Chapter 13
Can We Accurately Model Mitochondrial
Dysfunction in Neurodegeneration?

Marijana Aradjanski and Aleksandra Trifunovic

Abstract Mitochondrial diseases are connected to a plethora of clinical pheno-
types, with the majority of them connected to pathologies within the nervous sys-
tem. Mutations in either mtDNA or nDNA genes coding for mitochondrial proteins
are known to lead to catastrophic diseases in humans that are the most common
cause of inborn errors of metabolism, with a frequency of about 1 in 5000. Therefore,
an understanding of mitochondrial roles in normal physiology and pathological
conditions is essential for the development of possible treatments for patients suf-
fering from various forms of mitochondrial disease. Many attempts have been made
to model mitochondrial dysfunction, but this has proven to be challenging due to
unique features of mitochondrial genetics. Despite this, over the last 20 years, a
number of very important transgenic mouse models have been developed that in a
lesser or higher degree recapitulated changes detected in human patients. Here we
discuss some of the most important mouse models generated to mimic mitochon-
drial encephalomyopathies and the lessons learned from them.
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13.1 Introduction

Mitochondria are unique organelles that allowed the development of multicellular
life on our planet by providing eukaryotic cells with a highly efficient form of
energy production, through the process of oxidative phosphorylation (OXPHOS).
Besides this, mitochondria play an important role in versatile cell processes and
signalling pathways, including calcium homeostasis, cell cycle regulation, apopto-
sis, reactive oxygen species (ROS) production, and thermogenesis [1]. As a relic of
their alphaproteobacterial origin, they possess their own genome, mitochondrial
DNA (mtDNA) that encodes 13 polypeptide subunits of OXPHOS complexes I, 111,
IV, and V and a full set of RNAs (22 tRNAs and 2 rRNAs) necessary for the effec-
tive protein synthesis inside mitochondria. All other polypeptides (~1500), includ-
ing other OXPHOS subunits, various metabolic enzymes, and a full complement of
proteins required for mtDNA maintenance and expression, are encoded by the
nuclear genome (nDNA), translated in the cytoplasm, and imported into mitochon-
dria (see Chap. 1). The dual origin of mitochondrial proteins gives clear ideas about
the importance of the constant and regulated communication between nDNA and
mtDNA for the maintenance of cell metabolism and homeostasis. Moreover, mito-
chondrial dynamics and involvement in cellular adaptive responses and quality con-
trol through processes of autophagy and apoptosis add additional layers to the
integral picture of mitochondria complexity.

The integration of mitochondria into different aspects of cell physiology is
reflected by dramatic repercussions linked to mitochondrial dysfunction. Syndromes
featuring impaired mitochondrial energy production are commonly referred to as
“mitochondrial diseases”. Although mitochondrial diseases are usually multisys-
temic, the brain and muscle are the most commonly affected tissues. This notion
became apparent almost four decades ago when paediatric neurologists coined the
term “mitochondrial encephalomyopathies” to call attention to the frequent occur-
rence of brain disease in children with mitochondrial alterations in their muscle
biopsies [2]. This term today is reserved for defects of the respiratory chain
(OXPHOS). Even within these boundaries, the classification of the mitochondrial
encephalomyopathies became quite complicated, including two types of primary
mtDNA mutations (impairment of global mitochondrial protein synthesis and of the
translation of specific respiratory chain subunits), and a much larger menu of
Mendelian disorders (due to mutations in nuclear-encoded mitochondrial respira-
tory chain proteins). Also, genetic errors in other fundamental mitochondrial func-
tions that do not directly affect the respiratory chain have major deleterious effects
on the nervous system, including impaired import of mitochondrial proteins and
defects of mitochondrial dynamics, such as motility, fission, fusion, and
distribution.

Central nervous system (CNS) involvement in mitochondrial disorders is clini-
cally heterogeneous, manifesting as epilepsy, stroke-like episodes, migraine, ataxia,
spasticity, extrapyramidal abnormalities, bulbar dysfunction, psychiatric abnormal-
ities, neuropsychological deficits, or hypophyseal abnormalities [3]. Mutations in


http://dx.doi.org/10.1007/978-3-319-28637-2_1

13 Can We Accurately Model Mitochondrial Dysfunction in Neurodegeneration? 305

mtDNA, the generation and presence of ROS, and environmental factors may con-
tribute to energy failure and lead to neurodegenerative diseases. Furthermore, mito-
chondrial dysfunctionhas been associated with the pathogenesis of neurodegeneration
in age-associated diseases such as Parkinson’s, Huntington’s, and Alzheimer’s dis-
eases [3, 4].

Taking into consideration the complexity of multifaceted mitochondria, in this
chapter we will make an overview of the research being done in order to model
mitochondrial dysfunction in neurodegeneration, specifically connected to mito-
chondrial diseases. Although many different attempts have been made to model
mitochondrial diseases in various organisms, this chapter will focus on genetic
manipulations in the mammalian model system — transgenic mice. We have classi-
fied different mouse models according to whether they targeted the mtDNA integ-
rity and stability or the introduced mutation is in nucleus-encoded proteins affecting
activity, levels, and stability of OXPHOS complexes (Table 13.1).

13.2 Modelling the Role of mtDNA Mutations and Loss
of mtDNA Integrity in Neurodegeneration

Generation of animal models carrying specific mtDNA mutations has proven to be
extremely challenging mainly because stable DNA transfection into mammalian
mitochondria is still basically unfeasible. The introduced DNA must cross not one,
but three membranes — the plasma membrane plus two mitochondrial membranes,
the innermost of which is impermeable to large hydrophilic polyanions such as
DNA or RNA. Even if the DNA molecule were able to access the matrix, it would
need to be stably recombined into an endogenous copy of mtDNA or maintained
independently. As the level of mtDNA recombination is believed to be very low in
many species, including mammals, only entire mitochondrial genomes could be
used as a potential vector for replication, meaning that an incoming genome needs
to rapidly associate with the soluble and membrane-bound factors necessary to pro-
mote mtDNA transmission. Finally, as mtDNA is present in many copies in any one
mammalian cell, it is unlikely that transfection would introduce many copies of
foreign DNA inside mitochondria certifying that only a minute portion of mitochon-
dria will carry the desired mutation. However, a minimum critical proportion of
mutated mtDNA is necessary before biochemical defects and tissue dysfunction
become apparent. Typically, this threshold value is in the range of 60-90 % mutant
to wild-type mtDNA, resulting in a requisite of numerous transformation events to
ensure introduced mtDNA reaches meaningful levels [31]. Several attempts have
been made to transform mitochondria within cells using: (1) the “ProtoFection”
technology that uses recombinant human mitochondrial transcription factor A
(TFAM) engineered with an N-terminal protein transduction domain (PTD) fol-
lowed by the mitochondrial localisation signal (MLS) to deliver mtDNA cargo to
the mitochondria of living cells [7] or (2) nanocarriers, including DQAsomes
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Table 13.1 Mouse models for neuropathological phenotypes in mitochondrial diseases

Mouse
model

Genetic manipulation Phenotype

Transmitochondrial mice

CAPR
mouse

AmtDNA
mouse

MT-COI
mouse

MT-ND6
mouse

MT-TK
mouse

A2379T mutation in Changes in the optic nerve

mitochondrial 16s IRNA

gene

4696 bp deletion in Impairment of long-term

mtDNA (including memory

6tRNAs and 7

polypeptides)

T6589C mutation in COX deficiency in brain

mtDNA

G13997A mutation in Leber’s hereditary optic

mtDNA neuropathy (LHON)-like
phenotype

Axonal swelling

Neuronal accumulation of
abnormal mitochondria

Loss of small retinal fibres and

swollen axons

G7731A mutation in Mild features of mitochondrial
mitochondrial tRNAMS disease
gene

Manipulation of proteins involved in mtDNA maintenance

mtDNA
mutator
mouse

Deletor
mouse

MILON
mouse

MitoPark
mouse

TK2-
deficient
mouse

Knock-in: Stochastic brain malformations

PolgP*"A (lacking
proofreading activity)

Overexpression of Brain respiratory deficiency
Twinkleduw352-364

Twinkle*3T (ubiquitous)

Overexpression of Reduction in parkin levels;
Twinkled 332364 (in dopaminergic
dopaminergic neurons; neurodegeneration
TH promoter)
Knockout: Late-onset neurodegeneration
Forebrain-specific followed by gliosis
neurons (CaMKIIa-Cre)
Knockout: Progressive Parkinsonism
Dopaminergic neurons
(Dat-Cre)
Knockout: Encephalopathy and premature
Whole body death
(homologous
recombination)
Knock-in: Encephalopathy and premature

TK2HI126N death

Reference

Marchington et al.
(5]

Inoue et al. [6]
Tanaka et al. [7]

Kasahara et al. [8]

Lin et al. [9]

Shimizu et al. [10]

Trifunovic et al.
[11]
Ross et al. [12]

Tyynismaa et al.
[13]

Song et al. [14]

Sorensen et al. [15]

Ekstrand et al. [16]

Zhou et al. [17]

Akman et al. [18]
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Table 13.1 (continued)

Mouse
model Genetic manipulation Phenotype Reference
TYMP- Knockout: Leucoencephalopathy Nishino et al. [19]
deficient Whole body Lopez et al. [20]
mouse Whole body with UP Haraguchi et al.
deficiency [21]
Manipulation of nDNA encoded OXPHOS proteins
Ndufs4- Knockout:
deficient Whole body Leigh-like phenotype Kruse et al. [22]
mouse (Mox2-Cre)
Neurons and glia Fatal progressive Quintana et al. [23]
(Nestin-Cre) encephalopathy, ataxia, glial
reactivity, and neuronal loss
Dopaminergic neurons | No overt neurodegeneration Sterky et al. [24]
(Dat-Cre)
Ndufa5- Knockout: Partial defects of CI in neurons, | Peralta et al. [25]
deficient Neurons lethargy, loss of motor skills
mouse (CaMKlIla-Cre)
Coq9- Knock-in: Encephalopathy with Garcia-Corzo et al.
deficient 239R>X mutation astrogliosis and neuronal death | [26]
mouse
RISP- Knockout: Oxidative damage followed by | Diaz et al. [27]
deficient Neurons neuronal death
mouse (CaMKlla-Cre)
SURF1- Knockout: Surprising lack of neurological | Dell’agnello et al.
de.ﬁcient Whole body (ubiquitous phenotypes, long lived [28]
mice Cre — not specified)
COX10- Knockout:
deficient Neurons Cortical neurodegeneration, Diaz et al. [27]
mouse (CaMKIIa-Cre) behavioural abnormalities
Oligodendrocytes and | Peripheral nervous system Funfschilling et al.
Schwann cells neuropathy, dysmyelination, [29]
(Cnp1-Cre) and muscular atrophy
ETHEI- Knockout: Ethylmalonic encephalopathy Tiranti et al. [30]
deficient Whole body
mouse (ubiquitous Cre — not
specified)

[dequalinium-based liposome-like vesicles], cationic, self-assembling vesicles that
target the mitochondrion [32], and MITO-Porter, which enters cells by macropino-
cytosis and mediates mitochondrial membrane fusion [31]. However, these
approaches have been heavily criticised for the lack of a mechanism for how mtDNA
crossed the three membranes or the size of mtDNA fragments that could be trans-
ported, and even more importantly, so far, no researchers outside the laboratories of
the inventors have successfully reported the use of any of these systems for mito-
chondrial transformation inside living cells [9].
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Additional attempts have been tried to introduce DNA into isolated mitochondria
with a bit more success in the hands of multiple researchers. Successful import of
DNA into isolated mitochondria has been reported using the protein import pathway
[33, 34], electroporation [35], natural competence [36], or bacterial conjugation
[37]. However, none of these methods are commonly used or generally accepted for
mitochondrial transformation, not least as it raises a concern of how these mito-
chondria would be reintroduced into host cells [9].

These technical difficulties have given rise to different methods to manipulate
the mtDNA integrity in experimental animals. To date, two different approaches
have been successfully tried for introducing genetically distinct mtDNA into mouse
models: (1) cybrid technology using fusion of cell cytoplasts bearing mutant mtDNA
to undifferentiated mouse stem cells, followed by injection into mouse blastocysts
[38], or directly to mouse single-cell embryos [6] and (2) manipulation of proteins
essential for mtDNA maintenance, primarily leading to increases in spontaneous
mtDNA mutations [11], rearrangements [13], and depletion of mitochondrial
genome [39].

13.2.1 Cybrid Models of Mitochondrial Diseases:
Transmitochondrial Mice

Cybrids, or “cytoplasmic hybrids”, are cultured cells manipulated to contain intro-
duced mitochondrial DNA (mtDNA). They are produced by fusion of the whole cell
with a cytoplast, which contains cytoplasm and organelles, including mitochondria,
but lacks nucleus. The enucleation is achieved by simultaneous application of cen-
trifugal force and treatment of the cell with an agent that disrupts the cytoskeleton.
A number of laboratories have reported use of cybrid methodologies to create trans-
mitochondrial mouse models [5, 6, 38, 40, 41]. Here we will mention the most
important examples and specifically focus on results regarding neurological
phenotypes.

13.2.1.1 CAPR Mice

At the turn of the last century, two groups in parallel produced the very first trans-
mitochondrial mice carrying an m.2379A>T mutation in the highly conserved part
of mitochondrial 16S rRNA gene, warranting chloramphenicol resistance (CAP¥) to
its host, hence the name CAP® mice [5, 40]. Although using slightly different
approaches, both groups have managed to produce cybrid embryonic stem (ES)
cells, mostly carrying mutant mtDNA (90-100 %) that was injected into blastocysts,
and the obtained embryos are implanted into pseudopregnant females [5, 40].
Analysis of heteroplasmy in different tissues of obtained chimeric mice demon-
strated that despite heavy manipulation and chloramphenicol selection, the ES cells
with mtDNA m.2379A>T mutation were able to contribute to the development of
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different tissues, although at fairly low levels (on average, less than 10 %) [5, 40].
Remarkably, the germ-line transmission of the CAPR mutation even when present in
moderate levels (44-52 %) resulted in severe growth retardation, myopathy, dilated
cardiomyopathy, and perinatal or in utero lethality [38]. However, these mice did not
present any neural phenotypes, besides prominent hamartomatous-like changes (a
benign, focal malformation that resembles a neoplasm) of the optic nerve head [38].

13.2.1.2 AmtDNA Mice

A slightly different approach was used to create delta-mtDNA (AmtDNA) mice [6].
Mitochondria carrying somatic mtDNA mutation (Amt4696) from aged mouse
brain [synaptosomes] were fused to cells lacking mtDNA (p0 cells) to create cybrid
clones expressing mtDNA with a 4696 bp deletion that included genes encoding for
6 tRNAs (K, G, R, H, S, L) and 7 polypeptides (ND3, ND4, ND4L, ND5, COXIII,
ATP6, and ATP8) [6]. These cybrids were then enucleated, again fused to pronuclear-
state embryos, and implanted into pseudopregnant females [6]. Although this pro-
cedure produced a low level of alive heteroplasmic animals, some founder females
were identified, and with subsequent breeding, germ-line transmission of the
mtDNA deletion was obtained through three generations [6]. This came as a sur-
prise, as germ-line transmission of large mtDNA deletions rarely occurs in humans.
Furthermore, although high tissue-specific differences in the amount of mutant
mtDNAs are common in patients suffering from mitochondrial diseases, individual
AmtDNA mice showed similar proportions of deleted mtDNA in all tissues that
varied greatly among individuals (5-90%) [6]. Furthermore, gene mapping of
transmitted mtDNA revealed the presence of a partially duplicated mtDNA mole-
cule consisting of one wild-type and one Amt4696 mtDNA. The skeletal muscle,
heart, and blood contained 0—17 % of the partially duplicated mtDNA, but it was not
detected in other tissues [6].

There was a strong correlation between pathological phenotypes and the level of
deleted mtDNA. Mice with about 30-50 % of Amt4696 at birth were healthy, but
developed mitochondrial respiratory deficiency and disease phenotypes when the
load of mtDNA deletions reached 75—-80 %, leading to shortening of the lifespan to
about 1.5 years. On the other hand, AmtDNA mice carrying more than 70 % mtDNA
with the deletion at birth died at around 6 months of age [40]. Most clinical pheno-
types, including low body weight, lactic acidosis, systemic ischaemia, hearing loss,
male infertility, and a very prominent renal failure, conveyed when the mtDNA with
deletions reached the threshold of around 80 % [6, 40, 42, 43]. This came as a bit of
a surprise because renal failure is not a common pathology associated with mito-
chondrial diseases. Nevertheless, phenotypes of AmtDNA mice mimic early-onset
Pearson syndrome in humans that is caused by a single heteroplasmic mtDNA dele-
tion and leads to anaemia, mitochondrial myopathy, and pancreatic and renal insuf-
ficiency [6].

Mice carrying more than 60 % of Amt4696 already had mitochondrial respira-
tion defects in the visual cortex and dentate gyrus, accompanied by impairment of
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memory at long retention delays, but not learning and temporal memory [7]. The
authors associated this with reduced levels of Ca2+/calmodulin-dependent kinase
[I-a (CaMKIlaw), a protein important for the establishment of spatial remote mem-
ory [7]. The mechanism by which moderate respiratory deficiency affects CaMKIIa
is not completely clear, but it was proposed that either (1) increased lactic acidosis
resulting from respiratory deficiency could deplete calcium and disturb signalling in
nerve cells, which would lead to a general reduction of the CaMKIlx protein levels
[44], or (2) reduction and depletion of the mitochondrial energy supply could affect
the processes of translation and/or targeting of CaMKIIo mRNAs [7]. Although
both of these models await experimental confirmation, it seems that the AmtDNA
mouse could be a valuable model since it represents the only mammalian model
with impairment of spatial remote memory caused by mitochondrial respiration
deficiency [7]. On the other hand, AmtDNA mice do not faithfully recreate the most
common phenotypes caused by a single large mtDNA deletion in humans, ranging
from mild myopathy to devastating multisystemic syndromes such as Kearns-Sayre
syndrome (KSS) [45, 46].

13.2.1.3 MT-COI Mice

The first transmitochondrial mouse carrying a point mutation in the mtDNA was
created by introducing the missense m.6589T>C mutation in the COI gene [8].
These mice are created by fusing respiratory-deficient mouse B82 cell lines to ES
cells depleted of mitochondria. As B82 cells lack thymidine kinase, unfused cells
could not survive in the selection medium with hypoxanthine/aminopterin/thymi-
dine (HAT) and therefore were effectively eliminated [8]. ES cell clones positive for
the mutation were introduced in 8-cell stage embryos and subsequently transferred
to a pseudopregnant female. The resulting mice were homoplasmic for the intro-
duced mutation in all analysed tissues [8]. Further analysis was carried in the F6
mice backcrossed to a C57B6 background to show that the observed phenotype
does not come from AmtDNA nuclear incompatibility. The analysed mice showed
growth retardation and 50-70 % decrease in COX activity in the brain, heart, liver,
and skeletal muscle (of the control levels) [8]. Although increased blood lactate
levels were detected in these mice, there were no signs of epilepsy, as reported in
patients with m#-COI missense mutation [47]. The authors did not proceed further
in their analysis of these mice, and therefore we do not have reports of any addi-
tional phenotypes arising in them.

13.2.1.4 MT-ND6 Mice

Possibly the mouse model that most accurately copies the human pathology was
created for Leber’s hereditary optic neuropathy (LHON) by introducing the human
optic atrophy ND6 G14600A (P25L) mutation into the mouse [9]. LHON is the
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first inherited mtDNA disease reported [48] and probably the most prevalent one
caused by mtDNA missense mutations, having an estimated frequency of 15 in
100,000 [49]. LHON is typically caused by mutations in one of the three mtDNA-
encoded complex I (CI) genes (MT-NDI1, MT-ND4, and MT-ND6) [49]. Patients
with classic LHON experience loss of central vision, usually in both eyes, between
15 and 35 years of age due to preferential loss of papillomacular bundle nerve
fibres [49].

Creation of MT-ND6 homoplasmic mutant mice started with mutagenesis of
murine LMTK cell line, followed by enrichment of introduced mtDNA mutations
by ethidium bromide depletion, reamplification, and cloning and subsequent
selection of the respiratory-deficient clones using glucose- or galactose-contain-
ing media. This approach produced a clone carrying homoplasmic m.13997G>A
mutation (MT-ND6 P25L substitution) with isolated CI deficiency (23 % residual
activity), 65 % reduction in ATP synthesis, and increased ROS production [9].
The enucleated clones were fused with mouse ES cells, chimeric females were
identified, and the maternal transmission of the homoplasmic MT-ND6
m.13997G>A mtDNA mutation was confirmed by mtDNA sequencing [9].
Remarkably, despite the systemic reduction of CI activity, like in LHON patients,
the phenotype was restricted to the optic nerve. The mice mirrored some of the
typical LHON patient phenotypes like: reduction in retinal function by electroret-
inogram (ERG), age-related decline in central smaller calibre optic nerve fibres
with sparing of larger peripheral fibres, neuronal accumulation of abnormal mito-
chondria, axonal swelling, and demyelination decreased retinal response, prefer-
ential loss of small retinal fibres, and swollen axons of retinal ganglion cells, due
to the accumulation of morphologically abnormal mitochondria [9]. Reduced CI
activity and highly increased ROS levels were detected in mitochondria and syn-
aptosomes isolated from the brain of these mice. Surprisingly, normal ATP levels
were detected in synaptosomes of these mice, indicating that the primary cause of
the retinal impairment was the chronic oxidative damage rather than the energetic
failure [9]. As the aetiology of LHON still requires better understanding, this
mouse model could be essential for better characterisation of the relationship
between mtDNA and optic nerve dysfunction and could further be used to test
antioxidant therapies in vivo.

Surprisingly, mice with the same m.13997G>A mutation that arose indepen-
dently in C57BL Lewis lung tumour cells on a different mtDNA background had a
distinctly different phenotype [50]. They showed moderate complex I defects and
increased lactate levels at a young age, but no other phenotypes related to mito-
chondrial diseases [50]. Later in life, these MT-ND6 mice developed some age-
associated phenotypes, such as development of B lymphoma and diabetes, but no
neurological or ophthalmological symptoms were detected [51]. It is currently not
clear where this strong discrepancy between the two models is coming from,
although, at least in part, it could be ascribed to different genetic backgrounds.
Further studies using both models in parallel are clearly needed to address this
issue.
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13.2.1.5 MT-TK Mice

A transmitochondrial mouse with an m.7731G>A mutation in MT-TK (mitochon-
drial tRNA™*) gene was recently generated from a mouse lung carcinoma P29 cell
line [10]. Mitochondrial transfer RNA (mt-tRNA) mutations are the most common
mtDNA mutations to cause human disease, and this was the very first mouse model
with a point mutation in mitochondrial tRNA gene that has a counterpart in human
patients affected by mitochondrial disease. The mice were created by fusing ES
cells depleted of mitochondria with the cybrid clone having 70 % heteroplasmy for
MT-TK m.7731G>A [10]. The mutation was transmitted through subsequent gen-
erations, if present in <85 % heteroplasmy, while oocytes containing a higher muta-
tional load seem to be lost during development [10]. Mice with predominant
m.7731G>A heteroplasmy displayed some features of mitochondrial diseases, such
as short body length and muscle weakness, but not ragged red fibres (RRFs).
However, MT-TK m.7731G>A did not reproduce the severe phenotype of patients
with matching human M7-TK mutation (m.8344G>A) associated with MERRF
(myoclonic epilepsy with ragged red fibres) possibly because of the lower hetero-
plasmy level transmitted to the progeny. At this point, a possibility for a late onset
of the disease in mice cannot be excluded. One striking difference between MT-TK
m.7731G>A and human patients with matching mutation(s) is the loss of oocytes
with high mutational load in mice [10]. This aspect underlines once more the diffi-
culties in creating mouse models resembling human defects and, probably, species-
specific differences in mtDNA selection during germ-line transmission and
segregation in tissues. Nevertheless, we believe that this mouse model will be useful
for studying specific aspects of human mitochondrial myopathies and possibly test-
ing therapeutic compounds.

13.2.2 Manipulating Proteins Essential for mtDNA
Maintenance

Besides the direct manipulation of mtDNA, manipulation of proteins involved in
mitochondrial genome maintenance, primarily mtDNA replication, has been used in
order to create animal models for mitochondrial diseases. Replication of the mito-
chondrial genome requires unique enzymatic machinery, composed of a set of fac-
tors encoded by nuclear DNA and recruited to mitochondria. In vitro studies showed
that the basic replication fork of human mitochondria can be reconstituted using
primed single-stranded DNA substrate and at least five mtDNA maintenance fac-
tors: catalytic and accessory subunit of DNA polymerase gamma (POLG and
POLG?2), mitochondrial RNA polymerase (POLRMT), replicative DNA helicase
(TWINKLE), and the mitochondrial single-stranded DNA binding protein (MTSSB)
[52]. Although this simple mitochondrial replisome is sufficient to duplicate a DNA
substrate in vitro, proper maintenance and effective replication of the mitochondrial
genome involve a much longer and still growing list of factors.
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13.2.2.1 MtDNA Mutator Mouse

Development of mtDNA mutator mice allowed detailed analysis and understanding
of the role of random somatic mtDNA mutations in the development of mitochon-
drial pathologies [11]. MtDNA mutator mice are created by introducing a single
point mutation in the highly conserved exonuclease domain of POLG, resulting in
almost complete inactivation of proofreading exonuclease activity in these mice
[11]. As the proofreading was abolished, mtDNA mutator mice accumulated three
to five times more random mtDNA mutations and developed a range of phenotypes
reminiscent of naturally occurring ageing and had a very significantly shortened
lifespan [11]. The high number of mtDNA point mutations in mtDNA mutator mice
leads to the synthesis of respiratory chain (RC) subunits with many amino acid
substitutions that likely cause instability of the RC complexes [53]. Although initial
studies indicated that neuronal phenotypes are not predominant in mtDNA mutator
mice [11], some studies have specifically addressed changes in the central nervous
system (CNS) of these mice [54]. Initially it was reported that mitochondrial dys-
function in the mtDNA mutator mouse brain leads to a metabolic shift from aerobic
respiration to glycolytic metabolism [54]. Using proton magnetic resonance spec-
troscopy, increased brain lactate levels have been detected in these mice, and this
was assigned to mitochondrial dysfunction in neurons that, instead of metabolising
pyruvate through the tricarboxylic acid (TCA) cycle, supposedly rely on glycolysis
and anaerobic metabolism [54]. However, a later study on the CNS phenotypes
failed to confirm general mitochondrial dysfunction in mtDNA mutator brains and
instead described embryonic-onset dysfunction of somatic stem cells (SCs), includ-
ing neural progenitors [55]. It has been demonstrated that development of neural
and haematopoietic progenitor cells of the mtDNA mutator mice is already affected
during foetal development and that neural stem cells showed decreased abundance
in vivo as well as reduced self-renewal capacity in vitro [55]. Moreover, the obser-
vation that treatment with the antioxidant N-acetylcysteine restores the self-renewal
ability of neural progenitor cells has led to the conclusion that an aberrant change in
ROS signalling or redox status is sufficient to modify signalling in somatic stem
cells and severely disrupt their homeostasis [55]. Recently, another study on mtDNA
mutator mice has shown that a combination of inherited and somatic mtDNA muta-
tions causes stochastic brain malformation, which suggests that starting life with
healthy mitochondria might be crucial for maintaining brain health during the
course of ageing [12]. This study further showed that the initial report on the more
general mitochondrial dysfunction in the mtDNA mutator brain is likely a result of
the increased, inherited mtDNA mutation load, rather than lifelong somatic mtDNA
mutation accumulation. It seems that in mice, unlike humans, spontaneous somatic
mtDNA mutations are less likely to cause pathological phenotypes in the brain than
other tissues, like the heart, spleen, or skeletal muscle.

Although mtDNA mutator mice were extremely valuable to model and under-
stand the general role of random somatic mtDNA mutations, they cannot be used to
model numerous diseases caused by POLG mutations. Mutations in POLG have
been associated with a number of mitochondrial disorders that affect the stability of
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mtDNA, primarily leading to mtDNA deletion and depletion syndromes [56, 57].
The most common disease caused by POLG mutations is the autosomal dominant
(ad) or autosomal recessive (ar) form of familial progressive external ophthalmo-
plegia (PEO) [57-59]. Additional clinical presentations like autosomal recessive
sensory ataxic neuropathy with dysarthria and ophthalmoplegia (SANDO) and
Alpers’ hepatophatic poliodystrophy have also been associated with POLG muta-
tions [60-62]. Furthermore, dominant POLGA mutations have shown to cause a
severe multisystemic disorder including Parkinsonism and premature menopause,
which are not typical of mitochondrial disease [63]. To accurately model these dis-
eases, novel mice that carry specific POLG patient mutations should be
developed.

13.2.2.2 Deletor Mouse

TWINKLE is a hexameric helicase that together with POLG and MTSSB forms
the minimal mtDNA replisome in vitro [52]. Dominant mutations in TWINKLE
are associated with PEO [64]. A decade ago, two transgenic mice models over-
expressing either in-frame duplication [352-364] or amino acid substitution
(A359T) found in human patients were developed [13]. The in-frame duplica-
tion is structurally the most severe mutation so far described in TWINKLE
patients, and correspondingly Twinkle®? mice showed more severe phenotypes
than Twinkle”3°T [13]. They are named “deletor mice” as their main feature is
the age-dependent accumulation of multiple large mtDNA deletions, along with
the respiratory chain dysfunction. A predominant phenotype in deletor mice is
mitochondrial myopathy, and the muscles of the mice faithfully replicate all of
the key histological, genetic, and biochemical features of PEO patients [13].
Brain respiratory deficiency followed the muscle phenotypes, and COX-
deficient (COX-) neurons are primarily found to be Purkinje cells and large
pyramidal neurons in the hippocampal CA2 region. A few COX- neurons were
also identified from the olfactory bulbs, substantia nigra, and hypothalamus
[13]. In contrast to mtDNA mutator mice, deletor mice did not show signs of
premature ageing, although they showed progressive respiratory chain defi-
ciency due to the accumulated mtDNA deletions. These mice represent a very
good model for the late-onset progressive mitochondrial disease, without affect-
ing the lifespan [13]. More recently, a mouse model expressing mutated
TWINKLE (352-364 duplication) specifically in dopaminergic neurons of sub-
stantia nigra was created [14]. These mice feature late-onset mild respiratory
dysfunction accompanied with increased mtDNA deletions and reduction in
parkin levels with alterations in autophagy, which together causes dopaminergic
neuron degeneration and movement defects [14]. Although interesting and with
results in agreement with previous deletor mice, this specific model conceptu-
ally adds novelty in modelling mitochondrial involvement in certain brain
regions.
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13.2.2.3 MILON and MitoPark Mice

One of the very first mouse models mimicking mitochondrial dysfunction found in
patients was the TFAM (mitochondrial transcription factor A)-deficient mouse [39].
Tfam encodes a protein with dual function that is on one side important for packag-
ing of mtDNA and on the other is an important transcriptional activator necessary
for mitochondrial replication and transcription. TFAM is an essential mitochondrial
protein whose constitutive depletion leads to embryonic lethality between ES8.5 and
E10.5 [39]. Tissue-specific depletion of Tfam in forebrain neurons and hippocam-
pus using Cre recombinase under CaMKIla promoter (CaMKIla-Cre) leads to cre-
ation of the so-called MILON (mitochondrial late-onset neurodegeneration) mouse
that showed reduced mtDNA levels already at 2 months and severe respiratory chain
deficiency in neurons from 4 months of age [15]. Strong respiratory deficiency led
to progressive neurodegeneration and massive apoptosis followed by evident gliosis
in the cortex and hippocampus, starting around 5 months of age [15]. MitoPark
mouse was another conditional Tfam knockout mouse created using Cre recombi-
nase under the dopamine transporter promoter (DAT-Cre) that depleted TFAM in
dopaminergic neurons of substantia nigra [16]. MtDNA expression was dramati-
cally reduced at 6 weeks of age, although phenotypic manifestations of Parkinsonism
(Parkinson’s disease [PD]-like phenotypes) started to develop much later. MitoPark
mice showed significantly decreased locomotion and rearing behaviour at 14 weeks
of age, and from 20 weeks of age, the mice started to display apparent disease mani-
festations such as tremor, twitching, and abnormal gait [16]. This slowly progres-
sive impairment of motor function was accompanied by formation of intraneuronal
inclusions and dopamine nerve cell death, and like in PD patients, these mice
responded to L-DOPA therapy with a differential success depending on disease
stage [16]. Therefore, the MitoPark mouse model was the first to recapitulate many
of the cardinal clinical features of PD, namely, progressive neurodegeneration and
death of neurons, loss of motor function, and therapeutic response to L-DOPA, and
is extensively being used in PD research [65-67].

13.2.2.4 Tk2-Deficient Mice

The correct maintenance of mtDNA depends not only on the normal activity of the
enzymes involved in replication, but also on a balanced pool of dANTPs. The first
step for the salvage pathway synthesis of dNTPs, on which postmitotic tissues pri-
marily rely to maintain their ANTP pools, is provided by the constitutively expressed
mitochondrial thymidine kinase (TK2) [68]. Mutations in the TK2 gene primarily
cause mitochondrial DNA depletion syndrome (MDS) with a broad clinical spec-
trum ranging from severe fatal infantile myopathy with motor regression, spinal
muscular atrophy, and rigid spine syndrome to mild mitochondrial myopathy [69,
70]. To model the MDS, two different TK2-deficient mice were developed in paral-
lel: one was created by deleting exons 4 and 5 (Tk2—/-) [17] and the other by
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introducing the H126N mutation (Tk277?V) [18] corresponding to the human patho-
genic HI21N mutation that drastically reduces TK2 activity [69]. Despite the
genetic difference and the presence of some residual TK2 activity in the Tk2#26N
animals, these two mouse models shared phenotypes of severe isolated encepha-
lopathy with a growth defect, but no major skeletal muscle alterations [17, 18].
Progressive mtDNA depletion was associated with depletion of dNTP pools and a
severe mitochondrial defect, characterised by loss of mtDNA-encoded OXPHOS
subunits, CI and CIV deficiency, and ATP reduction [17, 18]. As the brain was the
most affected tissue, these mice displayed primarily neurological phenotypes like
ataxic gait, coarse tremors, impaired motor coordination, abnormal limb clasping,
and generalised weakness [17, 18]. This also represents the main difference in com-
parison to patients that also have a strong myopathic phenotype that was lacking in
mice or is possibly masked by a severity of neurological phenotype [17, 18, 69, 70].
However, these mice still represent a very valuable tool to study MDS, but once
again show that even mutations homologous to that found in human patients do not
necessarily lead to development of the same pathologies.

13.2.2.5 Tymp-Deficient Mice

Thymidine phosphorylase (TP), a protein encoded by the TYMP gene, is also an
enzyme involved in the pyrimidine salvage pathway, required for the reversible reac-
tion catalysing thymidine and phosphate to thymine and deoxyribose-1-phosphate
[19]. Mutations in TYMP cause mitochondrial neurogastrointestinal encephalopathy
(MNGIE), an autosomal recessive syndromic disease clinically defined by the occur-
rence of gastrointestinal dysmotility with intestinal pseudo-obstruction, peripheral
neuropathy, ptosis, ophthalmoparesis, and hearing loss [19]. Loss of TP catalytic
activity causes an accumulation of thymidine and nucleosides in the blood and tis-
sues of affected patients leading to multiple deletions and depletion of mtDNA [71].

To model MNGIE in mice, both TYMP and UPP1 gene, encoding uridine phos-
phorylase (UP), had to be knocked down, as in mice, unlike humans, UP can com-
pensate for the loss of TP [21]. Initial study described leucoencephalopathy with
enlarged myelinated fibres in Tymp—/—/Upp I—/— mice, but no mtDNA abnormalities,
leading them to conclude: “encephalopathy in MNGIE patients does not appear to
be caused by mtDNA alterations” [21]. However, a consequent study questions
these results and conclusion, as they showed that elevated thymidine and uridine
levels lead to mtDNA depletion, respiratory chain defects, and histological altera-
tions in the brain of Tymp—/—/UppI—/— mice [20]. However, these mice only partially
resembled MNGIE patients, since they presented mtDNA depletion and pathophysi-
ological changes only in the brain, despite ubiquitous TP deficiency [20]. A few
possible explanations have been put forward for this discrepancy including: (1) the
shorter lifespan of mice may not be sufficient to allow significant accumulation of
somatic mtDNA alterations and consequent respiratory dysfunction in most tissues,
(2) mitochondrial dNTP pool imbalances in MNGIE patients are more dramatic
than in Tymp—/—/UppIl—/— mice and therefore could cause mtDNA instability in
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more tissues, and (3) differential expression and activities of other enzymes involved
in the pyrimidine metabolism are likely to influence in the balance of the mitochon-
drial ANTP pools and contribute to the tissue-specific effects in mice and humans
[20]. Despite these differences, this knockout mouse represents an important model
to further investigate the pathophysiology of leucoencephalopathy in mitochondrial
diseases and is a useful tool to develop therapeutic strategies for MNGIE.

13.3 Manipulating nDNA-Encoded Proteins Involved
in Mitochondrial Diseases and Neurodegeneration

The OXPHOS complexes are composed of subunits encoded by both nDNA and
mtDNA with the exception of complex II, which is exclusively encoded by
nDNA. For fully and correctly assembled OXPHOS complexes, exact coordination
of the expression of nuclear and mitochondrial proteins is needed. Defects in
OXPHOS result in varied pathologies and metabolic diseases, mostly affecting the
organs with high-energy demands, such as the heart, skeletal muscle, and brain.
Many attempts to create mouse models for OXPHOS deficiencies have failed
because of the essential nature of targeted genes for mitochondrial function, leading
to embryonic lethality in generated models [72]. However, in recent years, a number
of viable mouse models related to the components of OXPHOS proteins encoded by
the nuclear genome were constructed in order to study pathogenic mechanisms
underlying these diseases.

13.3.1 Complex I-Deficient Models

Mammalian complex I (CI) or NADH-ubiquinone oxidoreductase is the largest enzyme
of the OXPHOS and consists of at least 38 subunits encoded by nDNA and 6 subunits
encoded by mtDNA [73]. Isolated complex I deficiency is the most frequently diag-
nosed mitochondrial defect accounting for almost 23 % of all cases of childhood respi-
ratory chain deficiency [74]. The most common phenotypes associated with isolated
complex I deficiency are the Leigh syndrome (LS) and Leigh-like disease which mainly
cause psychomotor retardation, brainstem dysfunction, seizures, failure to thrive, mus-
cular hypotonia, dystonia, abnormal eye movements, and lactic acidosis [75].

13.3.1.1 Ndufs4-Deficient Mice

NDUFS4 (NADH-ubiquinone oxidoreductase iron-sulphur protein 4) is an 18 kDa
protein, inserted at a late stage of CI biogenesis, essential for CI assembly and sta-
bility. Ndufs4 gene is a mutational hot spot in humans leading to development of LS
and Leigh-like encephalomyopathy phenotype [76]. The first NDUFS4-deficient
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mouse model was a whole-body knockout (Ndufs4—/-) that rapidly developed a
Leigh-like phenotype characterised by ataxia, blindness, retarded growth rate, leth-
argy, and increased serum lactate, leading to premature death at about 7 weeks of
age [22]. These mice developed isolated CI deficiency with a very specific tissue
distribution, with liver and CNS being the most affected tissues, whereas CI activity
in the skeletal muscle of Ndufs4—/— mice was reduced to about 50 % of control lev-
els [22]. It is also quite interesting that these mice lived for about 5 weeks without
signs of illness after which they rapidly developed a fatal phenotype. Although it
was assumed that NDUFS4 subunit plays an essential role in assembly and stability
of the CI, the results from Ndufs4—/— mice demonstrated that CI could be formed
without it, most probably because of the compensatory activity of other subunits in
a tissue-specific manner [22]. Remarkably, mice deficient in NDUFS4, exclusively
in neurons and glia (using Nestin-Cre), copied the phenotype of full-body knock-
outs [23]. These mice (Ndufs4“"; Nestin-Cre) had clear signs of progressive glial
activation that promotes neuronal death and ultimately results in mortality. Neurons
in the olfactory bulbs (OBs), vestibular nuclei (VN), and posterior lobules of the
cerebellar vermis appear to be the most vulnerable [23]. The basic neuropathology
featuring mitochondrial disorders consists of nonspecific histological lesions, neu-
ronal loss, necrosis, gliosis, demyelination, and spongiform degeneration [77] that
were all apparent when studying the brains of these mice. Therefore, both of these
mouse models (Ndufs4—/— and Ndufs4“; Nestin-Cre) are going to be essential for
understanding the progression of symptoms in LS and looking for potential thera-
peutic interventions [22, 23].

Interestingly, disruption of NDUFS4 in midbrain dopaminergic neurons
(Ndufs4"“™; DAT-Cre) did not lead to overt neurodegeneration, loss of striatal inner-
vation, or symptoms of Parkinsonism [24]. However, dopamine (DA) homeostasis
was abnormal with impaired DA release and increased levels of DA metabolites
allowing the authors to conclude that complex I deficiency still can contribute to the
pathophysiology of PD [24].

Another two Ndufs4-deficient mouse models were created that did not com-
pletely recapitulate observed phenotypes [78, 79]. Firstly, an Ndufs4 knockout
model was created by spontaneous transposable element insertion within the gene
that produced a premature stop codon and resulted in an unstable transcript [78].
These Ndufs4 knockout mice were smaller at birth, lost their fur at 2 weeks of age,
displayed some neurological impairment at 5 weeks, and died prematurely at about
7 weeks. However, the authors did not observe significant neuropathological
changes in the brain of these mice, in contrast to previous reports [22, 23]. This has
been explained by an earlier time point used to analyse these mice, due to ethical
permit restrains [78]. In the future, comparative analysis of all three models will be
needed to shed more light on the observed phenotypic differences.

A second model was created as a knock-in model, by introducing a premature
stop codon in the Ndufs4 gene [79]. Unexpectedly, homozygous knock-in mice
were embryonic lethal, while heterozygous mice showed a mild phenotype, with a
reduction of CI activity of about 30 % in the heart, brain, and skeletal muscle mito-
chondria, accompanied by elevated lactate levels in the brain and heart [79]. It
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seems that the introduced mutation could have a dominant-negative effect as it cre-
ates a stop codon that results in the expression of a truncated NDUFS4 protein of
about 14.4 kDa lacking the last 10—15 amino acids. The truncated protein seems to
be incorporated at low levels into the fully assembled CI resulting in significant
complex deficiency and might explain the differences with other Ndufs4 knockout
models [79].

13.3.1.2 Ndufa5-Deficient Mice

Initial attempts to create mice deficient for NADH-ubiquinone oxidoreductase 1
alpha subcomplex subunit 5 (NDUFAS) were done using a gene-trap technology,
but without success, as it turned out that Ndufa5 was an essential mitochondrial
protein necessary for embryonic survival [25]. This might be also the reason why
there are no human patients with mutations in NDUFAS5 gene. To study the role of
NDUFAS in adult mice, a conditionally targeted Ndufa5 gene was created and
deleted specifically in forebrain neurons and hippocampus using CaMKIIa-Cre
[25]. These mice were healthy until the age of 10-11 months when they became
lethargic and showed significantly reduced motor coordination compared to the
controls of the same age. Although levels of the fully assembled CI (75-80 %) and
CI activity (40 %) were markedly reduced in the cortex, neither oxidative stress,
neuronal loss, nor gliosis was observed in the knockout mice [25]. The mild pheno-
type of Ndufa5 knockout mouse could be the result of the compensatory mecha-
nisms such as physiological adjustment to ketogenic environment, since the brain
actively metabolises ketone bodies in periods of energy shortage [80]. This was
suggested after noting the increased levels of ketogenic enzyme ACAT1 [mitochon-
drial acetyl-CoA acetyltransferase] in the knockout brains [25]. Another compensa-
tory effect could be the increased electron flow via the electron transfer flavoprotein
dehydrogenase to CoQ, since there was an upregulation of electron-transferring-
flavoprotein subunit A (ETFA) in knockout brains [25].

13.3.2 Coenzyme Q Deficiency

Coenzyme Q10 (CoQ,) is a mobile lipophilic electron carrier located in the inner
mitochondrial membrane that transfers electrons from CI to CII and to complex III
[81]. Besides its role in the OXPHOS system, CoQ), is a potent antioxidant mole-
cule and participates in the de novo pyrimidine biosynthesis pathway [81]. CoQ,
endogenous biosynthesis occurs ubiquitously in the mitochondria, and several
pathogenic mutations in genes encoding proteins involved in this process have been
identified [82, 83]. Mutations in CoQ biosynthetic genes produce primary CoQ10
deficiency, a mitochondrial syndrome associated with five major clinical pheno-
types: encephalomyopathy, severe infantile multisystemic disease, nephropathy,
cerebellar ataxia, and isolated myopathy [83].
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13.3.2.1 Coq9-Deficient Mice

COQ9 gene encodes 1 of the 11 proteins required for the biosynthesis of CoQ;
within mitochondria and is the disease-causing gene reported in a patient with pri-
mary CoQ, deficiency [84]. The patient with a COQ9 homozygous stop mutation
developed neonatal lactic acidosis followed by multisystemic disease including
intractable seizures, global developmental delay, hypertrophic cardiomyopathy, and
renal tubular dysfunction [84]. To better understand the pathophysiological conse-
quences of primary CoQ10 deficiency, a mouse model carrying a homozygous
mutation in Coq9 gene (R239X, Cog9%?°%), which is homologous to the human
R244X mutation, was created [84]. The homozygous Cog9**** mice were normal
at birth, but between 3 and 6 months, they developed a rapid and progressive paraly-
sis followed by death, suggesting an involvement of the central nervous system in
the pathogenic mechanism of the disease [26]. Further analysis of Cog9%**** mice
showed intense vacuolisation, astrogliosis, and neuronal death in the brain and
severe demyelination of peripheral tissues. The lack of CoQ,, caused a loss of CI
and an increase in free CIII, leading to a decrease in mitochondrial respiration and
ATP synthesis only in the brain of the Cog9**** mice [26]. However, before accept-
ing Cog9%*%°X mouse as an excellent model of mitochondrial encephalomyopathy
associated with CoQ, deficiency, it has to be determined if the observed phenotypes
are independent from other metabolic pathways fundamental for proper brain devel-
opment in foetuses and newborns, like cholesterol metabolism, which shares the
biosynthetic pathway of CoQ.

13.3.3 Complex I1I-Deficient Models

Complex III (CIII, ubiquinol-cytochrome c reductase, or cytochrome bcl complex)
consists of three catalytic and eight structural subunits, yet deficiencies in this com-
plex are very rare, but with a broad range of clinical features and tissue specificity
[85]. Although a few mouse models have been created that have deficiency in CIII
subunits, only Ugcrfs-deficient mice were analysed for CNS phenotypes.

13.3.3.1 Ugcrfs1-Deficient Mice

Rieske iron-sulphur protein (RISP) is one of the catalytic subunits of CIII encoded
by nuclear DNA, more specifically, the UQCRFS1 gene. Similar to the previously
described Ndufa5 gene, Ugcrfsl is essential for mouse embryonic development,
providing explanation as to why no human patients are described so far. To study the
role of RISP in an adult mammalian brain, a conditional strategy was used to create
forebrain neurons and hippocampus-specific Ugcrfs! knockout mice (UgcrfsiE,
CaMKIla-Cre) [27]. These mice lived up to 3 months, with CIII deficiency becom-
ing apparent in both cortex and hippocampus already at 1 month of age and
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progressing rapidly until the end of their lifespan [27]. CIII deficiency was accom-
panied with an increase in citrate synthase and CIV activities and higher mtDNA/
nDNA ratios, all of which indicate increased mitochondrial biogenesis as a compen-
satory response to respiratory deficiency [27]. Ugcrfsl knockout mice also showed
extensive oxidative damage followed by neuronal death, mainly in the piriform cor-
tex and hippocampus at 3 months of age and therefore could be a great model for
testing antioxidants as therapeutic agents in mitochondrial diseases [27].

13.3.4 Complex IV-Deficient Models

Cytochrome c¢ oxidase (COX) or complex IV (CIV) is the terminal enzyme of the
electron transport chain in mitochondria that receives electrons from cytochrome c
molecules and transfers them to molecular oxygen, thus converting it to two mole-
cules of water. CIV is a very significant factor in the aetiology, progression, and
prevalence of numerous human neurodegenerative diseases and represents an
important target for developing diagnostic and therapeutic tools against those dis-
eases [86]. COX deficiency may cause clinically heterogeneous disorders ranging
from isolated myopathy to severe multisystemic disease [87]. Mutations in genes
encoding both the CIV structural subunits (COI and COII) and assembly factors
(SURF1, SCO2) have been implicated in human diseases.

13.3.4.1 SURF1-Deficient Mice

Remarkably, mutations in the COX assembly genes are a major cause of isolated
COX deficiency and LS [87]. It has been estimated that about one-third of all LS
cases are caused by SURFI mutations [88]. Therefore, it came as a great surprise
that mice lacking SURF1 (Surfl-/-) did not show any signs of neurodegeneration
[28]. In fact, these mice showed protection from Ca?*-dependent neurotoxicity
caused by kainic acid and had significantly increased median lifespan [28]. The
biochemical and assembly COX defect was present in Surfl/—/-mice, but much
milder than in human patients, suggesting alternative CIV assembly factors are
present in mouse mitochondria [28]. Therefore, despite the fact that SURF]1 is evo-
lutionarily conserved, its function in COX assembly in mice seems to be redundant
and therefore could be partly taken over by other unknown factors. One possible
explanation is that mild mitochondrial dysfunction in Surfl—/— mice could lead to
activation of compensatory genetic and epigenetic mechanisms that in turn can lead
to increased longevity through hormetic responses. Indeed, the results of a most
recent study suggested that impaired mitochondrial function as observed in Surfl—
/- mice can lead to induction of mitochondrial stress pathways like mitochondrial
biogenesis and mitochondrial unfolded protein response, to confer protective effects
on cellular homoeostasis [89]. It was also reported that loss of SURF1 leads to key
metabolic changes resulting in reduced adiposity, improved insulin sensitivity, and
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induction of mitochondrial biogenesis in white adipose tissue [90]. These novel
findings may also contribute to the prolonged lifespan of Surf/—/— mice and suggest
that although these mice are not a good model for human LS pathologies, they
might be invaluable to study other aspects of mitochondrial function, like mitohor-
mesis and the role of mitochondrial dysfunction in mammalian ageing.

13.3.4.2 Cox10-Deficient Mice

COX10 is a farnesyltransferase, necessary for the assembly of CIV. In humans,
mutations in COX10 have been associated with leucodystrophy, hypotonia, lactic
acidaemia, deafness, etc. [91]. To gain better understanding of the role of COX10 in
the mammalian CNS, two different conditional Cox/0 knockout mice were gener-
ated: one with a primary deficiency in neurons [27] and the other in oligodendro-
cytes and Schwann cells [29]. The neuron-specific Cox10 knockout (CoxI0YE,
CaMKIla-Cre) represents an encephalopathy mouse model with pronounced behav-
ioural abnormalities [27]. Although COX-deficient neurons were detected at
2 months of age in the cortex and hippocampus, the neurodegenerative phenotype
was slowly progressing until the age of 8 and 12 months when the mice die [27].
This was accompanied with a delayed onset of oxidative stress and gliosis [27]. The
myelin-producing cell-specific ablation of COX10 (Cox10%t; Cnpl-Cre) showed a
severe neuropathy phenotype with dysmyelination, muscle paralysis, and atrophy in
the peripheral nervous system. On the contrary, in the adult CNS, no signs of demy-
elination nor axonal degradation were found, suggesting that postmyelination oligo-
dendrocytes survive well in the absence of COX activity, relying on glycolytic
metabolism [29]. Moreover, brain lactate was increased in Cox!0“/PLPErt2-Cre
mice, which can be effectively used by myelinated axons when energy deprived.
This model indicates that an increased rate of oligodendroglial glycolysis can sup-
ply aerobic glycolysis products to support axonal energy needs suggesting a model
in which axon-glia metabolic coupling serves a physiological function [29].

13.3.4.3 Ethel-Deficient Mice

ETHEI gene encodes a b-lactamase-like, iron-coordinating metalloprotein that is
mutated in ethylmalonic encephalopathy, a devastating infantile metabolic disorder
affecting the brain, gastrointestinal tract, and peripheral vessels connected with
COX deficiency [92]. In the mouse model deficient in ETHE1 (Ethel—/-), sulphur
dioxygenase activity was absent, disabling sulphide detoxification in mitochondria.
Sulphide is a powerful inhibitor of COX and short-chain fatty acid oxidation, with
vasoactive and vasotoxic effects that explain the microangiopathy in ethylmalonic
encephalopathy patients [30]. This mouse model of ethylmalonic encephalopathy is
the first example of an inherited mitochondrial disease resulting from toxic inhibi-
tion of aerobic energy metabolism [30]. The toxic mechanism underpinning ethyl-
malonic encephalopathy makes effective therapy a realistic goal. Even though this
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mouse model isn’t mimicking the direct deficiency in OXPHOS, it shows how defi-
ciency in other genes can affect particular parts of OXPHOS, and that is why it
represents a valuable model [30].

13.4 Conclusion

Despite the great advance being made in constructing mouse models with OXPHOS
defects, we still have a gap in knowledge in explaining tissue specificity and the
difference in severity of the phenotypes obtained from these models. Another prob-
lem that we are dealing with is the difference between human patients’ clinical
phenotypes and what we observe in our mouse models, with the same deficiency.
The latter complicates finding suitable therapeutic approaches.

The aim of this review was to summarise the mouse models displaying the neu-
rodegenerative phenotype and compare it with the known human patients’ diseases.
Mitochondrial diseases are extraordinarily diverse, not only in their phenotypic pre-
sentation but also in their genetic background. The multifaceted nature of mitochon-
dria is shown in versatile causes of neurodegenerative disease. From disruptions in
mtDNA expression, over energy production problems, to defected mitochondrial
dynamics and quality control, we can clearly see how every aspect of mitochondrial
well-being is important for health maintenance. On the other hand, the mechanisms
of many diseases have yet to be elucidated in order to get closer to effective thera-
peutic approaches. More mouse models depicting human neurodegenerative dis-
eases need to be constructed. Moreover, the inability to genetically transform
mammalian mitochondria is a serious impediment to research on mitochondrial dis-
orders and limits gene therapeutic approaches to mtDNA diseases.
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