDNA deletions and no effect on mtDNA copy number) (Ylikallio 

and Suomalainen, 2012).  
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1.5 Aims 

Due to the increasing prevalence of sarcopenia, with great impacts on both the quality of life 

and health care costs, there was a need to explore the biology of the ageing skeletal muscle. 

For this reason, this study was originally designed to investigate the following areas:  

1. Changes occurring in selected skeletal muscles during ageing; 

2. Mechanisms driving muscle wasting in ageing;  

3. Potential therapeutic interventions which could be offered to the elderly. 

 

COX/SDH histochemistry and immunohistochemistry were initially used to investigate the 

ageing muscle. However, soon after, I realised that these methods presented serious 

limitations.  To overcome these problems, I developed a new method to accurately quantify 

the level of mitochondrial damage - initially using COX/SDH histochemistry and subsequentely 

using immunofluorescence. In order to optimise the new assay, I assessed patients with 

mitochondrial disease, and during this process, it became evident that this assay could greatly 

benefit patients with mitochondrial diseases. For this reason, this research was then redirected 

to meet the following aims: 

1. Devise an assay that allows accurate quantification of mitochondrial dysfunction in 

diseased and healthy ageing muscle, 

2. Improve diagnosis of patients and explore mitochondrial disease mechanisms, 

3. Use the developed assay to investigate the effectiveness of potential therapeutic 

interventions which could be offered to patients with mitochondrial disease. 
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Chapter 2. Materials and methods  

 

2.1 Materials  

Equipment 

 

Axio Imager M1 microscope Carl Zeiss 

Apotome Axio Imager Z2 microscope  Carl Zeiss 

AxioCam MRm monochrome digital camera  Carl Zeiss  

AxioCam MRc colour digital camera Carl Zeiss 

AxioVision (release.4.8.2) image capture software Carl Zeiss 

Balance: sartorius basic Sartorius 

Binder general purpose incubator Philip Harris 

CCD colour camera Olympus 

Cyostat (Cryo-star HM 560M) Microm International 

Dry heat block Techne 

Excel Microsoft 

Image J ς image analysis software Public Domain, NIH 

Imaris - image analysis software Bitplane 

Laminar flow hood Jencons-PLS 

Minitab 16 Minitab Inc. 

Olympus BX51 light microscope Olympus 

Prims 5 GraphPad Software Inc. 

3510 pH meter Jenway 

Stereology software (Stereo Investigator, MBF) Bioscience 

Vortex Genie Scientific Industries 

Zen 2011 (blue edition) image capture software Carl Zeiss 

Consumables 

 

Aerosol resistant pipette tips Star lab 

Coverslips (22 x 22mm, 22 x 40mm, 22 x 50mm) Merck 

Eppendorf tubes (0.6ml, 1.5ml, 2.0ml) Star lab 

Falcon tubes (15ml, 50ml) BD Biosciences 

Gilson pipetteman (P2, P10, P20, P200, P1000) Anachem 

Pasteur pipettes VWR 
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Superfrost slides Merck 

Slide tray and box Thermo Scientific 

Whatman filter paper  Fisher Scientific 

Reagents: tissue preparation 

 

Iso-pentane Merck 

Liquid Nitrogen BOC 

OCT cryo-embedding matrix Raymond Lamb 

Reagents: Histology and immunohistochemistry 

Catalase Sigma-Aldrich 

Cytochrome c Sigma 

3,3 Diaminobenzidine tetrahydrochloride Sigma 

3,3 Diaminobenzidine tetrahydrochloride tablets Sigma 

DPX mounting media  BDH 

Bovine serum albumin (BSA) Sigma 

Ethanol Fisher Scientific 

Haematoxylin Raymond A Lamb 

HistoclearTM National Diagnostics 

Hydrochloric acid VWR 

Hydrogen peroxide 30% Sigma 

Hydrophobic pen  Daido Sangyo 

Methanol analar  Merck 

MenaPath detection system Menarini diagnostics 

Nitroblue  tetrazolium Sigma-Aldrich 

Normal goat serum (NGS) Sigma 

4% Paraformaldehyde (PFA) Santa Cruz Biotechnology 

Phenazine methosulphate Sigma-Aldrich 

Phosphate Buffered saline (PBS) tablets Sigma-Aldrich 

Prolong gold mounting media Life Technologies 

Sodium azide Sigma-Aldrich 

Sodium succinate Sigma 

Sodium chloride (NaCl) Sigma-Aldrich 

Sudan black VWR International  (342013F) 

Trizma base Sigma-Aldrich 

Tween-20 Sigma-Aldrich 
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Vectashield hard set mounting medium Vector laboratories 

Reagents: Primary antibodies 
 

Mouse IgG2a MTCOI Abcam (Ab14705) 

Mouse IgG2b NDUFA13  Abcam( Ab110240) 

Mouse IgG1 SDHA  Abcam (Ab14715) 

Mouse IgG1 NDUFB8  Abcam (Ab110242) 

Mouse IgG2b Porin  Abcam (Ab14734) 

Policlonal Rabbit IgG Laminin h-1 Sigma-Aldrich (L9393) 

Reagents: Secondary antibodies 

 

Anti- mouse IgG2a Fluorescein ς 488nm Jackson IR Lab (115-095-206) 

Anti- mouse IgG2b Rhodamine ς 546nm Jackson IR Lab (115-295-207) 

Anti- mouse IgG1 Alexa fluor ς 647nm Life Technologies (A21240) 

Anti- mouse IgG1 Rhodamine - 546nm  Jackson IR Lab (115-295-205) 

Anti- mouse IgG2b Alexa fluor ς 647nm Life Technologies (A21242) 

Anti- mouse IgG1 Alexa fluor ς 488nm Life Technologies (A21121) 

Anti- mouse IgG2a Alexa fluor ς 546nm Life Technologies (A21133) 

Anti- mouse IgG2b Alexa fluor ς 633nm Life Technologies (A21146) 

Anti- mouse IgG2b Alexa fluor ς 488nm Life Technologies (A21141) 

Anti- mouse IgG1 Alexa fluor ς 546nm Life Technologies (A21123) 

Anti- mouse IgG2a Alexa fluor ς 647nm Life Technologies (A21241) 

Anti- mouse IgG2a Biotin Life Technologies (M32315) 

Streptavidin ς 647nm Life Technologies (S31556) 

Anti-rabbit IgG Alexa fluor 405nm Life Technologies (A31556) 

Anti- mouse IgG2a Alexa fluor ς 488nm Life Technologies (A21131) 

Anti- mouse IgG2b Alexa fluor ς 546nm Life Technologies (A21143) 

Anti-mouse IgG1 Biotin Jackson IR Lab (115-065-205) 

Solutions 

 

Phosphate buffered saline (PBS) 1 tablet  

100ml distilled water 

Tris buffered saline with tween (concentrated 5x) 

(TBST, pH 7.6) 

121g Trizma base 

90g NaCl 

50ml Tween-20 

* Jackson IR Lab: Jackson ImmunoResearch Laboratories 
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2.2 Methods  

2.2.1 Ethical approval 

Ethical approval for this research was granted by the Newcastle and North Tyneside Local 

Research Ethics Committees (reference 09/H0906/75). Ethical approval for the use of post-

mortem tissue and surplus tissue taken for diagnostic purposes in research studies (through a 

written informed consent) was granted by Newcastle and North Tyneside 1 REC (reference 

2002/205).  

 

2.2.2 Muscle biopsies 

Clinical muscle biopsies from cases of suspected mitochondrial disease were taken from the 

mid-portion of the vastus lateralis using the needle biopsy technique. Post-mortem tissue 

(biceps, vastus laterali and psoas muscle) from healthy aged controls were collected with a 

maximum delay of 72h and processed immediately. Transversely orientated muscle blocks 

were snap-frozen in an isopentane bath pre-cooled to -160ꜛ C in liquid nitrogen. Subsequently, 

frozen muscle was embed on Whatman filter paper using OCT cryo-embedding matrix and 

finally stored at -80ꜛ C.  

 

2.2.3 Cryostat sections 

Serial sections from transversely orientated muscle blocks were obtained using a Cryo-star HM 

560M cryostat. Frozen muscle blocks were cut at -20ꜛ C into sections of 10µm-thick and 

collected onto superfrost slides (Merck). Sections were allowed to air dry at room temperature 

(RT) for 1h and then stored at -80ꜛ C for subsequent use. 

 

2.2.4 -ÁÙÅÒȭÓ (ÁÅÍÁÔÏØÙÌÉÎ ÃÏÕÎÔÅÒ-staining  

Haematoxylin stain (Mayer 1904) was used to visualise muscle nuclei. Haemotoxylin is a 

compound that binds to arginine-rich nucleoproteins such as histones. This binding oxidises 

haematoxylin to hemalum, which has a blue colour.  
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2.2.5 Cytochrome c oxidase (COX)/ Succinate dehydrogenase (SDH) 

Sequential cytochrome c oxidase (COX) and succinate dehydrogenase (SDH) histochemistry is 

the gold standard methodology to assess mitochondrial respiratory chain activity in muscle 

cryo-sections (Old and Johnson, 1989). COX reaction measures complex IV activity and SDH 

reaction measures complex II activity, in individual muscle fibres. Since complex IV is partially 

mitochondrial encoded, mtDNA mutations will most likely affect COX activity. However, 

complex II is fully nuclear encoded and therefore it measures overall mitochondrial mass.  

The reaction of COX relies on the oxidation of diaminobenzine (DAB) by active cytochrome. 

Active complex IV oxidises DAB which forms a brown precipitate that saturates cells. The 

reaction of SDH, on the other hand, relies on the reduction of nitroblue tetrazolium by 

succinate dehydrogenase (SDHA and SDHB) and the subsequent production of a blue 

precipitate. By combining both reactions in a single slide, identification of cells with 

mitochondrial dysfunction is easy. COX positive cells appear brown (due to the oxidation of 

DAB); COX deficient fibres appear blue (due to the absence of oxidised DAB during the 

incubation with COX reaction and formation of the blue precipitate during the incubation with 

SDH reaction).  

For both COX and SDH solutions preparation, reagents were defrosted at 55Cꜛ. COX reaction 

ǿŀǎ ǇǊŜǇŀǊŜŘ ōȅ ŀŘŘƛƴƎ уллҡƭ ƻŦ пƳa оΣоΩ-diaminobenzidine tetrahydrochloride (DAB), 200µl 

of 100uM cytochrome c and a pinch of catalase, in 0.2M phosphate buffered saline solution 

(PBS, pH 7.0), and vortexed quickly. SDH was prepared by adding 800µl of 1.5mM 

nitrobluetetrazolium, 100µl of 130mM sodium succinate, 100µl of 0.2mM phenazine 

methosulfate and 10µl of 0.1mM sodium azide in 0.2M PBS (pH7.0), and vortexed quickly. 

COX/SDH histochemistry was carried out on transverse muscle sections (10µm). Serial sections 

were taken from the freezer and allowed to air dry for 1h at RT. After rehydrating in PBS, 

sections were incubated with either 100µl of COX solution (for 45min at 37ꜛC) or 100µl of SDH 

solution (for 40min at 37ꜛC) in a humidified chamber. For the combined COX/SDH 

histochemistry a section was incubated with COX reaction for 45min followed by the SDH 

reaction for 40min with a brief wash in PBS in between. Following the staining procedure the 

sections were washed with PBS, dehydrated in ascending ethanol gradients (70%, 95%, 100%, 

100%) and cleared in two washes in histoclear. Sections were mounted in DPX medium and 

covered with a cover slip.  
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2.2.6 Immunohistochemistry 

Immunohistochemistry was carried out on transverse muscle sections (10µm) using antibodies 

ŘŜǘŜŎǘƛƴƎ ǎǳōǳƴƛǘǎ ƻŦ ƳƛǘƻŎƘƻƴŘǊƛŀƭ ǊŜǎǇƛǊŀǘƻǊȅ ŎƘŀƛƴ ŎƻƳǇƭŜȄŜǎΦ 9ŀŎƘ ƳŜǘƘƻŘΩǎ ŎƘŀǇǘŜǊ ǿƛƭƭ 

provide information about the type of antibodies used, incubation times and conditions. Two 

systems were used to detect primary antibodies: chromogen and fluorescence. For both, the 

initial steps of the immunohistochemical protocol were similar, and as follow: 

Briefly, muscle sections were taken from the freezer and allowed to dry for 1h at RT. 

Approximately 10 min before initiating the protocol, sections were encircled using a 

hydrophobic pen; this prevents the leakage of incubation medium from muscle sections. The 

sections were fixed in cold 4% paraformaldehyde (PFA) at room temperature (RT) and washed 

in tris buffered saline with tween (TBST, 1x). This fixation step is frequently essential because it 

cross-links proteins ensuring unaltered tissue morphology, and preserves tissue for further 

processing.  

Sections were then permeabilised in a gradient of methanol as follows: 10min in 70% 

methanol, 10min in 95% methanol, 20min in 100% methanol, 10min in 95% methanol and 

10min in 70% methanol. This step was required since most investigated antigens were 

intracellular proteins. The methanol gradient dissolves lipids from cell membranes, and 

therefore allows antibodies to access the inside of muscle fibres.  

After washing in TBST (1x) the sections were incubated with protein blocking solution; this is a 

solution of normal serum from the species in which secondary antibodies were raised. This 

step prevents non-specific binding of secondary antibodies to endogenous antigens. Primary 

antibodies were diluted in the protein blocking solution to the correct concentrations and 

were applied onto the sections. Sections were incubated overnight at 4°C in a humidified 

chamber. Secondary antibodies/reagents incubation and the subsequent detection steps are 

explained in detail below.     

 

2.2.6.1 Chromogen-based immunohistochemistry 

For chromogen-based immunohistochemistry, the protocol was performed as described above 

with one incorporated change: 0.3% of H2O2 was added to the 95% methanol pot. Hydrogen 

peroxide allows blocking endogenous peroxidase activity. This is crucial since primary 

antibodies were detected using MenaPath kit (Menarini Diagnostics) which relies on 

horseradish peroxidase enzymatic detection. This system uses a specific universal probe to 
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detect mouse antibodies and a second probe - a polymer coupled with horseradish peroxidase 

(polymer-HRP) - to increase labelling intensity and sensitivity. The hydrogen peroxide step 

prevents therefore non-specific background due to active endogenous peroxidase.  

Following the primary antibodies incubation and subsequent washes in TBST (1x), the sections 

were incubated with universal probe (MenaPath) for 30 min. Having washed the slides in TBST 

(1x), polymer-HRP was applied onto the sections (MenaPath). Finally DAB was prepared by 

dissolving 1 silver and 1 gold tablet in 5ml of dƛǎǘƛƭƭŜŘ ǿŀǘŜǊ όŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 

instructions, Sigma) and applied onto the sections; DAB is a substrate of HRP. The 

development of brown precipitate was monitored under the microscope until satisfactory 

signal appeared. Sections were counter-ǎǘŀƛƴŜŘ ǿƛǘƘ aŀȅŜǊΩǎ IŀŜƳŀǘƻȄȅƭƛƴ όǎŜŜ 2.2.4 aŀȅŜǊΩǎ 

Haematoxylin counter-staining) by immersing slides in haematoxylin for 10min. Subsequently, 

sections were washed in tap water until the water turned clear, dehydrated in in ascending 

ethanol gradients (70%, 95%, 100%, 100%) and cleared in two washes in histoclear. Sections 

were mounted in DPX medium and covered with a cover slip. 

 

2.2.6.2 Fluorescence-based immunohistochemistry 

For fluorescence-based immunohistochemistry, primary antibodies were detected using 

secondary antibodies coupled with fluorophores. An important aspect of this technique is the 

ability to visualise several epitopes at the same time, using a single sample. This is possible due 

to the multitude of: gamma Ig (IgG) isotypes (IgG1, IgG2a, IgG2b), of host species donating 

antibodies (mouse, rabbit, chicken, among others), and of fluorophores available. 

Double, triple and quadruple immunofluorescence was performed in this study. In all, sections 

were incubated with a cocktail of diluted primary antibodies (of two, three or four primary 

antibodies). After washing in TBST (1x), the sections were incubated with a cocktail of diluted 

secondary antibodies (two, three or four secondary antibodies). The sections were washed in 

TBST (1x) and mounted in mounting medium  and covered with a cover slip (further details will 

be provided in chapters 3 and 4). 

 

2.2.7 Imaging 

Brightfield and fluorescent images were acquired at 10x or 20x magnification using Zeiss 

Microscope (Axio Imager M1) and Zen 2011 (blue edition) software. The microscope was 
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equipped with both colour and monochrome Digital Cameras (AxioCam MRc, AxioCam MRm) 

and appropriate filter cubes that allow detection of 488nm, 546nm and 647nm fluorescence. 

The exposure times for each channel were set to avoid pixel saturation and kept constant 

between cases (unless stated otherwise). Sections were imaged (with a safety gap between 

scanned areas to avoid overlapping) and stored as 16-bit fluorescent tagged image file format 

(TIFF) and czi files. 
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Chapter 3. Developing a novel assay to in vestigate  mitochondrial 

respiratory chain dysfunction in single muscle fibres  

 

3.1 Introduction  

Mitochondrial dysfunction occurs in patients with mitochondrial disease and as part of the 

ageing process, predominantly affecting tissues with high metabolic requirements such as 

brain and muscle (Muller-Hocker, 1989, Cortopassi and Arnheim, 1990, Chinnery et al., 2002). 

Mutations in the mtDNA usually lead to mosaic deficiency of the mitochondrial respiratory 

chain that results from the accumulation of mutated mtDNA in a subset of muscle fibres 

(Taylor et al., 2004). 

COX/SDH histochemistry is currently the standard method to assess mitochondrial respiratory 

chain function in muscle cryo-sections (Old and Johnson, 1989, Sciacco and Bonilla, 1996). This 

technique interrogates complex IV (COX) and II (SDH) activities. Since COX activity is 

proportional to mitochondrial mass in a healthy cell, any reduction or loss of COX activity with 

preserved SDH activity indicates mtDNA damage. This is a particularly valuable method for 

evaluating cases with mosaic pattern of COX deficiency. In these instances, biochemical assays 

in muscle homogenates are not sensitive enough to detect subtle respiratory chain deficiency 

especially when only a few muscle fibres are involved (Taylor et al., 2004).  

Conventional analysis of COX/SDH histochemistry relies on visual classification of muscle fibres 

by a researcher based on the colour intensity. This makes the assessment subjective and 

inconsistent, and therefore prone to inter- and intra-researcher variability (Taylor and 

Levenson, 2006, Choudhury et al., 2010, Rizzardi et al., 2012, Chatterjee et al., 2013). Also it 

makes the assessment inaccurate; whereas a complete loss of COX reactivity is easily detected, 

subtle changes may not be visible to the human eye (Arechavala-Gomeza et al., 2010). This can 

lead to miss-classification (Ellis et al., 2005) and ultimately to under- or over-estimation of 

mitochondrial dysfunction. Last but not least, COX/SDH histochemistry is limited to measuring 

complex IV activity and it does not provide any information about other complexes of the 

OXPHOS system.   

Recently, an objective assessment based on a combination of COX/SDH histochemistry and 

NDUFB8 immunohistochemistry was developed. The intensities of individual COX, SDH and 

NDUFB8 reactivity from single muscle fibres were used to determine the respiratory status of 
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muscle fibres ((COX*NDUFB8)/SDH)/100 (Murphy et al., 2012). This allows differentiating 

fibres with normal COX-I activity and NDUFB8 levels from those with: a progressive loss of COX 

and NDUFB8 and preserved SDH, or from those exhibiting: a complete loss of both COX-I and 

NDUFB8 and high levels of mitochondrial mass (judged by SDH activity).  

Other groups have also explored the use of immunohistochemical techniques to detect 

mitochondrial respiratory chain deficiency. Mahad et al. developed a new method to quantify 

COX-I and porin levels following COX histochemistry in single cells of the central nervous 

system and muscle. This provided insights on the functional and structural impairment of 

mitochondrial dysfunction (Mahad et al., 2009). De Paepe et al. developed a chromogen-based 

immunohistochemical approach to assess other OXPHOS complexes (I, III and V) in serial 

muscle sections. This was particularly valuable to detect complex I deficiency in single fibres 

which is not possible using COX/SDH histochemistry (De Paepe et al., 2009). Similarly, Hanson 

et al. set out a double fluorescent-based immunohistochemistry to assess levels of OXPHOS 

complexes (I, II, III, IV and V) in relation to porin levels, in cultured fibroblasts (Hanson et al., 

2002). Although very useful, all these studies present some limitations: immunohistochemistry 

was either performed in serial muscle sections (Rahman et al., 2000, De Paepe et al., 2009) 

and/or immunoreactivity of cells was qualitatively assessed (Rahman et al., 2000, Hanson et 

al., 2002, De Paepe et al., 2009). 

 

3.2 Aim 

The aim of this chapter was to develop an objective assessment of mitochondrial respiratory 

chain function in single muscle fibres that would allow quantifying accurately mitochondrial 

deficiency in a sarcopenic cohort and patients with mitochondrial disease. 

 

3.3 Methods  

3.3.1 Cohort - clinical characteristics 

Archived frozen muscle samples derived from either post-mortem tissue or clinical muscle 

biopsies (taken for diagnostic purposes) were assessed. Table 3.1 summarises relevant clinical 

information. The three aged control were assessed in order to quantify mitochondrial 

respiratory chain dysfunction accumulating with age. The young disease control (DC1) was 

previously investigated for suspected neuromuscular disease but showed normal muscle 

histology, oxidative enzyme histochemistry and normal respiratory chain biochemical activities 
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(Kirby et alΦΣ нллтύΤ ƘŜ ǿŀǎ ǳǎŜŘ ŀǎ ŀ άƴŜƎŀǘƛǾŜ ŎƻƴǘǊƻƭέ ǎƛƴŎŜ ƳƛǘƻŎƘƻƴŘǊƛŀƭ ŘȅǎŦǳƴŎǘƛƻƴ ǿŀǎ 

not expected to be found. Patients P1 and P2 harboured the common m.3243A>G MT-TL1 

mutation and P3 multiple deletions in muscle (due to a mutation in a nuclear gene involved in 

Ƴǘ5b! ƳŀƛƴǘŜƴŀƴŎŜύΦ tм ŀƴŘ tн ƳǳǎŎƭŜ ōƛƻǇǎƛŜǎΩ ǎƘƻǿŜŘ ŀ ƳƻǎŀƛŎ /h· ŘŜŦƛŎƛŜƴŎȅ ǿƘƛŎƘ ǿŀǎ 

challenging to visually classify, therefore they were used to quantify subjectivity of visual 

classification. P3 muscle biopsy also presented a mosaic COX deficiency, which was easy to 

visually classify, therefore he was used to validate the objective classification based on COX-I 

and SDHA immunodetection. 

 

Table 3.1. Clinical information from subjects included in this study 

Subjects Gender Age Genetic defect Histochemical findings 
Biopsy type 
(PM delay) 

Aged controls 

AC1 Male 75y n.r. n.d. PM (72h) 

AC2 Female 76y n.r. n.d. PM (48h) 

AC3 Female 86y n.r. n.d. PM (48h) 

Disease control 

DC1 Male 4y n.r. Normal  
Diagnostic 

(n.r.) 

Patient with known mitochondrial disease 

P1 Female 40y m.3243A>G MT-TL1 mutation; 
>30% COX deficient, 10% RRF; 

also COX positive RRF 
Diagnostic 

(n.r.) 

P2 Male 53y m.3243A>G MT-TL1 mutation; 
45% COX deficient fibres;  

20% RRF 
Diagnostic 

(n.r.) 

 P3 Male 60y Multiple mtDNA deletions; 
20% COX deficient fibres;  

7% RRF 
Diagnostic 

(n.r.) 

Key: PM: post-mortem; n.d. = not determined; n.r.: not relevant; y: years old; RRF: ragged-red fibres. 

 

 

3.3.2 Cryosectioning 

Serial sections (10µm thickness) from transversely orientated muscle blocks were obtained as 

previously described in section 2.2.3 from chapter 2. 

 

3.3.3 COX/SDH histochemistry 

Individual and combined COX/SDH histochemistry was carried out according to the protocol 

described in section 2.2.5 from chapter 2.  



43 

 

3.3.4 Immunohistochemistry 

Immunohistochemistry was performed using antibodies detecting subunits of mitochondrial 

respiratory chain complexes. Complex I abundance was detected using antibodies against 

either NDUFB8 or NDUFA13 subunits. These are nuclear-encoded subunits of complex I which 

are required for complex I assembly and electron transfer activity (Perales-Clemente et al., 

2010). To detect complex IV abundance we used an antibody to the mtDNA encoded complex 

IV subunit I (COX-I). To enable assessment of overall mitochondrial mass we used an antibody 

against the subunit A of the nuclear-encoded complex II or against porin (VDAC) (Mannella, 

1998), commonly used as mitochondrial mass markers (Mahad et al., 2009, Grunewald et al., 

2014). 

 

3.3.4.1 Chromogen-based immunohistochemistry 

Briefly, the sections were fixed in 4% PFA for 15min at RT and permeabilised in a gradient of 

methanol. Following TBST washes, the sections were incubated with 1% bovin serum albumin 

(BSA) for 30min and then incubated with the primary antibodies in a humidified chamber at 

4°C overnight (Table 3.2). Following TBST washes, the sections were incubated with universal 

probe (for 30min at RT), and subsequently, incubated with polymer-HRP (for 30 min at RT) 

(MenaPath). Finally DAB was prepared and applied to the sections until satisfactory signal 

appeared. Sections were counter-ǎǘŀƛƴŜŘ ǿƛǘƘ aŀȅŜǊΩǎ IŀŜƳŀǘƻȄȅƭƛƴΣ ŘŜƘȅŘǊŀǘŜŘ ƛƴ ŜǘƘŀƴƻƭ 

gradient and cleared in histoclear before mounting in DPX. 

 

3.3.4.2 Fluorescent-based immunohistochemistry 

Briefly, the sections were fixed in 4% PFA for 3min and permeabilised in a gradient of 

methanol. Following TBST washes, sections were blocked with 1% normal goat serum (NGS) for 

30min at RT and incubated with a primary antibody cocktail in a humidified chamber at 4°C 

overnight (Table 3.3). Subsequently to TBST washes, the sections were incubated with a 

cocktail of secondary antibodies for 1h at RT (Table 3.3). Finally, the sections were immersed in 

sudan black for 10 min at room temperature, to quench auto-fluorescence. Sections were 

washed in TBST and mounted in Prolong Gold mounting medium (Life Technologies).  
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3.3.5 Imaging 

Brightfield and fluorescent images were acquired at 10x magnification (unless stated 

otherwise) using Zeiss Microscope (see section 2.2.7 from chapter 2). For the acquisition of 

fluorescent images, the exposure times for each channel were adjusted for each individual 

case. 

 

3.3.6 Assessing mitochondrial respiratory chain dysfunction 

3.3.6.1 Visual Classification of COX/SDH histochemistry 

To assess mitochondrial dysfunction in different muscles from aged control AC3, muscle fibres 

reacted for COX/SDH histochemistry were visually classified using a stereological workstation 

with a modified light microscope (Olympus, Japan), motorized stage, CCD colour camera and 

stereology software (Stereo Investigator, MBF Bioscience, USA).  

To assess the limitations of COX/SDH histochemistry (intra- and inter-observer variability), a 

third investigator imaged different areas of two biopsies and selected 100 muscle fibres for 

each patient. Both investigators 1 and 2 visually classified labelled muscle fibres in COX/SDH 

histochemistry images (at 20x magnification).  

 

3.3.6.2 Visual classification of chromogen-based immunohistochemistry 

To further explore the profile of abnormal fibres from aged control AC3, matching muscle 

fibres in: COX/SDH histochemistry, NDUFA13 immunohistochemistry and COX-I 

immunohistochemistry images, were visually classified into one of the following categories: ND 

(fibres presenting intermediate or absent COX activity and no detectable changes in complex 

L± ŀōǳƴŘŀƴŎŜύΣ b5¦C.уҨκ/h·-I + (fibres with preserved COX activity and levels but down-

regulated NDUFB8 levels), NDUFB8+/COX-LҨ όŦƛōǊŜǎ ǿƛǘƘ ǇǊŜǎŜǊǾŜŘ b5¦C.у ōǳǘ Řƻǿƴ-

ǊŜƎǳƭŀǘŜŘ /h· ŀŎǘƛǾƛǘȅ ŀƴŘ ƭŜǾŜƭǎύ ƻǊ b5¦C.уҨκ/h·-LҨόŦƛōǊŜǎ ǿƛǘƘ Řƻǿƴ-regulated NDUFB8 

and  both COX activity and levels).  
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Table 3.2. Primary and secondary antibodies used for chromogen-based immunohistochemistry 

Antibodies Host Dilution Company (Product number) 

MTCOI (IgG2a) Mouse 1:4000 Abcam (Ab14705) 

SDHA (IgG1) Mouse 1:2000 Abcam (Ab14715) 

NDUFB8 (IgG1) Mouse 1:300 Abcam (Ab110242) 

 

 

Table 3.3. Primary and secondary antibodies used for immunofluorescence 

Antibodies Host Dilution Company (Product number) 

Primary antibodies 
  

 

MTCOI (IgG2a) Mouse 1:100 Abcam (Ab14705) 

NDUFA13 (IgG2b) Mouse 1:100 Abcam( Ab110240) 

SDHA (IgG1) Mouse 1:100 Abcam (Ab14715) 

NDUFB8 (IgG1) Mouse 1:100 Abcam (Ab110242) 

Porin (IgG2b) Mouse 1:100 Abcam (Ab14734) 

    

Secondary antibodies    

Anti-mouse IgG2a Fluorescein ς 488nm Goat 1:300 Jackson IR Lab (115-095-206) 

Anti-mouse IgG2b Rhodamine ς 546nm Goat 1:300 Jackson IR Lab (115-295-207) 

Anti-mouse IgG1 Alexa fluor ς 647nm Goat 1:300 Life Technologies (A21240) 

Anti-mouse IgG1 Rhodamine - 546nm  Goat 1:300 Jackson IR Lab (115-295-205) 

Anti-mouse IgG2b Alexa fluor ς 647nm Goat 1:300 Life Technologies (A21242) 

    

Anti-mouse IgG1 Alexa fluor ς 488nm Goat 1:200 Life Technologies (A21121) 

Anti-mouse IgG2a Alexa fluor ς 546nm Goat 1:200 Life Technologies (A21133) 

Anti-mouse IgG2b Alexa fluor ς 633nm Goat 1:200 Life Technologies (A21146) 

    

Anti-mouse IgG2b Alexa fluor ς 488nm Goat 1:200 Life Technologies (A21141) 

Anti-mouse IgG1 Alexa fluor ς 546nm Goat 1:200 Life Technologies (A21123) 

Anti-mouse IgG2a Alexa fluor ς 647nm Goat 1:200 Life Technologies (A21241) 

Anti-mouse IgG2a Biotin Goat 1:200 Life Technologies (M32315) 

Streptavidin ς 647nm Goat 1:100 Life Technologies (S31556) 

Anti-rabbit IgG Alexa fluor 405nm Goat 1:100 Life Technologies (A31556) 

Key: Jackson IR Lab: Jackson ImmunoResearch Laboratories 
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3.4 Results 

3.4.1 Challenges of COX/SDH histochemistry  

In order to investigate the degree of mitochondrial dysfunction in the ageing muscle, three 

different muscles (biceps, diaphragm and psoas) from three aged controls (AC1, AC2 and AC3 

(Table 3.1)) were studied. Serial sections from each muscle were assessed using COX/SDH 

histochemistry and chromogen-based immunohistochemistry detecting COX-I, SDHA and 

NDUFB8 (AC1: Figure 3.1, AC2: Figure 3.2 and AC3: Figure 3.3). Muscle fibres were visually 

classified based on COX/SDH histochemistry into one of the following three categories: COX-

positive, COX-intermediate (int) and COX-deficient (neg) (Murphy et al., 2012). Fibres were 

further classified based on immunohistochemistry of COX-I and NDUFB8 (see 3.3.6.2.).  

Throughout this assessment several problems and difficulties were encountered. 

 

3.4.1.1 Underestimation of the overall mitochondrial dysfunction 

All aged muscle biopsies showed some level of mitochondrial respiratory chain deficiency. 

Frequent abnormal fibre profiles (found in all biopsies assessed) included: fibres with absent 

COX activity and down-regulated COX-I and NDUFB8 (Figure 3.1, Figure 3.2 and Figure 3.3: 

ŦƛōǊŜǎ άмέύΣ ŦƛōǊŜǎ ǿƛǘƘ ŀōǎŜƴǘ /h· ŀŎǘƛǾƛǘȅ ŀƴŘ /h·-I immunoreactivity but preserved NDUFB8 

(Figure 3.1, Figure 3.2 and Figure 3.3Υ ŦƛōǊŜǎ άнέύ ƻǊ ŦƛōǊŜǎ ǿƛǘƘ ƴƻǊƳŀƭ /h· ŀŎǘƛǾƛǘȅ ŀƴŘ /h·-I 

immunoreactivity but down-regulated NDUFB8 (Figure 3.1, Figure 3.2 and Figure 3.3: fibres 

άоέύΦ  

A deeper analysis was performed for aged control AC3. Stereological analysis of COX/SDH 

histochemistry revealed that the diaphragm was the most affected muscle (int: 4.5%, neg: 

6.2%, n=674) followed by psoas (int: 3.6%, neg: 2.9%, n=100) and biceps (int: 1.1%, neg: 1.2%, 

n=4021) (Figure 3.4, left graphs). Following this, a population of COX deficient and 

intermediate fibres were selected in each muscle and further assessed for NDUFB8 and COX-I 

abundance. Immunohistochemistry showed that these muscles presented distinct features of 

mitochondrial dysfunction. The most common abnormal fibre profile in diaphragm and biceps 

was: absent COX activity/levels but preserved NDUFB8 (diaphragm: 55.3%, n=38 abnormal 

fibres, biceps: 40.8%, n=98 abnormal fibres) whereas in psoas it was: absent COX 

activity/levels and absent NDUFB8 (51.9%, n=27 abnormal fibres) (Figure 3.4, right graphs).  
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Figure 3.1: Mitochondrial dysfunction in biceps, diaphragm and psoas muscles from aged control 1.  

COX/SDH histochemistry and immunohistochemistry against NDUFB8 (complex I), SDHA (complex II) and 

COX-I (complex IV) were performed in serial sections obtained from biceps, diaphragm and psoas 

muscles. Selected muscle fibres demonstrate: (1) COX deficiency (COX-deficient fibres) with absent COX-

I and NDUFB8 immunoreactivity, (2) COX deficiency (COX-deficient fibre) with absent COX-I 

immunoreactivity and normal NDUFB8 levels, (3) normal COX activity (COX-positive fibres) and COX-I 

levels but absent NDUFB8 immunoreactivity. 
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Figure 3.2: Mitochondrial dysfunction in biceps, diaphragm and psoas muscles from aged control 2.  

COX/SDH histochemistry and immunohistochemistry against NDUFB8 (complex I), SDHA (complex II) and 

COX-I (complex IV) were performed in serial sections obtained from biceps, diaphragm and psoas 

muscles. Fibres from both diaphragm and psoas muscle did not react for COX histochemistry leading to a 

false and widespread COX deficiency. Similarly, immunohistochemistry failed in both diaphragm and 

psoas muscles. Selected muscle fibres demonstrate: (1) COX deficiency (COX-deficient fibres) with 

absent COX-I and NDUFB8 immunoreactivity, (2) COX deficiency (COX-deficient fibre) with absent COX-I 

immunoreactivity and normal NDUFB8 levels and (*) absent COX activity (COX-deficient fibres) but 

intermediate levels of COX-I.  
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Figure 3.3: Mitochondrial dysfunction in biceps, diaphragm and psoas muscles from aged control 3.  

COX/SDH histochemistry and immunohistochemistry against NDUFB8 (complex I), SDHA (complex II) and 

COX-I (complex IV) were performed in serial sections obtained from biceps, diaphragm and psoas 

muscles. Selected muscle fibres demonstrate: (1) COX deficiency (COX-deficient fibres) with absent COX-

I and NDUFB8 immunoreactivity, (2) COX deficiency (COX-deficient fibre) with absent COX-I 

immunoreactivity and normal NDUFB8 levels, (3) normal COX activity (COX-positive fibres) and COX-I 

levels but absent NDUFB8 immunoreactivity, (4) absent COX activity (COX-deficient fibres) with 

apparently normal levels of COX-I and NDUFB8, (5) absent COX activity (COX-deficient fibres) but 

intermediate levels of COX-I and (6) absent COX activity (COX-deficient fibres) and COX-I 

immunoreactivity with intermediate levels of NDUFB8. 
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Figure 3.4: Mitochondrial respiratory chain profile of different muscles from Aged Control 1.  

COX/SDH histochemistry and immunohistochemistry against NDUFB8 and COX-I were performed in 3 

serial muscle sections obtained from (A) biceps, (B) diaphragm and (C) psoas muscles. Fibres reacted for 

COX/SDH histochemistry were visually classified into: COX (activity) positive (beige), intermediate (light 

blue) or deficient (blue) groups; left graphs show the classification results from (A) biceps (n=4021) (B) 

diaphragm (n=674) and (C) psoas (n=524). A population of COX-deficient and intermediate fibres were 

selected and assessed for NDUFB8 and COX-I abundance. Fibres were visually classified into: ND (fibres 

with intermediate or no COX activity and ƴƻ ŎƘŀƴƎŜǎ ƛƴ ŎƻƳǇƭŜȄŜǎ ƭŜǾŜƭǎύΣ b5¦C.уҨκ/h·-I + (fibres 

with preserved COX activity and levels but downregulated NDUFB8), NDUFB8+/COX-LҨ όŦƛōǊŜǎ with 

preserved NDUFB8 but down-ǊŜƎǳƭŀǘŜŘ /h· ŀŎǘƛǾƛǘȅ ŀƴŘ ƭŜǾŜƭǎύ ƻǊ b5¦C.уҨκ/h·-LҨ όŦƛōǊŜǎ ǿƛǘƘ 

down-regulated NDUFB8 and COX activity and levels). Right graphs show the profile of mitochondrial 

deficiency from abnormal fibres of (A) biceps (n=98 abnormal fibres) (B) diaphragm (n=38 abnormal 

fibres) and (C) psoas (n=27 abnormal fibres). 
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According to these results, analysing mitochondrial dysfunction just based on COX/SDH 

histochemistry would underestimate the overall dysfunction. Indeed, approximately 20% of 

abnormal fibres (those with down-regulated NDUFB8, but normal COX activity/levels - 

representing 18.4% in biceps, 21.1% in diaphragm and 18.5% in psoas) would not be detected 

if COX/SDH histochemistry was not complemented with immunohistochemistry. 

 

3.4.1.2 Inaccuracy of visual classification and the use of serial sections 

The previous analysis of serial muscle sections highlighted several inconsistencies between 

COX histochemistry and COX-I immunohistochemistry. For example: fibres with absent COX 

activity but normal COX-I immunoreactivity (Figure 3.3Υ ŦƛōǊŜǎ άпέύΣ ŦƛōǊŜǎ ǿƛǘƘ ŀōǎŜƴǘ /h· 

activity but intermediate COX-I immunoreactivity (Figure 3.2Υ ŦƛōǊŜ άϝέ ŀƴŘ Figure 3.3: fibres 

άрέύΣ ƻǊ ŦƛōǊŜǎ ǿƛǘƘ ƛƴǘŜǊƳŜŘƛŀǘŜ or absent COX activity but no changes in complexes levels 

(Figure 3.4Υ ǊƛƎƘǘ ƎǊŀǇƘǎ άb5 ŦƛōǊŜǎέύΦ  

One explanation for these inconsistencies could be the inaccuracy of visual assessment in 

detecting subtle changes in colour intensities (enzyme activity or protein levels). Fibres with 

normal COX activity might have been perceived as intermediate (leading to false intermediate 

fibres) or, alternatively, fibres with reduced COX activity might have been perceived as having 

preserved COX-I  (leading to false normal COX-I fibres).  Another possible explanation could be 

the use of serial sections. Combining information from serial sections to infer about a fibre 

profile is inaccurate since the activity and levels of complexes change along the fibre length 

(Matsuoka et al., 1992, Murphy et al., 2012). Therefore the information provided by each 

section should be specific to that 10um domain. For this particular study 4 serial sections were 

used, which means the inference about the activity and levels was performed across 40µm of 

the fibre length.   

 

3.4.1.3 Subjectivity: intra- and inter-observer variability  

Visual assessment of aged controls AC1 and AC3 diaphragm was particularly challenging. Both 

post-mortem muscles presented a high number of fibres looking pale blue and grey in 

COX/SDH histochemistry which were very difficult to classify. The boundaries between 

άƴƻǊƳŀƭέΣ άƛƴǘŜǊƳŜŘƛŀǘŜέ ŀƴŘ άŘŜŦƛŎƛŜƴǘέ /h· ŀŎǘƛǾƛǘȅ ŎŀǘŜƎƻǊƛŜǎ ŀǊŜ ŘŜŦƛƴŜŘ ōȅ ǘƘŜ ƻōǎŜǊǾŜǊΣ 

but inevitably, they can change between cases assessed, or over time. 
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 To further illustrate how visual classification of muscle fibres based on COX/SDH 

histochemistry can be subjective and challenging we investigated muscle biopsies from two 

particular patients:  P1 and P2 (Table 3.1). These biopsies presented a high proportion of COX 

intermediate fibres and the histochemical signal detected across muscle sections was less 

intense and variable. Sections were assessed using COX/SDH histochemistry and one hundred 

muscle fibres were selected to be visually categorised by two researchers, independently, into 

one of the four categories: COX positive, COX intermediate(+) (int(+)), COX intermediate(-) 

(int(-)) and COX deficient. Fibres were not randomly selected and therefore the results 

obtained are not representative of the overall respiratory deficiency in the patients. 

Analysis of both patients P1 and P2 revealed marked differences in classification of fibres 

between the two investigators (Figure 3.5): both investigators agreed in the classification of 

COX-positive cells (P1: 40% and P2: 21%) but they markedly differed in remaining categories: 

both categories of intermediate and COX deficient fibres (Figure 3.5 A and B). Importantly, 

both investigators demonstrated a high degree of inconsistency. Investigator 1 

underestimated COX deficiency in patient P1 and overestimated it in patient P2, whereas the 

opposite was true for investigator 2.  

 
Figure 3.5. Inter- and intra-observer variability of visual classification.  

COX/SDH histochemistry was performed in muscle sections obtained from patients (A) P1 and (B) P2. 

Left panels in (A) and (B) show representative images of COX/SDH histochemistry (20x). For each patient 

100 muscle fibres reacted for COX/SDH histochemistry were selected and visually classified by two 

investigators. Bar graphs show the percentage of COX positive (beige), int(+) (light beige), int(-) (light 

blue) or deficient (blue) based on visual classification by an investigator 1 and 2. 
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3.4.2 Developing an objective classification using COX/SDH histochemistry 

The following section describes the development of a new method to assess objectively the 

degree of mitochondrial respiratory chain dysfunction in single muscle fibres using COX/SDH 

histochemistry. In 2012, an objective assessment was developed using the intensity 

measurements of COX histochemistry, SDH histochemistry and NDUFB8 

immunohistochemistry to determine the respiratory status of muscle fibres (Murphy et al., 

2012). The method developed here only use COX and SDH intensity measurements decreasing 

the complexity (and time) of image analysis and minimising problems associated with the use 

of serial sections. 

 

3.4.2.1 New model rationale 

The method uses COX and SDH intensity measurements to determine the percentage of COX 

activity in individual fibres; it was developed assuming the following premises: 

1. COX reaction measures the activity of complex IV, partially encoded by mitochondrial 

DNA, and SDH measures the activity of complex II, fully encoded by nuclear DNA.  

2. SDH is a marker of mitochondrial mass and COX activity is proportional to SDH activity 

in a healthy cell. 

3. Within the linear period of incubation time, COX reactivity increases proportionally 

with COX activity (Figure 3.6, C and D), and therefore, COX reactivity is an outcome 

measure of COX activity (Murphy et al. 2012).  

Therefore when COX and SDH histochemical signals are both intense (Figure 3.7B, scored as 

άҌҌμҌҌέύ ƻǊ ǇǊƻǇƻǊǘƛƻƴŀƭƭȅ ǊŜŘǳŎŜŘ όFigure 3.7.Σ ǎŎƻǊŜŘ ŀǎ άҌμҌέύ /h· ŀŎǘƛvity is normal. As 

illustrated, the ratio between COX and SDH intensities equals 1 (Figure 3.7B). However when 

COX histochemical signal is reduced and SDH signal is preserved (Figure 3.7/Σ ǎŎƻǊŜŘ ŀǎ άҌμҌҌέ 

ƻǊ άҌκ-μҌέύΣ /h· ŀŎǘƛǾƛǘȅ ƛǎ ŘŜŎǊŜŀǎŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƭŜǾŜƭ ƻŦ ƳƛǘƻŎƘƻƴŘǊƛŀƭ ƳŀǎǎΦ Lƴ ǘƘƛǎ 

scenario, the ratio between COX and SDH intensities equals approximately 0.5 (Figure 3.7C). In 

the absence of COX signal (Figure 3.7/ ǎŎƻǊŜŘ ŀǎ ά-κҌҌέ ƻǊ ά-κҌέύΣ /h· ŀŎǘƛǾƛǘȅ ƛǎ ŜƴǘƛǊŜƭȅ ƭƻǎǘΤ 

according to this scenario the ratio equals 0 (Figure 3.7).  We propose that the ratio between 

COX intensity and SDH intensity readings reflects the degree of COX activity in individual 

muscle fibres.  
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Figure 3.6. COX reactivity is an outcome measure of COX activity. (A,B)  

.ƻǘƘ /h· ŀƴŘ {5I ǊŜŀŎǘƛǾƛǘȅ ƛƴŎǊŜŀǎŜ ƭƛƴŜŀǊƭȅ ǿƛǘƘƛƴ ǘƘŜ άƭƛƴŜŀǊ ǇŜǊƛƻŘέ ƻŦ ƛƴŎǳōŀǘƛƻƴ ǘƛƳŜΤ ǇŀǎǎŜŘ ǘƘŀǘ 

point COX and SDH reactivity reach a maximum reactivity plaǘŜŀǳΦ ό/Σ5ύ 5ǳǊƛƴƎ ǘƘŜ άƭƛƴŜŀǊ ǇŜǊƛƻŘέ 

enzyme activity is proportional to COX and SDH reactivity/intensity.  

 

 

 
Figure 3.7: Relationship between COX and SDH activities.  

(A) COX histochemistry is represented in brown, SDH histochemistry is represented in blue. These 

colours range from light (-) to dark (++) according to the level of enzyme activity; lighter for low activity 

and darker for high activity. (B) Represents a scenario where COX activity is proportional to SDH activity, 

and so, COX activity is unaffected. (C) SDH activity is higher than the activity of COX, indicating that COX 

activity is reduced. (D) COX activity is lost in this muscle fibre.  
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3.4.2.2 Developing the objective classification 

The objective classification was initially developed using a small sample of muscle fibres (19 

muscle fibres from biceps of the aged control AC3, Table 3.1). Serial sections were assessed 

using individual and sequential COX/SDH histochemistry. 

 

3.4.2.2.1 Optical density measurements (ODCOX, ODSDH) 

The optical density (OD) of COX (ODCOX) and SDH (ODSDH) reactivity was measured in 

individual muscle fibres using image J. Both COX and SDH TIFF images were first converted into 

grey scale and the region of interest (ROI) was defined manually within individual muscle fibres 

using the freehand selection tool (Figure 3.8). Each new ROI was sequentially added (by 

ǇǊŜǎǎƛƴƎ άǘέύ ƛƴ ǘƘŜ whL ƳŀƴŀƎŜǊΦ CƻƭƭƻǿƛƴƎ ǘƘƛǎΣ ǘƘŜ ƳŜŀƴ h5 ǿŀǎ ƳŜŀǎǳǊŜŘ ŦƻǊ ƛƴŘƛǾƛŘǳŀƭ 

ROI. Grey scale range from 0 (darkest pixels) to 255 (brightest pixels). 

 

 
Figure 3.8. Representative print-screen images showing the main steps of COX and SDH densitometry 

in individual fibres.  

Individual (A) COX and (B) SDH histochemistry were converted into grey scale, (C) and (D) respectively, 

and then the region of interest (ROI) was traced within muscle fibres (red tracing). Areas 20, 21 and 22 

were also sampled and measure the background noise (ODbackground). The software then 

automatically measured the optical density of each ROI.  
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3.4.2.2.2 Correction of ODCOX and ODSDH measurements 

Having measured the OD of COX and SDH in individual muscle fibres, both ODCOX and ODSDH 

were normalised. This correction was necessary for several reasons:  

1. Re-ǎŎŀƭƛƴƎΦ ¢ƘŜ ƎǊŀȅ ǎŎŀƭŜ ƛǎ ŀƴ ƛƴǾŜǊǘŜŘ ǎŎŀƭŜ ǿƛǘƘ άлέ Ǌepresenting the darkest pixels 

όƘƛƎƘ ǊŜŀŎǘƛǾƛǘȅκŀŎǘƛǾƛǘȅύ ŀƴŘ άнррέ ǊŜǇǊŜǎŜƴǘƛƴƎ ǘƘŜ ōǊƛƎƘǘŜǎǘ ǇƛȄŜƭǎ όƴƻ 

reactivity/activity). However, according to the model (Figure 3.7ύΣ άлέ ƛƴŘƛŎŀǘŜŘ ƴƻ /h· 

ǊŜŀŎǘƛǾƛǘȅκŀŎǘƛǾƛǘȅ ŀƴŘ άмέ ǎƛƎƴƛŦƛŜŘ ƘƛƎƘ /h· ǊŜŀŎǘƛǾƛǘȅκŀŎǘƛǾƛǘȅΦ 

2. Correct for background noise. Fibres with no COX activity (although showing no COX 

reactivity) were not entirely white due to the background noise.  

3. Normalisation. According to the model, ODCOX/ODSDH from a normal and healthy 

ŦƛōǊŜ Ŝǉǳŀƭǎ мΦ  ¢ƘŜǊŜŦƻǊŜ о ƴƻǊƳŀƭ ŦƛōǊŜǎ ǿŜǊŜ ǎŜƭŜŎǘŜŘ ǘƻ ŘŜŦƛƴŜ άƴƻǊƳŀƭƛǘȅέΥ ǘƘŜ 

standard levels of COX intensity and SDH intensity in healthy fibres.  

ODCOX and ODSDH readings were therefore corrected proportionally, using the following 

normalisation equations: 

CorrectedODCOX=|(ODCOXςh5ōŀŎƪƎǊƻǳƴŘύκόh5/h·έŘŀǊƪŜǎǘ ƛƴǘŜƴǎƛǘȅέ- ODbackground)| 

CorrectedODSDH=|(ODSDHςh5ōŀŎƪƎǊƻǳƴŘύκόh5{5IέŘŀǊƪŜǎǘ ƛƴǘŜƴǎƛǘȅέ- ODbackground)| 

¢ƘŜ άŘŀǊƪŜǎǘ ƛƴǘŜƴǎƛǘȅέ ǿŀǎ ŎŀƭŎǳƭŀǘŜŘ ōȅ ŀǾŜǊŀƎƛƴƎ ǘƘŜ о ƭƻǿŜǎǘ h5 ǾŀƭǳŜǎ ƻŦ ŦƛōǊŜǎΣ ŜȄŎƭǳŘƛƴƎ 

ragged-red fibres (Figure 3.8C and D: fibres 11, 14 and 18). ¢ƘŜ άōǊƛƎƘǘŜǎǘ ƛƴǘŜƴǎƛǘȅέ ǿŀǎ 

calculated by averaging 3 OD measurements of background ς an area close to the section 

without fibres (ODbackground) (Figure 3.8C and D: areas 20, 21 and 22). 

 

3.4.2.2.3 Calculating the relative percentage of COX activity 

The ratio (correctedODCOX/correctedODSDH)*100 (yielding COX/SDH ratio, occasionally 

abbreviated to ratio) was calculated, providing a relative percentage of COX activity. 

Categories were arbitrary defined and fibres were classified into one of the following groups: 

/h· ŘŜŦƛŎƛŜƴǘ όҖнр҈ /h·κ{5I ǊŀǘƛƻύΣ /h· ƛƴǘŜǊƳŜŘƛŀǘŜ όƛƴǘΣ нр҈ғ /h·κ{5I Ǌŀǘƛƻ ғтр҈ύ ŀƴŘ 

/h· ǇƻǎƛǘƛǾŜ ό/h·κ{5I Ǌŀǘƛƻ җтр҈ύ ƎǊƻǳǇǎΦ {ƛƴŎŜ /h· ƛƴǘŜǊƳŜŘƛŀǘe group encompassed a 

wide range of different levels of COX activity, this group was further subdivided into COX 

ƛƴǘόҌύΣ όрл҈Җ /h·κ{5I Ǌŀǘƛƻ ғтр҈ύ ŀƴŘ /h· ƛƴǘό-) (25%< COX/SDH ratio <50%). 
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Figure 3.9. Objective classification of muscle fibres from aged control 3 according to the COX/SDH 

ratio.  

Serial sections were reacted for combined COX/SDH histochemistry, individual COX histochemistry, 

individual SDH histochemistry and again, combined COX/SDH histochemistry. Top images show the 

combined COX/SDH histochemistry performed (A) at the beginning and (B) end (in the serial sections). 

(C) Table shows the subjective and objective classification of fibres. The visual method categorizes fibres 

into positive (pos), intermediate (int) and deficient (neg) fibres. The objective classification based on the 

/h·κ{5I Ǌŀǘƛƻ Ŧŀƭƭ ƛƴǘƻ ŦƻǳǊ ƳŀƧƻǊ ŎƭŀǎǎŜǎΥ ǇƻǎƛǘƛǾŜ όǇƻǎΣ Ǌŀǘƛƻ җтр҈ύΣ ƛƴǘόҌύ όрл҈Җ Ǌŀǘƛƻ ғтр҈ύΣ ƛƴǘό-) 

όнр҈ғ Ǌŀǘƛƻ ғрл҈ύ ŀƴŘ ŘŜŦƛŎƛŜƴǘ όƴŜƎΣ Җнр҈ ǊŀǘƛƻύΦ 

 

3.4.2.2.4 Preliminary results 

The objective classification based on the ratio of COX/SDH measurements was in agreement 

with the subjective classification (visual classification) (Figure 3.9). Visual classification is 

currently the only method available to analyse COX activity, and therefore, the only method 
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available to validate any new analysis. Both methods categorized fibres in the same groups 

(Figure 3.9, fibres 1 and 2). But importantly, the objective classification highlighted difficulties 

connected to the human eye error and improved the analysis (Figure 3.9, fibres 5 and 9).  

 

3.4.2.3 Optimising the objective classification 

3.4.2.3.1 Methods tested 

Whilst examining larger number of muscle fibres to further validate the new objective 

assessment, a concern arose regarding the method of calculating COX activity. Deducting 

corrected ODCOX from ODSDH was recognised as an alternative: (correctedODSDH-

correctedODCOX)*100 (yielding SDH-COX difference, and abbreviated occasionally to 

difference). Therefore both: COX/SDH ratio and SDH-COX difference were tested in order to 

determine which value was more accurate in identifying COX activity in single fibres. 

Furthermore, when other areas of the same biopsy were assessed, a second concern arose 

regarding the normalisation method. Consequently, different normalisation methods were 

tested in order to ensure the highest accuracy of this new method; 

1. Normalisation method 1: fibres chosen to normalise ODCOX and ODSDH 

measurements were those presenting the darkest COX intensities (lowest ODCOX 

values), excluding ragged red fibres (Figure 3.10 A, fibres 1, 2 and 3). Also, a 

normalisation equation was produced for each area covered (snap) from a given 

section (normalisation equation/area/section), 

2. Normalisation method 2: fibres chosen to normalise ODCOX and ODSDH 

measurements were also those presenting the darkest COX intensities, excluding 

ragged red fibres (Figure 3.10 B, fibres 1, 2 and 3). However, a unique normalisation 

equation was produced per section (normalisation equation/section), 

3. Normalisation method 3: fibres chosen to normalise ODCOX and ODSDH 

measurements were those having the darkest COX and SDH intensities, respectively. 

Therefore fibres chosen to normalise ODCOX measurements (Figure 3.10 C, fibres 1, 2 

and 3) may have been different from those normalising ODSDH measurements (Figure 

3.10A, fibres 4, 5 and 6). Also, a unique normalisation equation was produced per 

section (normalisation equation/section). 
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Figure 3.10. Normalisation methods tested.  

Green squares highlight areas used to correct for the background (=0). Blue squares indicate the fibres 

used to establish the maximum intensity (=1). (A) In method 1: fibres used to normalise COX and SDH 

histochemistry are the same (fibres 1, 2 and 3). Also, a normalisation equation is produced for each snap 

(from a given section). (B) In method 2: fibres used to normalise COX and SDH histochemistry are also 

the same (fibres 1, 2 and 3). However one normalisation equation is generated for all snaps analysed. (C) 

In method 3: fibres used to normalise COX and SDH histochemistry can be different (fibres 1, 2 and 3 to 

normalise COX histochemistry; fibres 4, 5 and 6 to normalise SDH histochemistry). The normalisation 

equation is the same for all areas covered of the same section. 

 

3.4.2.3.2 Methodology developed to compare the tested methods  

Excel was used to compare the 6 different methods of determining COX activity (ratio versus 

difference each with the 3 normalisation method) with visual classification. Excel cells were 

conditionally formatted in order to be colour coded according to the COX/SDH ratio and SDH-

COX difference values, and therefore, according to the category of fibre (Figure 3.11A):  beige 

for COX positive, light beige for int(+), light blue for int(-) and blue for COX deficient.  
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In order to assess the sensitivity of the different methods tested, a scoring scale was 

developed to evaluate the agreement between the objective classification (OC) and the visual/ 

subjective classification (SC). Each method was given a score, as follows: 

1. Score 1 was given when subjective and objective classification agreed, categorizing 

fibres in the same group. For example: when both SC and OC classified a fibre as COX 

positive (Figure 3.11B, fibre 11: all methods tested) or when both classified a fibre as 

COX deficient (Figure 3.11B: fibre 1: ratio M1, M2 and M3). 

2. Score 0 was given when objective classification categorised the fibre in the immediate 

flanking groups of subjective classification. For example: when SC classified a fibre as 

COX deficient but OC determined COX int(-) (Figure 3.11B, fibre 1: difference M1 and 

M2) or when SC classified a fibre as COX intermediate but OC determined COX positive 

(Figure 3.11B: fibre 15: difference M3). This decreased the impact of a wrong visual 

classification. 

3. Score -1 was given whenever objective classification categorized the fibre in other 

groups than situation (1) and (2). For example when SC classified a fibre as COX 

deficient but OC classified it as int(+) (Figure 3.11B, fibre 1: difference M3), or the 

opposite: when SC determined COX positive but OC classified it as COX int(-) or 

deficient (not shown in Figure 3.11B). 

4. Subjective classification did not discriminated between int(+) and int(-). Therefore 

score 1 was given to both COX int(+) and int(-) fibres when subjective classification 

classified a fibre as an COX intermediate, (Figure 3.11B, fibre 8: ratio M1, M2 and M3, 

difference M1 and M2). Rules (2) and (3) were applied on the following groups. For 

example score 0 was given when SC classified a fibre as COX intermediate but OC 

classified it as COX positive (Figure 3.11B, fibre 8: difference M3). 

5. When visual classification was not easy, a range of 2 groups was determined, with 

score 1 being given to both groups. For example when SC classified a fibre as 

deficient/intermediate (Figure 3.11B, fibre 9) ς score 1 was given when OC classified it 

as deficient or int(-) (Figure 3.11B, fibre 9: ratio M1, M2 and M3) and score 0 was given 

when OC classified it as int(+) (Figure 3.11B, fibre 9: difference M3). 
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Figure 3.11. Methodology developed to compare the different normalisation methods.  

(A) Excel cells were colour coded according to the COX/SDH ratio or SDH-COX difference values, each 

colour corresponding to the category of fibres: COX-positive (beige), int(+) (light beige), int(-) (light blue) 

or deficient (blue). (B) Table shows for each fibre, the subjective classification and the objective 

classification based on ratio or difference value when calculated using the different normalisation 

methods (M1, M2 and M3 columns); cells containing values for ratio or difference were colour coded as 

ǎƘƻǿƴ ƛƴ ό!ύ ǘƻ ōŜ Ŝŀǎƛƭȅ ǾƛǎǳŀƭƛȊŜŘΦ ¢ƘŜ ά{έ ŎƻƭǳƳƴǎ ǎƘƻǿ ǘƘŜ ǎŎƻǊŜ ό-1, 0 or 1) given to each method if 

they agreed (or not) with the subjective classification.  

 

3.4.2.3.3 Evaluation of different methods 

To evaluate the accuracy of each method in determining COX activity, muscle biopsies from 

aged controls AC1 (psoas), AC2 (biceps) and AC3 (biceps, diaphragm and psoas) were re-

assessed (Table 3.1). Different areas of sections were imaged and only a selection of muscle 

fibres was visually classified. Following this, the same muscle fibres were objectively classified 

using the different methods.  

Table 3.4 ǎƘƻǿǎ ǘƘŜ Ŏƻǳƴǘǎ ƻŦ άмέ ǎŎƻǊŜǎ ƎƛǾŜƴ ǘƻ ŜŀŎƘ ƳŜǘƘƻŘ - discriminated by muscle 

assessed or as a total. The method which reached the highest scores was the COX/SDH ratio 

with normalization method 3 (Table 3.4); 801 out of 849 muscƭŜ ŦƛōǊŜǎ ǎŎƻǊŜŘ άмέΦ !ƭǎƻΣ ƛǘ ŘƛŘ 

ƴƻǘ Ŏƻǳƴǘ ŀƴȅ ά-мέ ǎŎƻǊŜǎ ƛƴŘƛŎŀǘƛƴƎ ŀōǎŜƴŎŜ ƻŦ ƳƛǎŎƭŀǎǎƛŦƛŎŀǘƛƻƴǎ όTable 3.4). By contrast, the 

difference (irrespŜŎǘƛǾŜ ƻŦ ǘƘŜ ƴƻǊƳŀƭƛǎŀǘƛƻƴ ƳŜǘƘƻŘύ ƘŀŘ ŎƻƴǎƛǎǘŜƴǘƭȅ ƭƻǿŜǊ ǘƻǘŀƭ ǎŎƻǊŜǎ άмέ 

ŀƴŘ ǎƻƳŜ ά-мέ ǎŎƻǊŜǎ όTable 3.4). Unlike the ratio method, the objective classification of fibres 
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provided by the difference method detected fewer deficient fibres and most of the abnormal 

fibres were classified as intermediate (+) (Figure 3.12C).  

The frequency distribution of both COX/SDH ratio and SDH-COX difference were plotted 

(Figure 3.12). Both distributions presented three distinct peaks that corresponded to the 

positive, intermediate and deficient groups of fibres (Figure 3.12A and B). However, the 

individual peaks of the COX/SDH ratio distribution were more symmetrical than the peaks from 

the SDH-COX difference distribution. Taken together, these results suggested that the 

COX/SDH ratio appears to be more accurate and sensitive in classifying fibres than the SDH-

COX difference. 

 

Table 3.4. Agreement between the objective classification and subjective classification when using 

different normalisation methods 

 Ratio Difference n 
(fibres)  M1 M2 M3 M1 M2 M3 

άмέ ǎŎƻǊŜǎ !/м Ǉǎƻŀǎ 137 115 139 133 122 138 152 

άмέ ǎŎƻǊŜǎ !/н ōƛŎŜǇǎ 206 208 232 199 202 188 236 

άмέ ǎŎƻǊŜǎ !/о ōƛŎŜǇǎ 178 170 191 178 172 173 209 

άмέ ǎŎƻǊŜǎ !/о ŘƛŀǇƘǊŀƎƳ 85 90 90 82 88 86 91 

άмέ ǎŎƻǊŜǎ !/о psoas 132 131 151 134 138 149 161 

        

¢ƻǘŀƭ ά-мέ ǎŎƻǊŜǎ 0 3 0 2 3 9 849 

¢ƻǘŀƭ άмέ ǎŎƻǊŜǎ 738 714 803 726 722 734  

M1, M2 and M3 indicate normalisation methods 1, 2 and 3 respectively; n(fibres), the total number of fibres 

ŀǎǎŜǎǎŜŘΤ ǘƻǘŀƭ ά-мέ ǎŎƻǊŜǎΣ ǘƘŜ ǘƻǘŀƭ ƴǳƳōŜǊ ƻŦ ά-мέ ŜŀŎƘ ƳŜǘƘƻŘ ŎƻǳƴǘŜŘ  ƛƴ ŀƭƭ ŀƴŀƭȅǎŜŘ ƳǳǎŎƭŜǎΤ ǘƻǘŀƭ άмέ ǎŎƻǊŜǎΣ 

the total numbŜǊ ƻŦ άмέ ǎŎƻǊŜǎ ŜŀŎƘ ƳŜǘƘƻŘ ŎƻǳƴǘŜŘ ƛƴ ŀƭƭ ŀƴŀƭȅǎŜŘ ƳǳǎŎƭŜǎΦ 

 

 

 
Figure 3.12. Objective classification given by the ratio and difference values when using the 

normalisation method 3.  

Densitometry was performed biceps muscle from aged control 2 and corrected ODCOX and ODSDH 

readings were used to calculate either the COX/SDH ratio or SDH-COX difference. (A, B) Graphs show the 

frequency distribution of the (A) ratio and (B) difference values normalised by method 3 (M3). (C) Bar 

graph show the percentage of COX-positive (beige), int(+) (light beige), int(-) (light blue) or deficient 

(blue) based on the ratio (left bar) or difference (right bar), normalised by method 3. 
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3.4.3 Developing an objective classification using immunofluorescence 

The following section describes the development of a new method to objectively assess the 

degree of mitochondrial respiratory chain dysfunction in single muscle fibres using 

fluorescence-based immunohistochemistry. This technique allows labelling multiple epitopes 

in a single section, avoiding the problems associated with the use of serial sections, and 

simplifying image analysis. Importantly, it allows investigating complex I levels in individual 

muscle fibres, overcoming the absence of histochemical techniques to measure complex I 

activity. 

 

3.4.3.1 Double fluorescence-based immunohistochemistry 

In order to assess the levels of complex IV and complex I in individual muscle fibres, double 

immunofluorescence of COX-I (FITC - 488nm, green) and NDUFA13 (Rhodamine -  546nm, red) 

(Table 3.3) was performed in a biceps muscle section obtained from aged control AC2 (Figure 

3.14A). 

 

3.4.3.1.1 Optical density measurements 

The OD of COX-I (ODCOX-I) and NDUFA13 (ODNDUFA13) was measured in individual muscle 

fibres using image J (Figure 3.13). TIFF images were first opened individually and corrected to 

remove the background noise. This was achieved by increasing the threshold until the 

background value equalled zero. Subsequently, images from individual channels were 

imported as image sequence and the ROI was defined manually within individual muscle fibres 

using the freehand selection tool (Figure 3.13). The mean OD was recorded for all created 

individual ROI. 
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Figure 3.13. Representative print-screen images showing the main steps of COX-I and NDUFA13 

densitometry in individual fibres.  

Individual TIFFs of (A) COX-I and (B) NDUFA13 channels were imported as an image sequence and the 

region of interest (ROI) was traced within muscle fibres (red tracing).  

 

 
Figure 3.14. Complex I and IV protein abundance in aged bicep muscle.  

Double immunofluorescence was performed in a muscle sections obtained from aged control AC2. 

Fluorescent detection was used to visualise: complex IV subunit I (COX-I) - green (Fluorescein ς 488nm) 

and complex I subunit (NDUFA13) - red (Rhodamine ς 546nm). (A) Shows a representative image of the 

double immunofluorescence. (B) Top panel shows muscle fibres selected for densitometry (n=100); 

lower panel shows the levels of COX-I and NDUFA13 in each muscle fibre. Selected muscle fibres (or 

ǇƭƻǘǘŜŘ Ǉƻƛƴǘǎύ ŘŜƳƻƴǎǘǊŀǘŜΥ άōƭǳŜέ ƴƻǊƳŀƭ /h·-L ŀƴŘ b5¦C!мо ŀōǳƴŘŀƴŎŜΣ άǊŜŘέΥ Řƻǿƴ-regulated 

COX-L ŀōǳƴŘŀƴŎŜΣ άƎǊŜŜƴέΥ Řƻǿƴ-regulated NDUFA13 abundance.   



65 

 

3.4.3.1.2 Preliminary data 

A selection of 100 muscle fibres were assessed in terms of COX-I and NDUFA13 levels and both 

ODCOX-I and ODNDUFA13 from individual fibres were plotted (Figure 3.14B). The scatterplot 

showed 3 distinct populations of muscle fibres, which was consistent with the judgement of 

ƛƳƳǳƴƻŦƭǳƻǊŜǎŎŜƴŎŜ ōȅ ŜȅŜΦ tƭƻǘǘŜŘ Ǉƻƛƴǘǎ ŦǊƻƳ άƘŜŀƭǘƘȅ ŀǇǇŜŀǊƛƴƎέ ƳǳǎŎƭŜ ŦƛōǊŜǎ όFigure 

3.14. ǘƻǇ ǇŀƴŜƭΥ ŦƻǊ ŜȄŀƳǇƭŜ ŦƛōǊŜǎ ƳŀǊƪŜŘ άонέΣ άуоέ ŀƴŘ άфнέύ ǿŜǊŜ ƭƛƴƛƴƎ ǳǇ ŀōƻǾŜ ǘƘŜ 

extracted linear regression (Figure 3.14B lower panel: blue plotted points); in these fibres,  

COX-I and NDUFA13 were strongly and positively correlated/associated in a 1 to 1 proportion 

(Figure 3.14B lower panel: linear regression - y= 1.105x+ 1.08, R2=0.9). By contrast plotted 

points from fibres appearing green (Figure 3.14. ǘƻǇ ǇŀƴŜƭΥ ŦƛōǊŜǎ ƳŀǊƪŜŘ άслέ ŀƴŘ άупέύ 

appeared plotted above the linear regression (Figure 3.14B lower panel: green plotted points); 

they presented 3 times less NDUFA13 than the expected, according to COX-I levels.  Similarly, 

plotted points from fibres appearing red (Figure 3.14. ǘƻǇ ǇŀƴŜƭΥ ŦƛōǊŜǎ ƳŀǊƪŜŘ άмтέ ŀƴŘ άолέύ 

appeared plotted below the linear regression (Figure 3.14B lower panel: red plotted points); 

these fibres presented 2 times less COX-I than the expected according to NDUFA13 level.   

This analysis was incomplete as the abundance of complex I and IV subunits were not 

normalised to the mitochondrial content. This could be leading to the under-estimation of 

mitochondrial dysfunction. For example, this approach did not discriminate between healthy 

fibres with unaffected complex I and IV and abnormal fibres with both COX-I and NDUFA13 

equally down-regulated to intermediate levels. Also it did not discriminate between fibres with 

no COX-I and normal NDUFA13 and fibres with no COX-I and intermediate NDUFA13 

abundance (Figure 3.14B: red fibres/ red plotted points).   

 

3.4.3.2 Triple fluorescence-based immunohistochemistry 

Triple immunofluorescence was performed in order to improve the assessment of 

mitochondrial respiratory chain components in individual muscle fibres. The third variable 

assessed, mitochondrial mass, was crucial to assess the relative levels of COX-I and NDUFA13.  
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3.4.3.2.1 Developing the objective classification 

A diaphragm muscle section obtained from aged control AC1 was assessed by triple 

immunofluorescence to detect COX-I (FITC - 488nm, green), NDUFA13 (Rhodamine - 546nm, 

red) and SDHA (Alexa fluor 647nm, blue) (Table 3.3) and the OD of each mitochondrial marker 

(ODCOX-I, ODNDUFA13 and ODSDHA) was measured in individual muscle fibres (imageJ) 

(Figure 3.15).  

ODCOX-I and ODNDUFA13 were plotted against each other (Figure 3.15B: top graph). The 

scatterplots showed a positive association between complex I and complex IV abundance. The 

estimated linear regression showed that COX-L ŀƴŘ b5¦C!мо ƛƴ άƘŜŀƭǘƘȅ ŀǇǇŜŀǊƛƴƎέ Ŧibres 

were moderately correlated in a 1.3 to 1 proportion, respectively (Figure 3.15B top graph: 

linear regression - y= 1.29x+ 3.17, R2=0.7). Moreover, the linear regressions from both ODCOX-

I and ODSDHA plot (Figure 3.15B: middle graph) and ODNDUFA13 and ODSDHA plot (Figure 

3.15.Υ ƭƻǿŜǊ ƎǊŀǇƘύ ǎƘƻǿŜŘ ǘƘŀǘΣ ƛƴ άƘŜŀƭǘƘȅ ŀǇǇŜŀǊƛƴƎέ ŦƛōǊŜǎΣ ōƻǘƘ /h·-I and NDUFA13 were 

positively correlated with SDHA. SDHA was associated in a 1 to 1 proportion with COX-I 

(y=0.93x + 0.53, R2=0.7) and in a 0.6 to 1 with NDUFA13 (y=0.61x + 0.30, R2=0.7).  

With the added mitochondrial mass variable, it was possible to distinguish between healthy 

fibres with normal complex I and IV (Figure 3.15B: grey plotted points) and abnormal fibres 

with both COX-I and NDUFA13 equally down-regulated (Figure 3.15B: orange plotted points). It 

was also possible to distinguish among fibres with absent COX-I (Figure 3.15B middle panel: 

red plotted points) those presenting normal, intermediate or absent NDUFA13 (Figure 3.15B 

lower panel: red plotted points). 

In order to investigate if ODCOX-I and ODSDHA could be used to calculate the percentage of 

COX protein levels, the ratio (ODCOX-I/ODSDHA)*100 (yielding COX-I/SDHA ratio) was 

calculated and muscle fibres were classified into one of the following classes: COX-I deficient 

όҖнр҈ /h·-I/SDHA ratio), int(-) (25%< COX-Lκ{5I! Ǌŀǘƛƻ ғрл҈ύ ŀƴŘ ƛƴǘόҌύ όрл҈Җ /h·-I/SDHA 

ratio <75%) and COX-I positive (COX-Lκ{5I! Ǌŀǘƛƻ җтр҈ύ ƎǊƻǳǇǎΦ CƻƭƭƻǿƛƴƎ ǘƘƛǎΣ ŦƛōǊŜǎ ǿŜǊŜ 

visually assessed.  

The objective classification based on the COX-I/SDHA ratio was in agreement with the 

subjective classification (visual classification, n=430 fibres) (Figure 3.16B). All fibres appearing 

COX-I deficient in triple immunofluorescence consistently showed a COX-I/SDHA ratio value 

lower than 25%. Similarly, fibres appearing normal always showed a COX-I/SDHA ratio higher 

than 75%. Unfortunately, fibres objectively classified as COX-I intermediate were more difficult 

to visually validate. 
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Figure 3.15: Complex I, II and IV protein abundance in aged diaphragm muscle.  

Triple immunofluorescence was performed in a muscle sections obtained from aged control AC1. 

Fluorescent detection was used to visualise: complex IV subunit I (COX-I) - green (Fluorescein ς 488nm), 

complex I subunit (NDUFA13) - red (Rhodamine ς 546nm) and complex II subunit A (SDHA) - blue (Alexa 

fluor 647nm). (A) Shows a representative image of the triple immunofluorescence. 430 muscle fibres 

were selected for densitometry. (B) The top graph plots ODCOX-I and ODNDUFA13 from individual 

muscle fibres, the middle graph plots ODCOX-I and ODSDHA, and the lower graph ODNDUFA13 and 

ODSDHA. Selected plotted points demonstrateΥ άǊŜŘέΥ Řƻǿƴ-regulated COX-L ŀōǳƴŘŀƴŎŜΣ άƻǊŀƴƎŜέΥ  

down-regulated COX-I and NDUFA13 abundance. 
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Figure 3.16. Objective classification of muscle fibres according to the COX-I/SDHA ratio.  

(A) Shows one of the selected areas of the triple immunofluorescence assessed by densitometry. (B) The 

table shows the subjective classification and objective classification based on the ratio between ODCOX-

I and ODSDHA measurements, from a sample of 19 fibres. The visual method categorized fibres into 

positive (pos), intermediate (int) and deficient (neg) fibres. The objective classification divided the fibres 

ōŜǘǿŜŜƴ п ƳŀƧƻǊ ŎƭŀǎǎŜǎΥ ǇƻǎƛǘƛǾŜ όǇƻǎΣ Ǌŀǘƛƻ җтр҈ύΣ ƛƴǘόҌύ  όрл҈Җ Ǌŀǘƛƻ ғтр҈ύΣ ƛƴǘό-) (25%< ratio <50%) 

and deficƛŜƴǘ όƴŜƎΣ нр҈Җ ǊŀǘƛƻύΦ ό/ύ .ŀǊ ƎǊŀǇƘ ǎƘƻǿǎ ǘƘŜ ǇŜǊŎŜƴǘŀƎŜ ƻŦ /h·-positive (beige), int(+) (light 

beige), int(-) (light blue) or deficient (blue) based on the COX-I/SDHA ratio (n=430). 
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3.4.3.2.2 Validation of the new method 

To investigate whether COX-I protein levels could be used to infer COX activity, COX/SDH 

histochemistry and triple immunofluorescence to detect COX-I (FITC - 488nm, green), 

NDUFA13 (Rhodamine - 546nm, red) and SDHA (Alexa fluor 647nm, blue) (Table 3.3) were 

performed in muscle sections obtained from a young disease control (DC1), an aged control 

(AC3) and a patient with a diagnosed mitochondrial disorder (P3) (Figure 3.17).  Only COX-I 

levels were validated since there is no histochemical assay to validate NDUFB8 levels against. A 

selection of fibres was objectively assessed based on COX/SDH histochemistry (COX/SDH ratio) 

and immunofluorescence (COX-I/SDHA ratio or NDUFA13/SDHA ratio).  

In both young disease and old control, the objective classification provided by the COX/SDH 

and COX-I/SDHA ratios presented slight differences (Figure 3.18A and B, left and middle bars). 

However, in the young disease control DC1 not all fibres assessed using COX/SDH 

histochemistry (n=306) were re-assessed using immunofluorescence (n=224); this was due to 

either lost areas (during cryostat sectioning) or folded areas. Also, in the old control AC2, the 

SDH histochemistry was not uniform across the section, with some areas more pale. These are 

believed to be tissue artefacts, and not a true decrease in SDH activity. By contrast, in patient 

P3 the objective classification provided by COX/SDH ratio (n=619) and COX-I/SDHA ratio 

(n=571) were in complete agreement (Figure 3.18C, left and middle bars). These results 

suggested that COX-I levels reflect COX activity, validating its use to infer mitochondrial 

respiratory chain dysfunction.  

This new method allowed quantification of the level of complex IV and I dysfunction in single 

muscle fibres (Figure 3.18, middle bars). The mitochondrial patient showed the highest 

accumulation of muscle fibres with down-regulated COX-I (25.5% abnormal fibres, 18.2% 

deficient fibres, n=571) followed by the aged control (15.4% abnormal fibres, 5.8% deficient 

fibres, n=481) and the young disease control (0.4% abnormal fibres: all int(+), n=224) (Figure 

3.18A, right bar). A similar trend was observed for complex I (Figure 3.18, right bars): the 

mitochondrial patient showed the highest percentage of fibres with down-regulated NDUFA13 

(49% of abnormal fibres, 13.6% of deficient fibres, n=571, Figure 3.18C right bar), followed by 

the aged control (58.3% of abnormal fibres, 3.4% deficient fibres, n= 481, Figure 3.18B, right 

bar) and the young disease control (2.7% abnormal fibres: all int(+), n=224, Figure 3.18A, right 

bar) (Figure 3.18). 
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Figure 3.17. Comparing COX/SDH histochemistry with complex I, II and IV protein abundance in young, 

aged and diseased skeletal muscle.  

COX/SDH histochemistry and triple immunofluorescence were performed in serial muscle sections 

obtained from young DS1, aged control 3 and patient P3. Fluorescent detection was used to visualise: 

complex IV subunit I (COX-I) - green (Fluorescein ς 488nm), complex I subunit (NDUFA13) - red 

(Rhodamine ς 546nm) and complex II subunit A (SDHA) ς blue (Alexa fluor 647nm). DC1 is a paediatric 

control and therefore presents a reduced fibre size.  
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Figure 3.18. Objective classification of fibres based on COX/SDH histochemistry and COX-I/SDHA and 

NDUFA13/SDHA immunodetection in young, aged and diseased skeletal muscle.   

COX/SDH histochemistry and triple immunofluorescence were performed in serial muscle sections 

obtained from (A) young disease control (DC1), (B) aged control 3 (AC3) and (C) patient (P3). Graphs 

show the classification results from the objective classification based on COX/SDH ratio (left bars) and 

objective classification based on COX-I/SDHA (middle bar) and NDUFA13/SDHA (right bar) ratios. Fibres 

were classified into COX (activity/protein level) positive (beige), int(+) (light beige), int(-) (light blue), and 

deficient (blue) groups. 

 

One surprising finding was the amount of fibres with intermediate NDUFA13 levels in the old 

control; this raised a concern: whether or not this down-regulation was real. In fact, the 

exposure time used to image NDUFA13 channel was extremely high and this channel showed a 

high level of background noise. This could account for the abnormally high complex I 

deficiency noted for this older adult, highlighting the need for further optimisation.  

 

3.4.3.3 Optimising triple fluorescence-based immunohistochemistry  

To optimise the assessment of mitochondrial respiratory chain components in individual 

muscle fibres, a triple immunofluorescence detecting COX-I and other mitochondrial markers, 

NDUFB8 and porin, was performed. NDUFB8 antibody binds its epitope with a higher affinity 

than NDUFA13, providing stronger signal; porin is a voltage-gated ion channel located in the 

outer mitochondrial membrane (Mannella, 1998), and it is commonly used to assess the 

overall mitochondrial mass (Mahad et al., 2009, Grunewald et al., 2014). 
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3.4.3.3.1  New mitochondrial markers 

A diaphragm muscle section obtained from aged control AC1 (a serial section from that shown 

in Figure 3.15) was assessed using triple immunofluorescence to detect COX-I (FITC - 488nm, 

green), NDUFB8 (Rhodamine - 546nm, red) and porin (Alexa fluor 647nm, blue) (Table 3.3) and 

the OD of each mitochondrial marker (ODCOX-I, ODNDUFB8 and ODporin) was measured in 

individual muscle fibres (imageJ) (Figure 3.19).  

ODCOX-I and ODNDUFB8 were plotted against each other (Figure 3.19: top graph). The 

scatterplot showed (as previously with NDUFA13) a positive association in άƘŜŀƭǘƘȅ ŀǇǇŜŀǊƛƴƎέ 

fibres; COX-I and NDUFB8 were moderately correlated in a 1.3 to 1 proportion, respectively 

(Figure 3.19, top graph:  y= 1.319x+ 0.195, R2=0.6). Moreover, both COX-I and NDUFB8 in 

άƘŜŀƭǘƘȅ ŀǇǇŜŀǊƛƴƎέ ŦƛōǊŜǎ ǿŜǊŜ ǇƻǎƛǘƛǾŜƭȅ ŎƻǊǊŜƭŀǘŜŘ ǿƛǘƘ ǇƻǊƛƴΥ ƛƴ ŀ о ǘƻ н ǇǊƻǇƻǊǘƛƻƴ ŦƻǊ 

COX-I (Figure 3.19, middle graph: y=1.500x, R2=0.7) and 1 to 1 for NDUFB8 (Figure 3.19, lower 

graph: y=1.0695x, R2=0.6). These results confirmed therefore that NDUFB8 antibody is stronger 

and provides better signal than NDUFA13 antibody.  

To also validate the use of porin as a mitochondrial mass marker, matching fibres in COX-I, 

NDUFA13 and SDHA immunofluorescence (Figure 3.15) and COX-I, NDUFB8 and porin 

immunofluorescence (Figure 3.19) were first identified (Figure 3.20A and B). Following 

identification, their ODSDHA and ODporin were plotted together. The scatter of plotted points 

showed that porin was strongly correlated with SDHA, in a 2 to 1 proportion (Figure 3.20C, 

y=0.490x, R2=0.8), confirming that porin can be used to infer about the overall mitochondrial 

mass in muscle fibres.  

Consequently, the objective assessment of complex IV provided by the COX-I/SDHA ratio 

(normal: 83.7%, int(+): 8.6%, int(-): 2.1% and deficient= 5.6%) and the COX-I/porin ratio 

(normal: 88.0%, int(+): 3.0%, int(-): 4.0% and deficient= 5.0%) were not significantly different (Z 

test for two populations proportions, p<0.05). However, the objective assessment of complex I 

showed marked differences, especially among the normal and intermediate groups. The 

objective classification based on the NDUFA13/SDH ratio (normal: 10.7%, int(+): 73.4%, int(-): 

12.4% and deficient: 3.5%) over-estimated mitochondrial dysfunction when compared to the 

objective classification based on the NDUFB8/porin ratio (normal: 88.0%, int(+): 4.0%, int(-): 

6.0% and deficient: 2.0%).  
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Figure 3.19. Complex I, complex IV and porin protein abundance in aged diaphragm muscle. 

Triple immunofluorescence was performed in a muscle sections obtained from aged control AC1. 

Fluorescent detection was used to visualise: complex IV subunit I (COX-I) - green (Fluorescein ς 488nm), 

complex I subunit (NDUFB8) - red (Rhodamine ς 546nm) and porin - blue (Alexa fluor 647nm). (A) Shows 

a representative image of the triple immunofluorescence. 200 muscle fibres were selected for 

densitometry. (B) Top graph plots ODCOX-I and NDUFB8 from individual muscle fibres, middle graph 

plots ODCOX-I and ODporin, and lower graph ODNDUFB8 and ODSDHA. 
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Figure 3.20. Correlation between SDHA and porin.  

Triple immunofluorescence against (A) NDUFA13, COX-I and SDHA and (B) NDUFB8, COX-I and porin was 

performed in serial diaphragm muscle sections obtained from aged control AC1. (C) Graph plots the 

ODporin and ODSDHA measured in matching fibres (n=33). (D) Graphs show the classification results 

based on COX-I/SDHA and NDUFA13/SDHA (left double bars) and based on COX-I/porin and 

NDUFB8/SDHA (right bar) ratios. Fibres were classified into positive (beige), int(+) (light beige), int(-) 

(light blue), and deficient (blue) groups. 

 

These results showed that NDUFB8 provided more signal than NDUFA13, when using the same 

exposure time (6.0s, Table 3.5). Also, they showed that porin provided more signal than SDHA, 

since SDHA required a longer exposure time than porin (5.0s to image SDHA and 2.4s to image 

porin).  Still, the exposure times used remained high, especially for the NDUFB8 and porin 

channels. 

 

Table 3.5. Exposure times used to image the different channels 

Channel Primary antibody Exposure time Primary antibody Exposure time 

FITC (488nm) COX-I 1.7s COX-I 1.7s 

Rhodamine (546nm) NDUFA13 6.0s NDUFB8 6.0s 

Cy (647nm) SDHA 5.0s porin 2.4s 
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3.4.3.3.2 New combination of secondary antibodies 

Experimental optimisations were undertaken to decrease the exposure times needed to image 

the different channels and still achieve an acceptable signal (especially for NDUFB8 and porin 

channels). Serial diaphragm muscle sections obtained from aged control AC1 were assessed in 

terms of triple immunofluorescence, but different combinations of primary and secondary 

antibodies were used to detect COX-I, NDUFB8 and porin, as follows: 

1. Combination 1: Alexa fluor488: NDUFB8, Alexa fluor 546: COX-I,  Alexa fluor 633: porin 

2. Combination 2: Alexa fluor 488: porin, Alexa fluor 546: NDUFB8, Alexa fluor 647: COX-I 

All dyes (used so far) were replaced by the equivalent Alexa fluor (Table 3.3). These produce 

greater fluorescent output and are more photostable than the other spectrally similar 

conjugates. The concentration of the secondary antibodies was changed from 1:300 to 1:200, 

and sections were incubated for 2h at RT (instead of 1h). Also, muscle sections were pre-

incubated with 5%NGS (instead of 1%NGS) for 1h at RT (instead 30min). One source of 

background signal is the non-specific binding of secondary antibodies to endogenous Fc 

receptors, therefore increasing the concentration and time of the protein block helps reducing 

unwanted background. Finally, all images were acquired at 20x instead of 10x. When using a 

higher magnification, the amount of light that penetrates through the objective is higher, 

therefore, the exposure time needed to obtain an optimal fluorescence, decreases.  

The four changes made to the protocol had a positive impact on the exposure times needed to 

image sections (Figure 3.21: left and middle collumns). For example, the exposure time used 

for the 488nm channel was reduced from 1.7s to 300-500 ms. Furthermore, it was observed 

that the lowest exposure time needed to image NDUFB8 channel was achieved when the 

primary antibody was coupled with Alexa fluor 546 (ET(Alexa fluor 488)= 480ms; ET(Alexa fluor 

546)= 180ms, Figure 3.21). Similarly, an acceptable exposure time to image porin was achieved 

when it was coupled with Alexa fluor 488 (ET(Alexa fluor 488)= 320ms; ET(Alexa fluor 647)= 

3100ms, Figure 3.21).  

The combination 2 tested (when COX-I, NDUFB8, porin were couple with Alexa fluor 647, 546 

and 488 respectively) showed that the secondary antibody providing the weakest signal was 

Alexa fluor 647. A final optimisation was hence performed to amplify COX-I signal, using the 

complex biotin/streptavidin method. Briefly, streptavidin is a purified protein from 

Streptomyces avidinii bacteria which presents strong affinity (4 binding sites) to bind vitamin 

biotin. In this indirect method, a biotinylated secondary antibody links the primary antibody 

and streptavidin conjugated with 647 fluorophore.  
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Figure 3.21 Optimisation undertaken to decrease the exposure times needed to image the different 

channels (20x). 

Triple immunofluorescence detecting COX-I, NDUFB and porin was performed in serial diaphragm 

muscle sections obtained from aged control AC1. Different combinations of primary and secondary 

antibodies were tested. Combination 1: NDUFB8/Alexa fluor 488 (green), COX-I/Alexa fluor 546 (red), 

porin/Alexa fluor 633 (purple). Combination 2: porin/Alexa fluor 488 (green), NDUFB8/Alexa fluor 546 

(red), COX-I/Alexa fluor 647 (purple). Combination 3: porin/Alexa fluor 488 (green), NDUFB8/Alexa fluor 

546 (red) and COX-I/biotin/Streptavidin 647 (purple). For this particular experiment, slides were 

counter-stained with DAPI. 
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Since several streptavidin proteins can bind biotin, this complex offers signal amplification. A 

serial diaphragm muscle section obtained from aged control AC1 was assessed using triple 

immunofluorescence detecting porin (Alexa fluor 488, green), NDUFB8 (Alexa fluor 546, red) 

and COX-I (biotin/Streptavidin 647). The protocol incorporated the previous optimisation with 

the following changes: the first incubation with secondary antibodies (Alexa fluor 488, Alexa 

fluor 546, biotinylated antibody) for 2h at RT and the second incubation with only Streptavidin 

conjugated with 647 for 1h at RT (Table 3.3) (Figure 3.21, right column: combination 3).In 

combination 2, the exposure time needed to image COX-I (ET=900ms) was almost threefold 

higher than the exposure time set to image porin (ET=320ms) (Figure 3.21 middle column).  By 

contrast, in combination 3, the exposure time needed to image COX-I (ET=440ms) was lower 

than the exposure time set to image porin (ET=520ms) (Figure 3.21 right column). These 

results showed that the amplification of COX-I using the complex biotin/streptavidin proved to 

be efficient and lowered the exposure time needed to reach optimal fluorescence of COX-I 

signal. 

 

3.5 Discussion 

Mitochondrial defects are often challenging to quantify. The common mosaic pattern of 

deficiency restricts the use of several techniques to COX/SDH histochemistry and 

immunohistochemistry. This chapter highlights the problems associated with these assays and 

describes the development of a novel method to objectively assess mitochondrial respiratory 

chain function in individual muscle fibres.   

 

3.5.1 Challenges of COX/SDH histochemistry 

In order to quantify mitochondrial dysfuntion in the ageing skeletal muscle, different muscles 

obtained from healthy aged individuals were investigated for the activity and abundance of 

mitochondrial respiratory chain components. Consistent with previous studies (Cooper et al., 

1992), all muscles showed some level of mitochondrial dysfunction with both complexes I and 

IV affected. Interestingly, different muscles showed different degrees of mitochondrial 

pathology and different patterns. For example diaphragm muscle from aged control AC3 

showed higher levels of mitochondrial deficiency than psoas or biceps. Also, deficiency in 

individual muscle fibres was either isolated (preserved NDUFB8 and down-regulated COX-I or 

preserved COX-I and down-regulated NDUFB8) or combined (both complexes down-

regulated).   
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Whilst assessing mitochondrial function in these muscle samples, it became apparent that the 

methods used to assess mitochondria in human muscle sections had several limitations. For 

example, around 20% of muscle fibres had isolated complex I deficiency. These were not 

detected in COX/SDH histochemistry but were only identified using NDUFB8 

immunohistochemistry. These results highlighted the importance of assessing complex I 

together with complex IV in order to have a real overview of the overall mitochondrial 

deficiency.  

!ƭǎƻΣ Ǿƛǎǳŀƭ ŎƭŀǎǎƛŦƛŎŀǘƛƻƴ ǎƘƻǿŜŘ ŀ ŘŜƎǊŜŜ ƻŦ ǎǳōƧŜŎǘƛǾƛǘȅΦ ¢ƘŜ ōƻǳƴŘŀǊƛŜǎ ōŜǘǿŜŜƴ άƴƻǊƳŀƭέΣ 

άƭƻǿέ ƻǊ άŀōǎŜƴǘέ ŀŎǘƛǾƛǘȅκƭŜǾŜƭǎ ƎǊƻǳǇǎ ŀǊŜ ŘƛŦŦƛŎǳƭǘ ǘƻ ŜǎǘŀōƭƛǎƘ ŀƴŘΣ ƛƴŜǾƛǘŀōƭȅΣ ǘƘŜȅ ŎƘŀƴƎŜ 

between days or even between sections. This intra-observer variability also arises from tissue-

specific artefacts (such as uneven labelling) and limitations of the human eye. Indeed when 

two investigators visually assessed the same fibres reacted for COX/SDH, classification results 

differed markedly.  The investigators counted the same number of cells in the COX positive 

group. However, a higher inter-variability was detected for the middle and lower categories, 

suggesting higher mis-classifications in these groups. Also, both investigators were internally 

inconsistent, over- and under-estimating mitochondrial dysfunction in samples from different 

patients.  

Lastly, visual classification also showed some inaccuracy. A significant proportion of muscle 

fibres showed contradictory results between COX/SDH histochemistry and COX-I 

immunohistochemistry. For example some fibres demonstrated intermediate or absent COX 

activity and preserved COX-I levels. These inconsistencies could result from incorrect visual 

assessment of muscle fibres due to incapacity of human eye to detect subtle colour changes 

(while judging the activity or levels of complex IV). Alternatively, they could result from the use 

of serial muscle sections. Since COX respiratory chain deficiency is segmental (Matsuoka et al., 

1992, Elson et al., 2002, Murphy et al., 2012), the analysis of serial sections might be 

confounded by the changes in enzyme activity and levels along fibre length. Regardless of the 

underlying cause, these results showed that visual assessment and the use of serial sections 

were leading to wrong classification of fibres.  

 

3.5.2 The objective classification based on COX/SDH histochemistry 

The unreliable and biased results from visual classification stressed the importance of 

developing an objective and quantitative method to determine COX activity in single fibres. 

Murphy et al. had developed a method to determine objectively the respiratory status of 
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muscle fibres (Murphy et al., 2012). However, this method is limited by several disadvantages. 

It is subject to inaccurate inference (Taylor and Levenson, 2006) due to the changing 

biochemical profile along the fibre length. It is also time consuming as individual muscle fibres 

have to be identified manually in each of the three tissue sections used. Additionally, the 

respiratory status value is not compared to a group of positive fibres, or a control group. 

Therefore, the intensities of individual COX and SDH histochemistry may vary between cases 

(due to tissue history, or uneven precipitation of chromogens (Choudhury et al., 2010)) shifting 

the boundaries between normal and abnormal profiles.  Finally, the respiratory status does not 

discriminate the individual levels/activity of complex I and complex IV.  

To overcome the above limitations, a new assay was developed to assess mitochondrial 

respiratory chain deficiency. This approach used just COX and SDH intensity measurements to 

determine the relative percentage of COX activity in single muscle fibres. ODCOX and ODSDH 

were corrected for the background noise and normalised to internal controls (the ODCOX and 

ODSDH of normal appearing fibres). This normalisation approach has been used previously in 

other research fields and it takes advantage of reference structures present in the biological 

sample (Ronneberger et al., 2008). Different muscle biopsies were assessed in order to 

evaluate which method - COX/SDH ratio or difference SDH-COX - was more reliable 

determining COX activity in individual muscle fibres. Results showed that the COX/SDH ratio 

was more accurate in classifying correctly fibres than the SDH-COX difference; the 

classification provided by the ratio agreed closely with visual classification (quantified as scores 

άмέύ ŀƴŘ ǎƘƻǿŜŘ ƭŜǎǎ ŦŀƭǎŜ ŎƭŀǎǎƛŦƛŎŀǘƛƻƴǎ όǉǳŀƴǘƛŦƛŜŘ ŀǎ ǎŎƻǊŜǎ ά-мέύΦ ¢ƘŜǎŜ ǊŜǎǳƭǘǎ 

demonstrated that the new objective classification allows accurate classification of fibres.  

 

3.5.3 The objective classification based on immunofluorescence 

The previous objective assessment improved the classification of muscle fibres, but still 

presented some lacunas, such as the lack of complex I assessment and the use of 2 serial 

sections. In order to overcome these, the use of a similar quantitative approach for protein 

levels was explored, using fluorescence-based immunohistochemistry.  This approach presents 

several advantages. It allows multiple labelling using a single muscle section, avoiding the 

concerns associated with the use of serial sections: changing biochemical profile, time 

consuming analysis and variability in intensity across muscle sections due to variations in 

muscle slice thickness (due to un-even cutting) (Taylor and Levenson, 2006).  Also, the image 

analysis is performed in an image stack (with the different channels superimposed). Therefore, 



80 

 

the region of interest delimiting fibres is the same for the different complexes investigated, 

and image analysis is largely simplified.  

Given these advantages, double immunofluorescence was initially performed in order to 

assess complex I and IV levels simultaneously in individual muscle fibres. However, the 

importance of additional labelling of fibres with a mitochondrial mass marker became rapidly 

evident. This labelling is crucial to assess complex I and IV levels relative to the amount of 

mitochondria and differentiate fibres with normal complexes levels from those with down-

regulated levels. In order to validate the use of COX-I as a marker for assembled/functional 

complex IV, objective classifications using COX/SDH histochemistry and COX-I/SDHA were 

compared in three muscle samples: a young disease control, an aged control and a patient 

with known mitochondrial disease. Both COX/SDH and COX-I/SDHA ratio provided the same 

results when no uneven labelling was detected across muscle sections. This positive 

correlation between COX activity and COX-I immunoreactivity is consistent with previous 

studies showing a selective and restricted loss of COX-I abundance in COX deficient fibres 

(Oldfors et al., 1992, Rahman et al., 2000, Mahad et al., 2009).  

Furthermore, the assessment of these three muscle biopsies confirmed the sensitivity of the 

triple immunofluorescence assay. Assuming that somatic mutations in mtDNA accumulate with 

age, this assay should not detect any COX deficient fibres in the young disease control. By 

contrast a small proportion was expected to be detected in the aged control, and a higher 

proportion in the patient. The results were in line with this. The young disease control did not 

present any fibres with down-regulated COX-I levels whereas the aged control and the patient 

demonstrated 15% and 26% of fibres with down-regulated levels, respectively. In terms of 

complex I, there is no histochemical assay available to validate the use of NDUFB8 as a marker 

for functional complex I. However, it has been extensively used by others as a marker of 

assembled complex I (Perales-Clemente et al., 2010; Murphy et al., 2012). Finally, the use of 

porin as a marker of the overall mitochondrial mass was validated by showing that SDHA and 

porin were strongly and positively correlated (R2=0.8).  

Finally, it is important to mention some concerns regarding the objective classification based 

on protein levels. In this approach, measurements were not normalised to internal controls (as 

performed for objective assessment based on COX/SDH histochemistry) though the objective 

classification based on COX-I/SDHA agreed entirely with visual classification. Also, the 

exposure times for image acquisition were adjusted to each case limiting the comparison 

between cases. This highlighted the need of further optimisation and refinement of the 

objective classification. 
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Chapter 4. Optimising the no vel assay to become a reliable high -

throughput and computer -based tool  

 

4.1 Introduction  

The replacement of observer-based qualitative assessment by computer-based quantitative 

assessment is increasing in many fields (cancer, neurology, muscle and many other) (Ellis et al., 

2005, Taylor and Levenson, 2006, Arechavala-Gomeza et al., 2010, Kodiha et al., 2011). 

Computer-based quantification presents major advantages: it avoids human subjectivity by 

eliminating intra and inter-observer variation and allows higher accuracy and consistency 

(Thomson et al., 2001, Kloppel et al., 2008, Rizzardi et al., 2012, Alvarenga et al., 2013).  

The novel method to assess mitochondrial function in muscle sections introduced in the 

previous chapter requires further optimisation to become a computer-based quantitative tool. 

A specific cell membrane marker has to be included in the immunohistochemical protocol in 

order to automate the detection of individual muscle fibres in tissue sections by imaging 

software. Several groups have adopted a similar approach by labelling sub-plasmalemmal 

proteins such as spectrin (Arechavala-Gomeza et al., 2010, Taylor et al., 2012) or dystrophin 

(Mula et al., 2013) and using variety of imaging software platforms (Briguet et al., 2004, 

Arechavala-Gomeza et al., 2010, Taylor et al., 2012).  

Furthermore, objective classification of fibres necessitates refinement. In certain 

mitochondrial conditions a mosaic pattern of mitochondrial defect is observed, where 

dysfunctional cells coexist with their healthy counterparts containing normal levels of COX-I 

and NDUFB8. This mosaicism allowed normalization of individual OD measurements to 

άƛƴǘŜǊƴŀƭ ǇƻǎƛǘƛǾŜ ŎƻƴǘǊƻƭǎέ όŦƛōǊŜǎ ŀǇǇŜŀǊƛƴƎ ƘŜŀƭǘƘȅΣ ŀǎ ǇǊŜǾƛƻǳǎƭȅ ŘŜǎŎǊƛōŜŘ ƛƴ ŎƘŀǇǘŜǊ о ŦƻǊ 

the objective assessment based on COX/SDH histochemistry) (Ronneberger et al., 2008). In 

other conditions, however, muscle tissue shows wide-spread mitochondrial deficiency and 

normal fibres are absent. This stresses the importance of comparing patients and elderly 

individuals to a young control group.  
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4.2 Aim 

The aims of this chapter were to:  

1. Semi-automate image analysis, 

2. Refine the objective assessment of individual muscle fibres,  

3. Validating the novel assay by demonstrating it is reliable and reproducible. 

 

4.3 Methods  

4.3.1 Cohort clinical characteristics 

Archived frozen muscle specimens derived from healthy controls, disease controls and twelve 

patients with clinically and genetically-characterised mitochondrial disease of either mtDNA or 

nuclear genetic origin were used. Table 4.1 summarises relevant clinical information. The 

healthy control samples were obtained during orthopaedic surgery; the five disease controls 

were previously investigated for suspected neuromuscular disease but showed normal muscle 

histology, oxidative enzyme histochemistry and normal respiratory chain biochemical activities 

(Kirby et al., 2007). Patients P1, P12 and P11 were chosen as they harboured a specific (nuclear 

or mitochondrial) genetic defect affecting extensively either respiratory chain complex IV or I 

(P1 and P2) or both (P11). Remaining patients harboured single large-scale mtDNA deletion, 

multiple deletions (due to a mutation in a nuclear gene involved in mtDNA maintenance) or 

point mutations in mitochondrial encoded tRNAs. These patients were selected because they 

all (except P8 and P9) exhibited a clear mosaic pattern of COX deficiency in muscle tissue. 

 

4.3.2 Cryo-sectioning 

Serial sections (10µm thickness) from transversely orientated muscle blocks were obtained as 

previously described in section 2.2.3 from chapter 2. 

 

4.3.3 COX/SDH histochemistry 

Individual and combined COX/SDH histochemistry was carried out according to the protocol 

described in section 2.2.5 from chapter 2.  
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Table 4.1. Clinical information from subjects included in this study 

Subjects Gender Age Genetic defect Histochemical findings Biopsy type 

Healthy controls 

HC1 Female 20y n.r. Normal enzyme histochemistry Surgery 

HC2 Male 21y n.r. Normal enzyme histochemistry Surgery 

Disease controls 

DC1 Male 4y n.r. Normal enzyme histochemistry Diagnostic 

DC2 Male 18y n.r. Normal enzyme histochemistry Diagnostic 

DC3 Female 20y n.r. Normal enzyme histochemistry Diagnostic 

DC4  22y n.r. Normal enzyme histochemistry Diagnostic 

DC5 Female 38y n.r. Normal enzyme histochemistry Diagnostic 

Patients with known mutations affecting complex I and IV 

P1 Male 1y 
Compound heterozygous 
LRPPRC mutations;  

Global COX deficiency Diagnostic  

P2a Male 20y 
m.4175G>A (p.Trp290*)  
MT-ND1 mutation; 

COX-positive, RRF Diagnostic 

Patients accumulating (single or multiple) mtDNA deletions 

P3 Female 39y 
single, large-scale mtDNA 
deletion; 

15% COX deficient fibres, 4% RRF Diagnostic 

P4b Female 43y multiple mtDNA deletions;  >40% COX deficient fibres/RRF Diagnostic 

P5 Male 47y multiple mtDNA deletions;  25% COX deficient fibres, 8% RRF Diagnostic 

P6# Male 60y multiple mtDNA deletions;  20% COX deficient fibres, 7% RRF Diagnostic 

Patients with point mutations in mitochondrial encoded tRNAs 

P7 Female 25y 
m.3243A>G MT-TL1 
mutation; 

20% COX deficient, 8% RRF Diagnostic 

P8# Female 40y 
m.3243A>G MT-TL1 
mutation; 

>30% COX deficient, 10% RRF; 
also COX positive RRF 

Diagnostic 

P9# Male 53y 
m.3243A>G MT-TL1 
mutation; 

45% COX deficient fibres, 20% 
RRF 

Diagnostic 

P10c Female 13y 
m.5690A>G MT-TN 
mutation; 

13% COX deficient, 5% RRF Diagnostic  

P11 Female 18y Novel MT-TP mutation;  
98% COX deficient, SDH-positive 
fibres 

Diagnostic 

P12 Male 33y 
m.10010T>C MT-TG 
mutation; 

>90% COX deficient fibres Diagnostic 

Key: age = age when biopsied; y = years old; mtDNA = mitochondrial DNA; PEO = progressive external 

ophthalmoplegia; CPOE = chronic CPEO; BMI = body mass index; RRF: ragged-red fibres, n.r.: not relevant; 
a,b,c,dpublished cases: aGorman et al. (2015) in press, bP20 in Pitceathly et al. (2012), cP3 in Blakely et al. (2013); 
#cases assessed in chapter 3: current P6, P8 and P9 were P3, P1 and P2, respectively. 
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4.3.4 Fluorescence-based immunohistochemistry 

Fluorescence-based immunohistochemistry (detecting NDUFB8, COX-I, porin and laminin -h1) 

(Table 4.2) was carried out according to the protocol described in section 3.3.4.2 from chapter 

3, with minor changes highlighted in bold: 

Following fixation and permeabilisation, sections were blocked with 5% NGS for 1h at RT and 

then incubated with a primary antibody cocktail (Table 4.2). Subsequently, the sections were 

incubated with a secondary antibody cocktail for 2h at RT (anti-rabbit IgG Alexa fluor 405, 

anti-mouse IgG2b Alexa fluor 488, anti-mouse IgG1 Alexa fluor 546, and anti-mouse IgG2a 

biotinylated antibody, (Table 4.2)) following a final incubation with streptavidin 647 for 1h at 

RT (Table 4.2)). Sections were washed in TBST and mounted in Vectashield hard set mounting 

medium (Vector laboratories).  

 

Table 4.2 Primary and secondary antibodies used for immunofluorescence 

Antibodies Host Dilution Company (Product number) 

Primary antibodies 
  

 

MTCOI (IgG2a) Mouse 1:100 Abcam (Ab14705) 

NDUFB8 (IgG1) Mouse 1:100 Abcam (Ab110242) 

Porin (IgG2b) Mouse 1:100 Abcam (Ab14734) 

Laminin h -1 (rabbit IgG polyclonal) Rabbit 1:50 Sigma-Aldrich (L9393) 

    

Secondary antibodies    

Anti-rabbit IgG Alexa fluor 405nm Goat 1:50 Life Technologies (A31556) 

Anti-mouse IgG2b Alexa fluor ς 488nm Goat 1:200 Life Technologies (A21141) 

Anti-mouse IgG1 Alexa fluor ς 546nm Goat 1:200 Life Technologies (A21123) 

Anti-mouse IgG2a Biotin Goat 1:200 Life Technologies (M32315) 

Anti-mouse IgG2a Alexa fluor ς 488nm Goat 1:200 Life Technologies (A21131) 

Anti-mouse IgG2b Alexa fluor ς 546nm Goat 1:200 Life Technologies (A21143) 

Anti-mouse IgG1 Biotin Goat 1:200 Jackson IR Lab (115-065-205) 

Streptavidin ς 647nm Goat 1:100 Life Technologies (S31556) 

Key: Jackson IR Lab: Jackson ImmunoResearch Laboratories 

 

4.3.5 Imaging 

Brightfield and fluorescent images were acquired at 20x magnification using Zeiss Microscope 

(see section 2.2.7  from chapter 2).  
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4.4 Results 

4.4.1 Automation of image analysis 

In order to simplify image analysis and accelerate assessment of mitochondrial respiratory 

chain dysfunction in individual muscle sections, a policlonal antibody detecting laminin h -1 was 

included in the immunohistochemical protocol.  As laminin is a major glycoprotein of the 

basement membrane (Sanes, 1982), its labelling marked the boundaries of individual muscle 

fibres and allowed automated object recognition by the imaging software IMARIS. To develop 

the new image analysis protocol using IMARIS, a section from patient P6 was labelled with a 

cocktail of antibodies recognising COX-I (biotin/streptavidin 647, purple), NDUFB8 (Alexa fluor 

546, red), porin (Alexa fluor 488, green) and ƭŀƳƛƴƛƴ ʰ-1 (Alexa fluor 405, white) (Figure 4.1A).  

Images acquired using a fluorescent microscope were opened in IMARIS as 16-bit czi files and 

segmentation was performed in order to detect individual muscle fibres (Figure 4.1B). 405 

channel (labelling ƭŀƳƛƴƛƴ ʰ-1) was corrected for background noise using the option 

άōŀŎƪƎǊƻǳƴŘ ǎǳōǘǊŀŎǘƛƻƴέ όFigure 4.1 B1-B2). A first surface was created over 405 channel 

(Figure 4.1 B3-B4) and laminin was masked (Figure 4.1 B5).  Following this, a second surface 

was created based on the masked 405 channel. As a result, multiple surfaces were formed 

over individual muscle fibres (Figure 4.1 B26). Unwanted areas were removed in a filtering step 

(Figure 4.1 B7), but an area of the section devoid of fibres was sampled (in order to measure 

the background). The mean intensity of 488, 546 and 647 nm channels from individual muscle 

fibres (ODCOX-I, ODNDUFB8 and ODporin) and the area devoid of fibres (OD488, OD549 and 

OD647) were automatically measured in a scale ranging from 0 (brightest pixels) to 65,535 

(darkest pixels) intensity units (Figure 4.1 B8). For each muscle fibre ODCOX-I, ODNDUFB8 and 

ODporin were corrected for background signal by subtracting the mean OD647, OD546 and 

OD488, respectively. 

 

4.4.2 Classification of fibres using COX-I/porin and NDUFB8/porin ratios  

In order to develop an objective classification based on standard deviation limits, quadruple 

immunofluorescence was performed in muscle sections obtained from four disease controls 

(DC1, DC3, DC4 and DC5) and three patients (P1, P2 and P11) (Figure 4.3). These patients were 

selected for the following reasons: P1 showed isolated and wide-spread complex IV deficiency, 

P2 showed isolated and wide-spread complex I deficiency and P11 combined complex I and IV 

deficiencies. The ODCOX-I, ODNDUFB8 and ODporin were measured, corrected (subtracting 
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the background as described above) and the ratios (ODCOX-I/ODporin)*100 (yielding COX-

I/porin ratio) and (ODNDUFB8/ODporin)*100 (yielding NDUFB8/porin ratio) were calculated. 

 
 

 
Figure 4.1 Image analysis using IMARIS software.  

(A) Representative images of quadruple immunofluorescence detecting COX-I, NDUFB8, porin and 

ƭŀƳƛƴƛƴ ʰ-1. (B) Representative screenshots showing main steps of segmentation: (1) Images were 

opened on IMARIS software as 16-bit czi files (2) Background noise of 405 channel was removed using 

άōŀŎƪƎǊƻǳƴŘ ǎǳōǘǊŀŎǘƛƻƴέ ǘƻƻƭ ŀƴŘ ǘƘŜ ƛƴǘŜƴǎƛǘȅ ƻŦ ƭŀƳƛƴƛƴ ǎƛƎƴŀƭ ǿŀǎ ƛƴŎǊŜŀǎŜŘ ƳŀƴǳŀƭƭȅΦ όо-4) A first 

surface was created over 405 channel and used to create a (5) laminin mask. (6) A second surface was 

created over the masked 405 channel thereby filling the area of muscle fibres. (7) Using edit tool bar, 

unwanted areas such as background were removed. (8) The software measures automatically the 

optical density of the different channels in each muscle fibre. 
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Figure 4.2 Representative images of complex I and IV levels in skeletal muscle sections from controls 

and patients.  

Quadruple immunofluorescence was performed in muscle sections and fluorescent detection was used 

to visualise: COX-I ς purple (biotin/streptavidin 647nm), NDUFB8 ς red (Alexa fluor 546nm), porin ς 

green (Alexa fluor 488nm) and ƭŀƳƛƴƛƴ ʰ-1 ς white (Alexa fluor 405nm). Representative images of 

respiratory-normal tissue (disease controls DC1, DC3, DC4 and DC5) and mitochondrial deficiency:  

compound heterozygous LRPPRC mutations (P1, widespread complex IV deficiency), m.4175G>A MT-

ND1 mutation (P2, widespread complex I deficiency), and a novel MT-TP mutation (P11, widespread 

complex I and IV deficiency). 
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4.4.2.1 Control population 

The control group was created by combining data from all control muscle fibres DC1 (n=447), 

DC3 (n=252), DC4 (n=318) and DC5 (n=289). The distribution of COX-I/porin was approximately 

symmetric (skewness = 0.37) but the distribution of NDUFB8/porin was right skewed 

(skewness = 1.1) (Figure 4.3 A and B: left graphs) and none of the distributions passed the 

normality tests (both Shapiro-²ƛƭƪ ŀƴŘ 5Ω!Ǝƻǎǘƛƴƻ-tŜŀǊǎƻƴΩǎ ƻƳƴƛōǳǎ ǘŜǎǘύΣ ǇғлΦллмύΦ  

The Box-Cox transformation (Box and Cox, 1964) identified the fourth root - x^(1/4) - and the 

negative reciprocal square root (-1/SQRT(x)) transformations as optimal to achieve normality 

of the COX-I/porin and NDUFB8/porin control data, respectively. This was confirmed using 

both visual inspection (Figure 4.3 A and B: right graphs) and statistical methods: kurtosis and 

skewness numerical measures of shape for COX-I/porinT (skewness= -0.03 and kurtosis= -0.40) 

όDŜƻǳǊƎŜ ŀƴŘ aŀƭƭŜǊȅΣ мфффύ ŀƴŘ 5Ω!Ǝƻǎǘƛƴƻ-tŜŀǊǎƻƴΩǎ ƻƳƴƛōǳǎ ǘŜǎǘ ŦƻǊ b5¦C.уκǇƻǊƛƴ¢ 

(p>0.05). 

 

 
Figure 4.3 Control population.  

Graphs show the frequency distribution of (A) COX/porin (graph on the left) and COX/porinT (graph on 

the right) (B) NDUFB8/porin (graph on the left) and NDUFB8/porinT (graph on the right) ratios from the 

control population (DC1 (n=447), DC3 (n=252), DC4 (n=318) and DC5 (n=289)). 


























































































































































































































