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Imaging of Mitochondrial Disorders:
A Review
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Abstract Mitochondria are the main provider of adenosine triphosphate (ATP)
and help in maintaining optimum calcium homeostasis while also participating in
cell death cascades. Hence, the fate of cells depends on the optimum functioning
and positioning of the mitochondria. Perturbations to the normal functioning of
these organelles play a central role in a wide range of mitochondrial diseases,
which affect multiple organs with varying severity. Due to this heterogeneity,
multiple diagnostic modalities including combinations of clinical, biochemical,
and structural criteria have been developed. Imaging techniques such as computed
tomography (CT), magnetic resonance imaging (MRI), and magnetic resonance
spectroscopy (MRS) have been particularly useful in the diagnosis of mitochon-
drial diseases at the level of the organ as the central nervous system (CNS) is the
second most frequently affected organ, while imaging via microscopy is crucial to
detect changes in mitochondria at the cellular level. This review provides a
detailed overview of the application of imaging modality in the diagnosis of
mitochondrial disorders, from the organ to the cellular level.

5.1 Introduction

5.1.1 The Mitochondrion

Mitochondria are ubiquitous in eukaryotic cells and are the site where oxidative
phosphorylation (OXPHOS) for production of energy in the form of adenosine
triphosphate (ATP) occurs (Saks et al. 2006; Stanley et al. 2005; Zeviani and Di
Donato 2004). Mitochondria are known to have a double membrane and are found
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in the cytosol. Compartmentalization of the mitochondria into (1) the outer
mitochondrial membrane (OMM), (2) the inter-membrane space (IMS), (3) the
inner mitochondrial membrane (IMM) with the folding of cristae, and (4) the
matrix enables the mitochondria to perform specialized functions such as
OXPHOS, signaling, mitophagy, induction of apoptosis, and programmed cell
division (McBride et al. 2006). A total of 3,000 genes have been documented as
fundamental to produce a mitochondrion (DiMauro and Schon 2003; Schapira
2006). Thirty-seven of the genes are encoded by mitochondrial DNA (mtDNA)
where the remaining ones are encoded in the nucleus (DiMauro and Schon 2003;
Schapira 2006). The proteins produced are transported to the mitochondria
(Anderson et al. 1981; Chan 2006a; Ingman et al. 2000). Only 3 % of these genes
are responsible for production of ATP, while the remaining genes are involved in
other physiological processes such as urea detoxification, cholesterol metabolism,
and heme synthesis (Anderson et al. 1981; Chan 2006a; Galluzzi et al. 2012;
Ingman et al. 2000; McBride et al. 2006).

5.1.2 What is Mitochondrial Disorder?

The presence of mitochondrial disease, a clinically heterogeneous group of dis-
orders, signifies a failure of the mitochondrion, a key organelle responsible for
producing energy in every cell of the body except red blood cells. The failure of
this organelle appears to mostly impact cells of the brain, heart, liver, skeletal
muscles, kidney, and the endocrine and respiratory systems, albeit in varying
levels of severity (DiMauro et al. 1990, 1985; Petty et al. 1986). The criteria for
diagnosis of mitochondrial disease should include (1) clinically complete respi-
ratory chain (RC) encephalomyopathy and (2) molecular identification of an
mtDNA mutation of undisputed pathogenicity (Bernier et al. 2002). Mitochondrial
disease can be caused by either inherited or spontaneous mutations in mtDNA or
nuclear DNA (nDNA) (DiMauro and Hirano 2005). These mutations can alter the
functions of proteins produced by the mitochondria or even mitochondrial proteins
themselves. Identical mtDNA mutations may not produce identical diseases due to
the complexity of the interplay between genes and proteins in the cells. Con-
versely, different mutations can lead to the same diseases (Friedman et al. 2010;
McFarland and Turnbull 2009). The typical mitochondrial disorder starts with an
isolated organ but often evolves into a multisystem disease. Mitochondrial disease
exists in many forms with onset occurring during the congenital stage although
adult onset is becoming common (McFarland and Turnbull 2009). Symptoms of
the disease include muscle weakness and pain, general fatigue, growth defects,
loss of motor control and coordination, gastrointestinal disorders, and suscepti-
bility to infection (Mattman et al. 2011; Morava et al. 2006; Schapira 2006).
Proper diagnosis may be masked by pre-conceived assumptions that mitochondrial
diseases may be other diseases. Most of the mitochondrial diseases in patients are
not detected at an early stage due to the complexity of the disease.
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5.1.3 Mitochondrial Disease Clinical Manifestations:
An Overview

Mitochondrial diseases produce a plethora of manifestations and can be present at
any age. The manifestations of mitochondrial diseases range from acute metabolic
derangement to intermittent episodes of dysfunction to gradual progressive neu-
rodevelopmental decline or regression. Understanding the clinical manifestations
of pediatric and adult-onset mitochondrial disease will help family physicians to
properly diagnose and treat the patients (Mattman et al. 2011).

5.1.3.1 General Characteristics of Pediatric and Adult-Onset Disease

The pediatric mitochondrial disease ranges from lethargy, hypotonia, failure to
thrive, seizures, cardiomyopathy, deafness, blindness, movement disorder, and
lactic acidosis to progressive neurological, cardiac, and liver dysfunction (DiMauro
et al. 1985, 1990; DiMauro 2004). The patients suspected of harboring mito-
chondrial diseases based on the presence of these symptoms should be referred to a
tertiary care center for proper evaluation and diagnosis. Manifestations of the
symptoms may vary between family members with a maternally derived history of
illness (Mattman et al. 2011).

Adult-onset mitochondrial diseases vary in the presentation times and can be
triggered off during adulthood or discovered in adulthood following childhood
symptoms (DiMauro et al. 1985; Mattman et al. 2011; Zeviani and Di Donato
2004). Adult-onset mitochondrial disease is typically a progressive multisystem
disorder and is often discovered following physical examination and laboratory
evaluation, even though the initial onset may have happened in a specific organ.
The presence of a mitochondrial disease should be suspected when specific clinical
manifestations are present and accompanied by one or more of the following: (a)
involvement of different organ systems and/or (b) abnormal severity (i.e., early
onset with progression over time), and/or (c) maternal inheritance pattern (Matt-
man et al. 2011).

5.2 Imaging and Diagnosis of Mitochondrial Diseases

Diagnosis of mitochondrial diseases is complicated by the complex interaction
between the nuclear genome and mitochondrial genome (Zeviani and Di Donato
2004). Solely relying on enzymological studies is not sufficient to differentiate
between mitochondrial and nuclear origins of diseases (Rötig et al. 2004). An
alternative would be to study the phenotype of the resulting fused cell between the
patient’s fibroblast and mtDNA-null (p0) fibroblast (Rötig et al. 2004). Never-
theless, this approach is not feasible as it can only be performed in patients
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expressing the RC deficiency in the fibroblasts, in addition to the high-cost and
time-consuming protocol. The central nervous system (CNS) is the second most
frequently affected organ in mitochondrial disorders, alone or in combination
(Finsterer et al. 2001). The abnormalities detected during brain imaging can
indicate metabolic disease, albeit non-specific. The varying stages of mitochon-
drial diseases further add to the complexity of proper diagnosis (Bernier
et al. 2002; Morava et al. 2006). A combination of modalities for diagnostic
confirmation is required due to the presence of non-specific symptoms and mixed
etiologies (Haas et al. 2007; Thorburn et al. 2004). The most commonly used and
clinically relevant imaging techniques for visualization of CNS abnormalities in
mitochondrial disorders include computed tomography (CT), magnetic resonance
imaging (MRI), and magnetic resonance spectroscopy (MRS) (Finsterer 2009).

5.2.1 Computed Tomography (CT) Scans

Computed tomography (CT) was the primary neuroimaging method prior to the
advent of MRI and was mainly used for the detection of calcification, a patho-
physiological process of mitochondrial disease, focal or diffuse atrophy, ischemic
lesions, white matter lesions, and demyelination (Finsterer 2009). Intracranial
calcification has been detected in a variety of disorders including idiopathic basal
ganglia calcifications and spinocerebellar ataxia 20 (Knight et al. 2004). Extensive
calcification on CT scans has also been detected in a patient with a novel poly-
merase gamma 1 (POLG1) mutation (Sidiropoulos et al. 2013). Nevertheless, CT
scans face limitations when used to visualize certain abnormalities, such as
strokelike lesions, symmetric necrosis of the thalami, basal ganglia, diencephalon,
or brain stem in patients with Leigh’s syndrome (Finsterer 2009; Iizuka et al. 2002;
McFarland et al. 2002). Current diagnostic protocols rely on the detection of
changes in the neurological system at the initial stage, followed by confirmation
via the usage of MRI in the CNS. The confirmation via MRI relies on the detection
of key characteristics feature of the disease and non-specific abnormalities (Bar-
ragán-Campos et al. 2005; Muñoz et al. 1999). Detailed measurements of the
changes in chemicals in the brain as indices for disorder characterization can be
performed using MRS. The usage of MRI and MRS is extremely safe and non-
invasive, hence rendering them suitable for monitoring of disease progression and
changes in metabolic markers.

5.2.2 Magnetic Resonance Imaging (MRI)

Structural abnormalities in mitochondrial disorders are detected by MRI. The most
common manifestation of mitochondrial disease is a global delay in myelination
pattern at the initial stage of the disease—an indication of abnormal metabolic
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process, which is only resolved at a later stage following development (Dinopoulos
et al. 2005; Muñoz et al. 1999). Hypointensity on T1 images as well as a sym-
metric signal abnormality of deep gray matter presenting with hyperintensity on
T2 and fluid attenuation inversion recovery (FLAIR) images constitute the most
common specific MRI findings indicative of mitochondrial disease (Gire et al.
2002; Haas and Dietrich 2004). Strokelike lesions affecting the white matter and
gray matter are regarded as manifestations of a vasogenic edema and show
dynamic changes in intensity and extensiveness over varying periods of time
(Iizuka et al. 2007). Diffusion-weighted imaging (DWI) is considered to be more
sensitive than T2-weighted images to demonstrate strokelike lesions (Abe 2004).
The lesions can be either patchy or homogeneous with the presence of varying
degrees of cerebral and cerebellar atrophy (Saneto et al. 2008). Cerebral atrophy
may be categorized as focal or diffuse, cortical or subcortical, supratentorial or
infratentorial, and primary or secondary after strokelike lesions (Finsterer 2009).
Some patients may develop cerebellar atrophy with or without cerebral atrophy
(Scaglia et al. 2005; Van Goethem et al. 2004). These MRI findings are mostly
associated with syndromic phenotypes as discussed in Sect. 2.4. MRI, by itself,
however, still lacks adequate sensitivity or specificity for an accurate diagnosis of
certain mitochondrial diseases and is more commonly paired with other imaging
modalities such as MRS for determining mitochondrial diseases (Barkovich et al.
1993; Friedman et al. 2010; Valanne et al. 1998).

5.2.3 Magnetic Resonance Spectroscopy

Magnetic resonance spectroscopy (MRS), capable of measuring biochemical
changes in the form of metabolites possessing resonating nuclei (hydrogen-1, 1H;
phosphorous-31, 31P; carbon-13, 13C) in the mM range, provides valuable meta-
bolic information as a complement to conventional MRI (Saneto et al. 2008). The
1H-MRS is advantageous in that it shares a similar radiofrequency range compared
with conventional MRI and thus can be performed simultaneously in the same
examination (Saneto et al. 2008). 1H-MRS aids in predicting and classifying
childhood white matter diseases, brain creatine deficiency syndromes, and phe-
notypic mitochondrial diseases (Chi et al. 2011a). The other nuclei, such as
phosphorous-31 (31P) and carbon-13 (13C), although used to measure phospho-
creatine and metabolite production degradation rates, respectively, are less utilized
due to (1) the need of specific hardware for measurement, (2) lower signal to noise
per unit time, and (3) the requirement of costly labeled substrate (13C glucose or
acetate) as in the case of 13C MRS (Saneto et al. 2008).

Approximately 30 or more brain metabolites can be distinguished using spe-
cialized 1H acquisition approaches compared with only about 5–10 brain metab-
olites using routine clinical 1H-MRS (Ross 2000). Using specific spatial
acquisition techniques such as point-resolved spectroscopy (PRESS), stimulated
echo acquisition mode (STEAM), or image selected in vivo spectroscopy (ISIS)
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(Keevil 2006), grid (multivoxel also referred to as chemical shift imaging: [CSI or
MRSI]) acquisitions can be obtained, although longer acquisition times will be
needed to obtain sufficient signal-to-noise ratio (Saneto et al. 2008).

MRS signals are shown as spectra with different peaks corresponding to the
various specific chemical entities. The magnetic field strength produced by nearby
electrons for the nucleus determines the position of each resonance peak in the
spectrum. The signal shifts to a lower frequency when a higher density of electrons
is present. Conversely, a signal of higher frequency is present when the density of
electrons is lowered (Saneto et al. 2008). J-coupling refers to the interaction
between electrons on close neighboring protons within a molecule. Depending on
the acquisition delay (echo times or TE) which can be modified to 20–30,
135–144, and 288 ms, the peak of a particular metabolite can be altered by j-
coupling, which is advantageous to detection in clinical 1H-MRS (Saneto
et al. 2008). As an example, the interaction between two protons (OH–H) with the
magnetic field creates a characteristic doublet for the lactate peak at 1.33 parts per
million (ppm) (Rand et al. 1999; Saneto et al. 2008). Depending on the echo time,
the doublet can be either pointing up (TE = 288 ms) or pointing down
(TE = 144 ms) and this specific feature can be utilized for unequivocal mea-
surement of lactate, compared with the overlapping peaks from lipid/macromol-
ecule signal in brain (Rand et al. 1999; Saneto et al. 2008; Yablonskiy et al. 1998).
Short TE (20–30 ms) is more useful for the detection of glutamine, glutamate, and
myo-inositol although the baseline value may include lipid signals between 1 and
2 ppm (Yablonskiy et al. 1998). Using a higher TE, the lipid peaks can be ruled
out while providing a lower signal-to-noise ratio (S/N) (Yablonskiy et al. 1998).
The relationship between TE and magnetic field strength, tesla (T), is also crucial
for sensitivity of MRS. An improved sensitivity for the spectra at 3.0 T was
detected compared with 1.5 T at short TE (Barker et al. 2001). Conversely, the
3.0 T MRS has a reduced or absent signal intensity using an intermediate echo
time (Lange et al. 2006). No differences were noted using a long TE, irrespective
of magnetic field strength (Barker et al. 2001).

Single-voxel (one region, typically 2–10 cc’s) technique can be advantageous
for specific localization in areas near the air/brain interfaces (e.g., cerebellum) and
optimal signal to noise per unit time, but it has the downside of limited spatial
coverage (Saneto et al. 2008) as well as the possibility of underestimating the
lactate concentration (José da Rocha et al. 2008). Multiple voxel acquisition (in a
single plane) is more commonly performed using chemical shift imaging tech-
niques. The grids of data in matrices of (1) 16 9 16, (2) 24 9 24, or (3) 32 9 32
having individual voxels of approximately 1–2 cc after reconstruction filtering
confer the benefit of being able to study many different brain regions at the same
time, particularly in regions with inconsistent patterns of lactate elevations (Saneto
et al. 2008). The downside is that individual voxels have to be summed to facil-
itate measurement of lactate with sufficient signal-to-noise ratio. The measurement
in voxels may be further complicated with the difference in visibility of lactate in
different compartments, particularly when only a partial volume is sampled
(Saneto et al. 2008).
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5.2.3.1 MRS in Mitochondrial Diseases: Lactate and NAA Changes

MRS is used to diagnose mitochondrial disease based on the changes in different
markers following impaired OXPHOS or disruption of electron transport chain
(ETC). The shift of catabolic metabolism from the TCA cycle to anaerobic gly-
colysis produces cerebral lactate in the range of 3–11 mM (Wilichowski et al.
1999) or an average of *6 mM (Isobe et al. 2007; Saitoh et al. 1998), which can
be measured along with other markers of cellular integrity and energetic such as
myo-inositol, choline, creatine, and N-acetylaspartate (NAA). Cellular compro-
mise is almost always denoted by increased lactate and decreased NAA (Jeppesen
et al. 2003; Moroni et al. 2002). Due to disease variability and regional sampling,
lactate elevations may not be detected in some of the patients, including patients
with a normal brain MRI (Bianchi et al. 2003; Chi et al. 2011b; Lin et al. 2003).
Cady et al. showcased the possibility of confusion in identification of lactate with
propan-1,2-diol, localized at 1.1 ppm (Cady et al. 1994). Most of the increased
lactates are detected in lesions, and the intensities of the lactate peaks change
according to severity of the disease and the developmental course of lesions
(Bianchi et al. 2003; Lin et al. 2003). Saneto et al. (2008) recommend using
multivoxel acquisition for MRS, followed by reformatting to identify regions of
interest so as to study multiple brain sites and compare contralateral regions.
Monovoxel acquisition is useful to detect the lactate spikes in the putamen and the
cerebellar dentate nucleus (Delonlay et al. 2013). As opposed to the elevation of
lactate levels, a reduction in lactate levels can also be detected depending on the
type of mitochondrial disease, time course of disease development, or location of
the brain sampled (Saneto et al. 2008).

The presence of elevated lactate is almost universally indicative of neuronal/
axonal compromise and decreases in NAA. In a survey of mitochondrial patients,
93 % showed NAA/creatine ratio reductions in cerebellum, 87 % in cortical gray
matter regions, though few changes were observed in white matter (Bianchi et al.
2003). Dinopoulos et al. (2005) showed that 11 patients with definitive mito-
chondrial disease had decreased NAA/creatine ratio in both gray matter and white
matter.

Voxel placement is crucial for the detection of abnormal lactate and can be
missed if the voxel is placed over the incorrect brain region. This is evident in the
case study of Boddaert et al. (2008) where lactate peaks were detected in 9 out of
11 patients with cerebellar involvement when voxels were placed over the cere-
bellum, while only 3 out of 11 showed lactate voxels over the putamen. In
addition, elevated levels of alanine, glucose, or pyruvate can also be detected due
to monoxidative glycolysis or pyruvate dehydrogenase complex deficiency
(Medina et al. 1990; Wilichowski et al. 1999).

To summarize, although MRS can complement conventional MRI in studying
the underlying biochemical changes, the optimal protocol for determining the
abnormalities in the brain has yet to be clearly defined.
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5.2.4 Mitochondrial Disorders

5.2.4.1 Leigh’s Syndrome

Leigh’s syndrome or subacute necrotizing encephalomyelopathy is a progressive
degenerative disorder caused by mtDNA or nDNA mutations that affect infants,
children, and sometimes adults (DiMauro 2004). The most common biochemical
abnormality of Leigh’s syndrome lies in the defective complex IV (cytochrome C
oxidase) (Rahman et al. 1996). Clinical presentation includes global develop-
mental delay, feeding and swallowing difficulties, vomiting, spasticity, brainstem
dysfunction, dystonia, abnormal eye movements, and multiple organ involvement
(Barkovich et al. 1993; Rahman et al. 1996).

The disease is named after Denis Leigh who first described the neuropatho-
logical features of the disease, which include focal, bilateral, and symmetric
necrotic lesions associated with demyelination, vascular proliferation, and gliosis
in the brain stem, diencephalon, basal ganglia, and cerebellum (Leigh 1951).
Progressive signal abnormalities with the highest frequency in the lentiform nuclei
and caudate nuclei are detected with MRI. Besides that, abnormalities involving
the thalamus, periaqueductal gray, tegmentum, red nuclei, and dentate nuclei can
also be commonly seen (Saneto et al. 2008). The spongiform changes and vacu-
olation in the deep gray structures are reflected by the high T2 signal of MRI.
Extensive gliosis and cystic degeneration may occur in the white matter. Com-
pared to the cerebral organic acidurias that lead to severe global degeneration, the
volumes of the lesion(s) are actually preserved on follow-up studies. In some cases
of Leigh’s syndrome, a marked global atrophy over the course of time can be
detected even though lesions in the basal ganglia are preserved. As the disease
progresses, the basal ganglia can also show volume loss (Saneto et al. 2008).

The etiologies of Leigh’s syndrome can be differentiated by using MRI. MRI
scans of patients with SURF-1 (a major gene associated with complex IV defi-
ciency) mutations reveal symmetric lesions in the brain stem, subthalamic nuclei,
and possibly cerebellum, while some of the patients show basal ganglia abnor-
malities as well as signal hyperintensities in bilateral optic radiation on
T2-weighted imaging and DWI (Farina et al. 2002; Tanigawa et al. 2012; Zhu
et al. 1998). Conversely, patients with Leigh’s syndrome from other etiologies
exhibit T2 hyperintensities in the putamina with involvement of the caudate nuclei,
globus pallidi, thalami, and brain stem (Farina et al. 2002; Quinonez et al. 2013;
Valanne et al. 1998). Furthermore, there were less symmetric areas on increased
T2 signal in the cortex and the subcortical white matter of the right and left
occipital lobes and in the perirolandic region (Quinonez et al. 2013).

A lactate doublet peak on MRS and hyperperfusion in the patients at baseline
with persistent hyperintensities on DWI at follow-ups were also reported (Chen
et al. 2012b). In the absence of hypoxia, ischemia, or infection, the presence of
symmetric deep gray structures or lactate peaks in the area of MRI abnormality on
1H-MRS warrants further investigation for mitochondrial defects. High choline

106 S.-B. Ong



levels were also detected in the white matter by MRS (Sijens et al. 2008).
A diffused supratentorial leukodystrophy involving the deep lobar white matter
can also be detected by the MRI in a small cohort of patients with Leigh’s syn-
drome. Initial swelling followed by cystic degeneration from the posterior to
anterior has been reported (Lerman-Sagie et al. 2005; Moroni et al. 2002).

5.2.4.2 Mitochondrial Myopathy, Encephalopathy, Lactic Acidosis,
and Strokelike Episodes (MELAS)

Mitochondrial myopathy, encephalopathy, lactic acidosis, and strokelike episodes
(MELAS) are maternally inherited progressive neurodegenerative disorders with
various symptoms such as headache with nausea preceding strokelike events,
treatment-resistant partial seizures, short stature, muscle weakness, exercise
intolerance, deafness, diabetes, and slow progressive dementia (Hirano and
Pavlakis 1994; Pavlakis et al. 1984). In addition to different mitochondrial and
nDNA mutations (Emmanuele et al. 2013; Lamperti et al. 2012; Rossmanith et al.
2008; Sproule and Kaufmann 2008; Tam et al. 2008), an estimated 80 % of
MELAS patients have an adenine-to-guanine transition at the tRNA for leucine at
position 3,243 in the mtDNA (Goto et al. 1990; Janssen et al. 2006; Lamperti et al.
2012; Malfatti et al. 2007). This results in impaired ATP production, following
failed synthesis of mitochondrial proteins.

Hallmark MRI features for MELAS patients include transient strokelike lesions
predominantly affecting gray matter with the occasional diffused white matter
lesions involving periventricular white matter, centrum semiovale as well as the
corpus callosum (Apostolova et al. 2005; Barkovich et al. 1993; Conway et al.
2011; Hirano and Pavlakis 1994; Matthews et al. 1991). Areas of hypoattenuation
in the left occipital and partially parietal lobe (Pauli et al. 2013) as well as bi-
pallidal microcalcifications (Renard et al. 2012) have been detected using CT
scans. Large bilateral hypointensities in the pallidum and the substantia nigra were
detected using 3-T T2-weighted MRI (Renard et al. 2012). Strokelike lesions
(accompanying strokelike symptoms) can be seen on MRI at different stages of the
disease (Renard et al. 2012). Similarly, brain-MRS-based detection of lactate,
increased alanine and glucose, decreased N-acetylaspartate, choline, and creatine
can be used to resolve the different stages of MELAS progression and treatment
(Chen et al. 2012a; José da Rocha et al. 2008).

The difference between chronic lesions and acute ischemic stroke episodes lies
in the diffusion coefficient. Intense T2 and FLAIR signals are common features of
both events. However, chronic lesion displays a normal to slightly increased
apparent diffusion coefficient (ADC) due to vasogenic edema (Oppenheim et al.
2000; Pauli et al. 2013; Yonemura et al. 2001), while acute ischemic stroke epi-
sode has a significant reduction in ADC due to cytotoxic edema (Pauli et al. 2013).
Therefore, the DWI sequences during the acute event are fundamental to differ-
entiating between the chronic nature and acute nature of the lesions.
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Mutations in the POLG1 gene encoding for the DNA polymerase c, pol c which
replicates the human mitochondrial genome, produce MELAS-like symptoms
(Cheldi et al. 2013; Deschauer et al. 2007). Nevertheless, it is difficult to directly
compare between MELAS- and POLG1-associated encephalopathy, which has a
heterogeneous clinical presentation (Cheldi et al. 2013). In addition, there have
also been documented cases of sole involvement of the basal ganglia as well as
ETC defects with strokelike brain lesions that do not fulfill the criteria for full
MELAS (Kim et al. 2001), hence warranting the need for multiple diagnostic
modalities beyond imaging alone to ensure proper and correct diagnosis of
MELAS. MELAS syndrome has also been documented to mimic the clinical and
radiological signs of herpes simplex encephalitis (Gieraerts et al. 2013). Effective
differentiation was achieved by observing diffusion restriction in some parts of the
lesions but not throughout the entire lesions following DWI and biochemical
investigations on cerebrospinal fluid, electromyogram, muscle biopsy, and genetic
analysis (Gieraerts et al. 2013).

5.2.4.3 Pearson’s Syndrome/Kearns–Sayre’s Syndrome

Pearson’s syndrome, first described in 1979, is an uncommon, multisystem
mitochondrial disorder caused by single mtDNA deletions (Lee et al. 2007;
Pearson et al. 1979). Pearson’s syndrome was first characterized in 4 patients with
refractory sideroblastic anemia and vacuolization of marrow precursors and exo-
crine pancreatic dysfunction (Pearson et al. 1979). Following this characterization,
small deletions of 4,799 and 5,500 base pairs in the mtDNA have been shown to be
responsible for Pearson’s syndrome (McShane et al. 1991; Rotig et al. 1989).

Clinical manifestations of Pearson’s syndrome include hypotonia, develop-
mental delay, ataxia, refractory sideroblastic anemia, pancytopenia, exocrine
pancreatic dysfunction, and sometimes hepatic or renal failure (Lee et al. 2007).
Premature death during infancy or childhood following infections or metabolic
failure often occurs, whereas those that do survive into adulthood develop Kearns–
Sayre’s syndrome (KSS), even with the initial spontaneous remission of infantile
sideroblastic anemia (Larsson et al. 1990; Lee et al. 2007; Rotig et al. 1989).

There is relatively little information on CNS imaging of patients with Pearson’s
syndrome. In 2007, Lee et al. documented a review study of 55 cases of patients
with Pearson’s syndrome. Neuroimaging findings for Pearson’s syndrome were
variable, with a myriad of normal, non-specific finding or prominent abnormal
signal intensity over the white matter, basal ganglion, or brain stem (Lee et al.
2007). Cortical atrophy has also been reported (Lee et al. 2007).

Kearns–Sayre syndrome (KSS) is a progressive external ophthalmoplegia
present before 20 years of age and is commonly associated with atypical retinal
pigmentary degeneration and heart cardiac conduction defects (Kearns and Sayre
1958). Cerebellar ataxia, deafness, diabetes, short stature, hypoparathyroidism,
and other endocrinopathies may also occur (Mayer et al. 2011). The presence of
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heteroplasmic rearrangements of multiple DNA deletions in mtDNA denotes the
presence of this syndrome (Zeviani et al. 1988).

Typical histopathological findings of this syndrome include status spongiosus
involving both gray and white matters, specifically the brainstem tegmentum, basal
ganglia, and white matter of the cerebrum and cerebellum (Chi et al. 2011;
McKelvie et al. 1991; Tanji et al. 1999). Calcifications are commonly detected in
the basal ganglia (José da Rocha et al. 2008). Commonly detected MRI charac-
teristics include cerebral and cerebellar atrophy with early T2/FLAIR hyperintense
bilateral lesions in subcortical white matter, thalamus, basal ganglia (substantia
nigra and globus pallidus), and brain stem (Chu et al. 1999; Duning et al. 2009;
Hourani et al. 2006; Kamata et al. 1998; Leutner et al. 1994; Wray et al. 1995).
Cardiovascular MRI has also revealed a potentially typical pattern of diffuse
intramural late-gadolinium-enhancement in the left ventricular inferolateral seg-
ments of patients suffering from KSS (Yilmaz et al. 2012). Lactate peak on the
right putaminal lesion can be detected by MRS (José da Rocha et al. 2008).

5.2.4.4 Alpers’ Syndrome

Alpers’ syndrome, first described in 1931, is a severe hepatocerebral disease
caused by different types of mtDNA depletion that is present at various ages
depending on the type of mutation within the polymerase gamma 1 gene (POLG)
(Alpers 1931; Huttenlocher et al. 1976; Naviaux and Nguyen 2004). Compound
heterozygote mutations, usually one of which within the linker region, cause a
more severe disease phenotype with onset before 2 years of age, whereas patients
with homozygous mutations within the linker region usually have a later onset and
milder form of Alpers’ syndrome (Ashley et al. 2008; Saneto et al. 2008; Uusimaa
et al. 2013). Mutations in the mitochondrial replicative helicase Twinkle (Hakonen
et al. 2007) or the heterozygous presence of a spacer region mutation in trans with
another recessive POLG mutation (Kurt et al. 2010) has also been shown to
demonstrate phenotypes reminiscent of Alpers’ syndrome, thus suggesting that
there may be other etiologies as well. Nevertheless, the current definitive diagnosis
for Alpers’ syndrome is the identification of mutations in POLG (Hunter et al.
2011).

Patients with Alpers’ syndrome usually suffer from refractory seizures, psy-
chomotor regression, and a characteristic liver disease (Naviaux and Nguyen
2004). Depending on the site of the POLG gene mutation, the onset and severity
vary from infancy to adulthood, while infantile Alpers’ syndrome can slowly
progress to external ophthalmoplegia and ataxia (Horvath et al. 2006).

The syndrome is denoted by extensive gliosis and neuronal loss in the occipital
cortices and cerebellar cortex (Purkinje cells). In addition, there is necrosis of
subcortical deep nuclei, hippocampi, lateral geniculate body of the thalamus, and
amygdala (Harding 1990). There are also T2/FLAIR hyperintensities in the MRI
scans of patients within the occipital regions, deep cerebellar nuclei, thalamus, and
basal ganglia (Tzoulis et al. 2006), albeit these rely on the mutations present.
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Compound heterozygotes are more involved, while homozygotes have lesions that
can reverse during quiescent periods.

In the study of Saneto et al. (2008), they found that the MRI lesions evolved
initially from the cerebellum to the occipital regions and pre-motor cortex in one
of the patients with compound heterozygous mutations in polymerase gamma 1
(p.Q67X and p.A467T). The patient exhibits clinical symptoms such as focal
seizures, nystagmoid eye movement and visual hallucinations (Saneto et al. 2008).
Following a rapid course of decline, the patient became blind and developed liver
failure after valproic acid exposure. In the same study, a patient with a homozy-
gous mutation in the linker region of polymerase gamma 1 (p.A467T) developed
mild sensorineural hearing loss, ataxia, and clumsiness at 5 years of years (Saneto
et al. 2008). This patient then developed partial status epilepticus at the age of
15 years. A stable quiescent state for 6–7 years ensued. The patient passed away at
the age of 23 years from liver failure, following valproic acid exposure (Saneto
et al. 2008). Although the patient’s MRI findings were initially normal, occipital
T2/FLAIR hyperintensities were detected at the time of partial status epilepticus
which also resolved over time, rendering a virtually normal MRI study just before
her death (Saneto et al. 2008). Based on this study, it can be concluded that
although MRI may be useful in differentiating the severity of Alpers’ syndrome,
one should always be wary of the possible changes in MRI scans and further
studies are needed to correlate MRI findings with corresponding disease phenotype
and genotype.

The review of the case records of 12 patients with Alpers’ syndrome by Hunter
et al. (2011) showed CT scans of focal areas of low attenuation or diffuses cerebral
atrophy in four out of eight children scanned. Ten MRI scans of four children
dating back to 1992 showed focal high signal changes on T2-weighted images,
albeit the positioning of the abnormalities varies. MRS scans were not performed
for those patients (Hunter et al. 2011). According to the findings of McCoy et al.
(2011), diffusion abnormalities correlated with the T2 abnormalities were acute
rather than chronic, while MRS demonstrated the presence of lactate, suggesting a
RC defect. Most recently, Uusimaa et al. (2013) also elaborated the importance of
increased lactate on MRS and suggestive brain MRI changes (with thalamic
predominance) as the impetus for screening of the common POLG mutations and
POLG sequencing for the detection of Alpers’ disease.

5.2.4.5 Mitochondrial Neuro-Gastrointestinal Encephalomyopathy

Mitochondrial neuro-gastrointestinal encephalomyopathy (MNGIE), first descri-
bed in 1983, is derived from mutations within the thymidine phosphorylase gene
(TYMP) located on chromosome 22q13.32 and causes loss of mtDNA via DNA
deletions and point mutations within mtDNA (Ionasescu 1983; Nishino 1999;
Nishino et al. 2000) although novel pathogenic mutations have also been reported
(Libernini et al. 2012). Intestinal pseudoobstruction, recurrent diarrhea, nausea,
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and vomiting are the most dominant symptoms. Other symptoms such as oph-
thalmoparesis, ptosis, and peripheral neuropathy may also be present. The
symptoms generally appear before 20 years of age, and younger patients typically
have more severe symptoms with death occurring by 35 years of age for
approximately 50 % of patients. There have been cases of patients remaining
undiagnosed for many years who later undergo extensive workup to Crohn’s
disease (Perez-Atayde 2013).

Prominent leukoencephalopathy can be detected via MRI in almost all patients.
The changes in white matter are diffused with increased T2 signal abnormalities,
with a case of widespread supratentorial cortical atrophy described in one study
(Barragán-Campos et al. 2005). Mild white matter edema or mild demyelination
has also been shown in postmortem studies (Bardosi et al. 1987). The presence of
megamitochondria in gastrointestinal ganglion cells and in smooth muscle cells of
muscularis mucosae and muscularis propria also aids in the diagnosis of MNGIE
(Perez-Atayde 2013).

There have been reported cases of observance of MNGIE-like phenotypes in
patients with mutations in the ribonucleoside diphosphate reductase subunit M2 B
gene (RRM2B) (Shaibani et al. 2009) as well as the POLG1 gene (Tang et al.
2011, 2012; Goethem et al. 2003). Brain MRI of the RRM2B patient showed
patchy leukoencephalopathy and also bilateral basal ganglia signal abnormality
compared with the commonly observed diffuse leukoencephalopathy in MNGIE
due to TYMP mutations (Shaibani et al. 2009). Depending on the mutations in the
POLG1 gene, findings from brain MRI range from normal with no leukoen-
cephalopathy (Goethem et al. 2003) to global cerebral atrophy or increased T2
signal in the basal ganglia (Tang et al. 2012).

5.2.4.6 Isolated Electron Transport Chain Disorders

The mitochondrial and nuclear genomes encode for subunits of all RC complexes,
except complex II (Rötig et al. 2004). Nuclear genetic defects in OXPHOS and non-
OXPHOS proteins involved in the assembly or maintenance of the ETC are the
main cause of pediatric cases of mitochondrial disease (Salvatore DiMauro 2004;
Shoubridge 2001). Diagnosis is hampered by the clinically heterogeneous nature of
these disorders, mainly caused by the interplay of mtDNA and nDNA expression.

Non-specific diffused white matter changes have been found in some patients
expressing ETC defects, involving individual and combinations of complexes I–IV
deficiencies (Lerman-Sagie et al. 2005). Progressive macrocystic leukodystrophy or
diffuse white matter disease including cerebellar white matter loss has been
described in four patients with defects in complex I (Schuelke et al. 1999). In the
study of Lebre et al. (2011) consisting of 30 patients with complex I deficiency,
bilateral brainstem lesions were observed in all cases with 23 patients exhibiting
anomalies of the putamen. Patients harboring mtDNA mutations showed supra-
tentorial strokelike lesions, whereas necrotizing leukoencephalopathy was observed
in patients with nDNA mutations (Lebre et al. 2011). Baertling et al. (2013)
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showcased the cerebral MRI with bilateral cystic lesions in the centrum semiovale
from an 8-month-old infant girl with rapid developmental regression, who was
found to harbor an isolated mitochondrial complex I deficiency due to an NDUFS1
mutation (encoding NADH-dehydrogenase-ubiquinone Fe–S protein 1). Demye-
lination of the supratentorial white matter ensued in the follow-up imaging after
3 months (Baertling et al. 2013).

Complex II, also known as succinate: ubiquinone oxidoreductase or succinate
dehydrogenase, is exclusively nuclear-encoded and participates in the citric acid
cycle by oxidizing succinate to fumarate(Rutter et al. 2010; Sun et al. 2005). In the
mitochondrial ETC, complex II functions to shuttle electrons to ubiquinone (Rutter
et al. 2010; Sun et al. 2005). Various studies also reported neurological disorder
with leukoencephalopathy, Leigh’s syndrome, or cerebellar atrophy in isolated
complex II defect (Brockmann et al. 2002; Burgeois et al. 1992; Jain-Ghai et al.
2013; Moroni et al. 2002). In these studies reported, MRI shows abnormal
intensities in various sections of the brain as well as multiple foci of diffusion
restriction with symmetric distribution (Brockmann et al. 2002; Burgeois et al.
1992; Jain-Ghai et al. 2013; Moroni et al. 2002).

Among two patients with defects in complex III, one had a mutation in cyto-
chrome b subunit of complex III and the other was without a recognized mutation
but a defect in enzyme activity (Majoie et al. 2002). White matter changes have
been described in at least 5 patients with defects in complex IV (Jaksch et al. 2001;
Rahman et al. 2001). Similarly, rapid progression of cerebral/cerebellum atrophy
on axial T2-weighted and FLAIR are well visualized in complex IV disorders
(Castro-Gago et al. 1999; Scaglia et al. 2005; Valanne et al. 1998). A patient
having multiple ETC defects coupled with leukodystrophy has also been reported
(Moroni et al. 2002). Leukodystrophy in patients is usually detected at infancy or
at a very young age. Multisystem disorders with a neurodegenerative course can be
present as well. MRI detection of a diffuse leukodystrophy within the clinical
context of multisystem involvement compels the need for further investigation for
a mitochondrial disorder. In terms of MRS, lactate elevation is a consistent feature
of patients with various ETC defects (Dinopoulos et al. 2005).

5.3 Imaging at the Cellular Level

The existence of healthy mitochondria in the cell relies on maintenance of proper
morphology, membrane potential, and calcium signaling, while dysfunctional or
senescent mitochondria are ‘pruned’ by mitophagy. Any deviation will result in
mitochondrial disorder which will ultimately lead to a disease state. Hence, an
understanding of the mitochondrial function in normal and pathophysiological
states is critical for the monitoring and treatment for mitochondria-related dis-
eases. Methods for imaging the changes in mitochondria at the cellular level have
been relatively well established using epifluorescence, confocal laser, and electron
microscopy (Chan 2006b; Chen and Chan 2004; Gieraerts et al. 2013; Karbowski
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et al. 2004; Ong and Gustafsson 2012; Ong and Hausenloy 2010; Ong et al. 2010;
Rötig et al. 2004). More recently, multiphoton microscopy has also been explored
for imaging of mitochondrial function (Davidson and Duchen 2012; Hall et al.
2009, 2013). In the following sections, I will review some of the latest innovations
in mitochondrial imaging at the cellular level.

5.3.1 Imaging Mitochondrial Dynamics and Its Disorders

Research for the past decade has revealed a unique feature of the mitochondria, in
that the mitochondria exist in a dynamic equilibrium between a fused (elongated)
(Figs. 5.1a, 5.2) and fragmented (Fig. 5.1b) state (Chan 2006b; Chen and
Chan 2004; Liesa et al. 2009; Ong et al. 2012; Ong and Hausenloy 2010).

The movement of the mitochondria and subsequent changes in shapes (mor-
phology) of the mitochondria constitute the term of ‘mitochondrial dynamics’ and
have since led to an impetus of research in this particular area. The number and
shapes of mitochondria vary according to cell type and energy requirement. The
balance between fused and fragmented forms of the mitochondria is governed by
specific mitochondrial-shaping proteins, mitofusin 1 (Mfn1) (Santel et al. 2003),
mitofusin 2 (Mfn2) (Bach et al. 2003), and optic atrophy 1 (OPA1) (Cipolat et al.
2004) for mitochondrial fusion and dynamin-related protein 1 (Drp1) (Smirnova
et al. 1998) and human fission 1 (hFis1) (James et al. 2003) for mitochondrial
fission. Mitochondrial fusion serves to facilitate the exchange of contents, DNA,
and metabolites between neighboring mitochondria and to compensate for muta-
tions in mtDNA (Chen et al. 2010; Nakada et al. 2001) and prevents healthy
mitochondria from being removed via autophagy, a process of recycling dys-
functional mitochondria (Gomes et al. 2011). Mitochondrial fusion by inhibition of
Drp1 or upregulation of Mfn1 and Mfn2 has been shown to protect the heart from
ischamia–reperfusion injury via inhibition of the mitochondrial permeability
transition pore (mPTP), a channel in the IMM that opens upon calcium over-
loading and accumulation of oxidative stress (Ong et al. 2010). Conversely, fission
is crucial for enhancing optimum mitochondrial transport, to subcellular regions of
specific energy demand. Fragmentation of the mitochondria by upregulation of
Drp1 predisposes the cardiac cells to autophagy and cell death upon stress insults
such as oxidative stress buildup and calcium overloading (Chen et al. 2005; Gomes
et al. 2011; Jheng et al. 2012; Lee et al. 2011).

A variety of methods have been employed to monitor the changes in mito-
chondrial morphology. Traditional studies of mitochondrial morphology employ
electron microscopy. However, this only provides a snapshot in time and space.
Mitochondrial dynamics, which encompass the movement, change in shapes, and
positioning, can be monitored using photoactivatable fluorescent proteins (mtPA-
GFP). The photoactivated GFP diffuses rapidly within the entire mitochondrial
matrix and can therefore be used to tag individual mitochondria (Lovy et al. 2012;
Twig et al. 2006, 2008). In addition, monitoring mitochondrial fusion using the
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Renilla luciferase complementation assay has also been described (Huang et al.
2010; Schauss et al. 2010).

Contact between two mitochondria does not necessarily lead to fusion. Fission,
conversely, can occur without movement and connection of two juxtaposed
mitochondria. Fluorophores are targeted to the mitochondria via the differences in
mitochondrial membrane potential to visualize the intermixing and segregation of
the inner mitochondrial components. The study of mitochondrial dynamics using
this tool enables a better understanding of physiological and pathophysiological
processes affecting mitochondrial activity, positioning, and the number of mito-
chondria (Molina and Shirihai 2009). Certain dyes such as MitoTracker� Green
FM, Orange CMTMRos, Red CMXRos, and Deep Red FM probes are not affected
by the energetic state of the mitochondria, compared with conventional dyes such
as rhodamine 123 and tetramethylrhodamine methyl ester (TMRM). Novel, non-
cytotoxic dyes, e.g., AcQCy7, have also been formulated to specifically target
mitochondria (Han et al. 2013). Different model organisms, most of which express
fluorescent mitochondria in vivo, have also been developed or modified to study

(b)(a)

Fig. 5.1 Representative confocal microscopy images showing an endothelial cell with a fused
mitochondria and b fragmented mitochondria

Fig. 5.2 Representative
electron micrograph
depicting an elongated
mitochondrion (in oval) in the
adult heart tissue
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mitochondrial dynamics in disease systems (Chandrasekaran et al. 2006; Misgeld
et al. 2007; Plucińska et al. 2012). The presence of giant mitochondria can also be
detected by electron microscopy (Haas et al. 2008).

The change in mitochondrial morphology has been demonstrated to affect various
physiological processes. Mutations in OPA1 lead to type 1 dominant optic atrophy, a
common cause of inherited visual failure starting in early childhood characterized by
irreversible loss of retinal ganglion cells (RGCs) (Alavi and Fuhrmann 2013; Amati-
Bonneau et al. 2009; Eiberg et al. 1994; Galvez-Ruiz et al. 2013; Kjer 1959; Lenaers
et al. 2012; Lunkes et al. 1995) as well as impairment of neuronal maturation
(Bertholet et al. 2013). Disruption or loss of OPA1 has been demonstrated to be
associated with complex I deficiency (Ramonet et al. 2013) and Parkinson’s disease
(Anglade et al. 1997; Fernandes and Rao 2011; Sekiya et al. 1982; Trimmer et al.
2000) as well as affecting vertebrate development (Rahn et al. 2013). Mfn2 muta-
tions lead to primary axonal Charcot–Marie–Tooth disease type 2A, an autosomal
dominant neuropathy that impairs motor and sensory neurons with the longest ax-
ons, resulting in earliest symptoms in distal extremities (Züchner et al. 2004).
Similar to OPA1, a missense mutation in Mfn2 can lead to instability of mtDNA and
optic atrophy ‘plus’ phenotypes such as syndromic forms of autosomal dominant
optic atrophy associated with sensorineural deafness, axonal sensory motor poly-
neuropathy, ataxia, chronic progressive external ophthalmoplegia, and mitochon-
drial myopathy with cytochrome c oxidase (COX)-negative and ragged-red fibers
(Amati-Bonneau et al. 2008; Hudson et al. 2008; Rouzier et al. 2012). Brain MRI
from the patient revealed multiple periventricular white matter lesions and severe
diffuse cerebral atrophy (Rouzier et al. 2012). Fragmentation of the mitochondrial
network was also observed in the fibroblasts of the patient (Rouzier et al. 2012).
Concurrent with reduced levels of Mfn1, Mfn2, and OPA1 and high levels of Fis1
and Drp1, increased mitochondrial fragmentation has also been observed in cells and
tissues from patients with Alzheimer’s disease (Manczak et al. 2011; Wang et al.
2009). Mfn2 ablation promotes axon degeneration and disrupts axonal mitochon-
drial positioning in parkinsonism (Lee et al. 2012; Misko et al. 2012).

5.3.2 Determining Mitochondrial Membrane Potential

Adenosine triphosphate (ATP), the source of cellular energy from the mitochon-
dria, is mainly produced via OXPHOS (Kaim and Dimroth 1999). The OXPHOS
system is made up of five multiprotein complexes embedded within the IMM:
complex I (reduced nicotinamide adenine dinucleotide: ubiquinone oxidoreduc-
tase), complex II (succinate: ubiquinone oxidoreductase), complex III (ubiquinol:
cytochrome c oxidoreductase), complex IV (cytochrome c oxidase), and complex
V (ATP synthase). Protons, donated by reduced nicotinamide adenine dinucleo-
tide, ubiquinone, and cytochrome c, are channeled by complexes I, III, and IV,
respectively, into the mitochondrial IMS. The channeling of protons through the
complexes creates a proton gradient between the mitochondrial matrix and the
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IMS. The proton gradient is crucial for generating and maintaining the electro-
chemical membrane potential (DW), which is the driving force for the conversion
of ADP and inorganic phosphate into ATP (Kaim and Dimroth 1999).

Mitochondrial membrane potential (DWm) can be estimated using fluorescent
voltage-sensitive dyes that are membrane-permeant lipophilic cationic compounds
that distribute across the IMM (Lemasters and Ramshesh 2007) based on the
Nernst equation. Changes in DWm have been usually expressed in percentage over
the basal level (Dedkova and Blatter 2012). Rhodamine 123, tetramethylrhod-
amine methyl, and ethyl ester (TMRM and TMRE) are specifically used to monitor
changes in DWm, which are useful for monitoring pathophysiological states or
pharmacological treatment that induces changes in mitochondrial energetic states.
Although it is least toxic to cells, TMRM should be used at a low concentration.
An alternative fluorescent probe is the carbocyanine compound, JC-1, which exists
as a green fluorescent monomer at low membrane potential but switches to form
red fluorescent aggregates at higher potentials (Di Lisa et al. 1995). This change in
fluorescence is solely based on membrane potential and independent of size and
density of the mitochondria. Various factors such as loading times and dye con-
centration affect the formation of aggregates (Diaz et al. 2001; Duchen et al. 2003).
Defects in complexes of the RC, which concurs with defects in OXPHOS, were
detected using JC-1, as the buildup of mitochondrial membrane potential is dis-
rupted by impairment of OXPHOS (De Paepe et al. 2012). Simultaneous detection
of both DWm and morphology can also be achieved via a combination of potential-
insensitive mitochondrial GFP and a potential-sensitive probe such as TMRM
(Distelmaier et al. 2008). This will also help in correcting for movement artefacts
by applying a ratiometric approach (Twig et al. 2006). Nevertheless, it is important
to ascertain that certain considerations should be taken into account when using
these dyes, e.g., the optimum dye concentration to be used, the presence of the dye
in superfusion solution throughout the experiment, timing for addition of dye, and
other factors affecting the localization of the dye such as movement and changes in
volume of the mitochondria (Dedkova and Blatter 2012; Duchen et al. 2003;
O’Reilly et al. 2003). The potential occurrence of FRET phenomena (Förster
resonance energy transfer or fluorescence resonance energy transfer) between two
different dyes that can lead to erroneous interpretations of the results should also
be evaluated (Aon et al. 2007; Dedkova and Blatter 2012; Honda et al. 2005;
Hüser et al. 1998; Slodzinski et al. 2008). The plasma membrane potential,
together with the DWm, dictates the accumulation of the dye (Davidson et al.
2007). Upon opening of the mPTP, dyes may leak out of the mitochondria via
simple diffusion (O’Reilly et al. 2003; Twig et al. 2006). Quantitative calibration
of experimental data with potentiometric probes is usually expressed as a per-
centage change from basal levels (Dedkova and Blatter 2012). The standard
deviation (SD) of the measured fluorescence signal is important as the SD may
vary from high (in polarized mitochondria) to low (in depolarized mitochondria)
(Duchen et al. 2003). Calibration of DWm can be achieved by obtaining the ratio of
mean fluorescence to SD (mean/SD), which gives a quantitative measure of dye
localization (Dedkova and Blatter 2012; Duchen et al. 2003).
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5.3.3 Detecting Mitochondrial Calcium Flux

Calcium (Ca2+) is an important signaling molecule regulating the process of ATP
synthesis and hydrolysis. In response to physiological stimuli, the concentration of
mitochondrial Ca2+ is increased in line with the activity of mitochondrial RC to
cope with enhanced energy demand and ATP synthesis (Jouaville et al. 1999;
Rizzuto and Pozzan 2006). Mitochondria are crucial in maintaining intracellular
calcium homeostasis. The mitochondria act as a Ca2+ sink to prevent propagation of
large calcium waves by taking up Ca2+ released from the endoplasmic reticulum
(ER) into the cytosol (Baughman et al. 2011; Boitier et al. 1999; Jouaville et al.
1995; Mallilankaraman et al. 2012; Plovanich et al. 2013; Tinel et al. 1999; Wil-
liams et al. 2013). The Ca2+ will then be released back into the cytosol by release
mechanisms (Ca2+/Na exchanger, Ca2+/H+ exchanger, and transient opening of the
mPTP) (Ichas et al. 1997; Pinton and Rizzuto 2006; Putney and Thomas 2006;
Rizzuto et al. 1993; Tian et al. 2005). Perturbations in the normal functions of cells
may result in pathophysiological Ca2+ overloading in mitochondria, followed by
the initiation of a cascade of events that lead to cell death (Hajnóczky et al. 2006).
Permeabilization of the mitochondrial membrane by prolonged opening of the
mPTP leads to the release of apoptogenic proteins from the IMS and subsequent
cell death (Hausenloy et al. 2009; Martinou et al. 2000). Mitochondrial calcium can
be measured using fluorescent Ca2+ indicators such as indo-1 (Miyata et al. 1991;
Schreur et al. 1996), fura-2 (Abdallah et al. 2011), fluo-3 (Sedova et al. 2006), and
rhod-2 (Jou et al. 1996) as well as luminescent and fluorescent targeted proteins
such as aequorin, pericam, and camaleons (Bonora et al. 2013; De la Fuente et al.
2012; Fonteriz et al. 2010). The membrane-permeant fluorescent Ca2+ indicators
[typically acetoxymethyl (AM) esters] are entrapped in the mitochondrial matrix
via a de-esterification process by intracellular (cytosolic and intramitochondrial)
esterases (Dedkova and Blatter 2012). Combining the use of rhod-2 with mito-
chondrial-targeted GFP, the mitochondrial positioning, morphology, and relation to
sequestration of calcium can be concurrently studied. Potential downsides to using
these dyes include the non-ratiometric nature of all rhodamine-derived indicators
which may cause errors from changes in dye concentration and motion artifacts
(Dedkova and Blatter 2012). Following repetitive simulation with certain agonists,
Rhod-2 has been reported to induce Ca2+-dependent inhibition of mitochondrial
Ca2+ uptake (Fonteriz et al. 2010). Besides that, the optimum dye concentration has
to be determined as this affects mitochondrial membrane potential, morphology,
and toxin production (Fonteriz et al. 2010). Classical ratiometric indicators such as
fura-2 and indo-1, conversely, have low dissociation constant (Kd) and may
accumulate in the cytosol (Dedkova and Blatter 2012). Recent innovations in
mitochondrial calcium measurement include the development of Mt-pericam, a
mitochondrial-matrix-targeted, circularly permuted green fluorescent protein fused
to calmodulin and its target peptide M13 (Nagai et al. 2001), Mitycam which is
targeted to mitochondria with a standard mitochondrial-targeting sequence (subunit
VIII of human cytochrome c oxidase) (Kettlewell et al. 2009; Nagai et al. 2001),
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a low-Ca2+ affinity aequorin probe which is able to measure [Ca2+] in the millimolar
range for long period of time without problems derived from aequorin consumption
(De la Fuente et al. 2012), and, most recently, GCaMP2-mt, consisting of a mito-
chondrial-targeting sequence attached to a high signal-to-noise Ca2+ sensor protein
GCaMP2 to measure oxidant-induced responses of [Ca2+]m in cultured neonatal
myocytes (Iguchi et al. 2012).

5.3.4 Monitoring Mitochondrial Autophagy

Autophagy refers to the evolutionarily conserved process of segregation and
recycling of damaged or unused cellular components (Klionsky 2007; Mizushima
2007). Autophagy is defined by the formation of autophagosomes—double-mem-
brane structures that sequester defective organelles and cytotoxic protein aggre-
gates, or even viruses or bacteria (Fig. 5.3) (Hayashi-Nishino et al. 2009; Klionsky
2007; Mizushima et al. 2011; Mizushima 2007). The autophagosomes subsequently
fuse with lysosomes leading to bulk degradation of their content, and the produced
nutrients will then be recycled back to the cytoplasm (Hayashi-Nishino et al. 2009;
Klionsky 2007, 2008; Mizushima et al. 2011; Mizushima 2007; Ylä-Anttila et al.
2009a). Specific removal of mitochondria is termed mitophagy (Kissová et al.
2004; Rodriguez-Enriquez et al. 2004). Through mitophagy, dysfunctional mito-
chondria are recycled to produce useful amino acids and other nutrients.

Pathologic dysregulation of autophagy results in various disorders such as
synaptic dysfunction, stroke, brain trauma, Parkinson’s, Alzheimer’s, Hunting-
ton’s, and other neurodegenerative diseases (Chu et al. 2007; Lai et al. 2008; Liu
et al. 2008; Nixon et al. 2005; Ong and Gustafsson 2012; Rudnicki et al. 2008).

Mitophagy is generally visualized via the protein LC3B, a general marker for
autophagic membranes (Dagda et al. 2008; Du et al. 2009; Klionsky et al. 2012) or
using electron microscopy (Klionsky et al. 2012). Autophagosomes are visualized
on TEM as two parallel membrane bilayers separated by an electron-lucent cleft
(Eskelinen and Kovács 2011), containing organelles that look morphologically
intact, i.e., similar to the cytosol and organelles elsewhere in the cell (Ylä-Anttila
et al. 2009b). Autolysosomes usually have only one limiting membrane, while the
engulfed cytoplasmic material and/or organelles are at various stages of degra-
dation (Ylä-Anttila et al. 2009b). The recommended quantification of TEM results
is to obtain the volume occupied by autophagic structures and express it as a
percentage of cytoplasmic or cellular volume in a predetermined number of cells
(by power analysis) per sample (Klionsky et al. 2012; Sigmond et al. 2008).
Autophagosomes in the brain have been evaluated using confocal immunohisto-
chemistry and antibodies against LC3 (Lai et al. 2008). Caution should be exer-
cised when interpreting the increase in autophagosomes as this can reflect
induction of autophagy, impairment of autophagosome turnover (Kovács et al.
1986, 1987, 1988), or the inability of turnover to keep pace with increased auto-
phagosome formation (Chu 2006).
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Similar to the cases described before, LC3B-GFP or LC3B-RFP can be used in
conjunction with mitochondrial-targeted fluorescent proteins to concurrently study
mitochondrial dynamics and mitophagy. High-quality images at a high magnifica-
tion from epifluorescence or confocal laser microscope are used to quantify LC3B
puncta colocalized with mitochondria, average number of LC3 puncta per cell or
percentage of cells displaying punctate LC3 that exceeds a particular pre-defined
threshold (Klionsky et al. 2012). Anti-LC3 antibodies for immunocytochemistry or
immunohistochemistry can be used to detect the endogenous protein without the
need for transfection as the overexpression of GFP-LC3 may cause the nuclear
localization of the marker (Elsässer et al. 2004; Klionsky et al. 2012; Ost et al. 2010).
The number of puncta corresponding to GFP-LC3 on a per cell basis rather than
simply the total number of cells displaying puncta can be quantified to monitor
autophagy (Klionsky et al. 2012). Sizes of autophagosomes may vary, but additional
assays will be required to correlate autophagosome size with autophagic activity
(Klionsky et al. 2012; Wu and Pollard 2005). When using fluorescence microscopy
to monitor autophagy, a ratio for establishing differences in the degree of autophagy
between cells should be obtained by calculating the SD of pixel intensities within the
fluorescence image and dividing this by the mean intensity of the pixels within the
area of analysis (Klionsky et al. 2012). This is crucial as the expression of GFP-LC3
may not be the same in all cells. Multispectral imaging cytometry has been proposed
to assist in quantifying GFP-LC3 puncta in a large number of cells (Dolloff et al.
2011). An additional advantage of this method is the ability of quantification of
endogenous LC3 in non-transfected primary cells (Phadwal et al. 2012). A caveat to

Fig. 5.3 Representative electron micrograph depicting an autophagosome with an engulfed
mitochondrion in the heart
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using GFP-LC3 is the potential association of this chimera with protein aggregates
(Kuma et al. 2007). Furthermore, using antibodies will obviate the need for gen-
eration of a transgenic organism. The late stage of mitophagy where mitochondria
undergo lysosomal degradation is monitored by labeling lysosomes with lysotracker
and mitochondria with MitoTracker or mitochondrial-targeted fluorescent proteins
(Rodriguez-Enriquez et al. 2006). Autophagic flux can also be measured by a tan-
dem monomeric RFP-GFP-tagged LC3 (Kimura et al. 2007) with a more sensitive
and accurate reporter described in 2012 (Zhou et al. 2012). The signal elicited from
mRFP is not affected by environmental conditions. The GFP signal, however, is
sensitive to the acidic and/or proteolytic conditions of the lysosome lumen. Colo-
calization of both GFP and mRFP fluorescence indicates a phagophore or an auto-
phagosome that has not fuse with a lysosome. In contrast, an mRFP signal without
GFP may correspond to an amphisome or autolysosome. The Rosella biosensor, a
dual fluorescence assay, complements the tandem mRFP/mCherry-GFP reporter by
monitoring the uptake of specific cellular components to the lysosome/vacuole and
the internal environment of the biosensor during autophagy (Rosado et al. 2008).
The biosensor Rosella consists of a relatively pH-stable fast-maturing RFP variant
and a pH-sensitive GFP variant (Rosado et al. 2008). Novel tools for studying
mitochondrial turnover and biogenesis include MitoTimer, a fluorescent reporter
protein that changes fluorescence from green to red concurrent with protein matu-
ration in whole cells and isolated mitochondria (Hernandez et al. 2013), the use of
Keima, a coral-derived acid-stable fluorescent protein that emits different-colored
signals at acidic and neutral pHs to quantify autophagy at a single time point (Ka-
tayama et al. 2011). The correlation between component proteins and organelles
involved in the timing of the autophagic process has also been studied (Karanasios
et al. 2013; Katayama et al. 2011).

5.4 Conclusion

The onset of mitochondrial diseases can occur at any age with multifaceted
symptoms in various organs, such as the CNS, visual system, and neuromuscular
system. Diagnosis of mitochondrial diseases is not easily achievable, due to the
underlying factors such as double genetic origin of RC proteins, heterogenous
clinical presentations of patients, and variables between genotype and phenotype.
Coupled with other investigation tools such as genetic or biochemical analysis,
imaging methods are crucial to visualize and differentiate CNS abnormalities in
mitochondrial disorders. Findings from the different imaging methods, however,
have to be corroborated to ensure that a proper and accurate diagnosis is achieved.
Advances in biomedical imaging enhance a better understanding of mitochondrial
integrity and function which will help develop future therapeutics against mito-
chondrial diseases.
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