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ABSTRACT

Mitochondria are essential for cellular homeostasis and contain the
respiratory chain (RC). Decreased mitochondrial function is associated with ageing,
as exemplified by the finding of a mosaic pattern of RC-deficient cells in aged tissues.
Parkinson’s disease (PD) is a common age-related disorder characterized by loss of
midbrain dopamine (DA) neurons and formation of intracellular inclusions. A
number of observations suggest a role for mitochondrial dysfunction in the
pathophysiology of PD: (1) toxins linked to PD have been shown to impair RC
function, (2) reduced RC enzyme activities are found in patient tissues, (3) the
proportion of DA neurons that are RC-deficient, due to accumulation of mtDNA
deletions, is higher in PD patients than in controls, and (4) an inherited form of PD is
caused by loss-of-function mutations in the gene for Parkin, an E3 ubiquitin ligase
reported to facilitate clearance of defective mitochondria.

In this thesis, experimental genetics in mice have been used to study
consequences of mitochondrial dysfunction in the brain, with particular focus on DA
neurons. First, we addressed the role of mosaic RC deficiency in the brain by
creating chimeric mice with a mixture of normal and RC-deficient forebrain neurons.
A low proportion (>20%) of respiratory chain-deficient forebrain neurons was
sufficient to cause symptoms. On the one hand, surrounding normal neurons could
prevent mortality and delay the onset of symptoms. On the other hand, RC-deficient
neurons could induce death of surrounding normal neurons by a trans-neuronal
degeneration mechanism.

We also developed so-called ‘MitoPark’ mice, which have DA-specific
disruption of Tfam, a gene critical for maintenance and expression of mtDNA.
MitoPark mice have severe RC deficiency in DA neurons and develop slow,
progressive loss of DA neurons accompanied by motor symptoms resembling those
seen in PD. To study changes in mitochondrial morphology and distribution, we
developed a novel reporter mouse for cell type-specific labeling of mitochondria. We
found that mitochondria in RC-deficient neurons fragmented and concomitantly
formed severely enlarged mitochondrial bodies in the soma and proximal dendrites.
Mitochondria in distal axon segments had normal morphology, but the RC-deficient
neurons had an impaired anterograde supply of new mitochondria to their axon
terminals. We did not find support for a role of Parkin in MitoPark DA neurons, as
overexpressed Parkin was not recruited to the aberrant mitochondria and the
absence of Parkin did not affect their clearance. Finally, we studied the
consequences of a complex I defect in DA neurons. Disruption of the complex I
subunit gene Ndufs4 resulted in a mild complex I deficiency, which did not cause
degeneration of DA neurons or PD-like symptoms. Nevertheless, we found increased
levels of DA metabolites and impaired DA release at the level of the axon terminals,
compatible with early changes seen in PD. Ndufs4 knockout DA neurons were in
addition more vulnerable to toxic insult. In summary, these results support a role for
mitochondrial dysfunction in PD and show that RC function is important for axonal
mitochondrial transport and synaptic DA release.
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INTRODUCTION

MITOCHONDRIA

Two fundamental activities of everyday life, to eat and to breathe, converge at
the level of an organelle present in nearly all cells. Mitochondria use oxygen that
we inhale to convert energy in the carbohydrates and lipids in the food into
adenosine triphosphate (ATP), the energy carrier used to drive almost all
energy-dependent processes in the cell.

Mitochondria have prokaryotic ancestry and originate from the entry of a
Proteobacteria species into the cytoplasm of a primitive host cell about 2 billion
years ago (Gray, 1999; Andersson et al., 2003); a symbiosis that gave the host cell
the evolutionary advantageous capacity for aerobic metabolism. Deepened
integration of the proteobacterium in cellular physiology shaped a ubiquitous
organelle with several essential functions. In addition to intermediary
metabolism and ATP synthesis, mitochondria have important roles in calcium
buffering, regulation of apoptosis, reactive oxygen species (ROS) production and
the assembly of iron-sulfur cluster proteins (Lill and Miihlenhoff, 2008). As a
consequence of their evolutionary origin, mitochondria share several features
with prokaryotes such as containing their own bacteria-like genome and
translation machinery. Lateral gene transfer from the mitochondrial DNA
(mtDNA) to the nuclear genome has reduced gene content, and mammalian
mtDNA only contain 13 protein-coding genes. The remaining ~1000
mitochondrial proteins (Pagliarini et al., 2008) are encoded by nuclear DNA.
Nuclear-encoded mitochondrial proteins are imported into mitochondria by an
import machinery following recognition of an N-terminal targeting peptide
(Neupert and Herrmann, 2007).

Mitochondrial ultrastructure

Mitochondria consist of two lipid bi-layers that create four separate
mitochondrial compartments (Fig. 1): the mitochondrial outer membrane, the
intermembrane space, the inner membrane and the matrix. The outer membrane
is semipermeable due to high amounts of channel proteins of the porin family
that allows diffusion of molecules with a molecular weight of less than ~5 kDa
across the membrane. Concentrations of small molecules within the
intermembrane space are therefore in equilibrium with the cytosol.



Figure 1. Mitochondrial ultrastructure. outer membrane
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The inner membrane is very protein-dense and rich in cardiolipin, a specialized
diphosphatidylglycerol lipid. Unlike the outer membrane, the inner membrane is
impermeable to ions and solutes. Transfer across the inner membrane depends
on specialized transporters, for example the adenine nucleotide translocator
(ANT) that exchanges ADP and ATP. This impermeability is important for the
respiratory chain (RC) complexes, which are embedded in the inner membrane.
Invaginations of the inner membrane create subcompartments of the
intermembrane space called cristae. Formation of cristae may facilitate
metabolism by greatly expanding the surface area between the RC in the inner
membrane and the matrix compartment. The morphology of cristae can vary
widely between different organisms, tissues and conditions (Zick et al.,, 2009).
The mechanism that shape cristae are incompletely understood but may include
dimerization of the ATP synthase (Davies et al.,, 2011). The matrix harbors the
mtDNA and enzymes of the tricarboxylic acid (TCA) cycle, f-oxidation and some
of the enzymes involved in steroid biosynthesis, gluconeogenesis and the urea
cycle.

Mitochondrial dynamics

The size and shape of mitochondria varies between cell types and tissues, from
being sphere-like to forming long interconnected tubules (Kuznetsov et al.,
2009). The morphology is dynamic and mitochondria can move and remodel
through fusion of separate mitochondria and division into daughter units (Fig.
2A). Conserved protein machineries regulate mitochondrial fusion and division
(fission) (Detmer and Chan, 2007; Westermann, 2010). The relative activity of
these opposing processes dictates the overall shape, which can rapidly change in

response to altered conditions.

Mitochondrial fusion

Fusion of the outer membrane of mammalian mitochondria is mediated by two
closely related proteins, Mitofusin 1 (Mfn1) and Mitofusin 2 (Mfn2) (Chen et al,,
2003). Mitofusins are large dynamin-related GTPases that are anchored to the
outer membrane with both the N- and C-terminal domains facing the cytoplasm.
C-terminal heptad repeat domains of mitofusins on adjacent mitochondria can
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Figure 2. Mitochondrial morphology and motility is regulated by conserved protein
machineries. (A) Remodeling of the mitochondrial network by fission and fusion is
governed by four large GTPases. Oligomerization of Drp1 mediates mitochondrial
fission by scission of the outer membrane. During fusion, mitofusins of juxtaposed
mitochondria interact in trans to mediate fusion of the outer membrane. Opal is
required for inner membrane fusion.

(B) Fast axonal transport of mitochondria occurs along microtubules. Kinesin
motors attached to mitochnodria via the adaptor molecules TRAK and MIRO drive
anterograde transport. Dynein mediates retrograde transport.

interact in trans to form either homotypic (Mfn1-Mfn1 or Mfn2-Mfn2) or
heterotypic (Mfn1-Mfn2) complexes that tether the membranes in close
proximity (Koshiba et al., 2004). It is believed that subsequent GTPase activity
induce a conformational change that fuse the juxtaposed membranes. Loss of the
gene for either Mfn1 or Mfn2 decreases mitochondrial fusion and leads to
fragmentation of the mitochondrial network (Chen et al., 2003). Loss of both
genes completely abolishes fusion (Koshiba et al., 2004). Only a single Mfn
homologue is found in yeast, and the role for the two separate mitofusins in
mammals is not fully understood. Additional functions have been ascribed to
Mfn2, including a role in mitochondrial axonal transport (Misko et al., 2010) and
the tethering of mitochondria to the endoplasmatic reticulum (de Brito and
Scorrano, 2008).

The mechanisms that shape inner membrane morphology are less well
understood. The inner membrane large GTPase OPA1 is required for fusion, and
loss of OPA1 results in mitochondrial fragmentation and aberrant cristae
formation (Song et al., 2009). Alternative splicing generates multiple OPA1
isoforms. In addition, OPA1 is subject to proteolytic processing by inner
membrane proteases to generate shorter isoforms of the protein (Westermann,
2010). Fusion requires both the long and short isoforms (Song et al., 2007).



Reduced mitochondrial membrane potential promotes processing and inhibits
inner membrane fusion through loss of long OPA1 isoforms (Duvezin-Caubet et
al., 2006).

Fusion allows inter-mitochondrial content mixing and is essential to maintain a
functional mitochondrial network. Knockout of either Mfn1 or Mfn2 in mice
results in embryonic lethality (Chen et al., 2003), and tissue-specific knockout of
MfnZ2 in cerebellar neurons leads to neurodegeneration and mitochondrial
dysfunction in affected neurons (Chen et al., 2007). In humans, mutations in
MFNZ2 cause Charcot-Marie-Tooth type 2A, a peripheral neuropathy that affects
long axons and cause distal weakness and sensory loss in the limbs. Mutations in
OPA1 is a major cause of dominant optic atrophy, a disease that leads to
blindness due to degeneration of retinal ganglion cells (Delettre et al., 2002).

Mitochondrial fission

Fission of mitochondria depends on the large GTPase dynamin-related protein 1
(Drp1). Drp1 is predominantly located in the cytoplasm with a minor fraction
found on punctate spots on the mitochondrial surface. During fission, these sites
recruit cytosolic Drp1, which oligomerize to encircle and constrict the
mitochondrial tubule to promote scission of the membranes (Ingerman et al.,
2005). The mechanism that dictates future fission sites is not well understood. In
yeast, a small outer membrane protein called Fis1 is required for the recruitment
of cytosolic Drp1, but the mammalian homologue is dispensable for the process
(Lee et al., 2004). Instead, recruitment in mammals appears to depend on
mitochondrial fission factor (Mff) (Otera et al., 2010).

Fission is important for proper segregation and distribution of mitochondria,
and Drpl-mediated fission is also an early event during apoptosis. Drp1
knockout mice are embryonic lethal and have highly connected mitochondria
with aberrant morphology (Ishihara et al., 2009; Wakabayashi et al., 2009). Drp1
knockout neurons fail to distribute mitochondria in neural processes and have
impaired synapse formation (Ishihara et al., 2009). The importance of
mitochondrial fission in humans has been illustrated by a case with fatal brain
malformation due to a spontaneous dominant-negative DRP1 mutation
(Waterham etal., 2007).

Mitochondrial motility

Distribution of mitochondria within the cell is essential during cell division and
to position mitochondria at sites with high energy demands (Hollenbeck and
Saxton, 2005). Neurons are extreme in their need to transport mitochondria over



vast distances. In axons of lower motor neuron explants, mitochondria travel at
peak velocities of 1.0 um/s in the anterior direction and 1.4 pm/s in the
retrograde direction (Misgeld et al.,, 2007). Although referred to as fast axonal
transport, this corresponds to a minimal transit time of ~10 days from cell body
to axon terminal in the longest of human axons. However, mitochondrial
transport includes frequent pauses (saltatory movement), and net velocity over a
distance is therefore likely slower (Hollenbeck and Saxton, 2005).

Fast axonal transport of mitochondria depends on microtubules (Fig. 2B). The
kinesin-1 family of molecular motors drives anterograde transport, i.e.
movement from the cell body towards the axon terminal and the microtubule
(+)-end. Retrograde transport towards the microtubule (-)-end is driven by
dynein (Pilling et al., 2006). Mutational screens in Drosophila have revealed two
adaptor proteins for mitochondria-specific transport, Milton (Stowers et al.,
2002) and Miro (Guo et al., 2005). Both genes have two mammalian orthologues
named TRAK(1/2) and MIRO(1/2), respectively. The RHO family GTPase MIRO is
attached to the outer membrane and binds the adaptor protein Milton/TRAK,
which in turn interacts with kinesin (Fransson et al., 2006; Wang and Schwarz,
2009). MIRO contains two Ca?*-binding EF-hand motifs that arrest mitochondrial
motility upon Ca2+-binding (Wang and Schwarz, 2009), suggesting a mechanism
to direct mitochondria to subcellular regions with high Ca?*levels.
Phosphorylation of MIRO by the kinase PINK1 (Wang et al,, 2011) may arrest
transport in a membrane potential-dependent manner. Several other proteins

have been implied in the regulation of mitochondrial transport (Sheng and Cai,
2012).

Oxidative phosphorylation and the respiratory chain

Catabolism of carbohydrates and lipids by glycolysis, the TCA cycle and 3-
oxidation generates reduced forms of the electron carriers NADH and FADHo.
The mitochondrial RC consists of four enzyme complexes (complexes I-1V)
situated in the mitochondrial inner membrane (Fig. 3). The RC harvests electrons
from NADH and FADH; and transfer them via a series of redox reactions to
finally reduce molecular oxygen to water. This series of redox reactions is
coupled to the translocation of protons across the inner membrane at complexes
[, IIl and IV to generate an electrochemical gradient of protons across the inner
membrane. This so-called proton motive force drives the ATP synthase and

couples cellular respiration to ATP production by oxidative phosphorylation
(OxPhos) (Mitchell, 1961).
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Figure 3. The five enzyme complexes of the OxPhos machinery. Complex I
(NADH:ubiquinone oxidoreductase) and complex II (succinate dehydrogenase)
transfer electrons (e-) from intermediary metabolites to the inner membrane
electron carrier coenzyme Q (Q). Complex III (ubiquinol-cytochrome c reductase)
subsequently transfers electrons from reduced coenzyme Q to the electron
shuttling protein cytochrome c (Cyt C). The electron carried by reduced
cytochrome cis used in the final step to reduce oxygen (0:) to water (H20) by
complex IV (cytochrome c oxidase). The transfer of electrons (red arrows) is
coupled to the translocation of protons (H+*) across the inner mitochondrial
membrane by complexes I, 11, and IV. This generates the proton gradient that
drives the formation of ATP from ADP and inorganic phosphate (P;) by complex V
(ATP synthase). Each hexagon represents a unique subunit, with those encoded by
mtDNA shown in blue; adapted from (Schapira 2006). Oligomerization of
complex V subunits and higher order structure of complexes are not illustrated.

The OxPhos machinery is unique in its dependence on both nuclear and
mitochondrial genes. The mtDNA encodes 13 essential subunits of complexes I,
I1I, IV and V, whereas the remaining ~80 subunits of complexes [-V are encoded
by nuclear DNA. In addition, correct complex assembly is at least partly
dependent on a number of nuclear-encoded assembly chaperones. Higher order
assemblies of RC complexes, called supercomplexes, can be isolated by native gel
electrophoresis (Acin-Pérez et al., 2008). Electron microscopy studies have
shown that complexes I, Il and IV form a supercomplex (in 1:2:1 stoichiometry)
that brings the sites for electron transfer between the complexes in close
proximity (Vonck and Schéfer, 2009; Althoff et al., 2011).

Complex | (NADH:ubiquinone oxidoreductase) couples the oxidation of NADH to
the reduction of the membrane-soluble electron carrier coenzyme Q
(ubiquinone). Complex I is the largest of the electron transport chain complexes
and consists of 45 subunits that assemble into a ~1 MDa structure. The overall
architecture is L-shaped with a hydrophobic membrane-embedded arm and a
hydrophilic peripheral arm that protrude into the matrix. The peripheral arm



contains the redox centers necessary for electron transport, whereas the
membrane arm, which contains all of the mtDNA-encoded subunits (ND1-6,
ND4L), makes up the proton translocation machinery. Oxidation of NADH takes
place in the peripheral arm by the transfer of two electrons to an acceptor flavin
mononucleotide (FMN). These electrons are then sequentially transferred via a
series of iron-sulfur clusters (Sazanov and Hinchliffe, 2006) to the proximal part
of the peripheral arm, where ubiquinone (Q) accepts the electrons to form first
semiquinone (QH*), then ubiquinol (QHz). The energy released by the electron
transfer is coupled to the translocation of protons across the inner membrane by
the membrane arm. Recent crystal structures (Hunte et al., 2010; Efremov and
Sazanov, 2011) suggest that a rod-like helix parallel to the membrane arm acts
like a piston to transfer conformational energy from the Q reduction site to two
separate proton channels in the membrane arm (Brandt, 2011). Each electron
transferred drives translocation of one proton at each channel, so that each
NADH (2 electrons) in total drives translocation of 4 protons.

Complex Il (succinate:ubiquinone reductase or succinate dehydrogenase) is
another source of QHz, but does not directly contribute to the proton motive
force. Complex II consists of four subunits and is integrated in the TCA cycle by
the SDH-A subunit that catalyzes the succinate to fumarate reaction. In doing so
it acquires electrons to the covalently bound cofactor FAD, from which the
electrons are further transferred via three iron sulfur clusters in the SDH-B
subunit to the final electron acceptor coenzyme Q. Two hydrophobic subunits
provide the Q binding site and anchor the complex to the inner membrane. All
complex II subunits are nuclear-encoded, and the complex forms a homotrimer.

A third source of QHz comes from the catabolism of fatty acids. Electrons from
FADH; generated by fatty acyl-CoA dehydrogenases are collected by the electron
transfer flavoprotein (ETF) and transferred to the pool of coenzyme Q in the
inner membrane by the enzyme ETF:ubiquinone reductase.

Complex Il (ubiquinol-cytochrome c reductase) transfers electrons from QH: to
cytochrome c, a soluble protein in the intermembrane space, and couples this
reaction to the translocation of protons across the inner membrane. Complex III
consists of eleven subunits and functions as a homodimer. Only three of the
subunits, including the only mtDNA-encoded subunit, cytochrome b, contain
redox centers and participate in electron transport (Saraste, 1999). The first
electron from QH: is transferred directly to cytochrome c, which is only a single-
electron acceptor. Thus, the second electron cannot be transferred directly to
cytochrome c and is instead recycled by a mechanism called the Q cycle. This is
achieved by transferring the second electron via the cytochrome b subunit to



another Q molecule at a second binding site to generate semi-ubiquinone. During
the next round of cytochrome c reduction, this semi-ubiquinone is further
reduced to QHz. The net effect of the Q cycle is that every QH> results in the
reduction of two cytochrome ¢ molecules while translocating four protons
(Saraste, 1999).

Complex 1V (cytochrome c oxidase) harvests electrons from reduced

cytochrome c and delivers them to the final electron acceptor, molecular oxygen.
Three of the 13 subunits are mtDNA-encoded (COXI-III), and together make up
the catalytic core. Four molecules of reduced cytochrome c sequentially deliver
electrons to heme and copper centers in the oxidase, which in turn passes them
on to Oz to generate two molecules of H,0 (Saraste, 1999). This reaction is
coupled to the translocation of four protons.

Complex V (ATP synthase) uses the proton gradient generated by complexes I, 111
and IV to synthesize ATP. The complex consists of 14 different subunits, two of
which are mtDNA-encoded, and hetero-oligomerize to form a 600 kDa complex
with a membrane-bound part (Fo) and a catalytic part (F1) that protrudes into
the matrix. Movement of protons through a channel in the Fo part causes rotation
of a central “rotor” that connects the Fo and F; parts. The F1 part is prevented
from rotating by a peripheral stalk that anchors it to the static membrane part
(Rubinstein et al., 2003). Instead, the rotational energy induces conformational
changes that catalyze the formation of ATP from ADP and inorganic phosphate.
Under some conditions, activity of the ATP synthase can be reversed so that ATP
hydrolysis instead drives proton pumping from the matrix to the intermembrane
space. Recent electron microscopy studies has shown that complex V forms
dimers situated along cristae ridges and may be responsible for shaping inner
membrane curvature (Davies et al,, 2011).

Mitochondrial ROS production

Reactive oxygen species (ROS) are important byproducts of the RC and form
when an electron escapes from the preferred path. Such electrons often react
with oxygen to generate a superoxide anion (02*). Complexes I and III are the
main sites for mitochondrial ROS production and it has been estimated that 0.2%
of molecular oxygen forms superoxide (Balaban et al., 2005). Mitochondrial
superoxide dismutase (SOD2) converts Oz*- into another oxidant, hydrogen
peroxide (H202). H202 can be enzymatically reduced to water by catalase or
glutathione peroxidase, but can also react with transition metal ions to generate
a highly reactive hydroxyl radical (OH*) by the Fenton reaction. ROS in the form
of O2*-, H202 or OH* can cause oxidative damage to DNA, proteins and lipids. ROS



may also play a physiological role in redox signaling (Finkel, 2011; Murphy et al.,
2011).

Mitochondrial genetics

The mammalian mitochondrial genome is a circular DNA molecule (Fig. 4) of
~16.5 kb (16.6 kb in humans, 16.3 kb in mice). Each cell contains thousands of
copies of mtDNA but it only makes up ~1% of the total cellular DNA content. The
mtDNA encodes 13 proteins that are all subunits of the oxidative
phosphorylation system as well as 22 tRNAs and two ribosomal RNAs (12S and
16S rRNAs) (Anderson et al., 1981). All proteins necessary for transcription,
replication and maintenance of mtDNA are nuclear-encoded. The two mtDNA
strands are called the heavy strand (H-strand) and the light strand (L-strand),
based on the difference in molecular weight that results from an imbalance in the
content of purines. The sequence is extremely compact with no introns and
consists almost exclusively of coding sequence. The major exception is the ~1 kb
region of regulatory sequence known as the displacement loop (D-loop).

_LSP o Figure 4. Gene organization of
mammalian mtDNA. Each gene is
represented by a box with tRNA
genes indicated by one-letter amino
acid codes and direction of
transcription indicated by arrows.
The D-loop is the only longer non-
coding region and contains
promoters for transcription of both
strands (LSP and HSP) and the origin
of leading strand replication (On).
[ tRNA Lagging strand replication is initiated
[]rRNA from a site (OL) within a cluster of
[FINoncoding ypN A genes. The H-strand is
transcribed from HSP and encodes 2
rRNAs (12S and 16S rRNA), 12 mRNAs (ND1-5, ND4L, Cyt b, COI-III, ATP6, and ATP8),
and 14 tRNAs (F,V, L1, , M, W, D, K, G, R, H, Sy, L, T). The L-strand is transcribed from
LSP and encodes the mRNA for ND6 and 8 tRNAs (P, E, Sz, Y, C, N, A, Q). Adapted from
(Larsson, 2010).

Organization of the mitochondrial genome

The mitochondrial genome is organized by associated protein components to
form structures called nucleoids (Bogenhagen, 2011). Each nucleoid has a size of
~100 nm (Kukat et al., 2011) and may be associated with the inner membrane
(Wang and Bogenhagen, 2006). The number of mitochondrial genomes



contained in each nucleoid is debated (Bogenhagen, 2011), but a recent study
combining quantitative PCR with super-resolution light microscopy estimated
that each nucleoid on average contains 1.4 mtDNA molecules (Kukat et al., 2011),
suggesting that most nucleoids contain only a single mitochondrial genome. The
mitochondrial transcription factor A (TFAM) is an abundant mitochondrial
protein, present in about 1,000 molecules per mtDNA copy, and it is a major
component of the nucleoid structure (Kaufman et al,, 2007; Bogenhagen, 2011).
TFAM contains two high mobility group (HMG)-box domains that can bind
double stranded DNA in both sequence-specific and sequence-unspecific manner.
Binding of TFAM bends the DNA helix almost 180° (Ngo et al., 2011; Rubio-
Cosials et al,, 2011), and binding of increasing amounts of TFAM compacts the
DNA (Kaufman et al., 2007). Consistent with a role in DNA packaging, mtDNA
copy number co-varies with the levels of Tfam (Larsson et al., 1994; 1998;
Ekstrand et al.,, 2004).

Transcription of mtDNA

Both the H-strand and the L-strand are transcribed in a bi-directional fashion
from two promoters in the D-loop to create long polycistronic transcripts (Fig. 4).
These primary transcripts are post-transcriptionally cleaved to generate
individual mRNA, tRNA and rRNA molecules (Ojala et al., 1981). Mitochondrial
mRNAs are polyadenylated but are not capped in the 5’-end. Transcription of the
H-strand is initiated upstream of tRNAPhe by the H-strand promoter (HSP) and
generates a transcript containing the 125 and 16S rRNAs, 14 tRNAs, and all
protein coding genes except ND6. The L-strand promoter (LSP) initiates
transcription of the L-strand that contains 8 tRNAs and the gene encoding ND6. A
second H-strand promoter (HSP2) just upstream of the 12S rRNA gene has been
reported but its existence is debated as it has not been possible to reconstitute in
vitro (Litonin et al., 2010).

The organelle-specific mitochondrial RNA polymerase (POLRMT) mediates
mtDNA transcription. POLRMT consists of a single subunit and shares homology
with bacteriophage RNA polymerases. TFAM and the mitochondrial
transcription factor B2 (TFB2M) are additionally required for transcription
initiation and together sufficient to initiate transcription from HSP and LSP
templates in vitro (Falkenberg et al., 2002). Both promoters contain an upstream
recognition sequence to which TFAM can bind with sequence-specificity (Fisher
etal, 1989). TFB2M and POLRMT are recruited by the C-terminal domain of
TFAM and cooperatively bind the transcription start site (Sologub et al., 2009).
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Replication of mtDNA

Replication of mtDNA is under relaxed control, and each mtDNA molecule may
replicate several times during the cell cycle or not at all (Bogenhagen and
Clayton, 1977). The mitochondrial DNA polymerase-y (POLy) consists of a
catalytic A subunit and two accessory B subunits. The minimal replication
machinery also includes mitochondrial single-stranded DNA-binding protein
(mtSSB) and the hexameric mitochondrial DNA helicase TWINKLE (Korhonen et
al., 2004). In addition, POLRMT is required for replication initiation. RNA
synthesis initiated at LSP is frequently terminated prematurely at a conserved
sequence block within the D-loop and thereby creates the primer for H-strand
replication (Falkenberg et al., 2007; Wanrooij et al., 2010). DNA synthesis from
origin of H-strand replication (Ox) is often aborted after ~700 bp. The resulting
nascent strand (called 7S DNA) displaces the parental H-strand and makes the D-
loop a triple-stranded structure.

The model for leading and lagging strand replication is debated. In the strand-
displacement model (Clayton, 1982), replication of the leading strand alone
proceeds around two thirds of the genome until it reaches the origin of L-strand
replication (Or). When the O sequence becomes single-stranded, it adopts a
stem-loop structure that facilitates the generation of a short primer by POLRMT
to initiate replication of the lagging strand (Fusté et al., 2010). The strand-
synchronous model instead propose replication of both strands is coupled and
resembles that of nuclear DNA replication in that lagging strand replication
involves the formation of Okazaki fragments (Yang et al., 2002).

Segregation and transmission of mtDNA

MtDNA may acquire both point mutations and rearrangements such as deletions.
The mutation rate of mtDNA is many times higher than that of nuclear DNA
(Khrapko et al., 1997). Both mutant and wildtype alleles may coexist within a
single cell, a state known as heteroplasmy. Homoplasmy refers to the situation
when all mtDNA molecules carry the same allele. The pool of mtDNA molecules
distribute stochastically to daughter cells during cell division, and such random
segregation may lead to differences in the levels of heteroplasmy between
different cells and tissues. Even in postmitotic cells, selective replication of a
subset of mtDNA molecules may cause random drift and accumulation of certain
mtDNA species over time, so called clonal expansion.

The mitochondrial genome is maternally inherited by contribution of oocyte
mitochondria. The level of a heteroplasmic mtDNA variant transmitted from
mother to offspring can vary significantly. This phenomenon is attributed to a
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significant reduction in the number of transmitted genomes and referred to as
the ‘genetic bottleneck’ (Shoubridge and Wai, 2007; Carling et al., 2011).
Paternal mitochondria in the spermatozoon midpiece, that enter the oocyte
during fertilization, are rapidly degraded by autophagy (Rawi et al., 2011).
Paternal inheritance of mtDNA has been reported in a patient (Schwartz and
Vissing, 2002), but this appears to be a rare exception (Taylor et al., 2003).
Escape from degradation is also seen in interspecific crosses between distantly
related mouse species (Gyllensten et al., 1991; Kaneda et al.,, 1995), suggesting
the involvement of a specific recognition receptor.

Mitochondrial disease

Mitochondrial disease constitutes a heterogeneous group of inborn errors of
metabolism that result from impaired OxPhos capacity. Rolf Luft was the first to
establish mitochondrial dysfunction as a cause of disease. Already 50 years ago
he and his colleagues identified abnormal uncoupling of cellular respiration as
the underlying cause of hypermetabolism (increased perspiration, weakness and
cachexia despite high food intake) in a young adult female (Luft et al., 1962).
Today, a large number of mitochondrial disorders have been described that
collectively affect about 1 per 8,500 individuals (Chinnery and Turnbull, 2001).
Mitochondrial disorders may present from infancy to adulthood with symptoms
of either single- or multi-organ failure. The central nervous system, heart and
skeletal muscle are commonly affected, presumably due to high energy demands.
Diagnosis normally involves biopsy for histology and biochemical measurements.
Molecular diagnosis became possible following the identification of pathogenic
mtDNA deletions (Holt et al., 1988) and point mutations (Wallace et al., 1988).
Mutations in a growing list of nuclear-encoded genes can also cause
mitochondrial disease. Pathogenic mutations either directly interfere with
OxPhos enzyme kinetics or assembly, or interfere with the production of mtDNA-
encoded subunits (Debray et al., 2008). Mutations in either genome may underlie
a common clinical presentation. Leigh syndrome, for example, a condition with
degenerative lesions in the brainstem and basal ganglia that develop during
infancy or early childhood, can result from both nuclear DNA and mtDNA
mutations (Naess et al., 2009), and the inheritance can thus be either maternal,
autosomal recessive or X-linked.

Pathogenic mtDNA variants are often heteroplasmic, and the proportion of
mutated mtDNA referred to as the mutation load. Wildtype mtDNA can normally
complement the mutated mtDNA if present above a certain threshold level
(Rossignol et al., 2003). The mutation load required to develop disease depends
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on the type of mutation and can vary from 60% for deletions (Hayashi et al.,
1991) to >90% for some point mutations (Chomyn et al.,, 1992). An uneven
distribution of the mutation load between different tissues contributes to, but
cannot fully explain, clinical heterogeneity. An example of this is Leber’s
hereditary optic neuropathy (LHON), a cause of subacute blindness and
sometimes additional symptoms. A majority of LHON patients carry a
homoplasmic mutation in ND1, ND4 or ND6, but the penetrance is incomplete
and may depend on nuclear gene variants (McFarland and Turnbull, 2009). Some
“classical” syndromes are associated with specific mutations (McFarland and
Turnbull, 2009). For example the 3243A>G mutation in the tRNALeu(UUR) gene
causes MELAS (mitochondrial encephalomyopathy, lactic acidosis and stroke-
like episodes) (Goto et al,, 1990) and the 8344A>G tRNALYs mutation causes
MERFF (myoclonic epilepsy and ragged red fibers) (Shoffner et al., 1990).
However, mutations in other genes may present with a similar phenotype.
Conversely, a heteroplasmic mutation in the protein-coding ATP6 gene is
associated with NARP (neurogenic weakness, ataxia and retinitis pigmentosa) at
high mutation loads and infantile Leigh syndrome at very high mutation loads
(Santorelli et al., 1993).

Large mtDNA deletions arise spontaneously and are rarely inherited. Disease
severity correlates with tissue distribution and mutation load (McFarland and
Turnbull, 2009). MtDNA deletion is a common cause of chronic progressive
external ophthalmopleiga (PEO), which may present in adults or during
childhood in combination with myopathy, pigmentary retinopathy and cardiac
conduction defects (Kearns-Sayre syndrome; KSS). High mutation loads may lead
to severe bone marrow failure during infancy (Pearson syndrome). Survivors of
Pearson syndrome go on to develop KSS (Larsson et al., 1990). Mutations in
nuclear genes necessary for mtDNA replication, including ANT1 (Kaukonen et al.,
2000), TWINKLE (Spelbrink et al.,, 2001) and the catalytic subunit of the
mitochondrial DNA polymerase (Van Goethem et al., 2001) can also cause PEO
and are associated with accumulation of multiple mtDNA deletions.

Mitochondria in ageing and degenerative disease

Mitochondrial dysfunction is implicated in the process of normal ageing
(Trifunovic and Larsson, 2008; Larsson, 2010). RC function declines with age
(Trounce et al., 1989) and ageing is associated with increasing amounts of
somatic mtDNA mutations (Corral-Debrinski et al., 1992; Cortopassi et al., 1992;
Soong et al.,, 1992). Although the total level of mutated mtDNA in a tissue is low,

clonal expansion and random segregation can raise the mutation level in some
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individual cells to exceed the threshold for RC deficiency (Larsson, 2010). A
mosaic pattern of RC-deficient cells is indeed found in several aged tissues
including heart (Miiller-Hocker, 1989), skeletal muscle (Miiller-Hocker, 1990)
and brain (Cottrell et al., 2001; Bender et al., 2008). Affected cells have
accumulation of mtDNA molecules carrying point mutations or large deletions
(Fayet et al., 2002; Bender et al., 2006; Kraytsberg et al., 2006). A causative role
for such mutations in ageing is strengthened by the finding that mice that
accumulate high levels of somatic mtDNA point mutations due to expression of a
proofreading-deficient POLy develop a phenotype resembling premature ageing
(Trifunovic et al., 2004). Mitochondrial dysfunction is also implicated in the
pathophysiology of several neurodegenerative disorders, including Alzheimer’s
disease and Parkinson’s disease (Schapira, 2006).
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PARKINSON’S DISEASE

Parkinson’s disease (PD) is named after the English physician James Parkinson,
who in 1817 described six subjects, some of which were patients at his clinic and
others only seen in the streets, afflicted with a syndrome of tremor, weakness
and disturbed gait (Parkinson, 1817). The pioneering French neurologist Jean-
Martin Charcot later renamed the disease in honor of Parkinson’s observations,
although symptoms of the “shaking palsy” are described already in ancient
literature. The term parkinsonism is used to describe the syndrome of motor
manifestations seen in PD, but that may also result from certain medications or
brain damage acquired by cerebrovascular insults or CNS infections.

In the early 1900s, studies of post-mortem brains identified two major
pathological hallmarks of the disease: Frederic Lewy described the intraneuronal
cytoplasmic inclusion bodies that where later called Lewy bodies (Lewy, 1912).
Lewy bodies are, however, not pathognomonic for PD as they are also present in
some other neurodegenerative conditions. Some years later, the Russian
pathologist Tretiakoff described the loss of the endogenously pigmented neurons
in the pars compacta area of substantia nigra (SNc) in PD patients brains
(Tretiakoff, 1919). The relevance of this finding was however not appreciated
until later. In 1957 Arvid Carlsson and colleagues discovered that dopamine (DA)
acts as a signaling substance in the brain (Carlsson et al., 1958) and, based on the
phenotype of animals with drug-induced DA depletion, proposed that impaired
DA signaling plays a role in PD (Carlsson, 1959). Reduced DA content in brains of
PD patients was soon confirmed (Ehringer and Hornykiewicz, 1960).

The midbrain dopamine system

The DA neurons in SNc project to areas of the striatum and form a part of the
neural circuitry known as the basal ganglia. The basal ganglia are part of cortico-
thalamic loops that process cortical input to facilitate a variety of functions
including voluntary motor control. Two main loops exist, the excitatory direct
pathway, and the inhibitory indirect pathway (Fig. 5A). DA in striatum modulates
the signaling of both pathways. In PD, striatal DA deficiency resulting from loss
of SNc DA neurons disrupts basal ganglia signaling and leads to classical motor
symptoms. However, PD pathology is not restricted to DA neurons, and several
other populations of neurons are also variably affected, in areas of the
gastrointestinal tract to cortex cerebri, possibly contributing to non-motor
symptoms (Braak et al., 2004).
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Figure 5. Dopamine metabolism and circuitry affected in PD. (A) Simplified schematic
of basal ganglia circuitry affected in PD. The basal ganglia process excitatory input
from cortex via the direct and indirect pathways to enhance or reduce thalamic
stimulation of the motor cortex, respectively. DA neurons (red) projecting from
substantia nigra pars compacta (SNc) modulate the strength of the cortical input to
striatum. Striatal neurons of the direct pathway (solid line) have excitatory D1
dopamine receptors and project to the internal segment of Globus Pallidus (GP1i).
Striatal neurons of the indirect pathway (dashed line) are inhibited by DA acting on
D2 inhibitory receptors, and project to the external part of Globus Pallidus (GPe). The
GPe signals to GPi via the subthalamic nucleus (STN). Striato-thalamic signaling also
involves the substantia nigra pars reticulata (SNr). Red denotes DA, green glutamate
(excitatory) and black GABA (inhibitory) signaling.

(B) DA synthesis and degradation. The rate-limiting step in DA synthesis is the
hydroxylation of the amino acid L-tyrosine into L-DOPA by the enzyme tyrosine
hydroxylase (TH). The carboxylase group of L-DOPA is removed by dopa
decarboxylase (DDC) to form DA (depicted as red dots). DA is concentrated into
synaptic vesicles by the transporter VMAT2. A majority of released DA is recycled via
reuptake by the DA transporter (DAT) (yellow). DA is primarily degraded by
monoamine oxidase (MAO), situated on the outer mitochondrial membrane, to form
3,4-dihydroxyphenylacetic acid (DOPAC). DOPAC is further metabolized into
homovanillic acid (HVA) by catechol-o-methyl-transferase (COMT). DA can also be
degraded directly by COMT to 3-methoxytyramine, which is further degraded to HVA
by MAO. Also other cell types participate in DA degradation, e.g. astrocytes that
contain MAO.

Clinical aspects of PD

Parkinson’s disease affects over 1% of the population above the age of 60 (de
Lau and Breteler, 2006; Wirdefeldt et al., 2011), making it the second most
common neurodegenerative disease after Alzheimer’s disease. The incidence is
heavily age-dependent and 60 years is the mean age at time of diagnosis.
Diagnosis is primarily clinical and based on characteristic motor symptoms.
Unilateral onset of tremor in a hand or a foot are typical presenting symptoms,
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but these may have been preceded by more subtle non-motor symptoms such as
constipation, loss of olfaction, and sleep disturbances. Tremor, rigidity,
difficulties to initiate movements and impaired balance characterize disease
progression and may become severely disabling. At late stages autonomic
dysfunction, dementia and depression may develop. Treatment primarily
includes medications that increase striatal DA signaling to restore balance to
affected basal circuitries, but surgical interventions are also used. An initially
good response to symptomatic pharmacological treatment declines with time,
and severe side effects may develop. There is currently no effective treatment to
slow down disease progression.

PD genetics

PD has traditionally been regarded as a ‘sporadic’ disease, and lack of family
history has even been considered diagnostic. During the last 15 years, linkage
analysis and genome wide association screens have revealed over ten genes in
which mutations cause or seriously influence the risk for PD. For example,
mutations in the gene LRRK2 are found in 10% of PD cases previously
considered ‘sporadic’ (Hardy, 2010).

Alpha-synuclein and Lewy bodies

a-Synuclein was the first gene identified to cause PD with a Mendelian
inheritance, when the 209G>A (Ala53Thr) pathogenic mutation was identified in
Italian and Greek families with autosomal dominant PD (Polymeropoulos et al.,
1997). Soon thereafter, misfolded a-synuclein protein was identified as a major
component of Lewy bodies in idiopathic PD (Spillantini et al., 1997; 1998),
suggesting that mishandling of wildtype a-synuclein protein plays a role in PD
pathology. This was further supported by discoveries that duplication (Chartier-
Harlin et al., 2004) or triplication (Singleton et al.,, 2003) of the wildtype allele
cause PD with gene-dose dependent severity.

a-Synuclein is a 140 amino-acid protein that is highly expressed in the brain and
enriched in presynaptic nerve endings. It belongs to a family of synucleins (o.-
/P-/v-) that play a role in the recycling of synaptic vesicles by facilitating
SNARE-complex assembly (Burre et al., 2010). a-Synuclein folds natively into a
tetramer (Bartels et al., 2011), but can also adopt a f-sheet conformation that
favors polymerization into fibrils. The so called ‘permissive templating’
hypothesis (Hardy, 2005) puts forward the prion-like behavior of a-synuclein.
This idea is supported by findings that Lewy bodies can form in grafted,
embryonic dopamine neuron about a decade after transplantation into the
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brains of PD patients (Kordower et al., 2008; Li et al., 2008). In vitro experiments

show that preformed a-synuclein fibrils can enter cells and induce Lewy
pathology (Volpicelli-Daley et al., 2011). Compatible with this idea is the
hypothesis put forward by Braak and colleagues (Braak et al., 2004) that Lewy

body pathology starts in the enteric nervous system and the vagus nerve and

with times spreads cranially to the basal ganglia and cortex. What precipitates a-

synuclein misfolding and Lewy body formation is not known.

Mitochondrial dysfunction in PD

Several different experiments support a role for mitochondrial dysfunction in the

pathophysiology of PD:

1.
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Several toxins linked to PD, most notably MPTP, can act as complex |
inhibitors. MPTP was identified following a small outbreak of parkinsonism
among drug abusers in California who had injected contaminated drugs
(Langston et al., 1983). MPTP induces dopamine neuron degeneration in
humans and laboratory animals (Burns et al., 1983; Kopin and Markey,
1988), and is widely used in PD research. Within the brain, monoamine
oxidase converts MPTP to its active metabolite MPP+, which is concentrated
in dopamine neurons by the dopamine transporter (Smeyne and Jackson-
Lewis, 2005). MPP+ accumulates in mitochondria (Ramsay et al., 1986)
where it can inhibit complex I (Heikkila et al., 1985; Nicklas et al., 1985;
Mizuno et al,, 1987).

Decreased mitochondrial complex I activity has been measured in
postmortem SN tissue from PD patients (Schapira et al., 1989). Other groups
reported reduced RC activities measured in skeletal muscle (Bindoff et al.,
1989) and platelets (Parker et al., 1989).

Expression levels of PGC-1a, a key regulator of mitochondrial biogenesis, are
decreased in the brains of patients with PD-like pathology (Zheng et al.,
2010). Consistent with this finding, SNc homogenates from PD patients
contain increased levels of PARIS, a zinc finger protein shown to act as a
transcriptional repressor of PGC-1a (Shin et al,, 2011).

Higher proportions of mtDNA molecules carrying deletions are found in
homogenates of SN and dorsal striatum than in other brain regions (Corral-
Debrinski et al., 1992; Soong et al., 1992). DA neurons with high levels of
deleted mtDNA become RC-deficient (Bender et al., 2006; Kraytsberg et al.,
2006). In brains of PD patients ~3% of the remaining DA neurons are RC-
deficient, as compared to ~1% of all DA neurons in age-matched controls
(Bender et al., 2006). Although these numbers are low, they may represent a



temporal snapshot of slowly progressive cell loss. High levels of mtDNA
deletions can cause degeneration of DA neurons; this is illustrated in
patients carrying mutations in the polymerase domain of POLy, who
accumulate high levels mtDNA deletions and may develop loss of DA neuron
and parkinsonism (Luoma et al., 2004).

Recessive parkinsonism and the PINK1/Parkin pathway

Loss-of-function mutations in the genes Parkin (Kitada et al., 1998), PINK1
(Valente et al., 2004) and DJ-1 (Bonifati et al., 2003) cause a form of autosomal
recessive juvenile parkinsonism (AR-JP). Symptoms are similar to idiopathic PD,
but onset is earlier, around an age of 30 years, and disease progression slower.
Neuropathological examination shows dopamine neuron degeneration, but Lewy
bodies are typically absent, at least in carriers of Parkin mutations. AR-]JP thus
represents a partially distinct clinical entity, and pathophysiology may differ
from that of PD (Ahlskog, 2009).

Parkin is a cytosolic E3 ubiquitin ligase protein that is upregulated in response to
cell stress and is protective against various stresses when overexpressed (Pilsl
and Winklhofer, 2011). PINK1 is a serine/threonine kinase that carries an N-
terminal targeting sequence that inserts PINK1 in the outer mitochondrial
membrane with the kinase domain facing the cytoplasm (Zhou et al., 2008).
Studies in flies first established that PINK1 and Parkin act in the same pathway,
with PINK1 acting upstream of Parkin (Clark et al., 2006; Park et al., 2006; Yang
etal,, 2006). Results from mammalian cells have proposed a model for how this
pathway governs mitochondrial quality control.

PINK1 is continuously expressed and its steady state levels regulated by
proteolysis. Under basal conditions, PINK1 is cleaved by the inner membrane
protease PARL and possibly additional proteases to generate a short isoform that
is rapidly degraded (Jin et al., 2010; Matsuda et al., 2010; Narendra et al., 2010).
Processing of PINK1 depends on the mitochondrial membrane potential, and
depolarization by uncoupling agents such as CCCP impairs processing and cause
a longer, stable isoform to accumulate. Stabilization of PINK1 on the outer
membrane recruits cytosolic Parkin to the mitochondrial outer surface and
activates its ubiquitin ligase domain (Matsuda et al., 2010). In cultured cells, this
pathway mediates selective removal of the depolarized mitochondria by an
organelle-specific form of macro-autophagy, also referred to as mitophagy
(Narendra et al., 2008; Geisler et al., 2010; Narendra et al., 2010; Vives-Bauza et
al,, 2010). These results suggest that PINK1 and Parkin act in a conserved
pathway that protects against parkinsonism by degradation of impaired
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mitochondria to prevent accumulation of mitochondrial damage. However, in
vivo data to support this hypothesis is currently lacking and other roles for
Parkin have been proposed (see Discussion).
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THESIS AIM

The general aim of this thesis was to investigate consequences of mitochondrial
dysfunction in the central nervous system with particular focus on midbrain
dopamine neurons. To achieve this, several new mouse models were generated.

The specific aim of each paper was to:
Paper I: study the consequences of mosaic RC-deficiency in forebrain neurons.

Paper II: study if disruption of mtDNA in DA neurons can cause Parkinsonism in
mice.

Paper III: develop a reporter mouse for mitochondrial morphology to study
distribution and turnover of mitochondria in healthy and RC-deficient DA

neurons.

Paper IV: address the role of an isolated complex I deficiency in DA neurons in
mice.
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RESULTS AND DISCUSSION

Consequences of mosaic respiratory chain deficiency in the brain
(paper l).

A mosaic pattern of RC-deficient neurons is found in the SNc and other brain
regions in aged humans. It is also a characteristic feature of encephalopathies
caused by pathogenic mtDNA mutations. In paper I, we addressed the role of
mosaic RC deficiency by developing a chimeric mouse model. We based the
model on a previously characterized mouse model with RC deficiency in
forebrain neurons, so called mitochondrial late-onset neurodegeneration
(MILON) mice (Sorensen et al., 2001). In MILON mice, Tfam is loxP-flanked and
disrupted postnatally in neurons of neocortex and hippocampus by expression of
cre recombinase under control of the calmodulin kinase II (CamKII) promoter
(Xu et al., 2000). MILON mice appear healthy up to about 5 months of age, when
widespread degeneration of affected brain regions is accompanied by rapid
deterioration and premature death. We generated mice that contained mixed
proportions of MILON cells and cells carrying a LacZ reporter gene. Pre-
implantation embryos were harvested and fused in vitro, and subsequently
implanted in pseudopregnant females to obtain chimeric mice. From a total of
216 pups, 61% were chimeric and carried a combination of either MILON and
LacZ genotypes (MILON chimeras) or control and LacZ genotypes (control
chimeras). The relative contribution of each genotype was assessed by Southern
blotting and results correlated with the proportion of LacZ-positive neurons in
hippocampus.

Chimeric mice model mosaic RC deficiency and reveal phenotypic thresholds

While control chimeras were healthy, some of the MILON chimeras developed
symptoms and premature death. The risk for developing this phenotype
correlated with the proportion of RC-deficient (MILON) neurons. Low
proportions (>20%) were sufficient to cause symptoms in a subset of mice, and
those with very high proportions (>80%) invariably developed symptoms.
Premature death only occurred in mice with high proportions (>60%). Chimeric
mice had a slight but significant delay the onset of symptoms compared with
non-chimeric MILON mice. This suggests that surrounding healthy neurons can
partially rescue the phenotype.
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Trans-neuronal degeneration of neurons with intact RC function in chimeric mice

Neurodegeneration was primarily seen in the neocortex and medial
hippocampus, as expected from the previous study (Sérensen et al., 2001).
However, a subset of degenerating neurons in the chimeric mice was LacZ-
positive, indicating that they degenerate despite having intact RC function. In
chimeras with high proportions, such cells represented ~1% of all degenerating
neurons. This represents a substantial proportion of neurons with normal RC
function, as these are relatively few in mice with high proportions of MILON
neurons. The mechanism for this trans-neuronal degeneration is not known.
Neurons depend on trophic support and it has been suggested that
interconnected neurons promote mutual survival by forming trophic units
(Agnati et al.,, 1995). We were unable to address the anatomical relationships
between the different degenerating neurons, as many may already have been
lost. Another possibility is that the ongoing cell death creates a milieu that can
harm cells in proximity even without being in direct contact. The relevance for
DA neurons is not known. The level of RC-deficient DA neurons in a PD brains is
low (~3%) at a given time point. Nevertheless, also surrounding neurons likely
carry some degree of impairment, and may become affected by the gradual loss

of surrounding neurons.

Consequences of combined respiratory chain defect in DA neurons
(papers Il and Il1)

PD is associated with declined mitochondrial function and accumulation of
mtDNA molecules carrying deletion in SNc DA neurons. In paper II, we
experimentally tested the consequences of mtDNA depletion by disrupting Tfam
specifically in DA neurons. Restricted expression of the cre-recombinase in DA
neurons was achieved by targeted insertion of the coding sequence into the DA
transporter (DAT) locus by homologous recombination in embryonic stem cells.
In situ hybridizations and breeding with a reporter mouse confirmed that DATere
mice express cre exclusively in DA neurons of the SNc and the neighboring
ventral tegmental area (VTA). We crossed DAT<¢ mice to mice with Tfam/*xP mice
for two consecutive generations to obtain DA-specific Tfam knockout mice
(genotype DATere/*; TfamloxF/loxP) and named these MitoPark mice.

MitoPark mice have RC deficiency in DA neurons and develop progressive

Parkinsonism

MitoPark mice were born in Mendelian proportions and appeared healthy at
birth. COXI transcripts were lost in MitoPark DA neurons at 6 w of age, and
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reduced COX activity was found by enzymatic staining at later time points. At an
age of ~15-20 w, symptoms of parkinsonism (reduced activity, twitching of the
limbs and abnormal gait) appeared. These symptoms progressed with age and
were accompanied by tremor, rigidity, weight loss and a deteriorated general
condition that demanded euthanasia at an age of ~45 w. We quantified motor
activity using locomotor boxes, in which light beams record mouse movements.
MitoPark mice did not differ from controls at 10 w of age, but from 14 w
displayed significantly reduced activity that progressively declined with
increasing age. We measured monoamine levels in different brain regions by
high performance liquid chromatography (HPLC) and found that symptomatic
MitoPark mice had drastically reduced DA levels in striatum. Consistent with this,
administration of standard PD medication L-DOPA plus benserazide drastically

improved motor performance.

Immunolabeling of midbrain DA neurons with antibodies against tyrosine
hydroxylase (TH) revealed progressive degeneration of DA terminals in striatum
and cell bodies in SNc and VTA. SNc neurons degenerated somewhat prior to
those of the VTA, suggesting that SNc neurons may be relatively more
susceptible than VTA neurons to mitochondrial dysfunction. Mice with Tfam
knockout hearts have increased apoptosis but little evidence of increased ROS
levels (Wang et al., 2001). We failed to detect TUNEL- or FluoroJade-positive DA
neurons in MitoPark mice, possibly reflecting a relatively slow rate of cell loss.

a-Synuclein is dispensable for neuropathology in MitoPark mice

MitoPark DA neurons contained spherical TH-pale regions in the cytoplasm of
the soma and proximal dendrites, suggesting the presence of intracellular
inclusions. These space-occupying formations were immunoreactive for several
mitochondrial proteins as well as a polyclonal antiserum raised against residues
116-131 of human a-synuclein. The latter allowed quantifications showing that
these pathological bodies increased in both number and size with age. However,
a-synuclein immunoreactivity was unspecific, as it was also seen in MitoPark
mice bred onto an a-synuclein knockout background. The epitope responsible
for this cross-reactivity is unknown but likely consists of a possibly misfolded,
mitochondrial protein. MitoPark mice with a-Synuclein knockout developed the
same phenotype as normal MitoPark mice, demonstrating that a-synuclein is
dispensable for inclusion formation and neurodegeneration in MitoPark mice.
Although loss of a-synuclein can be compensated by redundancy within the (a-
/B-/v-) synuclein family (Burre et al., 2010), we did not find evidence that
mitochondrial dysfunction leads to a-synuclein aggregation in mouse DA

neurons.
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Developing a reporter mouse for in vivo labeling of mitochondria

We visualized the large intracellular bodies by electron microscopy and found
several of them to consist in part of tubular double layer membrane formations
resembling disorganized cristae and in part fairly electron dense regions. To
further study mitochondrial morphology and distribution in MitoPark DA
neurons, we developed a reporter mouse for tissue-specific labeling of
mitochondria (paper III). We used the yellow fluorescent protein (YFP) and
directed this to the mitochondrial matrix by N-terminal fusion with a
mitochondrial targeting sequence. A stop cassette flanked by non-standard
sequence loxP-sites was inserted upstream of the coding sequence to restrict
mito-YFP expression to cells that express cre. The construct was targeted to the
ROSA26 locus by homologous recombination in embryonic stem cells. The
endogenous ROSA26 promoter produces a near-ubiquitously expressed non-
coding transcript that can be replaced by any transgene of choice (Zambrowicz
et al.,, 1997; Soriano, 1999). This strategy ensured wider versatility than would
have been achieved using a tissue-specific promoter. When these knock-in mice
were crossed to mice with ubiquitous cre expression via the f3-actin promoter,
the resulting offspring displayed YFP-labeled mitochondria in a range of tissues,
including neurons, heart and skeletal muscle, kidney, liver and hematopoietic
cells. Expression of mitochondria-targeted YFP (mito-YFP) did not affect mouse
viability or compromise OxPhos capacity. Expression of mito-YFP could also be
restricted to DA neurons by crossing to DAT<¢ mice (Fig. 6A). Mitochondria in DA
neurons formed a dense network of mitochondrial tubules in the soma that
extended to proximal parts of the dendrites (Fig. 6B). In distal parts of axons and
dendrites, mitochondria were gradually shorter and arranged in rows.

Large mitochondrial aggregates are formed in MitoPark DA neurons

In MitoPark DA neurons, mitochondria in the soma and proximal parts of
dendrites were condensed. Large spherical YFP-labeled structures were also
found that corresponded in size and distribution to the previously studied
intracellular TH-negative bodies (Fig. 6C). This led us to conclude that the
structures found by electron microscopy consisted of abnormal and enlarged
mitochondria. Immunohistochemistry confirmed that the aggregates were
surrounded by an outer mitochondrial membrane and contained mitochondrial
matrix proteins. Small aggregates were found already at 4 weeks of age,
suggesting that their formation is an early consequence of mitochondrial
dysfunction. Associated with their appearance was a fragmentation of
surrounding mitochondria and shortening of mitochondria in axons and

dendrites.
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Figure 6. A mitochondrial reporter mouse allows visualization of mitochondria
specifically in DA neurons. (A) Coronary section of the midbrain. Transgene
expression is restricted to DA neurons in SNc and VTA regions. (B) Mitochondrial
morphology in healthy SNc DA neurons. (C) Mitochondrial morphology in MitoPark
DA neurons. Mitochondrial YFP shown in green and nuclei counterstained blue. DA
neurons are outlined by TH immunoreactivity (gray; lower panels).

Scale bars 1 mm (A), 10 pm (B-C).

Supply of distal mitochondria is impaired

Cell type-specific labeling allowed us to study the distal pool of mitochondria in
striatal DA nerve terminals. The number of striatal DA mitochondria declined in
parallel with loss of TH-positive fibers, but remaining mitochondria looked
normal. We addressed the turnover of striatal mitochondria by employing a
pulse-labeling strategy. By stereotaxic injections into the SNc area of adult mice,
we delivered an adeno-associated virus (AAV) encoding a mitochondrial matrix-
targeted red fluorescent protein (mito-dsRed). Mitochondrial biogenesis occurs
primarily in the perinuclear region (Davis and Clayton, 1996) and mito-dsRed
accumulated in proximal mitochondria of transduced cells. In control mice, a
significant proportion of striatal mitochondria became labeled with mito-dsRed
when studied 1 w after viral delivery. However, only few such mitochondria
could be observed in the striatum of MitoPark mice. In relation to the number of
dsRed-expressing cells in SNc, the reduction was ~10-fold. Thus MitoPark mice
have a drastically impaired supply of mitochondria to distal axon segments.

Axonal degeneration in PD precedes loss of cell bodies in SNc (Cheng et al., 2010),
and a similar ‘dying back’ pattern is also seen in MitoPark mice. Brain
mitochondria have an estimated half-life of ~24-30 days (Gross et al., 1969;
Menzies and Gold, 1971) and it is believed that dysfunctional mitochondria in
axon terminals are continuously replaced and transported back to the soma for
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degradation (Sheng and Cai, 2012). Impaired anterograde supply may cause
depletion of axonal mitochondria and suggests a mechanism for the early axonal
degeneration.

Neurodegeneration in MitoPark mice occurs independently of Parkin

Given the proposed role for Parkin to target dysfunctional mitochondria for
degradation, we tested the role of Parkin in MitoPark mice. To this end, we
crossed MitoPark mice onto a Parkin knockout background. We found that
MitoPark mice lacking Parkin developed a similar phenotype to that of MitoPark
mice wildtype for Parkin, with similar mitochondrial morphology, formation of
large mitochondrial aggregates and rate of cell loss. We also tested whether
Parkin translocated to the impaired mitochondria in MitoPark DA neurons in
vivo. As endogenous levels of Parkin could not reliably be detected by
immunohistochemistry, possibly due to low expression levels, we overexpressed
Parkin fused to a fluorescent protein. Viral delivery of mCherry-fused mouse
Parkin resulted in a cytoplasmic expression pattern, sometimes with punctate
accumulation, but no co-localization with mitochondria of any size or shape was
found in either control of MitoPark neurons. Furthermore, we found no co-
localization with a marker for autophagy, cyan fluorescent protein-tagged LC3
(data not shown). Taken together, this suggested that the aberrant mitochondria
in MitoPark DA neurons were not subject to Parkin-mediated autophagy.

Parkin-recruitment requires depolarization of the inner membrane, while
mitochondrial dysfunction per se appears insufficient (Narendra et al., 2009). A
possible explanation for the above findings is thus a partially maintained
membrane potential, despite loss of mtDNA. The accumulation of high levels of
mito-dsRed in the mitochondrial aggregates soon after expression suggested the
possibility of retained mitochondrial protein import and residual membrane
potential. Import of polypeptides via the TOM/TIM complex depends on a
membrane potential across the inner membrane and is blocked by CCCP. In
analogy, cultured cells depleted of mtDNA (so-called rhoO cells) maintain a
mitochondrial membrane potential sufficient for protein import by influx of
ATP# to the matrix by ANT and Fi-ATPase activity (Buchet, 1998). RhoO cells can
partly compensate the resulting ATP consumption by anaerobic metabolism in
buffered media. Likewise, cells surrounding MitoPark DA neurons can possibly
provide support for prolonged anaerobic ATP production.
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On the physiological role of Parkin

Despite recent advances, the physiological role of Parkin in vivo remains unclear.
Numerous experiments lend support to a model in which cytosolic Parkin is
regulated by PINK1 on the outer mitochondrial surface in response to the
membrane potential. However, Parkin-dependent mitophagy has only been
demonstrated in vitro and data are almost exclusively derived from cells with
forced Parkin expression and high levels of toxins. Mitophagy in Parkin-
overexpressing cells exposed to CCCP is preceded by widespread ubiquitination
and proteasome-mediated degradation of a large number of mitochondrial outer
membrane proteins (Chan et al., 2011) and even rupture of the outer membrane
(Yoshii et al,, 2011), although the relevance of this in the process of mitophagy is
unclear. Under physiological conditions, Parkin may instead have a limited
number of substrates that regulate mitochondrial functions other than
mitophagy. For example, Parkin may regulate mitochondrial morphology by
targeting Mfn1 and Mfn2 for degradation (Gegg et al., 2010; Tanaka et al., 2010;
Ziviani et al., 2010; Rakovic et al.,, 2011), consistent with results from flies
showing that increased mitochondrial fission can suppress loss of PINK1 or
Parkin (Deng et al., 2008; Poole et al., 2008; Yang et al., 2008). Other studies have
shown that the PINK1/Parkin pathway may regulate mitochondrial motility by
direct interaction with Miro1 and Miro2 (Weihofen et al., 2009; Wang et al.,
2011). Another possibility is that Parkin, even if activated on the mitochondrial
surface, regulates cytosolic proteins. One such example is PARIS, a cytoplasmic
protein that may regulate mitochondrial biogenesis by repression of PGC-1a
expression (Shin et al,, 2011).

Studies of the in vivo role of Parkin have been complicated by the lack of good
mammalian model systems. Flies with disruption of either PINK1 or Parkin
develop a degenerative phenotype accompanied by mitochondrial abnormalities.
However, PINK1 (Kitada et al., 2007; Gautier et al., 2008; Gispert et al., 2009) or
Parkin (Goldberg et al., 2003; Itier et al., 2003; Coelln et al., 2004) knockout mice
only show subtle phenotypes and no loss of DA neurons (Perez and Palmiter,
2005; Kitada et al.,, 2009). This is often attributed to functional redundancy, but
because a single conserved gene encodes Parkin, such an explanation suggests
presence of unrelated pathways able to perform the same task. Other
mechanisms to ensure mitochondrial quality certainly exist, but may not depend
on selective removal of entire organelles (Tatsuta and Langer, 2008). It is
however important to point out that our data are negative and do not exclude a
role for Parkin in mitophagy. Translocation of Parkin may be difficult to visualize
in vivo, as it is a transient and possibly rapidly occurring event.
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Consequences of a mild complex | deficiency in DA neurons (paper IV)

Biochemical defects found in patient material as well as studies of several PD-
linked toxins have pointed towards a specific involvement of complex I in the
pathophysiology of PD. In paper IV, we addressed the consequences of complex I
in DA neurons by generating mice with DA-specific disruption of the complex I
subunit Ndufs4.

Loss of Ndufs4 cause a mild complex I deficiency in vivo

Ndufs4 is a nuclear-encoded subunit situated in the peripheral arm of complex I.
We first characterized the biochemical consequences of Ndufs4 disruption in
heart. Heart knockouts were generated by crossing mice with loxP-flanked
Ndufs4 alleles to mice that express cre in heart and skeletal muscle. Biochemical
measurements and blue-native gel electrophoresis demonstrated that loss of
Ndufs4 impairs stability and/or assembly of complex I. Isolated enzyme activity
was completely absent in disrupted mitochondrial particles, but, in contrast,
intact mitochondria displayed near-normal ATP production rates also with
substrates that enter the TCA cycle at the level of complex I. We attributed this
discrepancy to impaired complex stability and concluded that Ndufs4 ablation
only leads to a mild complex I deficiency in vivo.

Ndufs4 disruption in DA neurons does not lead to neurodegeneration or
Parkinsonism

We used DATee mice to generate DA-specific Ndufs4 knockout mice, hereafter
referred to as Ndufs4-DA mice. These mice appeared healthy and did not develop
symptoms of Parkinsonism even when aged up to 2 years. Midbrain DA neurons
looked normal and large mitochondrial aggregates were not formed. In very old
mice, a significant (20%) reduction in the number of SNc DA neurons was found
using one of two different approaches to count cells, but accompanying striatal
denervation was not seen.

Of note, full-body Ndufs4 knockouts develop a fatal neurodegenerative
phenotype within 2 months of age (Kruse et al., 2008; Quintana et al., 2010). This
suggests that DA neurons are not particularly vulnerable to a systemic complex I
deficiency, although complex [ deficiencies following other types of primary
defects may have other outcomes (Sterky and Larsson, 2008).

Ndufs4-DA mice have altered striatal DA homeostasis

Measurements of the levels of brain monoamine levels in Ndufs4-DA mice at
different ages consistently showed slightly (~15%) reduced striatal DA levels,
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which was accompanied by increased amounts of major DA metabolites DOPAC
and HVA. An increased metabolite:DA ratio typically reflects increased DA
turnover and suggest an altered striatal DA homeostasis. We therefore measured
DA release and re-uptake by fast scan cyclic voltammetry in acute striatal brain
slices, and found that DA release was reduced following either a single pulse or
repeated phasic stimulation. The decay constant, an indirect measure of DA
reuptake, was unaffected and suggested intact DAT activity. These results are
consistent with findings in young MitoPark mice (Good et al.,, 2011) and reduced
striatal DA release thus appears to be an early consequence of mitochondrial
dysfunction. Interestingly, impaired DA release has also been found in PINK1
knockout mice (Kitada et al., 2007), possibly as a consequence of impaired
complex I activity (Morais et al., 2009). Decreased DA release may result from
impaired DA exocytosis, but also from reduced vesicular DA uptake by VMAT-2.
The latter idea gains support from analogy with DA release curves obtained
using VMAT-2 inhibitors (Good et al,, 2011) and the increase in DA metabolites
seen in mice with severely reduced VMAT-2 levels (Caudle et al., 2007).

Ndufs4-DA mice are more vulnerable to MPTP exposure

Previous studies suggest that the PD-linked toxin MPTP may act by inhibition of
complex I. We hence tested the effects of MPTP in our Ndufs4-DA mice. Both
control and Ndufs4-DA mice showed significant reductions in striatal DA levels
one week after exposure to MPTP. Striatal DA reduction was more pronounced
in Ndufs4-DA mice, which was also reflected by increased metabolite:DA ratios.
These results show that also a mild complex [ deficiency in DA neurons can
increase the vulnerability to stress by toxins such as MPTP.

In summary, we conclude that complex I deficiency in DA neurons can contribute
to PD pathophysiology.
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CONCLUDING REMARKS

Is mitochondrial dysfunction a driving force in PD pathophysiology? Data from
patient studies is correlative and cannot conclude causality. The results
presented herein demonstrate that RC dysfunction in DA neurons can cause
parkinsonism. On the other hand, we find no support for the hypothesis that DA
neurons are more sensitive than other cells to systemic RC deficiency. However,
studies in patients suggest that DA neurons may be particularly vulnerable to
age-related accumulation of mtDNA mutations, which would result in a focal RC
deficiency.

In this thesis, [ have investigated the consequences of RC deficiency in DA
neurons and identified several mechanisms that may contribute to PD pathology.
Already a mild complex I deficiency alters DA release at the synapse, and the
axon terminals may also be more vulnerable to severe RC dysfunction because of
impaired axonal transport. We also identified trans-neuronal degeneration as a
mechanism that may add stress to cells surrounding degenerating neurons.
However, we found no support for a role of Parkin in our model. As part of this
work I also developed a reporter mouse for cell type-specific labeling of
mitochondria, which can be a valuable tool for future studies of mitochondria in
the brain and other tissues.

Even if mitochondrial dysfunction is heavily associated with sporadic PD, it may
not be a driving factor for disease onset or progression. It is clear that increased
levels of a-synuclein can cause PD pathology, but the link between a-synuclein
accumulation and RC dysfunction is unclear. As shown herein, even mild RC
dysfunction can impair DA release at the synapse, and given the role of a-
synuclein in synaptic vesicle recycling, such stress could possibly alter a-
synuclein levels and with time promote aggregation. Future studies will be
needed to clarify potential relationships between a-synuclein pathology,
mitochondrial quality and age-related changes.
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