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Resumen

La retina neural de los vertebrados es una estructura formada por seis tipos neuronales
y un tipo de célula glial, que surgen de un conjunto de progenitores multipotentes. Hemos
demostrado previamente que la mitofagia es necesaria para el desarrollo de la retina, ya
que los animales deficientes de NIX (proteina reguladora de mitofagia), muestran un
ndamero menor de células ganglionares tanto en la retina embrionaria como en la adulta.
En la presente tesis doctoral queremos estudiar mas a fondo el papel de la autofagia y
la mitofagia durante el desarrollo de la retina y comprender los niveles de mitofagia en
las diferentes etapas de su desarrollo. Para ello hemos utilizado los ratones reporteros
de mitofagia MitoQC. El reportero MitoQC contiene una proteina de fusién en tandem
(mCherryGFP) que esta unida a FIS1, situada en la membrana mitocondrial externa. En
condiciones normales, todas las mitocondrias emiten fluorescencia tanto en verde como
en rojo. Sin embargo, durante la mitofagia, cuando las mitocondrias son transportadas al
lisosoma, la fluorescencia de GFP se extingue por el pH acido del lisosoma por lo que
esa mitocondria se marca en rojo. Nuestros datos muestran que muchos tipos celulares
de la retina muestran puntos rojos indicativos de mitofagia durante las diferentes etapas
del desarrollo embrionario. Ademés, también demostramos que podemos inducir

mitofagia farmacol6gicamente a diferentes edades.

La enfermedad de Parkinson (EP) es la segunda enfermedad neurolégica mas
prevalente después del Alzheimer. La etiologia de la enfermedad de Parkinson es
complejay desconocida, aunque las alteraciones mitocondriales y lisosomales juegan un
importante papel. La mitofagia, esta alterada en pacientes y modelos con enfermedad de
Parkinson. PINK1 y Parkin son dos proteinas mutadas en algunos pacientes con la EP
gue tienen un papel en el control de la mitofagia. Nuestros datos utilizando los animales
MitoQC inyectados con 6-OHDA muestran como se ve disminuida la mitofagia en las
neuronas dopaminergicas mientras que los astrocitos presentan niveles aumentados de

mitofagia.



Abstract

The vertebrate neural retina is a structure made up of six neuronal and one glial cell type,
which arise from a pool of multipotent progenitor cells. We have previously shown that
mitophagy is necessary for retinal development, since animals deficient in the protein that
regulates mitophagy, NIX, show reduced numbers of retinal ganglion cells (RGC) in both
the embryonic and adult retinas. In this doctoral thesis we want to further study the role
of autophagy and mitophagy during retinal development, understand mitophagy levels at
different stages of retinal development using MitoQC mitophagy reporter mice. The
MitoQC reporter contains a tandem fusion protein (mCherryGFP) that targets the outer
mitochondrial membrane (OMM). Under normal conditions, all mitochondria fluoresce in
both green and red. During mitophagy, when mitochondria are transported to the
lysosome, the GFP fluorescence is quenched by the acidic pH of the lysosome resulting
in mitochondria marked red. Our data show that in the retina, many cell types show red
dots indicative of mitophagy during different stages of embryonic development. In
addition, we also show that we can induce mitophagy at different ages using

pharmacological tools.

Parkinson's disease (PD) is the second most prevalent neurological disease after
Alzheimer's. The aetiology of Parkinson's disease is complex and unknown, although
mitochondrial and lysosomal alterations play an important role. Mitophagy is impaired in
patients and models with Parkinson's disease. PINK1 and Parkin are two proteins
mutated in some PD patients that have a role in the control of mitophagy. Our data using
the MitoQC animals injected with 6-OHDA show how mitophagy is decreased in

dopaminergic neurons while the astrocytes present high levels of mitophagy.
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1. Introduction

1.1. Autophagy pathways

The term autophagy was first used by Christian de Duve at the CIBA Foundation
Symposium on Lysosomes in 1963. It originates from the Ancient Greek autéphagos,
meaning "self-devouring" and kuTog kytos, meaning "hollow", and it is a cell regulated
mechanism allows the orderly degradation and recycling of cellular components. In the
1960’s autophagy was largely based on the observed degradation of mitochondria and
other intracellular structures within lysosomes of rat liver perfused with the pancreatic
hormone, glucagon (Deter and Duve, 1967). In the upcoming years the scientific world
has grown a better understanding for autophagy, with major contributions to our molecular
knowledge and appreciation of the physiological significance of this process coming from
numerous laboratories (Nakatogawa et al., 2009; Levine and Kroemer, 2008), Ohsumi's
research the late 1980s, identified the genes that regulate the and has opened the path
to understanding the fundamental importance of autophagy in many physiological
processes, such as in the adaptation to starvation or response to infection. Other
discoveries have also shown that mutations in autophagy genes can cause disease, and
the autophagic process is involved in several conditions including cancer and neurological
disease (Tsukada and Ohsumi, 1993; Mizushima et al., 1998; Ichimura et al., 2000).
Although the importance of autophagy is well recognized in mammalian systems, a great
number of the mechanistic breakthroughs in understanding the regulation of autophagy
on the molecular level have been made in yeast (Saccharomyces
cerevisiae) (Nakatogawa et al, 2009; Levine and Kroemer, 2008; Mizushima 2007; Xie
and Klionsky, 2007; Klionsky, 2007). Currently, close to 40 different autophagy-related
genes (Atg) have been identified, many of these genes are conserved throughout the

phylogeny, which shows the importance of the autophagic process.

There are three defined types of autophagy depending on how the material is
delivered to the lysosome: macro-autophagy, micro-autophagy, and chaperone-mediated
autophagy, all of them promote proteolytic degradation of cytosolic components at the
lysosome (Figure 1.1.). In macroautophagy, bulk cytoplasm and dysfunctional organelles
are sequestered by the expanding phagophore, leading to the formation of the
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autophagosome. The autophagosome then fuses with the lyososome, releasing the
engulfmed material into the lyososmal lumen. Eventually, the sequestered cargos are

degraded or processed by lyosomal enzymes (Figure 1.1.).

In chaperone-mediated autophagy (CMA), targeted proteins are translocated
across the lysosomal membrane in a complex with chaperone proteins (such as Hsc-70)
that are recognized by the lysosomal membrane receptor lysosomal-associated
membrane protein 2A (LAMP-2A), resulting in their unfolding and degradation (Saftig et
al., 2008). The characteristic of all CMA substrates is a pentapeptide targeting motif
biochemically related to KFERQ (Cuervo and Dice, 1996). CMA degrades a wide range
of substrate proteins, including certain glycolytic enzymes, transcription factors and their
inhibitors, calcium and lipid binding proteins, proteasome subunits, and proteins involved

in vesicular trafficking (Arias and Cuervo, 2011).

Microautophagy, a third autophagic mechanism, has been reported in yeast but
has not yet been well studied in eukaryotic cells. Internalization of cytosolic cargo occurs
through lysosomal membrane invaginations that mirrors the development of endosomal
multivesicular bodies (Mizushima et al., 2007). In mammals, the molecular mechanisms

that mediate microautophagy-like transfer of cytosolic cargo to lysosomes are unclear.
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A.  Macroautophagy
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Figure 1.1. Three main types of autophagy. (A) Macroautophagy, (B) Microautophagy, and (C)
Chaperone-mediated autophagy (CMA).

1.1.1. Macroautophagy

As mentioned above, the most distinguishing feature of macroautophagy, and what
makes it different from microautophagy and CMA, is the formation of the double-
membrane bound autophagosome. The origin of the membrane cistern forming new
autophagosomes has been the subject of numerous studies, but still this issue is
unresolved in mammalian cells. Many older ultrastructural studies suggested that smooth
endoplasmic reticulum (ER) cisternae are the source of autophagosome membranes,
(Dunn ,1994) but evidence against this interpretation has also been published (Hamasaki
et al., 2013) and many other sources come from the plasma membrane and endosomes.
In mammalian cells, the phagophore formation remains one the most fundamental
unanswered questions in the understanding of the autophagy pathway. Over the last few
years, a lot of effort has been put in resolving this matter, and numerous studies have
indicated several different organelles as potential membrane sources. These include the

plasma membrane, the Golgi apparatus (Orsi et al., 2010), the ER (Hayashi-Nishino et
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al., 2009) and the mitochondria (Hailey et al. 2010). In a study in Nature, Hamasaki et al.
(2013) shows that autophagosomes form at ER-mitochondria interfaces in mammalian

cells.

After initiation, the membrane begins to expand (Figure 1.2.). At this stage, it is
called a phagophore, which is the primary double-membrane sequestering compartment
(He and Klionsky, 2009). As the phagophore expands, the membrane bends to finally
create a spherical autophagosome. The elements that manage curvature of the
membrane during macroautophagy are not known. As far as selective macroautophagy
is concerned, the autophagosomal membrane wraps around the cargo, which ultimately
adjusts to fit the specific target (Mijaljica et al., 2012). The phagophore expands through
the acquisition of lipids and ultimately seals, thus completing the formation process and
generating an autophagosome (Figure 1.2.). The size of the autophagosome varies
based on organism and cargo type. The diameter of autophagosomes ranges from ~0.4
to 0.9 ym in yeast, and 0.5 to 1.5 ym in mammals (Mizushima and Klionsky, 2007). Once
formed, the autophagosome carrying a cytosolic cargo will fuse with the lysosome,
causing its contents to degrade releasing it's components in the cytosol to be recycled.
The lysosome can then be regenerated to restart the process (Figure 1.2.) (Mijaljica et
al., 2012).

Lysosome

Starvation \
o
Hypoxia OOO& L?é @ o §bo &
ROS @ o — e Q . O @) 0o} \S —_— l Recycling '
| Infection O XK®)

Chemotherapy OJP @) @ (‘D 4 %D
Others

L= -3

Autophagosome Autolysosome

1. Induction 2. Phagophore 3. Autophagosome formation 4.Fusion 5. Degradation and recycling

Figure 1.2. The macroautophagy process. There are five steps in the macroautophagy process: (1)
Autophagy can be induced by several stress (2) The formation of the phagophore (or isolation membrane)
begins during the nucleation stage regulated by a protein complex comprising VPS34, a class Il PtdIns3K.
(3) Phagophore elongation requires two «ubiquitin-like» conjugation systems: Atg12-Atgl5 and Atg8-PE,
both of which are essential for autophagosome formation. (4) The autophagosome bearing cytosolic cargo
will fuse with the lysosome, causing (5) the degradation of the engulfemd material that will recycled back
to the cystoplasm.
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1.1.1.1. Signalling pathways that regulate autophagy

Autophagy is active at basal levels in most cell types where it is involved in a
housekeeping function in maintaining the wholeness of intracellular organelles and
proteins (Klionsky, 2007). Autophagy is induced by starvation and is a key part of the
adaptive response of cells and organisms to nutrient deprivation that promotes survival
until nutrients become available again. In both yeast and mammalian cells, two well-
characterized signalling cascades that sense nutrient levels, activate cell division and
growth, and negatively regulate autophagy are the TOR and Ras-cAMP-PKA pathways.
TOR was initially identified as the target of rapamycin, which is a macrolide antifungal
agent with structural similarity to FK506. Inactivation of TORC1 by rapamycin promotes
autophagy in the presence of nutrients, indicating that TOR downregulates autophagy
(Diaz-Troya et al., 2008).

The Ras/cAMP-dependent protein kinase A (PKA) signalling pathway plays an
important role in glucose sensing from yeast to mammals. The small GTPases Ras1 and
Ras2 are active and generate cCAMP production by the adenylyl cyclase in nutrient-rich
conditions. Enhanced cAMP binds to Bcyl and translates its inhibitory effect on PKA.
Constitutive activation of the Ras/PKA pathway suppresses autophagy induced by TOR
inhibition in yeast (Budovskaya et al., 2004; Schmelzle et al., 2004), indicating that the
Ras-PKA pathway downregulates autophagy.

The removal of growth factors from the extracellular space induces autophagy and
is essential for maintaining cellular functions and energy production (Lum et al., 2005). In
Drosophila and mammalian cells the pathways through which hormones regulate
autophagy are distinct from those of nutrients, but both pathways utilize TOR. Insulin and
insulin-like growth factors regulate mTOR through the class | Ptdins3K. When insulin
binds to the insulin receptor, autophosphorylation of tyrosine residues results in the
recruitment and phosphorylation of IRS1 and IRS2 (insulin receptor substrate 1 and 2).
This generates a docking scaffold that allows binding of adaptor proteins, including
subunits of the class | Ptdins3K such as p85. Generation of PIP3 (phosphatidylinositol
(3,4,5)-trisphosphate) by the class | Ptdins3K increases membrane recruitment of both

protein kinase B (PKB)/Akt and its activator PDK1 (phosphoinositide-dependent protein
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kinase 1), leading to phosphorylation and activation of PKB/Akt by PDK1 (Diaz-Troya et
al., 2008). The 3'-phosphoinositide phosphatase PTEN overturns PIP3 production,
decreases the downstream PKB/Akt signalling and thus induces autophagy (Diaz-Troya
et al., 2008).

During intracellular metabolic stress, activation of autophagy is essential for cell
viability, and the underlying pathways are well understood. In mammalian cells, a
decreased cellular energy (ATP) level is recognized by AMPK (5'-AMP-activated protein
kinase). AMPK is activated by a decreased ATP/AMP ratio across the upstream LKB1.
Active AMPK initiates phosphorylation and activation of the TSC1/2 complex, which
reduces mTOR activity via Rheb (Inoki et al., 2003), ultimately resulting in elevated ATP

production through recycling nutrients.

1.1.1.2. Autophagy: machinery and regulation

The molecular properties of phagophore formation in yeast are broadly known, but the
finer details of how they function and when they act in the early formation stages in
mammalian systems are not yet understood and it is likely to lead to many important

findings.

However, the function of class Il PI-3 kinases, Vps34 (vesicular protein sorting 34)
in particular, and its binding partner Atg6/Beclin-1, in phagophore formation and
autophagy is well studied in mammalian systems (Figure 1.3.). Vps34 is involved in
various membrane-sorting processes in the cell but is selectively involved in autophagy
when complexed to Beclin-1 and other regulatory proteins (Backer, 2008). Vps34 is
particular in the group of PI3-kinases in using phosphatidylinositol (PI) as substrate to
generate phosphatidyl inositol triphosphate (PI3P), which is crucial for phagophore
elongation and recruitment of other Atg proteins to the phagophore (Xie and Klionsky,
2007). The interaction between Beclin-1 and Vps34 triggers its catalytic activity and

increases levels of PI3P (Figure 1.3.).

Other proteins that bind with Vps34 and Beclin-1 to either promote autophagy,
such as UVRAG, BIF-1, Atg14L and Ambra or to inhibit autophagy, such as Rubicon and

Bcl-2 (Kang et al., 2011). One well-characterized regulatory event is the interaction of
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Beclin-1 with Bcl-2, which disrupts the interaction of Beclin-1 with Vps34 (Pattingre et al.
2005; Maiuri et al. 2007). Bcl-2 serves a double purpose in regulating cell viability based
on its subcellular localization: a pro-survival function at mitochondria inhibiting
cytochrome c release, ultimately blocking apoptosis; and an autophagy-inhibitory activity
at the ER, mediated by interaction with Beclinl that can lead to non-apoptotic cell death
(Pattingre et al. 2005). How the balance between autophagy and apoptosis is controlled
in the cellular response to specific stresses is a research area of extreme interest given
its relevance for disease progression and treatment, but again is an area that is not
resolved (Maiuri et al., 2007).

ER

Omegasome

ATG4AB

Figure 1.3. Phagophore formation. Autophagy is initiated by the formation of phosphatidylinositol 3-
phosphate [PI(3)P]-rich areas of the endoplasmic reticulum (ER), which are referred to as omegasomes
according to their structure. PI(3)P is produced by hVps34, the Beclin 1 complex's catalytic subunit, and is
essential for the recruitment of downstream autophagy components such as WIPI1/2 and DFCP1.
Autophagy is also initiated by the ULK1/2 kinase complex, which includes ULK1, ULK2, ATG13, and
RB1CCL1. It indirectly controls the Beclin 1 complex by phosphorylating Beclin 1 and activating hVps34.
Furthermore, LC3 is transformed in two phases to LC3-1, which is often employed as an autophagy marker.
ATGA4B first cleaves LC3 to create LC3-I. The ubiquitin-activating (E1)-like enzyme ATG7 conjugates LC3-
| to phosphatidylethanolamine (PE) to create LC3-1l. WIPI1/2 and the ATG16L-ATG5-ATG12 Ubiquitin-like
complex are PI(3)P effector proteins that positively control LC3-Il production. LC3-11 binds cargo, through
several adaptor proteins.
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In autophagy there are two crucial ubiquitin-like systems that function at the Atg5—
Atgl2 conjugation step and at the LC3 processing step (Mizushima, 2007; Kirkin et
al., 2009). In the first of these systems the C-terminal carboxyl group of Atg12 is activated
by the E1 enzyme Atg7 with consumption of ATP to form a thioester bond with its catalytic
cysteine residue, then transferred to the catalytic cysteine residue of the E2 enzyme
Atg10, and eventually attached to the amino group of the lysine residue in Atg5 via an
isopeptide bond (Mizushima, 2007). Conjugated Atg5—Atgl12 complex pairs with Atg16L
dimers to form a multimeric Atg5—Atg12—-Atg16L complex that connects with the growing
phagophore. The association of Atg5—Atgl2—-Atgl6L complexes is thought to induce
curvature into the phagophore through asymmetric recruitment of processed LC3B-II
(Mizushima, 2007). The activation of autophagy does not determine Atg5-Atgl2
conjugation, and Atg5-Atgl2-Atgl6L dissociates from the membrane once the
autophagosome is formed, this makes conjugated Atg5—-Atgl2 a poor marker of
autophagy (Barth et al., 2010).

The second ubiquitin-like system involved in autophagosome formation is the
processing of microtubule-associated protein light chain 3 (LC3B). Most cells express
LC3B as a full-length cytosolic protein that, upon induction of autophagy, is proteolytically
cleaved by Atg4, a cysteine protease, to expose the glycine residue essential for
subsequent reactions and to generate LC3B-I (Kirisako et al., 2000). The conjugation
reaction of LC3B-I is catalysed by Atg7 (Atgl2 and LC3B-I share the same E1 enzyme)
(Ichimura et al., 2000). Activated LC3B-I is then passed on to Atg3, a different E2-like
carrier protein, which catalyses the conjugation of phosphatidylethanolamine (PE) to the
carboxyl glycine to generate processed LC3B-Il, thereby making LC3B-Il anchored to
membranes. Recruitment and integration of LC3B-Il into the expanding phagophore is
dependent on Atgbh—Atgl12. LC3B-II has a function in both hemifusion of membranes and
in selecting cargo for degradation (Noda et al., 2008). The synthesis and processing of
LC3 is increased during autophagy which makes it a crucial marker for levels of
autophagy (Barth et al., 2010).

When the autophagosome completes fusion of the expanding ends of the

phagophore membrane, the next crucial step in macroautophagy is the autophagosome
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acquiring degradative enzymes by fusing with the lysosome. The high energy barrier of
membrane fusion is overcome by the formation of a complex consisting of SNARE
(soluble N-ethylmaleimide-sensitive factor attachment protein receptor) proteins
embedded on either of the two membranes (Han et al., 2017). The cytoskeleton also plays
a role in autolysosome formation, since agents such as nocadazole, which are
microtubule poisons, block fusion of the autophagosome with the lysosome (Webb et al.,
2004). The efficiency of autophagosome-lysosome fusion is also sensitive to the types
and levels of particular phosphatidylinositol (Pl) phosphates in the autophagosomal and
lysosomal membranes. So far shown to be important are the reduction of PI(3,5)P2,
production of PI4P, and suppression of PI(4,5)P2 appearance on either or both
membranes (Hasegawa et al. 2016). Lysosomal membrane proteins, LAMP1 and
LAMP2, are also critical for autophagy to function, as evidenced by the inhibitory effect of
targeted deletion of these proteins in mice on autolysosome maturation (Tanaka et al.,
2000).

1.2. Selective autophagy

Autophagy can be either non-selective or selective. In selective autophagy, autophagy
receptors bind to cargoes and result in their degradation within lysosomes. The typical
characteristic of selective autophagy receptors is that they contain an Atg8-interacting
motif (AIM)/LC3-interacting region (LIR) (Zaffagnini and Martens, 2016 Rogov et al.,
2017). The AIMs or LIRs are responsible for selective binding to Atg8/LC3/GABARAP
protein family. The AlIMs or LIRs are characterized by [W/F/Y] XX[L/V/I] sequences,
where X represents any amino acid. Isoleucine or leucine is typically observed as the
third residue downstream of tryptophan (Noda et al 2008). The Atg8/LC3/GABARAP
protein family functions as a bridge between the cargo and the core autophagic
machinery, ensuring efficient recognition and sequestration of the cargo within

autophagosomes (Johansen and Lamark, 2011).

Pathways for selective removal of mitochondria (mitophagy), proteasomes
(proteaphagy), ribosomes (ribophagy), peroxisomes (pexophagy), ER (ER-phagy),
lysosomes (lysophagy), LDs (lipophagy) and nuclei (nucleophagy) exist (Figure 1.4.)
(Gatica et al., 2018).
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Figure 1.4. Types of selective autophagy. Numerous organelles have been discovered to be selectively
turned over by autophagy, and cargo-specific names have been assigned to the various selective pathways,
including the ER (reticulophagy or ERphagy), peroxisomes (pexophagy), mitochondria (mitophagy), lipid
droplets (lipophagy), secretory granules (zymophagy), and even portions of the nucleus (nucleophagy).
Additionally, autophagy targets pathogens (xenophagy), ribosomes (ribophagy), and aggregate-prone
proteins (aggrephagy) for breakdown.

1.2.1. Mitophagy: the selective removal of whole mitochondria

Mitochondria are organelles that act as signalling platforms and generate most of the
chemical energy needed to power the cell's biochemical reactions They are involved in
a multitude of essential cellular processes such as ATP production through oxidative
phosphorylation (OXPHOS), fatty acid oxidation, calcium  buffering, phospholipid
synthesis, reactive oxygen species (ROS) generation and maintenance, iron-sulfur
cluster biosynthesis, and innate immune signalling (Spinelli and Haigis, 2018). Numerous

guality control mechanisms have evolved to minimize mitochondrial damage that can
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occur as a result of external factors such as nutrient deprivation, hypoxia, and OXPHOS
uncoupling, or as a consequence of abnormal mitochondrial proteostasis. The
mechanisms consist of protein quality control checkpoints such as mitochondrial-
associated degradation (MAD) and other processes linked to the ubiquitin (Ub)-
proteasome system (UPS). Mitochondrial proteases (mitoproteases) are in charge of
regulating the condition of imported proteins and mtDNA-encoded gene products inside
the mitochondria. Mitochondrial quality control checkpoints involve removal and turnover
of mitochondrial fragments in mitochondrial-derived vesicles (MDVSs) or entire organelles
(mitophagy) and nuclear transcriptional responses (unfolded protein response of the
mitochondria (UPRmt)).

Quality control at the organelle level can be achieved by selective autophagy of
mitochondria, in a process commonly referred to as mitophagy (Lemasters,
2005). Mitophagy is essential for the maintenance of the quality of the mitochondrial pool
and for regulation of mitochondrial abundance in response to external factors like hypoxia
(Quinsay et al., 2010; Tracy et al., 2007), erythroid cell maturation, the glycolytic switch
during cell differentiation and stem cell pluripotency (Takano-Ohmuro et al., 2000; Diwan
et al., 2007; Esteban-Martinez et al., 2016). Mitophagy shares the core molecular
machinery with general macroautophagy (Levine and Kroemer, 2019). In the process of
mitophagy, autophagosomes engulf whole mitochondria via specific receptor proteins
that link mitochondria to the autophagy membrane (Dikic and Elazar, 2018). The
receptors can either interact with ubiquitin molecules conjugated to proteins on the
mitochondrial surface or themselves be integrated into the OMM but have the ability to
bind to ATG8 homolog proteins of the LC3 and GABARAP subfamilies in the autophagy
membrane via a specific LC3 interacting region (LIR) (Johansen and Lamark, 2020).
Mitophagy can be separated into two functionally different groups, which depend on the
use of the kinase PINK1 and the Ub E3 ligase Parkin termed PINK1/Parkin-dependent
and PINK1/Parkin-independent mitophagy.
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1.2.2. Mitophagy pathways

1.2.2.1. PINK1-Parkin dependent mitophagy

In normal conditions PINK1 is continuously translocated into the mitochondria where it is
cleaved by the mitochondrial processing peptidases MPP (Greene et al., 2012) and
PARL (Jin et al., 2010) in the matrix and subsequently retro-translocated to the cytosol to
be degraded by the N-end rule pathway. Once the mitochondria are damaged the
mitochondrial membrane potential is depolarized and PINK1 accumulates on the OMM
establishing a TOM-PINK1 complex that promotes the recruitment of the Parkin ubiquitin
ligase (Figure 1.5.) (Lazarou et al., 2012), which mediates the ubiquitylation of a series of
outer mitochondrial membrane proteins. MITOL/MARCHS5 catalyses the ubiquitylation of
OMM proteins to form the “seeding” Ub chains for Parkin recruitment (Koyano et al.,
2019). Subsequently, PINK1 phosphorylates Ub chains to accelerate the mitochondrial
recruitment of Parkin and promote its E3 Ub ligase activity (Figure 1.5.) (Wauer et al.,
2015). The generation of phosphorylated poly-Ub chains on OMM proteins triggers the
recruitment of autophagy receptors that contain Ub-binding domains to the mitochondrial
surface, like the OPTN and NDP52 (also known as CALCOCOZ2) (Wong and Holzbaur,
2014; Lazarou et al., 2015). Furthermore, in a recent study mitochondrial matrix proteins
4-Nitrophenylphosphatase domain and non-neuronal SNAP25-like protein homolog 1
(NIPSNAP1) and 2 (NIPSNAP2) were proven to be necessary for PINK1/Parkin-
dependent mitophagy in both mammalian cell lines and in zebrafish by facilitating
mitochondrial recruitment of the SLRs, the autophagy-linked FYVE protein (ALFY) and
ATGS8 proteins (Princely Abudu et al., 2019). NIPSNAP1/2 accumulate on the OMM upon
mitochondria depolarization, functioning as activating signal for mitophagy by interacting
with mitophagy receptors to stimulate PINK1/Parkin mitophagy (Princely Abudu et al.,
2019).

Our understanding of the importance of PINK1/Parkin-dependent
mitophagy in vivo is debatable, due to differences seen across species, tissues, and cell
lines. Depletion of PINK1 and Parkin does not affect basal mitophagy in Drosophila or
mice (Kim et al., 2019, McWilliams et al., 2018). On top of that, PINK1 is not essential for
Parkin activation upon mitochondrial depolarization in cardiac myocytes from mice (Kubli

et al., 2015) nor is it required in acute exercise-induced mitophagy in mice (Drake et al.,
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2019). In contrast, PINK1 and Parkin are necessary for hypoxia-induced mitophagy in the
wing discs of L3 larvae (Kim etal., 2019), as well as in invivoto remove
damaged mitochondria and to regulate innate immunity highlighting potential tissue- or
organism-specific influences on mitophagy. To conclude, all this evidence confirms the
probability of alternative mechanisms, acting in parallel to the PINK1/Parkin-dependent

mitophagy pathway in whole organisms.
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Figure 1.5. PINK1/Parkin-mediated mitophagy. When mitochondria are damaged and lose their
mitochondrial membrane potential (AWm), PINK1 degradation is inhibited, resulting in a build-up of full-
length PINK1 on the outer mitochondrial membrane (OMM). PINK1 phosphorylates ubiquitin, which causes
Parkin to be recruited to mitochondria and its E3 ligase function to be activated. At the same time, phospho-
ubiquitin engages autophagy receptors to start the creation of autophagosomes. Parkin contributes to this
signalling by ubiquitinating mitochondrial proteins further. Parkin acts as an enhancer of this signaling
through further ubiquitination of mitochondrial proteins.

1.2.2.2. Parkin independent mitophagy

At any step along the PINK1/Parkin pathway, from Parkin translocation through
autophagosome formation, alternative mitophagy pathways can branch into or parallel
the PINK1/Parkin pathway. The majority of investigations, however, have focused on one
of two steps: ubiquitination of OMM proteins by E3 ubiquitin ligases other than Parkin, or
participation of OMM mitophagy receptors that direct mitochondria to autophagosomes
without Parkin-induced ubiquitination (Teresak et al., 2021.).
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(1) RECEPTOR MEDIATED MITOPHAGY: These receptors have a unique binding
motif, the LC3-interacting region, that interacts directly with LC3-Il and GABARAP, two
components of the autophagosomal membrane (LIR). FKBP8, a member of the FK506-
binding protein family, recruits LC3A to damaged mitochondria in response to
depolarization (Figure 1.6.(1)) (Bhujabal et al., 2017), BNIP3 and NIX, pro-apoptotic Bcl2-
family members, and FUNDC1, which target mitochondria to autophagosomes by
interacting directly with LC3B and GABARAP in response to hypoxia or receptor
phosphorylation (Figure 1.7.(1)) (Georgakopoulos et al., 2017; TereSak et al., 2022).

BCL2 (adenovirus E1B 19 kDa that interacts with protein 3) and its homologue
Bnip3L / Nix are atypical members of the pro-apoptotic protein subfamily Bcl-2
(Chinnadurai et al., 2008), with 56 percent amino acid sequence similarity. Both enter into
the MME through their C-terminal transmembrane domains, with the N-terminus towards
the cytoplasm, following expression (Ray et al., 2000). The BH3 domains of Bnip3
expression (Ray et al.,, 2000) and Nix (Imazu et al., 1999) inhibit the activity of
antiapoptotic Bcl-2 proteins in mitochondria. Bnip3 has been shown to activate autophagy
(Daido et al., 2004) and mitophagy (Hamacher-Brady et al., 2007) in addition to its
apoptotic effects (Figure 1.6.). Basal mitophagy plays an important role throughout retinal
development, according to research from our group. Hypoxia and HIF-1 (Hypoxia-
Inducible Factor 1), a BNIP3L / NIX target gene, control mitophagy, which stimulates
mitochondrial clearance via mitophagy and leads to a metabolic shift toward glycolysis,
which is required for retinal development. Similarly, during blood cell formation, Nix
mediates mitochondrial clearance (Schweers et al., 2007; Sandoval et al., 2008). Hypoxia
activates Bnip3, which then translocates to the OMM through a transmembrane domain
(Figure 1.6.). Phosphorylation of serine 17 is required for Bnip3 LIR function, while
phosphorylation of serine 24 improves it. The kinase(s) and phosphatase(s) responsible
have yet to be discovered. The pro-survival Bcl-xL activation promotes the binding of
Bnip3 to LC3. Nix has an analogous SWxxL LIR motif and is regulated similarly by
phosphorylation (Hamacher-Brady and Brady, 2016).
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Figure 1.6. Receptor mediated mitophagy: BNIP3, NIX/BNIP3L, FUNDC1, FKBP8, Bcl2L13 are OMM
receptors containing an LIR-domain that directly binds to LC3 proteins allowing the recruitment of the
phagophore to the damaged mitochondria and leading to its degradation. A pool of AMBRAL, can be
localized at the mitochondria, and is also able to bind to LC3 to induce the selective elimination of damaged
mitochondria.

(2) LIPID MEDIATED MITOPHAGY: The inner mitochondrial membrane (IMM)
phospholipid Cardiolipin (CL), which has an LIR motif, is another non-protein molecule
that can bind directly with LC3-Il. CL can engage LC3 and induce mitophagy when it is
externalized from the IMM to the OMM in response to depolarization, described as lipid
mediated mitophagy (Figure 1.7. (2)) (TereSak et al., 2022).CL externalization has been
demonstrated to promote mitophagy in primary cortical neurons and in response to PD-
inducing toxins (Chu et al., 2013), indicating that this route is important in neuronal
survival and death.
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(3) OTHER E3 UBIQUITIN LIGASES, including as Gp78, MUL1, and SIAH1, have
also been shown to contribute to the ubiquitination of OMM target proteins like Mitofusin,
a mitochondrial fusion protein (Mfn). Gp78 ubiquitinates Mfn1 and Mfn2, causing them to
be degraded by proteasomes and therefore controlling mitochondrial dynamics, motility,
and mitophagy (Fu et al., 2013; TereSak et al., 2022). MUL1 has also been found to
ubiquitinate Mfn and control mitophagy in Drosophila (Georgakopoulos et al., 2017).
SIAH1 enhances mitophagy in the absence of Parkin by forming a complex with PINK1
and syniphilin-1. Synphilin-1 can be recruited to the mitochondria by PINK1, which then
recruits SIAH1, which then ubiquitinates mitochondrial proteins, allowing LC3 to be
recruited (Figure 1.7.(3)). Interestingly, PINK1 PD-related mutants do not generate this

complex, suggesting that this route may be involved in the iliness (Szargel et al., 2016).

1. Receptor mediated mitophagy 2. Lipid mediated mitophagy

3. E3 ubiquitin ligases

Figure 1.7. Parkin independent mitophagy. 1. Receptor-mediated mitophagy: BNIP3, NIX/BNIP3L,
FUNDC1, FKBP8, Ambral and Bcl2L13 are OMM receptors with an LIR-domain that directly bind to LC3
proteins, enabling the phagophore to be recruited to the mitochondria 2. Lipid-mediated mitophagy: IMM
cardiolipin may be translocated to the OMM through PLS3. Cardiolipin binds to LC3A at the OMM to engage
the phagophore formation. 3. E3 ubiquitin ligases: MUL1, ARIH1, and SIAH1 are E3 ligases that found near
damaged mitochondria and ubiquitinate OMM proteins, therefore recruiting the phagophore to engulf and
breakdown damaged mitochondria. OPTN and NDP52, two autophagy adaptors, can bind to ubiquitinated
OMM proteins and promote mitophagy in a parkin-independent way.
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1.2.3. Mitophagy modulation

The most utilized mitophagy inducer in cell biology studies is the proton (H+) ionophore.
Protonophores are weakly acidic lipophilic compounds that can transport H+ across the
inner mitochondrial membrane (IMM), in that way reducing the electrochemical proton
gradient and uncoupling oxidative phosphorylation from the electron transport chain
(ETC) (Liberman et al.,1969). The phenylhydrazones carbonyl cyanide m-chlorophenyl
hydrazone (CCCP) and carbonyl cyanide-p-(trifluoromethoxy) phenylhydrazone (FCCP)
have been widely used to investigate the core mechanisms of mitophagy and characterize
the biological pathways involved in this process (Figure 1.8.) (Narendra et al., 2008;
Gatliff, J. et al., 2014).

Protonophores do have some disadvantages as mitophagy stimulators. Firstly,
their effects on mitochondria do not resemble those under naturally occurring conditions,
since the effect is damaging and ultimately leading to mitochondrial failure (Wang, et al.,
2012). Secondly, they affect the entire mitochondrial population rather than a specific
subgroup and can even lead to the complete elimination of mitochondria from cells after
longer treatments (Narendra et al.,, 2008). Protonophores are not specific for
mitochondria, which means they have protonophoric activity on other membranes,
particularly the plasma and the lyosomal membrane. As a result, they mediate a variety
of off-target effects, including disruption of the microtubule cytoskeleton, inhibition of
lysosomal activity and activation of ion channels, which leads to relatively high levels of
toxicity and a narrow therapeutic window (Park et al., 2002; Maro, et al., 1982; Padman
et al., 2013).

In addition to protonophores, a variety of toxins and mitochondrial respiration
inhibitors activate PINK1-mediated mitophagy resulting in the disruption of the AWm. A
good example is valinomycin, a highly specific potassium (K+) ionophore that transports
K+ ions across the IMM by masking their charge through a reversible interaction (Ashrafi
and Schwarz, 2013). The electrical potential of the mitochondrion is reduced resulting
from the accumulation of K+ in the matrix, this activates the PINK1-Parkin pathway

without changing the pH gradient.
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A model for the respiration inhibitors is the antibiotic antimycin A, which stimulates
a mitochondria-targeted autophagic response by inhibiting the respiratory complex lil,
consequently leading to elevated levels of ROS (Shen et al.,, 2014). In contrast to
protonophores and mitochondrial toxins, antimycin A causes a limited decrease in
AWm that is stabilized quickly by the reverse hydrolysis activity of the F1IFO-ATP synthase
(McLelland et al.,2014). Hence, it is used in combination with oligomycin, an inhibitor of
ATP synthase, whose role of action is to prevent this balancing process by inhibiting the
F1Fo-ATP synthase and therefore enables a more intense depolarization (Lazarou et al.,
2015). The activation of mitophagy by antimycin A and oligomycin mimics naturally
occurring conditions better than before mentioned compounds since both inhibitors are
relatively selective for their targets and mediate less toxic effects, causing subtler

mitochondrial damage (Narendra et al.,2008).

Paraquat (1,1'-dimethyl-4,4'-bipyridine), a widely used herbicide, is another well-
studied mitochondrial toxin, whose role of action is to activate mitophagy through
excessive complex-l-dependent superoxide generation (Narendra et al., 2008). Alike
other mitochondrial toxins, paraquat induces mitophagy by mitochondrial depolarization
and operates via the PINK1—-Parkin pathway. Paraquat is known to cause parkinsonian
symptoms and is often used to model Parkinson's disease both in vitro and in vivo due to
the production of ROS, oxidative stress, and aggregation of a-synucleins in dopaminergic
neurons (Kuter et al., 2007; Kuter et al., 2010.) The mechanism used by paraquat to

access dopaminergic neurons is not well understood yet. (Liou et al., 1996.)

Similarly, to paraquat, some of the other parkinsonian toxins include rotenone,
MPP+ (1-methyl-4-phenylpyridinium) which promote mitophagy, but through a different
mechanism (Dagda et al., 2008; Chu et al., 2013; Zhu et al., 2012). Rotenone triggers
moderate mitochondrial depolarization, which is insufficient to induce PINK1-mediated
mitophagy in primary neurons or neuroblastoma cells (Chu et al., 2013). It promotes the
externalization of cardiolipin and mediates the accumulation of ERK2 (extracellular-
signal-regulated protein kinase 2) which leads to sequestration of mitochondria into
autophagosomes and enables their degradation (Dagda et al., 2008; Zhu et al., 2012).
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Iron loss induced by an iron chelator can also trigger mitophagy PINK1/Parkin
independent pathway (Allen et al, 2013) with the underlying mechanisms remaining
unknown. In a chemical screen using a tandem mCherry—GFP tag anchored on the
OMM, iron chelator deferiprone (DFP) was identified as a novel inducer of mitophagy
(Allen et al., 2013). DFP was shown to promote mitochondrial turnover via an iron-
depletion-dependent mechanism without causing a A¥m collapse (Figure 1.8.). DFP
manages to keep its activity even in cells lacking a functional PINK1-Parkin pathway, and
this has shown its role as a chemical tool for analysing parkin-independent mitophagy
(Kondapalli et al. 2012). A recent study showed that iron loss induced by DFP is
associated with HIF1a-SP1 axis-mediated regulation of mitochondrial ferritin (FTMT)
expression (Figure 1.8.). The FTMT accumulation across the outer membrane of
defective mitochondria leads to induction of mitophagy through the specific interaction
between FTMT and nuclear receptor coactivator 4 (NCOA4), autophagic cargo receptor
(Hara et al., 2020). This type of mitophagy may have therapeutic potential since iron

chelators are clinically used.

1,10"-phenanthroline (Phen) was another compound identified as a 'hit' in a
chemical screen for mitophagy activators, but unlike DFP, Phen mediates a collapse of
AWm, which further generates a dynamin-1-related protein (Drpl)-dependent
mitochondrial fission and induction of mitophagy (Park et al. 2012). It also acts as an iron
chelator. However, Phen does not induce the same effects in neuronal-like SH-SY5Y
cells, indicating that its mitophagic activity might be cell-type dependent (Mauro-Lizcano
et al., 2015).

Nicotinamide (NAM), a precursor of nicotinamide adenine dinucleotide (NAD+), is
a vitamin B3 that activates mitophagy by SIRT1 (silent information regulator T1)
activation, and in the NAD+/NADH ratio increase (Jang et al., 2012). In addition, it
functions as an iron chelator. Importantly, the mitochondria in the NAM-treated cells were
marked with high membrane potentials (Aym). These suggested that NAM treatment may
cause SIRT1-mediated activation of mitophagy that is selective for mitochondria that

suffer from low Aym and high levels of ROS generation (Mauro-Lizcano et al., 2015).
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Interestingly, other SIRT1 activators, including the natural products resveratrol,
fisetin and the synthetic small molecule SRT1720, decrease the mitochondrial network
size to a similar extent as NAM, but without increasing the AWm. This proposes that the
hyperpolarization induced by NAM is independent of its effects on SIRT1 (Jang et al.,
2012; Lee et al., 2008).

The transcription factor nuclear factor E2-related factor 2 (Nrf2; Gene ID: 4780)
has been proposed as an attractive target for enhancing mitochondrial function and
health. A small molecule that activates Nrf2 was named p62/SQSTM1-mediated
mitophagy inducer (PMI), it increases the expression of p62/SQSTM1 and drives
mitochondria into autophagy without disrupting the AWm (East et al., 2014). Interestingly,
PMI is able to induce mitophagy in cells lacking a functional PINK1-Parkin pathway
(PINK1 knockout (KO) or Parkin knockdown (KD)), which highlights its therapeutic

potential in conditions associated with impaired PINK1 and Parkin activity.

The most widely used compound for blocking the process of mitophagy relies on
the pharmacological inhibition of lysosomal acidification, using the V-ATPase (vacuolar-
type H+-ATPase) inhibitor bafilomycin Al or the lysomotropic agents chloroquine and
hydroxychloroquine (Figure 1.8.) (Yang et al, 2013). Furthermore, compounds that
suppress general autophagy by inhibiting the formation of autophagosomes have also
been used to stop mitophagy, the class Il PI3K inhibitor 3-methyladenine to be an
example (Figure 1.8.). Although these methods are successful at inhibiting mitophagy,
they also affect other autophagic and lysosomal processes and are consequently

unspecific.

Additionally, molecular mechanisms underlying cyclosporin A (CsA) induced
cytotoxicity are not well elucidated. Cyclosporin A, a cyclic polypeptide, is a specific
inhibitor of mitochondrial permeability transition, which inhibits mitochondrial
depolarization and mitophagy by interfering with the interaction of cyclophilin D and
mitochondrial permeability transition pores (Mishra et al., 2019). It has been shown that

CsA inhibits mitophagy (Mauro-Lizcano et al., 2015).
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Figure 1.8. Schematic presentation of the effect of different drugs on the various stages of autophagosome
formation (Modified from Cicchini et al., 2015).

1.2.4. Mitophagy in development and differentiation

Numerous evidence shows the links between mitophagy and cell differentiation. For
example, mitophagy regulated NIX-mediated mitochondrial elimination during erythrocyte
maturation (Schweers et al, 2007; Sandoval et al, 2008). Intracellular organelles including
mitochondria are removed when reticulocytes differentiate into mature erythrocytes. Mice
lacking the autophagy gene Atg7 in the hematopoietic system suffer from severe
anaemia, and Atg7-deficient erythrocytes accumulate damaged or dysfunctional
mitochondria with altered membrane potential (Mortensen et al, 2010). Furthermore, loss
of NIX in mice causes defects in mitochondrial clearance and anaemia (Schweers et al,
2007; Sandoval et al, 2008).

Data from our lab shows that NIX has a key role in mouse retinal ganglion cell
(RGC) differentiation (Esteban-Martinez et al, 2017). During RGC differentiation, a shift
from oxidative phosphorylation to glycolysis is needed in order to meet the metabolic

demands of RGCs. Retinas from NIX-deficient mice show increased mitochondrial mass,
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reduced expression of glycolytic enzymes, and inefficient neuronal differentiation
(Esteban-Martinez et al, 2017).

Mitophagy is also involved in the maturation of muscle tissue. During myogenesis
and muscle regeneration, mitochondrial activity is drastically increased, as a result of a
shift in metabolism from glycolysis to oxidative phosphorylation which ultimately increases
mitochondrial oxidative stress (Duguez et al, 2002; Sin et al, 2016). Silencing of the
autophagy gene Atg5 results in accumulation of abnormal mitochondria and inefficient
differentiation into mature muscle tissue (Sin et al, 2016).

Parkin-dependent mitophagy is also linked to cell fate decision of adipocytes. Mice
deficient of Parkin have an increase in mitochondrial mass in beige adipocytes and show
defects in beige-to-white adipocyte transition (Lu et al, 2018). In general, white adipocytes
have a small amount of mitochondria and undertake the role of fat tissue to store energy,
beige adipocytes contain a large quantity of mitochondria and act in thermogenesis by
uncoupling mitochondrial proton gradient in response to several signals such as chronic
cold exposure and exercise (Harms and Seale, 2013). After withdrawal of such stimuli,
beige adipocytes start acting like white adipocytes and obtain white adipocyte-like
characteristics in a manner dependent on autophagic mitochondrial turnover (Altshuler-
Keylin et al, 2016).

1.2.5. Tools and technigues to assess mitophagy in cells and tissues
Various techniques for visualizing mitophagy in mammalian tissues are currently

available.

(1) Electron microscopy (EM) has been a vital tool in cell biology since its
introduction in the early 1940s. EM is used in cell biology for imaging of stained thin slices
of plastic-embedded cells by passing an electron beam through the sample and absorbing
and scattering the beam, generating contrast and an image. Because of the electron
beam's short wavelength (100,000-fold shorter than photons in visible light), EM may
attain subnanometer resolution—well below that of even the highest-resolution light
microscopes, which have a resolution of 20 nm (Eskelinen et al., 2011). Because

autophagy includes subcellular structures that are beyond the resolution capacity of the
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light microscope, the use of EM to investigate the intricacies of autophagy will continue in
the foreseeable future (Eskelinen et al., 2011).

(2) Colocalization of mitochondria with autophagosomes or lysosomes using
immunofluorescence for mitochondrial and lysosomal proteins. To retain epitopes and
allow antibodies to penetrate tissue, sensitive and specific antibody labelling is required,

as well as meticulous tissue processing.

(3) Dual-excitation ratiometric fluorescent probes that may be used to measure
mitophagy. Mt-keima is a pH-sensitive fluorescent protein that targets the mitochondrial
matrix and has been effectively utilized in vitro to examine mitophagy (Katayama et al.,
2011; Bingol et al.,, 2014). Mt-Keima is a pH-sensitive, dual-excitation ratiometric
fluorescent protein with lysosomal protease resistance. The shorter-wavelength
excitation predominates at the physiological pH of the mitochondria (pH 8.0). After
mitophagy, mt-Keima gradually shifts to longer-wavelength excitation inside the acidic
lysosome (pH 4.5) (Sun et al., 2015). Sun and colleagues (Sun et al., 2015) recently
reported the Mt-Keima mouse, which is based on the similar principle, however mt-Keima
in tissues has a number of drawbacks. One of the disadvantages of the mt-Keima is that

it can only be utilized in live cells due to signal loss during fixation.

lan Ganley's group developed a fluorescent reporter (Allen et al., 2013) to
circumvent these issues. The expression of a mCherry-GFP tandem fused with the
sequence of the outer mitochondrial membrane protein FIS1 is employed in this reporter.
The mitochondrial network fluoresces in both red and green under normal circumstances;
however, during mitophagy, mitochondria inside lysosomes the stable mCherry
fluorescence persists but GFP fluorescence is quenched by the acidic microenvironment.
As a result, mCherry point foci (in red) are displayed, which can be easily qunatified as a
measure of mitophagy (Figure 1.9.). Moreover, they generated a transgenic mouse
expressing the MitoQC reporter in all cells under the control of the xxx promoter which is
ubitiquitus to determine mitophagy in vivo (Figure 1.9.) (McWilliams et al.,, 2016).
Compared to the mt-Keima, the MitoQC has the advantage that the cells can be fixed and

that the signal is not lost during the fixation process.
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In addition, there are stable transgenic zebrafish (Danio rerio) lines that also
express mitophagy reporters such as (cytochrome c oxidase subunit 8A (Cox8A)-GFP-
mCherry) with the same principle as the MitoQC (Jung Kim et al., 2008; Princely Abudu
et al., 2019). The transparency of transgenic zebrafish embryos allows for real-time and
in-vivo monitoring of mitochondrial morphology. Because zebrafish live in fresh water,
incubating them in drug-dissolved water proved effective to deliver medications to the
zebrafish. Consequently, transgenic zebrafish serve as a study platform for apoptosis and
mitochondrial physiology, as well as a screening tool for apoptosis-modulating

compounds (Jung Kim et al., 2008).
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Figure 1.9. The MitoQC mouse model. The MitoQC assay is based on a tandem mCherry-GFP construct.
This construct targets mitochondria through the addition of a 51 amino acid mitochondrial targeting
sequence derived from the mitochondrial outer membrane protein, FIS1. The resulting construct mCherry-
GFP-FIS1 (MitoQC) is observable as a red and green fluorescent signal, which when fused appears yellow.
When the mitochondria are enveloped by the phagophore and fuse with the lysosome, forming a
mitophagosome, only red mCherry dots appear, due to the acid-labile properties of GFP. This provides
easy mitophagy quantifications and allows mitochondrial morphology to be observed in vitro and in vivo.
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1.3. The vertebrate retina

1.3.1. Structure of the adult retina in rodents

The retina is a light-sensitive tissue that processes and transmits visual information. It is
positioned on the inner surface of the eye. The mature retina in vertebrates is made up
of six neural and one glial cell type organized in a trilaminar structure that includes the
retinal ganglion cell layer (RGCL, made up of displaced ganglion and amacrine cells), the
inner nuclear layer (INL, made up of bipolar neurons Muller, amacrine, and horizontal),
and the outer nuclear layer (ONL, where the photoreceptors are located) (Figure 1.10.)
(Hoon et al, 2014). These three layers produce synaptic connections, which are arranged
into additional layers termed the inner and outer plexiform layers. The retina also includes
the retinal pigmented epithelium (RPE) that separates the retina from the choroidal
vasculature. Synapses are separated from cell somas along the depth axis of the retina,
which is divided into two major layers: the outer plexiform layer (OPL) and the inner
plexiform layer (IPL). The OPL has synapses between rod and cone photoreceptors and
bipolar cells, with horizontal cells providing lateral connections (Zhang et al., 2021).
Synapses exist between bipolar cells, amacrine cells, and output ganglion cells in the IPL.
Furthermore, the OPL is separated into rod and cone synapses, while the IPL is divided
into ON (sublamina B) and OFF (sublamina A) bipolar cell axon terminations, which give
rise to ON and OFF channels that supposedly react to light increments and decrements,

respectively (Zhang et al., 2021).
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Figure 1.10. Morphology of the adult mouse retina. (Left) Representation of the various cell types in the
adult mouse retina; (right) retinal section from an adult GFP-LC3 animal (green) stained with TOMMZ20 (in
red) to detect mitochondria and DAPI (in blue) to stain nuclei. RPE: retinal pigment epithelium; OS: outer
segment; IS: inner segment; ONL.: outer nuclear layer; OPL.: outer plexiform layer; INL: inner nuclear layer;
IPL: inner plexiform layer; RGCL.: retinal ganglion cell layer.

1.3.2. Retinal development in the mouse

The development of the vertebrate eye is a complex process regulated by intrinsic and
extrinsic factors that specify an area of the forebrain as the ocular field and subsequently
produce the neural retina (Chow and Lang, 2001). On embryonic day (E) 8.5, optic
vesicles appear and evaginate laterally from the forebrain, growing towards the surface
of the ectoderm (Schoenwolf, 2009), which later forms the optic cup and lenses. The optic
cup is made up of two layers: the RPE and the neuroretina, which develops into the
mature three-layered retina (Zagozewski et al, 2014). Neuroretinal development begins
on embryonic day 12.5 (E12.5) and neurogenesis does not end until postnatal day 12

(P12). During the early stages of retinal development, the outer neuroblast layer consists
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primarily of mitotic progenitor cells, while newly differentiated neurons (primarily ganglion
and amacrine cells) are located in the inner neuroblast layer. The different cell types of
the mature retina develop from a common set of multipotent progenitors (Zagozewski et
al, 2014) through a spatio-temporal dynamic process in the following order: ganglion cells,
horizontal cells, cones, amacrine cells during the embryonic development, and bipolar
cells, rods and Mdullerian glia during postnatal development (Figure 1.11) (Vecino and
Acera, 2015; Zagozewski et al, 2014). Photoreceptors, mainly rods, are the most
abundant cell type in the retina and have a differentiation peak at PO (Blackshaw et al,
2004). Finally, at P6 most of the cells of the retina occupy their final destinations,
decreasing the expression of characteristic progenitor markers (Blackshaw et al, 2004).
Various transcription factors are involved in the organization of the retina, whose cell

differentiation follows a central-peripheral pattern (Figure 1.11.) (Zagozewski et al, 2014).
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Figure 1.11. Neurogenesis follows a central to peripheral gradient. In mice, first-born RGCs initially
form a small patch around the future optic nerve head in the central retina. Thus, RGC differentiation starts
in the central retina and then proceeds towards the periphery of the retina.

Among these transcription factors, Pax6 stands out, which is the main regulator of
the development of the eye (Figure 1.12.) (Zagozewski et al, 2014) and is essential for
the maintenance of multipotency (Marquardt et al., 2001). In addition, Pax6 regulates the
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expression of proneural genes of the bHLH family specific for each subpopulation of
progenitors that determine the specific cellular destiny (Marquardt et al., 2001). Due to
the regionalization of the retina during differentiation, it is likely that progenitors located
close to differentiated neurons in the central region are exposed to different signals in
comparison to those progenitors located in the periphery far from the differentiated area.
Furthermore, there are differences in gene expression between these two regions of the
retina (Koso et al, 2007). The progenitor cells of the retina have the ability to generate
different cell types of this tissue, their subsequent cell fate is determined by their intrinsic
properties and by extrinsic factors (Bassett and Wallace, 2012). Factors of the bHLH
family such as Atoh7, Mashl and Ngn2 are activated in subpopulations of progenitor
cells, which makes them have a particular destiny (Figure 1.12.) (Marquardt et al., 2001).
In this way, throughout the development of the retina, several families of transcription
factors maintain the pluripotency of the progenitors, specify the fate of the cells of the
retina and promote their differentiation through a dynamic spatio-temporal process
(Figurel.11.).

Importantly, cell cycle exit during early retinogenesis corresponds with the first
expression of Atoh7, a progenitor-expressed transcription factor required for the formation
of ganglion cells, the retina's first differentiated cell type (Gao et al, 2014). Atoh7
expression begins at E11.5, peaks between E12.5 and E13.5, and progressively declines
after E14.5 (Gao et al, 2014; Mu et al, 2005), when it begins to gradually decrease (Figure
1.12.) (Wu et al, 2015).
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Figure 1.12. The development and structure of the neural retina in vertebrates. a. Histological picture
superimposed over a schematic model depicting the adult neural retina structure of a vertebrate, using the
mouse retina as an example. While the outer segments of photoreceptors are associated with the retinal
pigmented epithelium (RPE), their cell bodies are located in the outer nuclear layer (ONL). In the inner
nuclear layer (INL), horizontal, bipolar, and amacrine cells, as well as Miiller glia, have their cell bodies.
The ganglion cell layer (GCL) is composed of both ganglion and displaced amacrine cells' cell bodies. The
outer plexiform layer (OPL) has connections between photoreceptor, bipolar, and horizontal cells, while the
inner plexiform layer (IPL) contains synapses between bipolar, ganglion, and amacrine cells (IPL). The
nerve fibre (NF) layer is composed of ganglion cell (GC) axons. b. Chronological organization and
transcriptional control of the genesis of retinal cells (embryonic and postnatal times based on mouse
development). Muller glia are produced last, followed by GCs. A recently described regulatory network
involving components of the hedgehog (Hh) pathway and a precise ratio of paired box gene 6 (Pax6) and
sex-determining region Y-box containing gene 2 (Sox2) expression maintains the progenitor identity and
neurogenic potential of mouse retinal progenitor cells (RPCs) (green box, right). Numerous transcription
factors (left) control how each cell type and subtype is specified OS stands for outer segments of
photoreceptors (Bassett and Wallace, 2012).

During tissue development, cell death is required for homeostasis. Apoptosis,

which is characterized by a decrease in cell size, condensation of chromatin,
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phagocytosis, and subsequent degradation of apoptotic bodies after recognition by
neighbouring cells (non-professional phagocytes) or microglia (CNS macrophages), is the
most common type of death during development (Henson and Hume, 2006). If apoptotic
cells are not removed, their plasma membranes can disintegrate, triggering pro-
inflammatory responses. A key feature of apoptosis is that it is an active, ATP-dependent
cell death that takes place over a long period of time. One of the earliest indications of
apoptosis is the appearance of the phospholipid phosphatidyl-serine (PS) on the surface
of the apoptotic cell's outer membrane (Fadok et al, 1992), a highly ATP-dependent
process that permits dead cells to be recognized and removed from the tissue (Venegas
and Zhou, 2007).

Different phases of cell death that affect different cell types such as neural stem
cells, proliferative progenitors, undifferentiated neuroblasts, and newly differentiated
neurons and glia cells have been identified during the embryonic development of the
retina, and whose purpose is to contribute to the correct generation of the retina have
been identified (Boya and de la Rosa, 2005; Vecino and Acera, 2015). Three types of
retinal death vawes exist, depending on the period of development in which they occur:
morphogenetic death, early neuronal death, and neurotrophic death (Valenciano et al,
2009). Morphogenetic death occurs in the optic fissure during the early stages of retinal
development (E10.5-E14.5) and is required for retinal reorganization and axon exit from
RGCs (Valenciano et al, 2009). Early neural death affects proliferating neuroblasts and
newly differentiated ganglion cells in the central retinal area between E13.5 and E16.5
(Boya and de la Rosa, 2005). It's difficult to tell the difference between this sort of death
and morphogenetic death in mice (Pequignot et al, 2003). The creation of RGCs happens
at the same time as the generation of other subsequent neuronal subtypes, but not the
other way around (Chavarria et al, 2007). Finally, neurotrophic death occurs in adult
differentiated RGCs owing to a shortage of trophic factors during synaptogenesis with
target cells, which is why it occurs in the second half of retinal development (E18.5-P12)
(Pequignot et al, 2003). Cell loss happens in the photoreceptor layer as a result of this,
which occurs at the same time as the newborn's eye opening (Valenciano et al, 2009).

After the RGCs have been generated, both processes take place. Cell death is a genuine
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process required for retinal neurogenesis as caspase inhibitors reduce the number of
differentiated retinal ganglion cells (Valenciano et al, 2009).

1.3.3. Retinal development and mitophagy

The first in vivo comparison of mammalian mitophagy and macroautophagy in the
developing and mature eye revealed a significant and very comparable enrichment of
both mitolysosomes and autolysosomes in the ONL of MitoQC and autophagy-reporter
mice. This suggests that mitophagy is responsible for a considerable portion of the
macroautophagy happening in the ONL, making it the location with the greatest level of

mitophagy in the eye (McWilliams et al., 2019).

Sections from E16.5 MitoQC eyes were examined to see whether retinal
mitophagy is formed throughout development. Mitophagy at E16.5 seemed to be focused
in a different area of the retina and was limited to the inner neuroblast layer, in contrast
to the adult eye (McWilliams et al., 2019). These results are in line with previous research
that suggests retinal ganglion cells, which are present in this location at this time, need
controlled mitophagy for development. Macroautophagy was higher in the inner
neuroblast layer, although autolysosomes were found throughout the retina, including the
outer neuroblast layer, unlike mitophagy (McWilliams et al., 2019). The increasing amount
of evidence demonstrating the physiological importance of mitophagy and
macroautophagy in mammalian retinal development prompted us to pursue this issue

further in this thesis.

1.3.4. Structure of the adult retina in zebrafish

The adult zebrafish retina is made up of three nuclear layers divided by two plexiform
layers. The outer nuclear layer contains the photoreceptor rod and cone cell bodies; the
inner nuclear layer has the amacrine, horizontal, and Miiller glial cell bodies; and the
ganglion cell layer contains the ganglion cell bodies. At the plexiform layers, synapsis
occurs between these nuclear layers. Cone photoreceptors are nearly exclusively
responsible for larval zebrafish vision; zebrafish have blue, UV-sensitive, and red-green
double cones, as well as one rod cell type physically organized in a mosaic pattern (Bilotta
et al., 2001). Many of the features of retinal development are conseverd in the vertebrate

retina although some differences also exist between fish and mammals. By 4 dpf., short
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cones are distinguishable, and by 12 dpf, all photoreceptor types are recognizable based
on morphological criteria. The human retina, on the other hand, lacks UV-sensitive cones.

1.3.5. The development of the retina in zebrafish

The optic vesicle in zebrafish collapses into two layers at 20 hours post-fertilization (hpf),
with the distal portion destined to become the neural retina and the more proximal section
destined to become the RPE (Schmitt and Dowling, 1994). At this stage, the future neural
retina is a proliferative neuroepithelium that still expresses the eye field transcription
factors, which function as positive regulators of proliferation (Hsieh and Yang, 2009). This
proliferative neuroepithelium eventually produces the neurons and glia of the retina,
demonstrating many retinal neurogenesis principles seen in all vertebrates. Particular
types of neurons are produced in waves that are sequential yet overlapping. In the
zebrafish, this order is RGCs, then INL cells, then photoreceptor cells (Figure 1.13.) (Hu
and Easter, 1999). Other vertebrates have variations on this process, but the “RGCs first,
rod photoreceptors second, and Muller glia last” order of neuron production is well-
preserved (Bassett and Wallace, 2012; Centanin and Wittbrodt, 2014).

The second principle states that neurons within each cell population are produced
in a predictable spatiotemporal manner. Neurogenesis in the zebrafish begins in a "ventral
patch" right adjacent to the optic stalk and future site of the optic nerve head, and
proceeds nasally, dorsally, and eventually temporally, in a manner similar to the opening
of a fan (Figure 1.13.) (Hu and Easter, 1999; Raymond, Barthel, and Curran, 1995). In
other vertebrates, such as mice, the spatiotemporal pattern appears as a less
complicated central-to-peripheral gradient, with the earliest cells of each cell type
produced near the future location of the optic nerve head (Figure 1.13.) (McCabe,
Gunther, and Reh, 1999).

40



Figure 1.13. Patterns and principles of retinal neurogenesis in zebrafish. Nomarski (DIC) image of a
cryosection of the embryonic zebrafish retina, with patterns of neurogenesis of cells of the ganglion cell
layer (GCL in green), inner nuclear layer (INL, in blue), and outer nuclear layer (ONL, in red) (Stenkamp,
2015).

Interkinetic nuclear migration is a third basis of retinal neurogenesis that has recently
been seen directly in the zebrafish embryo. During most phases of the cell cycle,
proliferating progenitor nuclei may be detected at diverse apico-basal sites. However, just
before M-phase, nuclei move quickly to the apical side of the neuroepithelium and
conduct mitosis there (Baye and Link, 2007). With regard to the retinal hemisphere, the
mitotic plane of cleavage might be circumferential or radial. Radial divisions are more
likely to form a pair of RGCs that migrate to the proper layer and produce axons as RGCs
are produced. Asymmetric destinies are more likely to result from circumferential divides.
Because this process has not been explicitly seen in any other vertebrate, it is unknown
if it is a conserved mechanism. Factors that establish and maintain apicobasal polarity of
retinal progenitors in zebrafish, such as Crumbs, nok, and par (Krock and Perkins, 2014;
Zou et al., 2013), are required for normal retinal neurogenesis and cell differentiation in
the fish.
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The "competence model" was backed by the stereotyped birth order of retinal
neurons, which supported a model for the creation of neural variety (Cepko et al., 1996).
According to this concept, progenitor cells go through a series of competence stages,
each of which allows them to generate a progressively a smaller number of cell types.
This model has been further informed by live imaging in the zebrafish embryo, which has
revealed that, while birth order biases the destinies of retinal progenitor cells, it does not

constrain fates as severely as expected by the model (Poggi et al, 2005).
1.3.6. Mitophagy in zebrafish

The proteins involved in human mitophagy are highly conserved in zebrafish (Wager and
Russell, 2013.), making them an excellent model for studying the functional relevance of
mitophagy in vivo. Although there haven't been many zebrafish mitophagy research, there
are various methods for studying mitochondrial dynamics. One research looked for
mitophagy sites in zebrafish Rohon Beard neurons where UAS:LC3 was present. In the
Isl2b: Gal4 transgenic line, GFP was coinjected with UAS:mitoTagRFP-T. Despite the
fact that Lc3 colocalizes with mitochondria, no mitophagy experiments were performed
(Mathai et al., 2017). It'd be interesting to see if LC3 disappeared from these contact
points over time. As previously stated, a tandem-based method to tagging mitochondrial
proteins would aid in the observation of their autophagy degradation rates. It's an exciting
time to be investigating zebrafish mitophagy, particularly because there haven't been any
previous studies of mitophagy in the zebrafish retina. To further explore this topic, we
utilized a stable transgenic zebrafish line expressing a tandem-tagged mitochondria
marker (cytochrome c oxidase subunit 8A (Cox8A)-GFP-mCherry, which works in the
same way as MitoQC (Jung Kim et al., 2008; Princely Abudu et al., 2019). One important
issue is a paucity of antibodies for zebrafish mitochondrial proteins, although with
increased academic interest in mitochondrial studies, this is a situation that is expected

to change quickly.
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1.4. Parkinson’s disease

Parkinson’s disease (PD) is a common neurodegenerative disorder characterised by loss
of dopaminergic neurons in the substantia nigra pars compacta (SNpc). This results in
the loss of dopaminergic inputs in the striatum and the characteristic motor symptoms
associated with the disease (Postuma et al., 2012). Accumulation of aggregated a-
synuclein in Lewy bodies is the pathological hallmark of PD in the SNpc but can also be
observed in other affected brain regions (Michel et al., 2016). The typical clinical features
involve a movement disorder consisting of bradykinesia, resting tremor, and rigidity, with

postural instability occurring at a later stage (Williams-Gray and Worth, 2016).

1.4.1. Mitochondria dysfunction in Parkinson’s disease

Mitochondrial dysfunction has been associated with PD for over 30 years. Regardless of
that, the role of mitochondrial dysfunction as an initiator, propagator, or bystander is still
unknown. The discovery of the role of the PD familial genes PTEN-induced putative
kinase 1 (PINK1) and Parkin in mitophagy suggested the importance of this process in
PD aetiology (Pickrell and Youle. 2015). Recently, progress has been made in
understanding the role of PD-associated genes, such as SNCA, LRRK2, CHCHD2
(PARK22), GCH1, and VPS35 (PARK17) (Figure 1.14.), in mitochondrial dysfunction and
their overlap with sporadic PD (sPD), opening opportunities for therapeutically targeting
mitochondria in PD (Yue et al., 2015; Funayama et al., 2015). Understanding how these
pathways trigger nigral degeneration will reveal mechanisms in both familial and sporadic
PD.

Getting a better perception of the influence of PINK1/parkin-mediated mitophagy
on basal and stress-induced mitophagy in dopaminergic neurons, in comparison to the
PINK1/parkin-independent mechanisms, could help to advance the search of prospective
therapeutic activators of this pathway. Also, it is important to understand the role of
mitophagy in astrocytes and microglia, in which this pathway seems to be more active, to
determine how deficits in mitochondrial quality control in glia contribute to the pathology
of PD.

Since several cellular mechanisms are dysfunctional in LRRK2, SNCA, and GBA-

related PD, the enhancement of mitophagy and improvement of mitochondrial condition
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could moderately rescue dopaminergic cell loss in non-PINK1/Parkin-related diseases.
Interestingly, the dysfunction of PD risk genes, particularly LRRK2, is not homogenous
across brain regions or cell types, brings up the possibility of an important role for non-
neuronal cells in suppressing mitochondrial malfunction through trans-mitochondrial
degradation (trans-mitophagy) or by the propagation of mitochondrial damage in either a
cell-autonomous manner or through inflammatory processes, such as MITAP or STING-
activation. Additionally, the function of CHCHD2 and VPS35 (Figure 1.14.)) in
mitochondrial dysfunction in dopaminergic neurons and their involvement in the disease
is still not fully understood. No matter what the genetic background of patients, the roles
of increased LRRK2 kinase activity and a-synuclein aggregation in impairing
mitochondria and its impact on mitophagy is probably crucial in identifying the underlying

mechanisms in PD (Figure 1.14.).
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Figure 1.14. Pathways of mitochondrial malfunction implicated in the pathogenesis of Parkinson's
disease. Impairment of mitochondrial biogenesis increased reactive oxygen species production, defective
mitophagy, compromised trafficking, electron transport chain dysfunction, variations in mitochondrial
dynamics, calcium imbalance, or a combination of these factors can cause mitochondrial dysfunction
associated with PD pathogenesis. The very intricate interaction of the many activities results in a vicious
cycle of increasing cellular failure, which eventually leads to neurodegeneration, which is at the root of PD
etiology and development (Modified from Park et al., 2018).
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a-synuclein, the primary component of Lewy bodies, has long been linked to
mitochondrial dysfunction, but no clear mechanism has been shown. Overexpression of
a-synuclein or the addition of exogenous aggregated a-synuclein species, for example,
revealed that a-synuclein interacts with many OMM components, including TOM20, (Di
Maio et al., 2016, Zambon et al., 2019), VDAC (Jacobs et al., 2019), and F1FO-ATP
synthase, resulting in mitochondrial permeability transition pore (MPTP) opening
(Ludtmann et al., 2018). Accumulated a-synuclein, as well as dopamine-modified or
phospho-mimetic species mimicking pathological forms of the protein, bind to
mitochondria, inhibiting mitochondrial protein import and leading to mitochondrial
membrane depolarization and impaired cellular respiration (Wang, et al., 2019). Models
of a-synuclein aggregates showed decreased levels of MFN-2 and OPAL1 levels (Mahul-
Mellier, et al., 2020) in accordance with prior findings of how a-synuclein-induced
mitochondrial fragmentation and bioenergetic changes in dopaminergic neurons
generated from iPSCs (Zambon, et al. 2019). Proteomic studies indicated a substantial
recruitment of proteins involved in oxidative phosphorylation into aggregates, which
corresponded to respiratory abnormalities (Mahul-Mellier, et al., 2020). Mitochondrial
dysfunction and complex | impairments are temporally separated from pS129 production
in hippocampal neurons produced by a-synuclein fibrils, indicating that other processes
are required for dysfunction beyond the interaction between a-synuclein and the
mitochondria (Mahul-Mellier, et al., 2020). In fact, Lewy bodies from Parkinson's disease
patients were shown to include fragmented mitochondria packed with lipids and
lysosomes as well as -synuclein (Shahmoradian, et al., 2019), suggesting that
mitochondrial failure, -synuclein aggregation, and Lewy body formation are all inextricably

connected.

1.4.2. Therapeutics targeting mitochondrial dysfunction for PD

The loss of mitochondrial quality control may contribute significantly to the increased
vulnerability of dopaminergic neurons to neurodegeneration in Parkinson's disease.
Latest improvements in our knowledge of mitochondrial homeostasis and damage in
Parkinson's disease have led to the identification of many possible treatment pathways
to enhance the clearance of old or damaged mitochondria in both PD and other

mitochondrial dysfunction-related ilinesses.
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Small-molecule PINK1 and Parkin activators, as well as inhibitors of the USP30
and pSer65Ub phosphatases, are interesting therapeutic targets for improving mitophagy
in Parkinson's disease. Similarly, while less well characterized, USP8, USP14, and
USP15 inhibitors are interesting ways to increase mitophagy (Durcan, et al., 2014;
Teyra, et al., 2019). Kinetin triphosphate KTP has been shown to activate PINK1 directly
(Hertz, et al., 2013), and more bioavailable KTP precursors are being developed
(Lambourne and Mehellou, 2018). Furthermore, high-throughput screening revealed two
small-molecule PINK1 activators that are structurally different from KTP and have been
confirmed in both dopaminergic neurons and PINK1-knockdown Drosophila (Shiba-
Fukushima, et al., 2020). Directly expressing recombinant Parkin designed for enhanced
solubility and cell permeability has showed potential in shielding cells from both toxin and

a-synuclein assault (Chung, et al., 2020).

Direct targeting of proteins affected by autosomal dominant PD mutations might
be used to broaden therapy beyond PINK1/Parkin patients. LRRK2 inhibition restored
mitochondrial and lysosomal dysfunction in animal models of idiopathic PD (Sanyal, et
al., 2020; Rocha, et al., 2020). As a result, LRRK2 inhibitors in clinical trials might hold a
lot of promise in terms of addressing mitochondrial dysfunction and mitophagy
abnormalities in people who do not have LRRK2 mutations. Furthermore, in iPSC-derived
neurons bearing GBA mutations and in Drosophila models, nicotinamide riboside has
been shown to repair mitochondrial phenotype. In addition, some small compounds, such
as the repositionable medication ursodeoxycholic acid, have been shown to improve
mitochondrial complex activity and ATP generation in PD models, most notably in sPD
fibroblasts (Carling, et al., 2020).

1.4.3. Astrocytes in PD

A growing body of data shows that astrocytes play a key role in the development of PD
(Bantle et al., 2021). Astrocytes make up about 30% of all cells in the central nervous
system (CNS) and are the most common cell type in the brain. While early descriptions
of these cells referred to them as the "glue of the brain,” with a largely passive structural
purpose, recent research has revealed that glia have a wide range of activities in the

developing and adult brain. Multiple risk alleles implicated in Parkinson's disease
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pathogenesis revealed in recent genome-wide association studies and prior candidate
gene investigations reveal cellular penetrance in astrocytes (Booth et al., 2017).
Astrocytes are dynamic regulators of neuronal synaptic transmission and cerebral blood
flow, as well as supporting neuronal homeostasis and participating in the maintenance of
the blood—brain barrier (BBB). By secreting glial-derived neurotrophic factor (GDNF),
maintaining extracellular ion balance in the CNS, and transporting lactate and glutamine
to neurons, they also offer ongoing trophic support and energy metabolism to neurons
(Sofroniew and Vinters, 2010). Furthermore, whereas microglia were formerly assumed
to be the major inflammatory cell in the CNS, inflammatory activation of astrocytes is
typically more persistent than microglia and is expected to play a role in chronic

inflammatory activation linked to PD (Bantle et al., 2021).

According to new study, mitochondria influence glutamate modulation, Ca2+
signalling, fatty acid metabolism, transmitophagy, antioxidant synthesis, and
neuroinflammatory activation in astrocytes (Ho et al., 2019; Pang et al., 2019; Russo et
al., 2019). As a result, one theory is that astrocyte mitochondrial dysfunction affects
dopaminergic neuronal health by increasing inflammatory activity while also reducing
supporting activities such as trophic and antioxidant support. Astrocytic mitochondrial
function preservation may thus offer a disease-modifying strategy for slowing the course

of Parkinson's disease.
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2. Objectives

Previous data from our laboratory has demonstrated that mitophagy is essential for retinal
ganglion cells (RGCs) development at E15.5 as animals deficient in mitophagy have
alterations in neurogenesis. The main objective of this Doctoral Thesis is to further
expand upon those findings and try to understand the role of mitophagy during retinal
development from early embryonic stages to adult using recently developed animal

models that allows mitophagy determination in vivo.

Mitochondrial alterations are present in many neurodegenerative diseases such
as Parkinson’s disease but whether mitochondrial dysfunction is due to altered mitophagy
is currently unknown. In the second part of this research we will use mitophagy reporter

cells and animals to determine mitophagy in several models of Parkinson’s disease.
Our main aims are:

1.1. Determine the levels of basal mitophagy during retinal development using
mitophagy reporters in mice and zebrafish.

1.2. Manipulate mitophagy pathways pharmacologically throughout retinal
development using new and known mitophagy regulators to determine whether
mitophagy can be upregulated or inhibited at different developmental stages.

1.3. Unravelling whether mitophagy is altered in Parkinson’s disease models.
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3. Materials and methods

3.1. Animal Procedures

3.1.1. Ethics and Welfare of Laboratory Animals

All the experimental procedures carried out with animals in this Doctoral Thesis have
been approved by the local ethical committees for animal experimentation of the CSIC
have been carried out following the current regulations of the European Union, and the
ARVO statement for the use of animals in ophthalmic research. For the study of postnatal
retinas, males and females have been used indistinctly. The animals were kept in cycles
of 12:12 hours of light and darkness, at a temperature of 20 °C, with food and drink ad
libitum. To obtain embryos, the animals were crossed and the morning in which the
vaginal plug was detected was considered as embryonic day (E) 0.5. All mice were
sacrificed by cervical dislocation and embryos were obtained by caesarean section. The
embryos were decapitated and placed in a Petri dish with 1x PBS and, with fine forceps
under the magnifying glass, the eyes were isolated or the retinas were dissected,
separating them from the pigment epithelium, crystalline, vitreous, vessels and other
tissue remains. The isolation of the eyes and the retinas of adult mice was carried out in

the same way.

Fish (Mito strains) were held at the zebrafish facility at the Centre for Molecular
Medicine Norway (AVD.172) using standard practices. Embryos were incubated in egg
water (0.06 g/L salt (Red Sea)) or E3 medium (5 mM NaCl, 0.17 mM KCI, 0.33 mM CacClz2,
0.33 mM MgSO04, equilibrated to pH 7.0). From 12 hpf, 0.003% (w/v) 1-phenyl-2-thiourea
(Sigma-Aldrich) was used to inhibit pigmentation. Embryos were held at 28 C in an
incubator following collection. All use of animals was approved and registered by the
Norwegian Animal Research authority. Experimental procedures followed the
recommendations of the Norwegian Regulation on Animal Experimentation (“Forskrift om
forsgk med dyr” fra 15.jan.1996). All experiments conducted on larvae at 7 dpf were
approved by Mattilsynet (FDF Saksnr. 16/153907).
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3.1.2. Wildtype C57 and CD1 mice

The wild mice used in this work were of the C57BL / 6J and CD1 lineage from Jackson
Mice Laboratories (Bar Harbor, ME, USA). These mouse strains were kept in the CIB
(CSIC) animal facility.

3.1.3. MitoQC reporter mice

Experiments were performed on MitoQC (mCherry-GFP-Fis1101-152) reporter mice.
The MitoQC animals were kindly provided by Dr lan Ganley (School of Life Sciences, The
University of Dundee, Dundee, Scotland). Animals were housed, cared and euthanized
in accordance with the European guidelines and experiments were approved by the CIB
ethics committee for animal experimentation and the Comunidad de Madrid, codes
PROEX 232/17 (approval date 28.1.2018) and PROEX226/16 (approval date 22.9.2016).
Briefly, the mice have an introduced CAG promoter cassette with the open reading frame
for the mCherry-GFP-FIS1 fusion protein including a Kozak sequence (GCCACC) into
the mouse Rosa26 locus in mice with a C57BL/6 background. Genotyping was performed
by diagnostic end-point PCR using genomic DNA isolated from tissue biopsy specimens
with the following sets of forward and reverse primers: set 1, 50 -
CAAAGACCCCAACGAGAAGC-30 and 50 -CCCAAGGCAC ACAAAAAACC-30; and set
2, 50 -CTCTTCCCTCGTGATCTGCAACTCC-30 and 50 -CATGTCTTTA
ATCTACCTCGATGG-30.

3.1.4. Zebrafish

Tandem-tag transgenic Mito fish generation and imaging the pME-EGFP no stop vector
from the Tol2 kit was cut with NCol restriction enzyme and then dephosphorylated with
calf intestinal phosphatase. This was later phosphorylated with T4 polynucleotide kinase
and annealed with mitochondrial localization signal (MLS) of zebrafish COXVIII (Kim et
al., 2008). The oligo sequences used for annealing were forward primer
(5’cATGTCTGGACTTCTGAGGGGACTAGCTCGCGTCCGCGCCGCTCCGGTTCTGC
GGGGATCCACGATCACCCAGCGAGCCAACCTCGTTACGCGAgce3’) and  reverse
primer
(5'catggcTCGCGTAACGAGGTTGGCTCGCTGGGTGATCGTGGATCCCCGCAGAACC
GGAGCGGCGCGGACGCGAGCTAGTCCCCTCAGAAGTCCAGAZ’). Gibson assembly
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was used to generate pTol2-CMV-MLS-EGFP-Cherry with linearized pTol2mini and PCR

products from the following primers: CMVFw
(5’ctgatgcccagtttaatttaaatagatctggccat CGATGTACGGGCCAGATATACST'), CMVRev
(5’cctcagaagtccagacatCCTATAGTGAGTCGTATTAATTTCGS’), MLSGFPFw
(5’aatacgactcactataggATGTCTGGACTTCTGAGGG3'), MLSGFPRev
(5’ctectegeccttgetcacCCTTGAATTCCCAGATCTTCS), mCherryFw
(5’agatctgggaattcaaggGTGAGCAAGGGCGAGGAG3) and mCherryRev

(5’aactagagattcttgtttaagcttgatatccatggACGCCTTAAGATACATTGATGAGTTTG3)).

Templates for PCR were used from Tol2 Kit. The MLS-EGFP-mCherry was subcloned
into iTol2 vector using Xhol and Agel. 35 pg (final concentration) of iTol2 MLS-EGFP-
mCherry vector and 50 pg (final concentration) of in-vitro transcribed transposase mRNA
(in vitro transcribed from linearized pCS2FA-transposase vector from the Tol2 kit) was
injected into the 1 cell stage of control (WT). Injected embryos were raised to adulthood
(FO) and out-crossed to wild-type fish to identify transgenic founders. Control (WT)
tandem-tagged Mito fish transgenic founders were incrossed respectively. Resulting
respective larvae 37 (F1) were fixed in 4% PFA (pH 7.2) overnight at 3dpf and co-stained
with 50ug Hoechst reagent for 3-4 h at room temperature. Each larva was mounted on
depression slides using low melting point agarose. Confocal images were obtained using
an Apochromat 40x/1.2 WC or 60x/1.2 oil DIC objective on an LSM 780 microscope
(Zeiss). Red and yellow dots were counted manually for each cell and the ratio of red to

yellow dots (per cell) were interpreted as mitophagy.
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Figure 3.1. Images of cryosections of embryonic zebrafish retinas earlier in neurogenesis. The
photos, from left to right, show the embryo at 1-, 2-, 3-, and 4-days post fertilization. In the bottom row, the
zebrafish retina is labeled with DAPI and forms several kinds of neuronal cells that assemble into tidy layers.
The zebrafish’s retinal ganglion cells form a clear channel leaving the eye for their axons to carry messages
to the brain. L, lens; RGL, retinal ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer;
OPL, outer plexiform layer; ONL, outer nuclear layer.

3.1.5. Surgical procedure for PD model (6-Hydroxidopamine lesion)

A premedication of desipramine (Sigma-Aldrich; D3900-1G, (10 mg/kg/ratdén)) was
administered to rodents prior to injection of 6-Hydroxydopamine hydrobromide (Sigma-
Aldrich; #H116) (6-OHDA) to increase the selectivity and efficacy of 6-OHDA-induced
lesions. The noradrenaline / 5HT uptake inhibitor, desipramine decreases 6-OHDA-
induced noradrenaline and 5HT depletion. Before the surgical procedure, animals were
intraperitoneally anesthetized with ketamine-medetomidine (75 and 0.5 mg/kg,
respectively). The scalp was scrubbed with soap, then alcohol then betadine. The head
wass placed in a stereotaxic apparatus (Stoelting Co.) for rodents and held in place by
ear bars and a nose cone. A midline incision is made on the top of the skull and the skin
retracted. The underlying fascia is then pushed away and a hole is drilled through the
skull and the skull and dura overlaying the striatum on one side of the brain. A small bur

hole is drilled above the injection site using sterile bit. Animals were unilaterally injected
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in the right hemisphere with 2 pL of 6-OHDA using a ga 26S/51 mm/pst2 needle Hamilton
syringe (Sigma-Aldrich; 28615-u). 6-OHDA was administrated at a rate of 1.0 L/min at a
concentration of 4 pg/uL dissolved in 0.9% NaCl with 0.2 mg/mL of ascorbic acid (A1968;
Sigma-Aldrich). The neurotoxin was injected into the striatum (coordinates related to
Bregma: AP = +0.4 mm; L = 2.5 mm, DV = -1.0 mm), according to Paxinos and Watson.
After each injection, the needle was raised 2 mm and left there for 2 min to avoid the
backflow of the needle tract. During surgery, the eyes of the animals were protected from
the light with Vaseline®. After surgery, the surgical region was cleaned with Betadine and
sutured with Surgiquick suture. Animals were subcutaneously injected with an antibiotic,
analgesic, and anaesthetic antagonist. Then, rats were placed comfortably in a heated
cage with food easily available to allow their recovery. Animals were carefully monitored

during the following days.

Parkinson’s disease mouse models to analyse mitophagy in vivo (MitoQC mice)

@ 6-OHDAInjection * In collaboration with Isabel Lastres Becker

Pretreatment Injection

vo.~ ~w 6-OHDA (4pg/ul)
Ho”Son .ue 2Ml injected

Desipramine (10mg/kgi.p.)

30 min before 6-OHDA { [ > Sacrifice
/ﬂsniatum 2 weeks

Figure 3.2. Timeline of the experimental design of the Parkinson’s disease MitoQC models. Six-
month-old MitoQC mice were injected with 6-OHDA. They were sacrificed two weeks following the injection
and their brains were fixed and cryopreserved. Following that, the brains were sectioned and the SNpc
sections were immunostained.

3.1.6. Whole animal perfusion fixation and brain fixation

After two weeks mice were sacrificed using 150 pL of anaesthesia (1 ml of anaesthesia
has 0.5 ml of saline 0,9%, 0.3 ml ketamine, and 0.2 ml xilacine) per mouse. Using the
pinch-response method we determined the depth of anaesthesia, since animals must be
unresponsive before proceeding with perfusion. An incision was made with a scalpel

through the abdomen the length of the diaphragm. Using sharp scissors, we cut through
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the connective tissue at the bottom of diaphragm to allow access to rib cage. With large
scissors, we cut through ribs just left of the rib cage midline. One center horizontal cut
was made through the rib cage to open up thoracic cavity. While holding heart steady
with forceps we inserted the needle directly into protrusion of left ventricle to extend
straight up about 5 mm. The needle position was secured by clamping in place near the
point of entry. Release valve to allow slow, steady flow of around 20 ml/min of 0.9% saline
solution. When blood has been cleared from body, we changed to 3.7 % PFA in 200 mM
HEPES, pH 7.0 (200-300 ml). Perfusion is almost complete when spontaneous
movement (formalin dance) and lightened color of the liver are observed. Then we waited

1 min and finish with the perfusion.

Finally, we excised the brain, placed it in a falcon containing the same fixation (3.7
% PFA in 200 mM HEPES, pH 7.0) and left it to fix overnight at 4 °C. The next day, brains
were washed in PBS 1X and put it into sucrose 30% in Phosphate-Buffered Saline (PBS)
with 0.01% sodium azide at 4 °C until the brain sinks. After the brains sank, they were
sectioned in a microtome (Leica RM2125 RTS) at 30um thickness and stored in PBS1x
+ 0.01% sodium azide at 4 °C.

3.2. Cell Culture Techniques
3.2.1. Culture of SH-SY5Y MitoQC and ARPE-19 MitoQC

In-vitro experiments were conducted in either human neuroblastoma SH-SY5Y MitoQC
or human RPE ARPE-19 MitoQC cells following American Type Culture collection (ATCC)
guidance. Both cell types were generously provided by provided by Dr lan Ganley (School
of Life Sciences, The University of Dundee, Dundee, Scotland). Cells were cultured in
1:1 DMEM: F-12 media (Thermo Scientific; #12634010) supplemented with 10 % (v/v)
FBS (Sigma; #F7524), 2mM I-glutamine (Thermo Scientific; #25030-024), 100 U/ml
penicillin, 0.1 mg/ml streptomycin (Thermo Scientific; #15140-122) and were incubated at
37 °C with 5 %. Cells where cultured with 800 pug/mL Hygromycin B (10,453,982, Gibco,
Carlsbad, CA, USA) to select only those cells expressing the MitoQC reporter.

3.2.2. Primary astrocyte culture
Newborn mice aged 0-3 days are quickly decapitated, and the prefrontal cortex is taken
to a petri plate containing a cold solution of PBS1X+1 % P/S. We checked to see whether
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the mice had milk in their stomachs before beginning the culture. We gently removed the
cortical meninges under the stereoscope and placed them in a sterile falcon tube with 3
mL of DMEM with 20% or 15% FBS and 1% P/S, ensuring sure the solution was warm.
After removing the meninges from the cortex, we gently pressed the tissue with a syringe
fitted with a steel cannula under the laminar flow hood. We centrifuged the solution for 15
minutes at 200 g after we had disturbed all of the tissue and ensured there were no
agglomerates. After that, we discarded the supernatant and resuspended the cell pellet
in 5 mL of fresh medium (DMEM with 20% or 15% FBS and 1% P/S) by pushing the
plunger three times up and down to disrupt all the tissue again. The single-cell
suspensions were then plated in T-flasks (4 hemispheres/75 cm?) in DMEM media
supplemented with 20% or 15% (v/v) FBS and 1% P/S. Cells were kept at 37 °C in a
humidified environment of 7% CO2. The culture media was entirely replaced by the new
medium after two days. After one week in culture, when the cells had reached confluence,
the cells were divided using a dilution of 12 or 13. The culture's medium was changed

twice a week.
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Figure 3.3. Experimental design of the primary astrocyte MitoQC culture. The prefrontal cortex of
newborn mice aged 0-3 days is promptly severed and transferred to a petri dish containing a cold solution
of PBS1x+1 percent P/S. Extracted the cortical meninges and put them in a sterile falcon tube with 3mL of
DMEM containing 20% or 15% FBS and 1% P/S. After dislodging breaking up all tissue and ensuring there
were no agglomerates, we centrifuged the solution for 15 minutes at 200g. After that, discard the
supernatant and resuspended the cell pellet in 5 mL of new medium (DMEM with 20% or 15% FBS and 1%
P/S). Afterwards, the single-cell suspensions were plated in T-flasks (4 hemispheres/75 cm?) in DMEM
medium supplemented with 20% or 15% (v/v) FBS and 1% P/S. Cells were incubated at 37 °C in a
humidified 7 percent CO. atmosphere. After two days, the new medium had completely supplanted the
cultural media.
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3.2.3 Cell Culture Treatments

Cells were seeded in 24-well plates at a density of 1.0 x 10° cells/mL. After 24 h of
adherent growth, cells were treated for 24 h with different concentrations of 6-OHDA
(Sigma-Aldrich; #H116). 6-Hydroxydopamine hydrobromide (6-OHDA; Sigma-Aldrich;

#H116) was used as a model treatment for Parkinson’s disease.

Iron chelation induced mitophagy with Deferiprone (DFP) (Sigma; #379409) was
achieved by treating cells with 1 mM DFP for 24 hours. DFP was dissolved in water before

use with a pulse of heat (90 °C), for 1 hour.

Mitophagy inducer carbonyl cyanide m-chlorophenyl hydrazone (CCCP) was also
used. Briefly, cells were incubated for 24 h with 25 uM CCCP.

After the treatments cells were fixed with 3.7 % Paraformaldehyde (Electron
Microscopy Sciences; #15710) in 200mM HEPES (Thermo Fisher Scientific;
#10453982), pH 7.0 for 20 minutes at room temperature. After two washes with PBS 1X,
coverslips were incubated with 1pg/mL of 1, 4-diamino-2-phenylindole (DAPI) for 30 min,
washed three times with PBS 1X and mounted onto glass slides with ProLong Diamond
Antifade Mountant (Thermo Fisher Scientific; #P36961).

3.2.4. Pharmacological modulation of mitophagy ex vivo

Animals were euthanized by cervical dislocation and embryos removed by caesarean
section. The embryos were staged and then placed in a Petri dish in 1x phosphate-
buffered saline (PBS). Eyes were removed under a dissecting microscope and were
processed by immersion fixation in freshly prepared 3.7% formaldehyde (Sigma-Aldrich,
P6148) at pH 7.0 in 0.2 M HEPES. For cryosectioning, eyes were cryoprotected in 30%
(w:v) sucrose (VWR Chemicals, 27480.360) in PBS at 4°C before sectioning on a
cryostat. Vectashield (Vector Laboratories, H-1000) was used to mount tissue sections
on slides before sealing with nail polish and a 1.5 glass coverslip. Images were acquired

using a Leica TCS SP8 Confocal Laser Scanning Microscope and x63 objective.

Embryonic eyes or retinas were cultured for 6 h in DMEM: HAM/F12 (42400,
Gibco) supplemented with 10 mM sodium bicarbonate (S7561), 1.1 mg/l pyruvate
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(P2256), 100 mg/l apotransferrin (T2252), 0.02 mg/ml sodium selenite (S5261), 0.32 mg/l
putrescine (P5780), 0.2 mg/l progesterone (P8783), all from Sigma, and 0.05 g/l
gentamicin (15710, Gibco), and pH set to 7.14. Before conducting experiments, the
medium was supplemented with 2 mM glutamine (25030, Gibco) and 10 nM recombinant
human insulin (12643, Sigma). The eyes were treated by adding the following compounds
to the medium, as indicated:

25 um CCCP (C2750-100 mg, Sigma), 10 mM 3-methyladenine (3-MA; M9281,
Sigma), 200 nM rapamycin (R-5000, Euromedex), 5 uM CsA (30024, Sigma), 1 mM DFP
(379409, Sigma), 70 mM hydroxychloroquine (HCQ; 880872.4, Laboratorios Rubié S.A.),
50 nM bafilomycin A (B1793-10ug, Sigma), 25 um VP07 (Maestro et al., 2021), 25 pum
IGS2.7 (Ana Martinez Gil; Ankar Pharma), 25 pum JAR1.39 (Maestro et al., 2021).

Table 3.1. List of reagents used in the pharmacological modulation of autophagy.

Compounds Comercial House Reference Concentration Function

CCCP Sigma C2750 10 pm Mitophagy inducer

................ DFPs|gma 3?94[]91mMM|tophagy cer
''''''''''''''' Rapamycin (Rapa) Euromedex  R5000  200nM  mTORinhibitor

Hydroxychlorogquine (HCQ)  Laboratorios Rubio 880872.4 30 pg/mL Lysosomal degradation inhibitor

- Cyclosporine A (CsA) Sigma 30024 5uM Mitophagy inhibitor
. .'j;methyladenine 3-MA Sgma | magmr T TR E— ok inbitor

~ BafilomycinAl Sigma B1793 oM V-ATPase inhibitor

VPO7 Ankar Pharma 25 um Mitophagy inducer

JAR1.39 Ankar Pharma 25 um Mitophagy inducer

say . T - um ........................................... Mitophagy o

After culturing, the neural retina was mounted under the magnifying glass on a
0.44 um pore nitrocellulose membrane (Sartorius). The retinas were placed with the
ganglion cell layer facing upwards, adhering to the nitrocellulose with the help of fine
dissecting forceps. They were subsequently fixed with 3.7 % PFA in 200 mM HEPES, pH
7.0 at least 1 hour at RT in 24-well plates. Finally, they were washed with 1x PBS and
kept in 1x PBS with 0.001% sodium azide at 4 ° C until the time of immunofluorescence
processing. The whole eye cultures were fixed in 3.7 % PFA in 200 mM HEPES, pH 7.0
for 1 hour at RT and were then washed with 0.1M PBS. Afterward the eyes were

immersed in 15% sucrose in PBS with 0.01% sodium azide until they sank. Finally, the
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eyes soaked in 30% sucrose in PBS with 0.01% sodium azide prior to embedding them
in OCT media.

Extract eyes and retinas from embryos from Control
different ages:

* E135

« E145

* E15.5

. Inducer or Inhibitor 1

-
[y
U

/‘\ Inducer or Inhibitor 2

Inducer or Inhibitor3 | 7

) <) =) <
) =) <) <
) <al) <) <

Inducers Inhibitors New
Compounds
DFP 1 mM 3-MA 10 mM VP07 25 uM
CCCP 25 uM HcQ 70 mM JAR1.39 25 uM
Rapamycin 200 nM CsAS5 uM 1GS2.7 25 uM
Bafilomycin 50 nM

Figure 3.4. Experimental design of the pharmacological modulation of mitophagy ex vivo in retinal
development. Embryonic eyes (E13.5- E15.5) were treated ex-vivo to check whether mitophagy could be
manipulated using different autophagy inducers and inhibitors. The eyes were cultured for 6 h in embryonic
culture media. The following compounds were added to the medium to test our theory: 25um Carbonyl
cyanide m-chlorophenylhydrazone (CCCP), 10 mM 3-methyladenine (3-MA), 200 nM rapamycin, 5 yM
CsA, 1 mM deferiprone (DFP), 70 mM hydroxychloroquine (HCQ), 50 nM bafilomycin A.

3.2.5. Plasmid DNA transfection

Stable transfected SH-SY5Y MitoQC cells were generated with Lipofectamine 3000
(Invitrogen) using the following constructs: a-syn-WT-EGFP (Addgene; 40822) and a-
syn-A53T-EGFP (Addgene; 40823), pHM6- a-synuclein -WT (Addgene; 40824) and
pHM®6- a-synuclein-A53T (Addgene; 40825) and pHM6 empty vector (Roche).

The day before the transfection 300 000 cells were seeded in a 6 well- plate and
were cultured in medium without antibiotics. After reaching 70-90% confluency the cells
were transfected by adding 250 pL of DNA-lipid complex (2500 ng DNA, 7.5 uL
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Lipofectamine™ 3000 Reagent, 5 yL P3000™ Reagent) per well. Cells were incubated

for 2 days at 37°C without changing the media. Finally, cells were fixed with 3.7 % PFA
in 200 MM HEPES, pH 7.0 for 20 min at room temperature.

Procedure Detall
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Seed cells to be 70-90%
oonfluent at transfection

Dilute Lipofectamine” 3000
Reagent in Opt-MEM™
Medium (2 tubes)— Mix well

Prepare master mix of DN A
by diluting DN Ain Opti-
MEM" Medium, then add

P3000" Reagent—Mi¢ well

Add Diluted DNA to
each tube of Diluted
Lipofectamine™ 3000

Reagent (1:1 ratio)

Adherent cells 0.25-1 = 10%
Opti-MEM ™ Medium 125uL% 2
Lipofectamine™ 3000 Reagent 7.5 pL
Opti-MEM ™ Medium 250 pL
DMA (0.5-5 pa/pL) S g
P3000~ Reagent (2 pL/pg DNA) 10pL
Diluted DNA (with P3000” Reagent) 125 pL
Diluted Lipofectamine™ 3000 Reagent 125 pL

Incubate

Incubate for 10—15 minutes at room temperature.

DNA-lipid complex 250 pL
N DNA amount 2500 ng
cells
F3000" Reagent 5pL
Lipofectamine™ 3000 Reagent used 7.5 L
Visualize/analyze
transfected cells Incubate cells for 2—4 days at 37°C. Then, analyze transfected cells.

Figure 3.5. Lipofectamine™ 3000 Reagent Protocol. Cells were transfected according to the following
table. Using the indicated volume of DNA and P3000™ Reagent with Lipofectamine™ 3000. Each reaction
mix volume is for one well and accounts for pipetting variations (modified from thermofisher.com/support).

3.3. Immunofluorescence methods

3.3.1 Cryosections of the embryonic mouse eye

The eyes of embryos in vivo or after 6 h culture were fixed for at least 1 hour in 3.7 %
PFA in 200 mM HEPES, pH 7.0, washed 3 times with 1x PBS and were embedded in a
15% sucrose solution in 1x PBS (w / v) for at least 12 hours. Subsequently, they were

transferred to a 30% sucrose solution in 1x PBS (p / v), where they were kept for a week

for their correct cryoprotection and preserved at -80 °C until use. After that, the eyes were
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soaked in OCT (Tissue Tek, Sakura Finetek), inside the lid of a 1.5 mL eppendorf tube.
15 pm sections were made on these samples in a Leica CM 1950 cryostat on treated
slides (Superfrost® Plus, Thermo Scientific). The slides were kept at room temperature
ON to favour the adhesion of the specimens. After that, they were permeabilized by
treating them with 0.5% TritonX for 30 minutes and blocked with BGT for 1 hour, before
incubation with the primary and secondary antibodies as described before.

3.3.2. Preparation of zebrafish cryosections

Control tandem-tagged Mito fish transgenic larvae were fixed in 3.7 % PFA for 1 hour at
24 hpf, 30 hpf, 36 hpf, 42 hpf, 50 hpf, 60 hpf, 72 hpf, 96 hpf and 120 hpf, respectively.
After a couple of washes with 1X PBS, they were gradually cryopreserved in 15% and
subsequently 30% sucrose. After that, the larvae were put in OCT (Tissue Tek, Sakura
Finetek), inside the Tissue-Tek® Cryomold® Intermediate, (15 x 15 x 5mm). 16 ym
sections were made on these samples in a Leica CM 1950 cryostat on treated slides
(Superfrost® Plus, Thermo Scientific). The slides were kept at room temperature ON to

favour the adhesion of the specimens.

b

. e Until they
s . h

Include in OCT,
and section

PFA 4%, sucrose 15%, sucrose 30%,
pH 7.00 pH7.00 pH7.00

Figure 3.6. Experimental design for cryosections of embryonic zebrafish earlier in neurogenesis.
The zebrafish were initially fixed in 4% PFA, then cryopreserved in 15% and 30% sucrose, in that order.
The fish were then frozen after being embedded in OCT. Finally, the OCT blocks were sectioned in a
cryostat.
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3.3.3. Immunofluorescence staining of cell cultures

The immunostaining of SH-SY5Y MitoQC reporter cells with a-synuclein: cells were
washed twice with PBS 1X for 5 minutes. Afterwards they were permeabilized with BGT
solution (3 mg / mL BSA, 10 mM glycine and 0.25% Triton X-100 in PBS) for 10 min at
room temperature. Following permeabilization, coverslips were washed two times with
PBS 1X. The a-synuclein primary antibody (Santa Cruz; sc-12767) was diluted at 1:500
in BGT solution, and cells were incubated for 1 hour at room temperature. Then,
coverslips were washed with 1 % BSA/PBS four times of 10 min each. The secondary
anti-mouse Alexa Fluor 647 nm antibody (Thermo Scientific; #A21236) was incubated at
1:200 in BGT solution for 30 min in the dark at room temperature. Coverslips were washed
again four times with PBS1X for 10 min each. At the end cells were then stained with
1ug/mL of 1, 4-diamino-2-phenylindole (DAPI) and mounted on glass slides as described

above.

Images with the MitoQC reporter to quantify mitophagy were acquired using a
Leica SP8 laser scanning confocal microscope (HC PL APO 63x/1.40 oil CS2). All the
images were processed with FIJI v1.52n software (ImageJ, NIH).

3.3.4. Immunofluorescence of embryonic retina

For the detection of nuclear epitopes such as the transcription factor Brn3a, the retinas
were treated with citrate buffer at pH 6 for 5 minutes in the microwave, after which it was
washed 3 times with 1x PBS. Next, permeabilization was carried out on the flat-mounted
retinas, incubating them with Triton 0.5% (w / v) X-100 in 1x PBS (3 times, 15 minutes
each time). Triton X-100 traces were removed by washing well with PBS and
subsequently incubated with the blocking solution (3 mg / mL BSA, 10 mM glycine and
0.25% Triton X-100 in PBS) for 30 minutes in a humid chamber. The retinas were then
incubated with the primary antibodies in a humid chamber at 4 ° C overnight in the
blocking solution. Incubation with the corresponding secondary anti-mouse or rabbit
antibodies conjugated with Alexa 568 or 647 (1:200, Invitrogen) was carried out for 1 hour
at room temperature, in a humid chamber and in the dark, also in blocking solution (BGT).

After the corresponding washes with PBS, the retinas were incubated in 1ug / mL of 1, 4-
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diamino-2-phenylindole (DAPI) (1:1000) in BGT, to label the nuclei. Vectashield (Vector
Laboratories, H-1000) was used to mount tissue sections on slides before sealing with

nail polish and a 1.5 glass coverslip.

Figure 3.7. Experimental design. Extract the eyes of MitoQC mice during different developmental stages
(E13.5 —P15). Eyes were extracted under a dissecting microscope and were processed by immersion
fixation in freshly prepared 3.7% formaldehyde at pH 7.0 in 0.2 M HEPES. For cryosectioning, eyes were
cryoprotected in 30% sucrose in PBS at 4°C before sectioning on a cryostat. Vectashield was used to
mount tissue sections on slides. Images were acquired using a Leica TCS SP5 Confocal Laser Scanning
Microscope and x63 objective. GCL, ganglion cell layer; IPL, inner plexiform layer; ONbL, outer neuroblast
layer; INbL, inner neuroblast layer.

3.3.5. Free-floating brain sections immunohistochemistry

The day of the immunohistochemistry, brains were washed three times for 10 minutes at
RT in 0.1M PBS with gentle agitation. Afterwards, sections were permeabilized in 0.3%
Triton for 30 minutes followed by three washing steps with 0.1M PBS. Then, sections
were blocked in BGT solution (3 mg / mL BSA, 10 mM glycine and 0.25% Triton X-100 in
PBS) for an hour with gentle agitation. Primary antibody (diluted in BGT solution) was
added and incubated for 48 hours at 4°C with gentle agitation, 300 uL per well. After two
days, sections were washed (3 x 5 min) in 0.1M PBS. Finally, sections were incubated in
secondary antibody 1:200 and DAPI 1:1000 (diluted in BGT solution) for 2 hours at room
temperature, 300 pL per well. Sections were washed three times for 5 min in 0.1M PBS.
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At the end, we mounted the sections on coverslips using Prolong, letting them air-dry for
24 h at RT in dark. Images were acquired using a Leica TCS SP8 Confocal Laser

Scanning Microscope and x63 objective.

Table 3.2. List of antibodies used in the immunofluorescence technique of PD model brains.

Antibody Comercial House Reference Host species Target
TH Milipore P0878 Rabbit Dopaminergic neurons
GFAP Dako 20334 Rabbit Astrocytes
Iba-1 Wako 019-19741 Rabbit Microglia
a-syn Santa Cruz sc-12767 Mouse a-synuclein

3.3.6. Image acquisition and quantification

Images of both retinas and cells were acquired in the Leica SP8 microscope (Leica
Microsystems GmbH) of the Center for Biological Research Margarita Salas (CIB). All the
photos shown in this doctoral thesis correspond to the maximum projection of the total
thickness of the retina or to sections obtained from the total of 1 um, in the case of
cryosections of the eye, and 2 um, in the case of mounted retinas. The quantification of
the images was carried out with the program ImageJ 1.44 p. using the one of three plugins
created by “Ignacio Ramirez Pardo”, it was applied section by section, never in the
maximum projection. The three applied plugins were: one specific for flat-mounted
retinas, another specific for cryosections and another for cells. The plugins are based on
a colocalization measurement (GFP-mCherry) and on a measurement of the population
of mCherry (Mitophagy), selecting the populations with the different active fluorophores

using the ScatterPlot tool.

3.4 Cell viability and cell death determinations

3.4.1. Crystal Violet Staining and Quantification

The crystal violet staining assay was used to analyse cell viability. Briefly, after compound
incubation of cells in 96-well plates, the medium was discarded, and cells were washed
once with PBS and fixed with 4% PFA. Cells were incubated with 50 uL of crystal violet
staining solution (Sigma; #C3886; 0.5% crystal violet in 80% water and 20% methanol)
and rocked gently for 30 min. The staining solution was removed, and cells were washed

thoroughly with distilled water. Stained cells were left to dry for 24 h on the laboratory
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bench or within the chemical hood. The crystal violet staining solution was eluted by the
addition of 100 pyL of 10% acetic acid (Merck; #1.00063.1000) for 30 min with gentle
rocking. Plates were sealed with parafilm to mitigate evaporation. Absorbances were read
and quantified in the colorimetric reader (VarioSkan;377) Absorbance was measured at

590 nm and values were averaged between replicate measurements.

3.4.2. Measurement of cell death by TUNEL reaction
Detection was carried out by different methods, such as active caspase 3
immunofluorescence, TUNEL reaction. In addition, DAPI staining allowed corroborating

and differentiating the condensed nuclei typical of the apoptotic process.

In the TUNEL technique (TdT-mediated dUTP Nick End Labelling), the enzyme
terminal transferase (TdT) adds nucleotides (dUTP) labelled with fluorescein to the free
3'OH ends of the DNA, which allows to detect the fragmentation of the DNA that is
produced during programmed cell death. The TUNEL kit used was DeadEnd ™
Fluorometric TUNEL System (Promega, G3250). The TUNEL reaction was always carried
out in combination with immunofluorescence for the detection of proteins, so the
processing of the retinas was the same as in section 5, applying the reaction after
incubation with the primary antibodies after washing with 1x PBS to eliminate the antibody
residues. Previously, an incubation was carried out with the kit solution for 30 minutes at
room temperature. The reaction mixture was prepared according to the manufacturer's
instructions: 88% TUNEL buffer, 9.8% FITC-labelled dNTPs and 1.9% TdT and applied
for 1 hour at 37 ° C in the dark. Subsequently, the reaction was stopped with the SSC
solution for 10 minutes at room temperature, after which the retinas were washed with 1x

PBS and incubation proceeded with the secondary antibodies.

Table 3.3. List of reagents used in the TUNEL technique.

TUNEL buffer 88%
dNTPs with FITC 9.80%
Terminal
Deoxynucleotidyl 1.90%

Transferase (TdT)
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3.5. Reverse transcription PCR (RT-PCR) and Quantitative PCR (QPCR)

Gene expression analysis in the SNpC of the injected and control brains was carried out
by gRT-PCR study. RNA extraction was carried out using the Trizol © reagent (Fisher,
15596-018). The samples analysed were the following: five samples of control SNpC (a-
SYN #3.SN-L, a-SYN #4.SN-L, a-SYN #5.SN-L, a-SYN #14.SN-L, a-SYN #15.SN-L), five
samples of AAV9-h-a-SYN-A53T injected (a-SYN #3.SN-R, a-SYN #4.SN-R , a-SYN
#5.SN-R , a-SYN #14.SN-R, a-SYN #15.SN-R), four samples of control SNpC (6-OHDA
#2.SN-L, 6-OHDA #3.SN-L, 6-OHDA #4.SN-L, 6-OHDA #12.SN-L) and four samples of
6-OHDA injected SNpC (6-OHDA #2.SN-R, 6-OHDA #3.SN-R, 6-OHDA #4.SN-R, 6-
OHDA #12.SN-R).

The mRNA reverse transcription (RT) reaction was carried out from 1 ug of total
RNA using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Waltham, MA, USA) in a total volume of 13.2 uL, according to the manufacturer's
instructions. 6.8 uL of the mixture of the following kit reagents were added to each RT
reaction: 2 pyL of 10x buffer, 2 yL of 10x Random Primers, 0.8 uL of 25x dNTP Mix
(100mM), 1 uL MultiScribe® Reverse Transcriptase (50 U / yL) and 1 yL of RNAse
inhibitor (20 U / uL). The mixture was pipetted well, and the reaction was carried out in a
thermal cycler with the following schedule: 25 ° C for 10 minutes, 37 ° C for 120 minutes,

85 ° C for 5 minutes, and 4 ° C as a final step.

The real-time PCR reaction was carried out in the Light Cycler® 480 Instrument
thermal cycler (Roche, Mannheim, Germany) using Taq polymerase (Tagman Universal
PCR Master Mix (Life Technologies, Carlsbad, CA, USA)). The amplification of L2A was
used in the Universal Human Probe Roche library (Roche Diagnostics). The assays were
performed in duplicates and the results were normalized to the expression of 18S RNA
levels. The results were expressed using the AACT (cycle threshold) quantification

method.
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Table 3.4. List of probes and references used for gRT-PCR.

Gene Species Crossreact Ref Tagman Role Name
18S Mouse Human Hs99999901_s1 reference BCL2/adenovirus E1B interacting protein 3
Mfn2 Mouse Human MmO00500120_m1  mitocondrial fusion mitofusin 2
Ppargcla Mouse Human MmO01208835_m1 mitocondrial biogenesis peroxisome proliferative activated receptor, gamma, coactivator 1 alpha
Bnip3 Human Hs00969291_m1 autophagy/mitophagy BCL2/adenovirus E1B interacting protein 3
Bnip3| Human Hs00188949_m1 autophagy/mitophagy BCL2 interacting protein 3 like
COX IV Human Hs00971639_m1 mitochondria cytochrome c oxidase subunit 411
Lampl Human Hs00931467_gl autophagy lysosomal associated membrane protein 1
TH Mouse Human MmO00447557_m1 dopaminergic neurons Tyrosine hydroxylase
Park2 Human Hs01038318_m1 autophagy parkin RBR E3 ubiquitin protein ligase
Tfam Human Hs00273372_s1 autophagy transcription factor A, mitochondrial
a-synuclein Human Hs00240906_m1 neuronal protein Alpha-Synuclein
TOMM40 Human Hs06627834_gl mitochondria translocase of outer mitochondrial membrane 40
Tfeb Human Hs00292981_m1 mitocondrial biogenesis transcription factor EB
Pink1 Human Hs00260868_m1 mitophagy PTEN-induced kinase 1
DNM1L Mouse Human Mm01342903_m1 mitophagy (fision) dynamin 1-like

3.6. Statistical and data analysis

Descriptive and analytical statistics were generated in Prism 7.0 (GraphPad Software). If
the D'Agostino-Pearson test indicated that the normality and homoscedasticity were met,
the analysis used to compare different treatments was the T-Student analysis or the
analysis of variance (ANOVA). When the populations did not have a normal distribution,
the nonparametric Mann-Whitney U-test was performed. Significance was considered
significant at p < 0.05. Data are presented as the means of each population + Standard
Error of the Mean (SEM).
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4. Results

4.1. Study of mitophagy in the mouse retina

To determine if mitophagy occurs during retinal development, we analysed
developmental mitophagy events during gestation from embryonic to adult. In particular
we analysed embryonic day E13.5, E14.5, E15.5, E16.5, E18.5 and after birth from
postnatal day P1, P9, P15 MitoQC eye sections. We found that there is no basal
mitophagy at the embryonic day E13.5 (Figure 4.1). At later stages in E14.5, we saw
some red puncta at the RGCL-NbL border, and the amount of mitophagy in the same
region rose in E15.5, with noticeable mitophagy in the RGCL as well. In the ONbL, only
a few red dots can be seen. This was also visible at the embryonic day E16.5, a lot of red
dots on the border of RGCL and NbL, but also red dots in the RGCL and ONbL (Figure
4.1). The last embryonic day in utero, E18.5, red dots can be seen in the IPL (on the
border of RGCL and INbL) but also some dots in the NbL (Figure 4.1).

After birth, on postnatal day P1 mitophagy levels are increased in all five layers
(ONDL, INbL, NbL IPL and RGCL), and mitophagy levels decrease the following P9. Red
dots are visible in all layers, also big accumulations of red dots can be seen in the INL
and IPL (Figure 4.1). Coincident with the final stages of neuronal differentiation and retinal
vascular development, the mice open their eyes, and vision is initiated at approximately
P15. At P15, we observed that the ONL has the highest levels of mitophagy in comparison
to the other layers. In conclusion our data show that three peaks in mitophagy levels can
be seen across the entire retina. The first peak occurs at embryonic day E15.5, the
second at postnatal day P1, and the third at P15 (Figure 4.2.).
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Figure 4.1. Mitophagy determination during retinogenesis in retinas from the MitoQC reporter.
Representative eye sections from various stages of the development of the MitoQC mice, red
mitolysosomes are indicated with a white arrow. GCL, ganglion cell layer; NbL, neuroblast layer; ONbL,
outer neuroblast layer; INbL, inner neuroblast layer; INL, inner nuclear layer; IPL, inner plexiform layer;
OPL, outer plexiform layer; ONL, outer nuclear layer. The square in the image above indicates the area of
the picture that has been magnified in the image below. Scale bars 25 ym.
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Figure 4.2. Graphical representation of the number of mitolysosomes in the whole retina throughout
neurogenesis a. Quantification of mCherry-only puncta from MitoQC (mitophagy) in the entire retina. Three
peaks in the proportion of mitophagy can be observed, the first one at E15.5, second at P1 and finally at
P15.5 (mean + SEM) b. Mitophagy in different layers of the retina during the retinogenesis. (n=4).

To further test if newly differentiated cells exhibit mitophagy, we stained the P9 MitoQC

retina with AP-2a antibody, which labels all amacrine cells, and with Brn3a, an RGCL

marker (Figure 4.3). We settled on this age since it coincides with the maturation of both

types of cells. Both amacrine and retinal ganglion cells have red punctae (Figure 4.3),

which confirms that the cells that are newly developed have higher levels of mitophagy.
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Figure 4.3. Representative immunofluorescence of P9 MitoQC retinal sections stained with a. AP-
2a antibody and b. Brn3a antibody. Arrows show amacrine cells and retinal ganglion cells exibiting
mitophagy. Scale bars 25 ym.

4.2. Pharmacological modulation of mitophagy in MitoQC retinal explants

The second aim of the study is to manipulate the pathways of either autophagy or
mitophagy with pharmacological approaches to test whether mitophagy can be induced
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or inhibited at differente developmental stages and validate de use of novel mitophagy

modulators.

4.2.1. Pharmacological modulation of mitophagy in E13.5

E13.5 MitoQC retinas were treated with the following, well known, mitophagy inducers.
CCCP which is a protonophore capable of increasing membrane proton conductance by
several orders of magnitude, thereby causing mitochondrial depolarization and
uncoupling of respiration (Chen et al., 2014; Liu et al., 2013; Narendra et al., 2008). This
has been shown to induce a potent mitophagy response. Rapamycin is an allosteric
inhibitor of MTORC1 and has been extensively used to study tumour cell growth,
proliferation, and autophagy (Dumont and Su,1996). And finally, DFP, a mitophagy
inducer, shown to promote mitochondrial turnover via an iron depletion-dependent
mechanism without causing a AWm collapse (Allen et al., 2013). It is also important to
mention that iron depletion specifically triggers mitophagy in a PINK1/Parkin independent
manner (Allen et al., 2013).

In collaboration with the group Dr. Ana Martinez Gil’'s and Anne Simonsen at the
University of Oslo in the frame of a collaboration in a ITN network DRIVE we have found
several mitophagy-modulating compouds. We were looking for compounds that induce
mitophagy from the in-house MBC chemical library (Sebastian-Pérez et al., 2017). The
compounds we added were shown to induce or inhibit mitophagy in the High-Throughput
Screening at the University of Oslo, so we decided to test whether some of the hits affect

mitophagy in the retinal explants from the MitoQC animals (Maestro et al., 2021).

The compounds used were JAR1.39, VP07 and 1GS2.7 (Table 3.1.).
JAR1.39 and VP07 are known as glycogen synthase kinase 3 3 (GSK-3p) inhibitors and
have the potential for the treatment of chronic diseases (Palomo et al., 2017). Whereas
IGS2.7, a benzothiazole-based CK-10 inhibitor, has shown promising results as a novel
strategy for the treatment of frontotemporal dementia (Alquezar et al.,2016), as well as
neuroprotective properties and the preservation of motor neurons, owing to its ability to
reduce TDP-43 phosphorylation (Martinez-Gonzalez et al., 2020) (Table 4.1.).

We isolated retinas from the MitoQC mice. They were cultured with the mentioned
treatments inducing or inhibiting either autophagy or mitophagy regarding the stage of
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development. Our study could tell us which is the relationship of autophagy/mitophagy

regarding the retinal development.

Table 4.1. Chemical structure of VP07, JAR1.39 and 1GS2.7 and their IC50 values on CK-1. The %
inhibition of CK-18 activity was determined in vitro in presence of a fixed concentration of 10 uM of the
compounds. IC50: half maximal concentration of both compounds inhibiting CK-10 activity. BBB prediction.
Compounds were classified as CNS+ when they present a permeability >3.74 x 10-6 cm - s—1 [20]. Values
shown are the mean + SD.

GSK3beta L
Compound Structure BBB prediction
I1Cs50 (1M)
VP0.7 2.8 AL T CNS+
L
JAR1.39 2.01 |S GGR S CNS+
CK-1 s
Compound Structure BBB prediction
IC50 (nM)
FoC \\‘\ls: H
1GS2.7 232 u//"; CNS+
/ 1

DFP induced mitophagy at E13.5 which means that mitophagy can be induced at
this age via Parkin independent pathway (Figure 4.4). Interestingly, the compound
JAR1.39 also managed to significantly induce mitophagy in the retina (Figure 4.5),
although we still do not know what the mechanism of action of this compound is. Both
CCCP and VP07 also induced mitophagy levels, although not as effectively as DFP and
JAR1.39. JAR1.39 and VP07 were found to induce mitophagy in U20S-iMLS-Parkin cells;
moreover, VP0O7-induced mitophagy was identified exclusively in Parkin-expressing cells
(Maestro et al., 2021).
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Figure 4.4. Pharmacological modulation of mitophagy with inducers in E13.5 MitoQC retinal
explants. a. The formation of red dots representative of mitophagy was analysed by microscopy in the
E13.5 retina section of MitoQC mice treated with the indicated treatments for 6 hours ex-vivo. The square
in the image above indicates the area of the picture that has been magnified in the image below. The picture
below shows the zoomed-in portion of the image above. b. Graphical representation of the quantifications
of the number of mitolysosomes in the whole retina (mean £ SEM). Ordinary one-way ANOVA statistical

tests. Scale bar 25 ym. (n=5).
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Figure 4.5. Pharmacological modulation of mitophagy with compounds from MBC chemical library
in E13.5 MitoQC retinal explants. a. The formation of red dots representative of mitophagy was analysed
by microscopy in the E13.5 retina section of MitoQC mice treated with three different treatments (JAR1.39,
IGS2.7, VPQ7) for 6 hours ex-vivo. The picture below shows the zoomed-in portion of the image above. b.
Graphical representation of the gquantifications of the number of mitolysosomes in the whole retina
(mean £ SEM). Ordinary one-way ANOVA statistical tests. Scale bar 25 pym. (n=5).
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As our previous data show a key role of mitohgay for RGC neurogenesis we
guantified mitophagy in the RGCL (Figure 4.6.a). Compounds DFP, JAR1.39, CCCP, and
VPO7 have a significant influence on mitophagy levels in the MitoQC retina's RGCL

(Figure 4.6.b). In this layer, DFP and JAR1.39 had the biggest effect on mitophagy levels.
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Figure 4.6. Pharmacological modulation of mitophagy in RGCL of E13.5 MitoQC retinal explant
sections a. The image shows a demonstration of the selected region of interest (ROI) for pharmacological
modulation of mitophagy using DFP in E13.5 MitoQC retinal explants. The first image shows DAPI-stained
nuclei to explain how the ROI was selected. DAPI was used to select the ROl of RGCL due to different
morphology in the nuclei of RGCL and NbL (image on the left). The right image shows the ROI with the
MitoQC fluorophores. RGCL, retinal ganglion cell layer; NbL, neuroblast layer. b. Graphical representation
of the quantifications of the number of mitolysosomes in the RGCL solely (mean + SEM). Ordinary one-way
ANOVA statistical tests.
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In the RGCL both DFP and JAR1.39 exhibited a substantial impact on mitophagy
levels (Figure 4.7. and Figure 4.8.). Interestingly, only DFP had a significant effect on the
mitophagy in the NbL, whereas the other compounds had little or no impact (Figure 4.9.
and Figure 4.10.). Thus, stimulating mitophagy with DFP is completely plausible at this
time, given the highly hypoxic environment of the developing retina, and it also
corresponds with increased levels of ROS in recently differentiated cells.
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Figure 4.7. Pharmacological modulation of mitophagy in E13.5 MitoQC retinal explants with
mitophagy inducers. a. The formation of red dots representative of mitophagy was analysed by
microscopy in the RGCL of E13.5 retina flatmount of MitoQC mice treated with the indicated treatments for
6 hours ex-vivo. b. Graphical representation of the quantifications of the number of mitolysosomes in the
RGCL of the E13.5 retina (mean £ SEM). Ordinary one-way ANOVA statistical tests. Scale bars 25 pym.
(n=3).
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Figure 4.8. Pharmacological modulation of mitophagy in E13.5 MitoQC retinal explants with
compounds from MBC chemical library. a. The formation of red dots representative of mitophagy was
analysed by microscopy in the RGCL of E13.5 retina flatmount of MitoQC mice treated with the indicated
treatments for 6 hours ex-vivo. b. Graphical representation of the quantifications of the number of
mitolysosomes in the RGCL of the E13.5 retina (mean + SEM). Ordinary one-way ANOVA statistical tests.
Scale bars 25 ym. (n=3).
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Figure 4.9. Pharmacological modulation of mitophagy in E13.5 MitoQC retinal explants. a. The
formation of red dots representative of mitophagy was analysed by microscopy in the NbL of E13.5 retina
flatmount of MitoQC mice treated with the indicated treatments for 6 hours ex-vivo. Images showing the
levels of red dots, which are indicative of mitophagy, in the NbL of E13.5 retina flatmount MitoQC mice
treated with six different treatments for six hours ex-vivo. b. Quantifications of the number of mitolysosomes
in the NbL of the E13.5 retina are shown graphically (mean + SEM). Ordinary one-way ANOVA statistical
tests. Scale bars 25 ym. (n=3).
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Figure 4.10. Pharmacological modulation of mitophagy in E13.5 MitoQC retinal explants. a. The
formation of red dots representative of mitophagy was analysed by microscopy in the NbL of E13.5 retina
flatmount of MitoQC mice treated with the indicated treatments for 6 hours ex-vivo. Images showing the
levels of red dots, which are indicative of mitophagy, in the NbL of E13.5 retina flatmount MitoQC mice
treated with six different treatments for six hours ex-vivo. b. Quantifications of the number of mitolysosomes
in the NbL of the E13.5 retina are shown graphically (mean £ SEM). Ordinary one-way ANOVA statistical
tests. Scale bars 25 ym. (n=3).
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4.2.2. Pharmacological modulation of mitophagy in E14.5

To get a better understanding about the mechanism of the mitophagy pathway during
development, we sought to investigate if there was a difference in the amount of
mitophagy induction when the retinas were treated with the same mitophagy inducers on
successive days of development. So, we performed the experiment using embryonic day
E14.5. Interestingly, CCCP was able to significantly induce mitophagy at the embryonic
day E14.5, as opposed to E13.5 where the induction wasn’t so dramatic (Figure 4.11.).
Furthermore, contrary at E13.5, when JAR1.39 was the most efficient inducer, VP07 was
demonstrated to promote mitophagy levels at E14.5 with the highest efficacy (Figure
4.12.). This demonstrates that there is a change in mitochondria condition, and therefore
distinct pathways are triggered, because different compounds have opposite effects on
two consecutive days of development. Rapamycin, however, did not have any effect on
the level of mitophagy, as did IGS2.7. DFP was able to promote mitophagy, although only

to a small extent.
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Figure 4.11. Pharmacological modulation of mitophagy with known autophagy inducers in E14.5
MitoQC retinal explants. a. The formation of red dots representative of mitophagy was analysed by
microscopy in the E14.5 retina section of MitoQC mice treated with three different treatments for 6 hours
ex-vivo. The picture below shows the zoomed-in portion of the image above. b. Graphical representation
of the quantifications of the number of mitolysosomes in the whole retina. CCCP and DFP increased
mitophagy levels (mean £ SEM). Ordinary one-way ANOVA statistical tests. Scale bars 25 ym. (n=5).
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Figure 4.12. Pharmacological modulation of mitophagy with compounds from MBC chemical library
in E14.5 MitoQC retinal explants. a. The formation of red dots representative of mitophagy was analysed
by microscopy in the E14.5 retina section of MitoQC mice treated with three different treatments for 6 hours
ex-vivo. The picture below shows the zoomed-in portion of the image above. b. Graphical representation
of the quantifications of the number of mitolysosomes in the whole retina. VP07 and JAR1.39 significantly
increased mitophagy levels (mean = SEM). Ordinary one-way ANOVA statistical tests. Scale bars 25 ym.
(n=b).
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4.2.3. Pharmacological modulation of mitophagy in E15.5

Previous findings from the lab demonstrate high levels of basal mitophagy in the whole
retina at E15.5, as well as an increase of mitochondrial mass amount in Atg5-deficient
retinas, when autophagy is inhibited with 3-MA and mitophagy is inhibited with CsA.
Furthermore, mitophagy in E15.5 retinas promotes a metabolic shift toward glycolysis,
which is required for appropriate differentiation of retinal ganglion cells indicating that this

is an important developmental stage of the retina (Esteban-Martinez et al, 2017).

Due to higher basal levels of mitophagy at this stage we wanted to explore if
mitophagy could be suppressed and how the three novel chemicals affected the retina.
3-MA is a compound that suppresses general autophagy by inhibiting the formation of
autophagosomes and that has also been used to halt mitophagy, with the class Il PI3K
inhibitor 3-methyladenine (Heckmann et al., 2013). Next, we used hydroxychloroquine
(HCQ), a potent autophagy inhibitor which prevents lysosomal acidification, thereby
interfering with the last step in the autophagic process (Boya et al., 2005). Cyclosporin A,
an inhibitor of MPT through interaction with cyclophilin D, blocks mitophagy during
mitochondrial permeability transition (Rodriguez-Enriquez et al., 2009) and also
mitophagy (Esteban-Martinez et al., 2017). And finally, Bafilomycin A1, a potent inhibitor
of the Vacuolar H+ATPase which controls pH in the lysosome (V-ATPase). Through this
mechanism bafilomycin inhibits autophagic flux by preventing the acidification of
endosomes and lysosomes. The inhibitors that were shown to be most effective at this

age were 3-MA and Bafilomycin (Figure 4.13.).
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Figure 4.13. Modulation of mitophagy with autophagy inhibiting pharmacological agents in E15.5
MitoQC retinal explants. a. Microscopy was used to determine the amount of red dots indicative of
mitophagy in the E15.5 retina section of MitoQC mice treated with four different treatments for six hours ex
vivo. b. Graphical depiction of the counts of mitolysosomes in the whole retina where Bafilomycin and 3-
MA have significant effect on mitophagy levels. (mean + SEM). Ordinary one-way ANOVA statistical tests.
Scale bars 25 ym. (n=5).
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Figure 4.14. Modulation of mitophagy with autophagy modulation using compounds from the MBC
chemical library in E15.5 MitoQC retinal explants. a. Microscopy was used to determine the amount of
red dots indicative of mitophagy in the E15.5 retina section of MitoQC mice treated with four different
treatments for six hours ex vivo. The picture below shows the zoomed-in area of the image above. b.
Graphical depiction of the counts of mitolysosomes in the whole retina (mean + SEM). Ordinary one-way
ANOVA statistical tests. Scale bars 25 ym. (n=5).
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Surprisingly, the compound VPO7 significantly increased the level of mitophagy at E15.5.
HCQ and CsA, on the other hand, had no impact on the degree of mitophagy, as did
JAR1.39 and IGS2.7 (Figure 4.14.).

To better quantify the number of red dots per layer we repeated the experiment
using MitoQC retinal flatmounts. Specifically, we were interested in determining how the
compounds affected mitophagy in various layers of the retina. Bafilomycin, 3-MA, and
HCQ all reduced the amount of mitophagy in the RGCL of E15.5 retinal flatmounts, while
CsA, JAR1.39, and IGS2.7 had no impact (Figure 4.15.; Figure 4.16.). Surprisingly, VP07
increased the level of mitophagy in the RGCL. In contrast, no chemical altered the rate of
mitophagy in the NbL of the E15.5 MitoQC retina (Figure 4.17.; Figure 4.18.). This may
indicate that the ganglion cells are more susceptible to the compounds' effect at this stage

of development.
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Figure 4.15. Bafilomycin, 3-MA and HcQ were able to significantly decrease the level of mitophagy
in the retinal ganglion cell layer (RGCL) of the E15.5 retinal flatmounts. a. MitoQC reporter expression
in RGCL of flatmounted retinas of E15.5 MitoQC mice with Baf, CsA, HcQ, treatments for 6 hours. b.
Graphical presentation of mitophagy levels in RGCL of E15.5 retinas after 6 h of treatments ex vivo.
Ordinary one-way ANOVA statistical tests. Scale bars 25 ym. (n=3).
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Figure 4.16. Modulation of mitophagy in the retinal ganglion cell layer (RGCL) of the E15.5 retinal
flatmounts using compounds from the MBC chemical library. a. MitoQC reporter expression in RGCL
of flatmounted retinas of E15.5 MitoQC mice with 1GS2.7, JAR1.39 and VPOQ7, treatments for 6 hours. b.
Graphical presentation of mitophagy levels in RGCL of E15.5 retinas after 6 h of treatments ex vivo.
Ordinary one-way ANOVA statistical tests. Scale bars 25 ym. (n=3).
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Figure 4.17. There is no change in the level of mitophagy in the neuroblast layer (NbL) of E15.5
MitoQC retinal flatmounts using autophagy inhibitors. a. MitoQC reporter expression in NbL of
flatmounted retinas of E15.5 MitoQC mice with Bafilomycin (Baf), CsA, HcQ treatments for 6 hours. b.
Graphical presentation of mitophagy levels in NbL of E15.5 retinas after 6 h of treatments ex vivo. Ordinary
one-way ANOVA statistical tests. Scale bars 25 ym. (n=3).
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Figure 4.18. There is no change in the level of mitophagy in the neuroblast layer (NbL) of E15.5
MitoQC retinal flatmounts using compounds from the MBC chemical library. a. MitoQC reporter
expression in NbL of flatmounted retinas of E15.5 MitoQC mice with JAR1.39, VP07 and IGS2.7 treatments
for 6 hours. b. Graphical presentation of mitophagy levels in NbL of E15.5 retinas after 6 h of treatments ex
vivo. Ordinary one-way ANOVA statistical tests. Scale bars 25 ym. (n=3).
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4.2.4. Pharmacological modulation of mitophagy in P1

RGCs, horizontal cells, cone photoreceptors, and a subset of amacrine cells are born
predominantly during the embryonic stages of retinal development (first wave of
retinogenesis E11-E18), rod photoreceptors, bipolar interneurons, and Miuller glial cells
are born postnatally (second wave of retinogenesis PO—P7) (Heavner and Pevny 2012).
Mouse RGCs at P1 cannot be categorized using the adult RGC classification criteria.
They lack differentiation, and their dendrites stratify diffusely inside the IPL. At P3 (Stacy
and Wong, 2003), the cholinergic stratification is detectable, and the morphology of RGCs
is nearly identical to that of P1 RGCs, with the difference that the RGC stratification is
tighter, albeit still diffuse in the IPL. From PO through P3, RGCs are classified as simple
or complex RGCs based on the complexity of the dendritic field. Dendritic motility is at its
peak during P1 when the whole retina is still rudimentary. While amacrine and ganglion
cells have developed (Cepko et al., 1996; Young, 1985), their morphologies are far from
mature (Diao et al., 2004), i.e., they are tiny in size, their processes are dispersed across
the IPL, and the retina is not yet ready to form synapses.

We utilized the same compounds for this age as we did for E15.5. Bafilomycin was
shown to be the most effective mitophagy inhibitor in the whole retina, as well as the
RGCL and NbL. CsA was also able to reduce the levels of mitophagy. CsA had a
significant impact in the RGCL while having no effect in the NbL of the retina (Figure 4.19;
Figure 4.21).
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Figure 4.19. Bafilomycin is the inhibitor that decreases the levels of mitophagy in P1 retinas ex vivo
the most. a. MitoQC reporter expression in retinal ganglion cell layer (RGCL) of flat-mounted retinas of P1
MitoQC mice with Baf, CsA, HcQ, treatments for 6 hours. b. Graphical presentation of mitophagy levels in
entire P1 retinas after 6 h of treatments. Scale bars=25 ym. (n=2).
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Figure 4.20. VP07 and JAR1.39 induce mitophagy levels in P1 retinal ganglion cell layer (RGCL)
flatmounts. a. MitoQC reporter expression in RGCL of flat-mounted retinas of P1 MitoQC mice with
JAR1.39, VP07 and IGS2.7 treatments for 6 hours. b. Graphical presentation of mitophagy levels in RGCL
of P1 retinas after 6 h of treatments. Scale bars= 25 ym. (n=2).
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Figure 4.21. Bafilomycin is the most effective inhibitor of mitophagy in the P1 retina's neuroblast
layer (NbL) ex vivo. a. MitoQC reporter expression in RGCL of flat-mounted retinas of P1 MitoQC mice
with Baf, CsA, HcQ, treatments for 6 hours. b. Graphical presentation of mitophagy levels in NbL of P1
retinas after 6 h of treatments. Scale bars 25 pm. (n=2).
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Figure 4.22. JAR1.39 increases mitophagy levels in P1 neuroblast layer (NbL) flatmounts. a. MitoQC
reporter expression in NbL of flat-mounted retinas of P1 MitoQC mice with JAR1.39, VP07 and IGS2.7
treatments for 6 hours. b. Graphical presentation of mitophagy levels in NbL of P1 retinas after 6 h of
treatments. Scale bars 25 ym. (n=2).

In contrast to CsA, HCQ had a greater effect on mitophagy inhibition in the NbL
while having no effect in the RGCL. VP07 and JAR1.39, two compounds from MBC
chemical library, surprisingly, promoted mitophagy in the whole retina (both RGCL and
NbL) (Figure 4.20; Figure 4.22.). Our results indicate that bafilomycin has a significant
inhibitory impact across the retina, while CsA inhibits mitophagy in the RGCL and HCQ
inhibits NbL mitophagy.

In conclusion our data show that Bafilomycin has managed to significantly reduce
the levels of mitophagy in both RGCL and NbL. On the other hand, HcQ had a stronger
effect in the NbL and CsA in the RGCL. Interestingly VP07 and JAR1.39 were able to
induce mitophagy to a certain degree in both layers.
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4.3. Study of mitophagy in the zebrafish retina

4.3.1. Mitophagy in the retina and its relationship with cell death during embryonic
development in zebrafish

The zebrafish eye's early development has already been detailed in detail (Schmitt and
Dowling, 1994). Ganglion cells are the first neurons to be formed in the zebrafish retina,
much as they are in other vertebrates (Nawrocki, 1985; reviewed by Altshuler et al., 1991).
At 36 hpf, none of the neuronal cell layers can be identified (Figure 4.23.). The
overwhelming majority of neurons in the central retina have already been born by 60 hpf
and are arranged into three nuclear layers divided by two plexiform layers (Nawrocki,
1985). The zebrafish retina’'s photoreceptor cell layer includes five kinds of
photoreceptors: rods, short single cones, long single cones, and long and short
components of the double cone pair (Branchek and Bremiller, 1984). By 12 dpf, all
photoreceptor types can be identified using morphological criteria (Branchek and
Bremiller, 1984). Mitophagy reporter zebrafish offers the unique ability to illuminate and
measure in vivo mitophagy trafficking and subcellular dynamics. In a recent study, they
show widespread basal mitophagy in many organs during development, including the
retina (Wrighton et al., 2021). However, the level of mitophagy in the retina was not
studied in detail. In this study, we look at how the levels of mitophagy vary throughout the
process of retinogenesis. In this thesis, we used a stable transgenic zebrafish (Danio
rerio) line that expresses the mitophagy reporter cytochrome c oxidase subunit 8A
(Cox8A)-GFP-mCherry in the same manner as the MitoQC (Jung Kim et al., 2008;
Princely Abudu et al., 2019). We will refer to this line as MitoFish from here on.

As found in the mouse retina, very low levels of mitophagy were detected in the
zebrafish at 24 hpf (Figure 4.24.). Interestingly, there is a peak in mitophagy at the ages
of 36 hpf and 48 hpf (Figure 4.25.) this is the moment when the RGCL and INL are formed
and the ONL begins to form, that is also the time point in which we have the highest
BNIP3 protein expression (Figure 4.24.; Figure 4.29.). Mitophagy levels begin to decline
at 72 hpf, when the retinal layers are fully formed (Figure 4.24.; Figure 4.25.). However,
mitophagy increases again at 92 hpf and then decreases again at 120 hpf. Coincidentally,
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the similar pattern can be seen in graphical representations of mitophagy activity in both

NbL and RGCL, albeit the decreases are more pronounced (Figure 4.24.; Figure 4.25.).

Figure 4.23. Development of wild-type zebrafish eye. At 24 hpf and 36 hpf retinal cells do not form
distinct layers. Three nuclear and two plexiform layers are already visible at 60 hpf. At 72 hpf the retinal
stratification is well developed. RGC, retinal ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform
layer; OPL, outer plexiform layer; PCL, photoreceptor cell layer. This basic laminar pattern is preserved into
adulthood. Scale bars 25 ym.
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Figure 4.24. Basal mitophagy is widespread in developing zebrafish retinas. a. confocal images of
Mitofish larvae at the indicated developmental time points, displaying developing retinas. Green indicates
EGFP mitochondria, which are healthy, and red indicates mCherry puncta, representing mitolysosomes
(mitophagy). Scale bars 25 ym. (n=4).
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Figure 4.25. Graphical representation of mitophagy levels throughout Mitofish retina development
a. Quantification of number of mitolysosomes all divided by the total tissue (ROI) volume. b. Quantification
of number of mitolysosomes all divided by the total NbL (ROI) volume. c. Quantification of number of
mitolysosomes all divided by the total RGCL (ROI) volume. Kruskal-Wallis Ordinary one-way ANOVA
statistical test. (mean + SEM). (n=4).

In mammalian development, apoptosis spreads over the retina in consecutive
waves and induces a remarkable amount of cell loss. As the zebrafish is of growing
importance as a model for retinal development and for degenerative retinal diseases, we
examined the onset and time course of apoptosis in the developing zebrafish retina and
in adult fish. Previous research indicates that the start and time course of apoptosis in the
RGCL and INL of the zebrafish is similar to those of other vertebrates.

In our study TUNEL-positive cells were detected in all retinal layers (GCL, INL, and
ONL) at all developmental phases studied from 24 hpf to 120 hpf, but only in the ONL
and GCL occasionally. At 2 dpf, the RGCL in the retina of larval zebrafish begins to
separate from the neuroblast layer by the successively developing inner plexiform layer
(IPL; Schmitt and Dowling 1999). As a result, the different retinal layers in retinal slices
from embryonic stages anterior to 2 dpf cannot be recognized histologically. We found
that apoptosis peaked in the entire retina in three developmental stages followed by a
second, but clearly smaller wave at 6-7 dpf. Cell death was observed in all layers of the
retina at 24 hpf (Figure 4.26.; Figure 4.27.), as well as on the subquential day, 48 hpf,
when a peak in apoptosis was recorded (Figure 4.26.; Figure 4.27.). TUNEL- positive
cells can be detected exclusively in the INL at 60 hpf, while cell death can be found in
both the INL and the RGCL at 72 hpf (Figure 4.26.; Figure 4.27.). On 96 hpf TUNEL-
positive cells are recorded in both INL and RGCL, at this age there is the third peak in
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cell death and at this is the moment when both RGCL and INL have the greatest apoptosis
percentage (Figure 4.26.; Figure 4.27.).

120 hpf

Figure 4.26. Progression of apoptosis in the developing zebrafish retina a. TUNEL labelling (white nuclei) of
sections of larval zebrafish eyes at various developmental stages (dorsal up). Arrows in cyan indicate TUNEL positive
cells. Scale bars 25 pm. (n=3).
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Figure 4.27. Apoptosis progression in the
developing zebrafish retina. a. Changes in
the number of apoptotic cells in the entire retina
(bars total number of TUNEL-positive cells at
the various developmental stages counted in
14-um-thick sections) b. Rate of apoptosis in
the neuroblast layer (NbL), outer nuclear (ONL),
inner nuclear (INL) and ganglion cell layer
(GCL) of the zebrafish retina at various
developmental stages. Graphs show the
percentage of TUNEL-positive cells.
(mean + SEM). (n=3)

Apoptosis in the outer nuclear layer (ONL) started and peaked at 120 hpf. This

late-onset high peak of apoptosis of photoreceptors is different from that of all other

species examined to date. However, there was also cell death in the marginal zone of the

INL and RGCL. It is worth noting that the mitophagy peaks coincide with the apoptosis

peaks. At 48 hpf, we see a peak in mitophagy, which corresponds to cell death, followed

by another peak in mitophagy at 96 hpf, which corresponds to cell death. At these two

developmental stages, we demonstrated that the red punctae correspond to TUNEL-

positive cells (Figure 4.28.). In conclusion, we see a peak in cell death at 48 hpf,
predominantly in the NbL, followed by another peak at 96 hpf, in both INL and RGCL.
Finally, at 120 hpf, we see cell death only in the ONL.
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Figure 4.28. The role of mitophagy in regulating cell death in the developing zebrafish retina a.
TUNEL labelling of sections of larval MitoQC zebrafish eyes at developmental stages with highest cell death
percentage (dorsal up). Arrows in cyan indicate TUNEL positive cells with red punctae. Scale bars 25 pm.

To get a better understanding of how mitophagy evolves throughout zebrafish
retinogenesis, we examined how the protein levels of mitophagy-related proteins vary.

The proteins whose levels we tested were, COX IV, Component of cytochrome c oxidase,
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the last enzyme in the mitochondrial electron transport chain responsible for oxidative
phosphorylation. NIPSNAP1, a mitochondrial matrix protein that accumulates on the outer
mitochondrial membrane after depolarization of the mitochondria, engaging autophagy
receptors and adaptors, as well as human Atg8 (autophagy-related 8)-family proteins, to
promote mitophagy. PRKCD (Protein Kinase C Delta) a regulator of Parkin-independent
mitophagy which is not essential for Parkin-dependent mitophagy or starvation-induced
autophagy. PRKCD kinase is present on mitochondria and its activity is needed for
effective mitophagy in vitro. The translocase of the inner membrane23 (TIM23), a protein
complex located in the inner mitochondrial membrane of the mitochondria that enables
matrix-targeted protein translocation into the mitochondrial matrix. And finally, BNIP3,
protein related to the BH3-only family, that regulates mitophagy in response to hypoxia.
Western blot results show that Bnip3 and CoxlIV levels decrease as the MitoQC Zebrafish
grows (Figure 4.29.). We also observe an increase in Nipsnap and Prkcd concentrations
(Figure 4.29.). This may imply that Parkin independent mitophagy is important throughout

development and then changes for Parkin dependent mitophagy.
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| s — | COX |\ Figure 4.29. Changes of protein expression levels of Bnip3,
Nipsnapl, Pink1, Prkcd, Tim23, CoxIV and Tubulin in the
S S s s | Tubulin eye at various developmental days. Western blot assay

showing protein expression in MitoQC zebrafish eyes.
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We first investigated the transcriptional profile of several mitophagy regulators in the
zebrafish eyes during development to get a better understanding of our results. Unlike
the mouse, the zebrafish contains two homologues of the nix gene: bnip3la (nix) and
bnip3lb (nip3a). As the eye developed, the levels of both bnip3la and bnip3Ib homologues
increased. The optn and pinkl genes exhibit the same trajectory. Fundcl1 and hifl mRNA
levels, on the other hand, decrease after 4 dpf (Figure 4.30.).
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Figure 4.30. mRNA expression levels of mitophagy and mitochondria related genes was detected
by real-time PCR. The levels of bnip3la and bnip3lb homologues increased with the development of the
eye. The optn and pink1 genes acted similarly throughout retinal development. On the other hand, fundcl
and hifl mRNA levels fall after 4 dpf. (n=1)
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4.4. Parkinson’s disease mouse models to analyse mitophagy in vivo
(MitoQC mice)

To create effective animal models of Parkinson's disease, dopaminergic neurons in the
substantia nigra were injected with genes linked with the condition. AAV containing
human WT a-syn cDNA causes progressive neurodegeneration and the appearance of
a-syn inclusions in the substantia nigra (Lindgren, et al., 2012; Decressac, et al., 2012).
Studies demonstrate some loss of TH and robust a-syn expression, that are critical for
disease modelling which is why we decided to inject the AAV9-h-a-SYN-A53T into the
SN of the MitoQC mouse as the PD model for our studies (results are shown in Sara

Castro Sanchez doctorate thesis).

Additionally, the unilaterally lesioned 6-hyroxydopamine (6-OHDA) rat model of
Parkinson's disease has been contributory in advancing our understanding of the
mechanisms underlying parkinsonian symptoms, as it accurately reproduces the changes
in basal ganglia circuitry and pharmacology observed in parkinsonian patients (Blum et

al., 2001). This is the second PD model that we selected for our research.

4.4.1. Mitophagy in MitoQC mice injected with 6-OHDA

6-OHDA acts in two ways: it readily generates free radicals and inhibits the mitochondrial
respiratory chain complexes | and IV. It also induces mitochondrial membrane
permeabilization and causes mitochondrial fragmentation through a process involving the
mitochondrial fission machinery, resulting in Drpl translocation from the cytosol to the
mitochondria (GomezLazaro et al., 2008). The connection between 6-OHDA and
mitochondrial damage is still debatable, therefore we were eager to examine the results

of our MitoQC mice Parkinson's disease model.

4.4.1.2. Mitophagy in dopaminergic neurons

6-OHDA is transported through the same catecholamine transporter as dopamine and
accumulates in the cytosol, resulting in neurotoxicity (Luthman et al. 1989; Gonzalez-
Hernandez et al. 2004). Because 6-OHDA does not pass the blood-brain barrier, it is
possible to induce a toxic impact in the central nervous system through stereotaxic
surgery. The animal was placed in the stereotaxic apparatus and bregma and lambda

were identified. An injecting cannula was then loaded onto the holder of the stereotaxic
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apparatus and placed over the specified target according to predetermined coordinates.
Unilateral 6-OHDA lesions were made in the striatum (right hemisphere of the brain). To
begin, we wanted to determine if the surgeries were effective and resulted in the death of
dopaminergic neurons in the SN. Immunohistochemical labelling of injected MitoQC brain
slices revealed a substantial reduction in dopaminergic cell mass on the injected
(ipsilateral) side of the brain (Figure 4.31.). This indicates that the surgeries were

successful, and we may now continue to monitor the mitophagy level in our PD model.
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Figure 4.31. 6-OHDA administration in the SN causes neurodegeneration in the nigrostriatal tract.
a. Immunohistochemical staining of the injected (ipsilateral), right SN for TH+ dopaminergic neurons and
vehicle (contralateral), left SN for TH+ dopaminergic neurons. 2 weeks after administration of 6-OHDA into
the SN a significant difference of TH+ dopaminergic neuronal cell number is visible comparing vehicle to 6-
OHDA treated mice b. Analysis of degeneration of dopaminergic neurons in SN of MitoQC mice injected
with 6-OHDA. 6-OHDA (black bar) induces a significant reduction of TH+ neurons as compared to vehicle
mice (white bar). Mann-Whitney U Test. (mean £ SEM). (n=5).

We next imaged the SNPC and cuantified the number of red dtos indicative of
mitohagy. Our data show that the effect of 6-OHDA on the mitophagy of dopaminergic
neurons was significantly reduced (Figure 4.32.). Knowing that 6-OHDA has the same

effect on mitophagy in dopaminergic neurons as A53T a- syn, we wanted to know what
effect it had on the astrocytes of these mice.
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Figure 4.32. Mitophagy is decreased in TH+ neurons of SN after 6-OHDA injection in MitoQC mice.
a. Immunofluorescence of TH in MitoQC SNpC sections, where red dots are indicative of mitophagy. On
the right side are the images of the contralateral (control) side of the brain, and on the right side are the
images of the ipsilateral (6-OHDA injected side of the brain. b. Graphical representation of 6-OHDA (right
bar) decreases mitophagy levels significantly as compared to vehicle mice (left bar). Mann-Whitney U Test
(mean £ SEM). (n=5).

4.4.1.3. Mitophagy in astrocytes

Astrocytes and astrocyte-related proteins play important roles in maintaining normal brain
function, and also regulate pathological processes in brain diseases and injury. A recent
study provided compelling evidence that transneuronal mitophagy occurs in vivo in
Parkinson's disease models (Morales et al., 2020) and that astrocytes are the main cell
type responsible for the clearance of damaged mitochondria. Remarkably, PINK1 activity
was recently shown to be predominant in astrocytes but virtually non-existent in neurons
(Barodia et al., 2019). With all of this research highlighting the significance of astrocytes,
we were interested to investigate how mitophagy was affected in our PD model. Given
the importance of brain processes that rely on proper astrocyte-neuron connections,
certain pathological conditions are triggered by a malfunction or failure in this process at
some level (Halliday and Stevens, 2011; Sathe et al., 2012). Because astrocytes play an
important role in disease progression, we examined the degree of mitophagy in our 6-
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OHDA MitoQC model. Mitophagy levels were found to be substantially higher in the
astrocytes of the 6-OHDA MitoQC model (Figure 4.33.).
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Figure 4.33. Mitophagy is increased in astrocytes of SN after 6-OHDA injection in MitoQC mice. a.
Immunofluorescence of GFAP in MitoQC SNpC sections, where red dots are indicative of mitophagy. On
the right side are the images of the contralateral (control) side of the brain, and on the right side are the
images of the ipsilateral (6-OHDA injected side of the brain). b. Graphical representation of 6-OHDA (right
bar) induces mitophagy significantly as compared to vehicle mice (left bar) (mean + SEM). All images were
taken at Leica SP8 with a 63x objective. Mann-Whitney U Test (mean + SEM). (n=4).

Given that dopaminergic neurons and astrocytes reacted differentially to 6-OHDA
injections, we examined the gene expression levels in the SNpC. Interestingly, CoxIV
levels rose substantially in the 6-OHDA injected side of the brain whereas other
mitochondria or mitophagy associated genes (Nix, Bnip3, Pgcla, and Tomm20) remained
unchanged (Figure 4.34.). This implies that, although mitophagy was affected in the same
manner in both PD models, the molecular mechanisms underlying these two PD models

are distinct.
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Figure 4.34. 6-OHDA increases the expression of cox IV mitochondrial protein in SN of MitoQC mice.
a. The expression of th, pgc1a, coxIV, tomm?20, nix and bnip3 in the SN after AAV9-h-a-SYN-AS53T injection.
(n=4).

4.4.1.4. Mitophagy in microglia
Given that 6-OHDA had a distinct impact on dopaminergic neurons and astrocytes, we
were curious to see how it affected microglia in the SNpC. Microglia are resident

macrophages and main immune cells in the CNS and are dynamic, mobile, and watchful
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observers of tissue injury or infection, and hence play a critical role in parenchymal
homeostasis maintenance (Nimmerjahn et al., 2005). Microglia have received
considerable attention in PD and other neurodegenerative illnesses due to their activities
as immune mediators, particularly their propensity to trigger neuroinflammation in
response to pro-inflammatory chemicals. Both neuroinflammation and mitochondrial

dysfunction have been implicated in the etiology of Parkinson's disease.

Damaged or defective mitochondria may further prolong inflammatory reactions by
producing ROS or releasing mitochondrial damage-associated molecular patterns
(DAMPSs). Thus, microglia may be predisposed to an inflammatory phenotype in the

absence of normal mitochondrial activity (Nakahira et al., 2011; Zhong et al., 2016).

When brain tissue is injured, it triggers a local inflammatory response that includes
microglial activation. The morphological shift of a microglia from a highly ramified to a less
ramified or amoeboid cell shape reflects its activation level. As a result, microglial
morphological alterations are routinely used to assess microglial activation and explore
their participation in all brain illnesses. In our PD model, the morphological transition from
inactivated (Vehicle; Figure 4.35. a) to activated (6-OHDA, Figure 4.35. b) state is clear
proving there was in fact an inflammatory response in the 6-OHDA injected side of the
brain. Not only did we observe that the microglia were activated but we also saw large
red aggregates we have not seen in other cell types of the SNpC (Figure 4.35.). These
aggregates could be due to the phagocytosis of the damaged DA neurons or due to
horizontal transfer of mitochondria through TNTs, microtubule-based transport methods,

and vesicles (Rodriguez et al., 2018).
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Figure 4.35. Mitophagy in microglia of SN after 6-OHDA injection in MitoQC mice. a. Microglia with
activated morphology. Brain microglia schematics demonstrating the morphological phases of microglial
activation. Ramified or B resting microglia have lengthy, ramified processes with relatively tiny cell bodies.
Bushy morphology is characterized by swelling, shortened processes and expanded cell bodies and is
associated with intermediate activation. Amoeboid or "phagocytic" microglia have a rounded macrophage-
like shape with no or few processes and are linked with high levels of proinflammatory activity, oxidative
free radicals, and microglial death (Kreutzberg 1996; Raivich et al. 1999). b. Immunofluorescence of Ibal
in MitoQC SNpC sections, where red dots are indicative of mitophagy. The upper images are of the
contralateral (control) side of the brain, c. and the images bellow of the ipsilateral (6-OHDA injected side of
the brain).
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In conclusion 6-OHDA reduced the level of mitophagy in the dopaminergic neurons
while increasing it in astrocytes. We see a considerable decrease in the number of
dopaminergic neurons in the injected side of the brain's SNpC. All of these factors may

contribute to the activation of microglia, as seen by their activated morphology.

4.5. Parkinson’s disease cell models to analyse mitophagy in vitro

To facilitate understanding of the molecular mechanisms behind our in vivo findings. We

wanted to explore if we could find a suitable PD in vitro model to study mitophagy.

SH-SY5Y cells have been utilized to investigate the molecular and cellular
processes behind the effects of certain PD-related toxins, as well as to conduct functional
investigations on family PD genes and to evaluate potential protective agents for PD
therapy. As a result, this cell line has proven a significant tool in unravelling the molecular
complexity of Parkinson's disease. We wanted to see whether the MitoQC SH-SY5Y cell
line would be an appropriate in vitro model for our study.

4.5.1. MitoQC SH-SY5Y

To the determine if the SH-SY5Y MitoQC cells are the ideal in vitro model for our
experiments we wanted to see the effect of 6-OHDA as well as the transfection of a-syn
on mitophagy. First, we had to determine the working concentrations of 6-OHDA in our
PD model. SH-SY5Y cells were exposed to different concentrations of 6-OHDA (15-150
MM) during 24 h. 6-OHDA had a concentration-dependent impact on the viability of SH-
SY5Y cells, as shown in the figure 4.36. The highest neurotoxicity effect was obtained at
200 uM with a cell viability reduction of more than 80%. We chose 15uM and 20uM as

our PD model concentrations (Figure 4.36.).

Cells were then treated for 24 hours with two positive controls, DFP and CCCP, as
well as different doses of 6-OHDA. Additionally, the cells were transfected with either
pHM6-alphasynuclein-WT or pHM6-alphasynuclein-A53T. As expected, both DFP and
CCCP managed to significantly induce mitophagy after 24-hour cell culture (Figure 4.37.).
Compared to control cells, no change was detected in the mitophagy or mitochondrial
network in cells transfected with the empty vector pHM6.
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Figure 4.36. Viability assay on SH-SY5Y MitoQC cell lines treated with different concentrations of 6-
OHDA. a. Confocal microscopy images showing the effect of increasing concentrations of 6-OHDA on the
SH-SY5Y MitoQC cells. b. Graph of crystal violet assay after 24 h treatment of SH-SY5Y MitoQC cells and
with various concentrations of 6-OHDA. Positive control shows SH-SY5Y MitoQC cells without the exposure
to 6-OHDA. The cell viability is expressed as % cell viability in comparison to a positive control. Scale bar
= 25um. (mean + SEM) (n=3).

Although there was no apparent difference between WT and A53T a-synuclein
transfected cells, they did reduce mitophagy levels in comparison to the control (Figure
4.37.). Additionally, the mitochondrial network is obviously disturbed in transfected cells,

and mitochondrial mass is lost (Figure 4.38.). Interestingly, 6-OHDA had no impact on
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mitophagy levels (Figure 4.37.). With these findings, we were curious to determine if
mitophagy is irreversibly impaired or whether it might be restored. To find out, we first
transfected the cells with WT and A53T a-synuclein and then continued by treating them
with either DFP or CCCP. Curiously, both CCCP and DFP managed to re-establish
mitophagy in the transfected SH-SY5Y Mito QC cells, meaning the mitophagy pathway
was not compromised when WT or mutated A53T are expressed.

Next, we examined the levels of expression of different mitophagy, and
mitochondria associated genes to dig deeper and further explore the molecular pathways

impacted by the treatments.
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Figure 4.37. MitoQC SH-SY5Y cells treated with 6-OHDA and transfected with a-syn decrease the
levels of mitophagy. a. Representative images of SHS Y5Y MitoQC cells after 24-hour treatment with
DFP, CCCP or 6-OHDA or a-syn transfection, the nuclei were stained with DAPI. b. Graphical
representation of the levels of mitophagy after 24-hour treatment with DFP, CCCP or 6-OHDA or a-syn
transfection. Ordinary one-way ANOVA statistical tests. (mean + SEM) Scale bar 25um. (n=6)
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Figure 4.38. Transfected SH-SY5Y cells have clearly disrupted mitochondrial filaments. a. A
representative image of the MitoQC SH-SY5Y cell transfected with wt a-syn demonstrates that the
mitochondrial network is visibly disrupted and that there is a noticeable loss of mitochondrial mass. Scale
bar = 25 um.

a-syn levels were significantly increased in both wt and mutant A53T a-syn
transfected cells, although the rise was not as dramatic in the mutant as in the wt. This
may indicate that the mutant a-syn caused more cell death, resulting in less A53T
transfected cells in the well. Also, the expression of pgc7a, which is a transcriptional
coactivator that is a central inducer of mitochondrial biogenesis in cells, was significantly
increased in both wt and mutant A53T a-syn transfected cells. As expected, DFP, an iron-
chelator that induces mitophagy in response to HIF1-dependent upregulation of Bnip3
and Nix, was able to raise both bnip3 and nix levels significantly (Figure 4.39.). Mfn2,
Lampl, and Pink1 were all found to be significantly expressed in wells treated with 20uM
6-OHDA and CCCP. Yet, only CCCP, but not 6-OHDA, was able to increase Prkn gene
expression, which may explain why we did not detect red dots in the SH-SY5Y MitoQC
cells (Figure 4.39.). Mitochondrial protein genes levels, Tomm20 and CoxIV, were not
affected by neither of the treatments (Figure 4.39.). In brief, a-syn doesn’t have an effect
on mitophagy related genes which supports our previous observations. On the other
hand, 6-OHDA, had a significant impact on Mfn2 which supporst the reduced mitophagy
and disrupted mitochondrial network. However, it induced the levels of Lamp1 and Pink1,
but didn’t increase the Prkn gene expression which could be the reason we dodn’t see
red punctae in the SH-SY5Y MitoQC cells.
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Figure 4.39. a-syn induces the expression of Pgcla, while DFP increases the expression of Bnip3
and Bnip3l mitophagy protein genes in MitoQC SH-SY5Y cells. Both CCCP and 6-OHDA enhance
mfn2, lamp1l, and pink1 levels. a. The expression of a-syn, Mfn2, Pgc1a, Coxiv, Tomm20, Tomm40, Tfeb,
Lampl, Nix, Bnip3, Pink1, Prkn in the MitoQC primary astrocyte culture after 24-hour treatment with DFP,
CCCP or 6-OHDA or a-syn transfection. Ordinary one-way ANOVA statistics. (mean + SEM). (n=4).
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4.5.2. Primary astrocyte culture MitoQC

When the a-syn inclusions outnumber the degradation pathway's capacity to handle and
eliminate excess a-syn, oxidative stress, mitochondrial damage, and ER stress are
triggered (Xu et al., 2005). Despite the apparent significance of a-syn inclusions in
astrocytes, most research have focused on dopaminergic neurons, and we now have only
a limited grasp of the connection between a-syn and astrocytes. As a result, we

investigated the effects of a-syn and 6-OHDA on mitophagy in primary MitoQC astrocytes.

After 24 hours of treatment with CCCP and DFP, MitoQC primary astrocytes
exhibit substantially increased mitophagy (Figure 4.40.). Furthermore, when treated with
6-OHDA, they do not exhibit red dots, which indicate mitophagy, but higher
concentrations disrupt the mitochondrial network (Figure 4.40.). In addition, cultured
primary astrocytes transfected with a-syn exhibit an irregular morphology with long and

rich processes and accumulate a-syn but lack mitophagy.

126



Primary Astrocytes MitoQC

@ a-syn 6-OHDA

100
80-
60
40}

20-

0- j:L'Tle-ﬁ-fr"—':L

oo&‘ ® éqo‘:':i »"f" *:cS"‘o:o’?‘ovo""o"o‘z‘ov

Q
LSS S
MESE

nMitolysosomes per cell

a- synuclein

Figure 4.40. MitoQC astrocytes treated with 6-OHDA and transfected with a-syn decrease the levels
of mitophagy. a. Representative images of MitoQC primary astrocytes after 24-hour treatment with DFP,
CCCP or 6-OHDA or a-syn transfection, the nuclei were stained with DAPI. b. Graphical representation of
the levels of mitophagy after 24-hour treatment with DFP, CCCP or 6-OHDA or a-syn transfection.
(meantSEM). (n=2).

To examine whether the primary astrocytes were affected by the overexpression
of wild-type or mutant a-syn, immunofluorescence was used. We observed that the

primary astrocytes transfected with either the wt or mutant a-syn displayed an irregular
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shape with long and rich processes, as well as accumulations of a- synuclein (Figure
4.41.). In contrast to the SH-SY5Y transfection appearance, in which the a-syn antibody
labelled the whole cytoplasm, the a-syn transfection was localized in clumps (Figure
4.41)).

SH-SY5Y WT a- synuclein Primary astrocytes WT a- synuclein

Figure 4.41. WT a-synuclein transfection comparison in MitoQC SH-SY5Y cells and primary
astrocyte culture. a. In contrast to the SH-SY5Y transfection appearance, which showed the a-syn
antibody labelling the whole cytoplasm, b. the primary astrocytes transfected with the wt a-syn exhibited an
uneven shape with long and rich processes, as well as accumulations of a - synuclein.

Following that, we sought to look at the expression levels of various mitophagy
and mitochondria related genes, so we performed a gPCR on primary astrocyte cultures
that had been treated for 24 hours with either DFP, CCCP, 15 pM 6-OHDA, 20 puM 6-
OHDA, or 50 uM 6-OHDA, or transfected with either the wild type or mutant a-syn. The
positive control, a-syn, demonstrated that astrocytes transfected with either WT or mutant
a-syn expressed significantly more a-syn (Figure 4.42.). Additionally, DFP was able to
increase the levels of Bnip3 and Nix in our primary astrocyte cultures (Figure 4.42.),
suggesting that the experiments were successful. Having said that, there was no

significant change in any of the other genes examined (Figure 4.42.).
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Since we were not able to reproduce the in vivo data, we concluded that neither of

the in vitro models is suitable for the purposes of our experiments.
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Figure 4.42. DFP increases the expression of bnip3 and bnip3l mitophagy genes in MitoQC primary
astrocyte culture. a. The expression of asyn, Drp1, Mfn2, Pgc1a, Cox Iv, Tomm20, Tomm40, Tfeb, Lamp1,
Nix and Bnip3, Pink1, Prkn in the MitoQC primary astrocyte culture after 24-hour treatment with DFP, CCCP
or 6-OHDA or a-syn transfection. Ordinary one-way ANOVA statistical test. (mean+zSEM). (n = 3).
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4.6. Mitophagy inducers with therapeutic potential for Parkinson’s disease

We intended to expand our study and conduct further tests on the three earlier examined
compounds. JAR1.39 and VP07 were previously synthesized and placed in the MBC
library as part of a medicinal chemistry effort aimed at discovering allosteric brain
permeable GSK3 inhibitors (Palomo et al., 2017). IGS2.7 is a CK-1delta inhibitor that has
been found to preserve motor neurons and reduce astroglial and microglial reactivity in
spinal cord samples from both (A315T) transgenic mice and a human cell-based model
of ALS (Martinez-Gonzalez et al., 2020). To determine whether the chemicals are capable
of inducing mitophagy in vivo, MitoQC mice received a 5 mg/kg intraperitoneal injection
and were sacrificed 8 hours later for tissue dissection and fixation. Excitingly, JAR1.39
was capable of significantly inducing mitophagy in TH-stained dopaminergic neurons
(Figure 4.43.). This is interesting because the next stage will be to investigate whether it
can promote mitophagy in PD model mice and, if so, if it has a neuroprotective properties
(Maestro et al., 2021).
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Figure 4.43. In vivo treatment with mitophagy inducers. a. Representative pictures of MitoQC reporter;
mitochondria (yellow) and mitophagy (red); and b. red-only puncta quantification of brain explants from
treated MitoQC mice. (meantSEM). (n=2).
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5. Discussion

5.1. Mitophagy activity during mouse retinal development

In this Doctoral Thesis, we have demonstrated the activation of mitophagy in specific
stages of the development of the mouse embryonic retina. We discovered no basal
mitophagy at embryonic day E13.5, while at E14.5, we observed some red puncta at the
RGCL-NbL border. The level of mitophagy in the same area increased in E15.5, with
significant mitophagy in the RGCL as well, whereas just a few red dots can be seen in
the ONbL. This was also evident at embryonic day E16.5, with a number of red dots on
the border of RGCL and NbL, as well as red dots inside the RGCL and ONbL. On the
final embryonic day in utero, E18.5, red spots may be observed in the IPL (on the border
of the RGCL and INbL), but also in the NbL. After birth, on postnatal day P1, mitophagy
levels increase in all five layers (ONDbL, INbL, NbL, IPL, and RGCL), but red dots are
visible in all layers, and large accumulations of red dots can be seen in the INL and IPL,
which could be due to programmed cell death, which is highest at this age in the INL
(Pequignot et al., 2003). The mice open their eyes at P9 and begin to see about P15,
coinciding with the last phases of neuronal differentiation and retinal vascular
development. On this postnatal day, P15, we found that the ONL had the greatest levels
of mitophagy compared to the other layers (ONL, INL, IPL, and RGCL). Furthermore, in
the adult retina, mitophagy is abundant in the ONL. This indicates that mitophagy levels
are observed in different cells throughout the development of the embryonic retina as the
cells differentiate. Also, the cells that are newly differentiated or are in the process are the
ones with high degree of mitophagy. Across the whole retina, three peaks in mitophagy
levels have been observed. The first peak occurs at E15.5 embryonic day, the second at
P1, and the third around P15 postnatal day; curiously, these are the ages at which
significant levels of programmed cell death are observed (Pequignot et al., 2003),

suggesting that these processes are synchronized and might be regulated together.

We next wanted to study how and by which mechanisms mitophagy is controlled
throughout retinogenesis. Previously, our lab has demonstrated that mitochondrial mass
increase in E15.5 Atg5-deficient retinas and when autophagy and mitophagy are

pharmacologically inhibited using 3-MA and CsA, respectively. Additionally, Esteban-

135



Martinez et al. demonstrated that while hypoxia and NIX have an effect on the mitophagy
process during retinogenesis, the decrease in mitochondrial mass during embryonic
retinal development is not due to a decrease in expression levels of mitochondrial
biogenesis genes, highlighting the critical role of mitophagy in retinal mitochondrial
homeostasis. NIX expression levels are generally low in most tissues, an increase in its
expression levels has been associated with a decrease in mitochondrial mass during
physiological processes such as the development of the lens of the eye (Costello et al,
2013; Brennan et al., 2020), the differentiation of erythrocytes (Kundu et al, 2008;
Sandoval et al, 2008; Schweers et al, 2007) and the generation of memory NK cells
(O'Sullivan, 2015). Therefore, the expression of NIX seems to be increased in situations
where it plays a role in cellular differentiation. The fact that the expression of NIX
increases at E15.5 during embryonic development of the mouse retina, whereas other
known regulators of mitophagy do so primarily at the postnatal level, suggests that NIX
may play a different role in regulating mitophagy during embryonic development of the
mouse retina. HIF1 a seems to be an essential mechanism in the control of NIX levels
under hypoxic circumstances, suggesting that the rise in NIX expression during retinal
development may be regulated by hypoxia. Other researchers have linked HIF1 a levels
in hypoxic circumstances to mTORC1. Rapamycin therapy reduces HIF1 a levels in
several trials (Brugarolas et al, 2003; Land and Tee, 2007). Thus, our findings that
rapamycin has no effect on mitophagy at E13.5 make perfect sense given that HIF1 a
levels are decreased. As a result, it is conceivable that there exist oxygen constraints in
the retina anterior to the peak of mitophagy, since the vascularization is still very low and
not a lot of oxygen reaches the retina. Thus, promoting mitophagy with DFP is entirely
reasonable at this stage, given the retina's extremely hypoxic environment. This
correlates with elevated levels of ROS, but since the mitochondrial membrane potential
is somewhat disturbed at this point, an increase in mitophagy may also be detected using
CCCP.

Previously, Esteban-Martinez et al. found that mTORCL1 is active in retinas at
E15.5, when there is mitophagy, which may indicate that the induction of HIF1 ain retinas
at that time is reliant on mTORCL1. Furthermore, when E15.5 retinas are cultured in EBSS,

treatment with rapamycin and fasting amino acids does not promote mitophagy, which
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may be related to mMTORCL1 suppression (Esteban-Martinez, doctoral thesis). In addition,
we have observed a decrease in ROS from E15.5 that is not due to the mitophagy process
observed in this age, since the pharmacological inhibition of mitophagy with 3-MA does
not alter ROS levels. In E15.5 retinas, mitophagy may be controlled by HIF1a. Taking this
MTORC1-dependent control of HIF1 a into consideration, the induction of mitophagy
across the retina by DFP administration at E13.5 supports this hypothesis; however, the
fact that CCCP treatment also increases mitophagy suggests that other mechanisms may
be involved in the regulation of mitophagy. In fact, protonophore compounds have been
shown to induce Parkin relocalization to mitochondria and that Parkin translocation is
PINK1-dependent (Vives-Bauza et al, 2010). Under hypoxic conditions, the ROS
generated in complex Il of the electronic transport chain are required for the activation of
HIF1a (Chandel et al, 2000; Klimova and Chandel, 2008). Energy demands and the
availability of metabolic substrates and oxygen are the central determinants of
mitochondrial respiration under optimal conditions of mitochondrial functioning, so a
change in substrate availability or a decrease in oxygen levels could alter mitochondrial
function, increase ROS levels, and induce mitophagy. As a result, in the lack of oxygen,
a variety of critical survival processes are triggered, such as an increase in the expression
of HIF1a, which allows for a reduction in the number of mitochondria and the formation of

new vasculature to improve oxygen availability (Klimova and Chandel, 2008).

These data, together with the decrease in mitochondrial membrane potential at
E14.5, prior to the peak of mitophagy, indicate that there is a mitochondrial alteration that
precedes the activation of mitophagy. At this stage of development, CCCP had a greater
effect on mitophagy induction compared to DFP, which confirms the fact that there is a
decrease in mitochondrial membrane potential. As mentioned above, ROS generated in
the electronic transport chain are essential for hypoxia-dependent activation of HIF1a, so
this mitochondrial alteration could trigger a pseudohypoxic response observed in retinas
to E15.5 (Chandel et al, 2000; Klimova and Chandel, 2008). The transfer of electrons
through the complexes of the electron transport chain in the inner mitochondrial
membrane is essential for the maintenance of the mitochondrial membrane potential, so

the loss of it already in retinas of E14.5 could be related to an alteration of the activity of
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the electronic transport chain and therefore the induction of mitophagy with CCCP
facilitated the process.

However, we have also observed an increase in the expression of other mitophagy
regulators, such as PINK1, Parkin, Optineurin, FUNDC1, Smurfl at ages in which the
presence of mitophagy has been determined, so cooperation should not be ruled out of
other mechanisms of regulation of mitophagy. There are different mechanisms of
interrelation between the mitophagy pathways known to date. It has been described that
NIX prepares mitochondria for degradation by mitophagy by controlling the mitochondrial
localization of Parkin under mitochondrial depolarization and mitochondrial depolarization
with CCCP restores mitophagy even in NIX-deficient reticulocytes, demonstrating the
presence of NIX-independent compensation mechanisms to mediate mitophagy (Gao et
al, 2015). On the other hand, the mechanism by which NIX and BNIP3 induce mitophagy
is controversial, since it can degrade mitochondria through the LIR domain and can also
promote mitochondrial depolarization, which is sufficient to induce mitophagy (Twig et al.
al, 2008). Most of the mitophagy processes in which other regulators are involved, such
as PINK1 and Parkin, are due to the need to eliminate mitochondria in the event of cellular
damage (Lazarou et al, 2012; Lemasters, 2005; Narendra et al, 2008; Narendra et al,
2010; Pickrell and Youle, 2015; Vives-Bauza et al, 2010; Youle and Narendra, 2011). On
the contrary, previous studies have shown that NIX is involved in processes of
programmed mitophagy (Kundu et al, 2008; Sandoval et al, 2008; Schweers et al, 2007),
so that NIX seems to be involved in processes of mitophagy during physiology of different
cell types. Previous studies have described different functions of mitophagy during
development, such as the selective degradation of mitochondria of paternal origin in
fertilized oocytes, the maturation of erythrocytes, adipose tissue and the lens (Ashrafi and
Schwarz, 2013) thus it is perfectly reasonable that mitophagy has an important role in the

development of the retina as we have shown in this doctoral thesis.

Compounds from the MBC library, JAR1.39 and VP07, which were previously
shown to induce mitophagy via Parkin-dependent pathway (Maestro et al., 2021), and
IGS2.7, a CK-1delta inhibitor that has been found to preserve motor neurons and reduce

astroglial and microglial reactivity in ALS models (Martinez-Gonzalez et al., 2020) were
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also tested to see if they have an effect on mitophagy levels in the developing retina. All
of the compounds were shown to have an impact on mitophagy levels in the developing
retina. However, the outcomes differed depending on the age. At age E13.5, JAR1.39
and VPO7 significantly increased mitophagy levels in the retina (Figure 4.8 of the results
section), with the increase occurring in the RGCL (Figure 4.10 of the results section) and
not in the NbL (Figure 4.12. of the results section), indicating that the compounds had

diverse effects depending on the cell type.

At the age of E14.5 we saw a significant increase in mitophagy after incubating the
retinas with VP07 and JAR1.39 (Figure 4.12. of the results section). VP07 exhibited a
larger impact at this age, which might be attributed to differences in gene expression and
cell differentiation between the ages. It's interesting to note that at the ages of E15.5 and
P1, VP07 was able to increase the mitophagy levels, but only in the RGCL and not in the
NbL. This is more evidence that the compounds from the MBC library impact various cell
types in distinct ways. To conclude, it was shown that VP07 was the most efficient

mitophagy inducer in retinas of various ages cultured ex vivo.

5.2. Mitophagy and physiological cell death in the developing zebrafish retina

Kerr, Wyllie, and Currie published an article in 1972 defining apoptosis, a form of cell
death separate from necrosis (Kerr et al., 1972.) This is the first time the concept of
apoptosis has been introduced to the general public (D’Arcy, 2019; Kerr, 2002; Tang et
al., 2019). Apoptosis is thought to be an essential component of many physiological
processes, including proper cell replacement, development, and immune system
function. Furthermore, apoptotic cells may be observed in pathological conditions
(Elmore, 2007). In multicellular organisms, apoptosis is a kind of programmed cell death
(PCD). It triggers a sequence of ongoing processes in the cell by activating different kinds
of cysteine-aspartic proteases, which eventually leads to cell death. The production of
apoptotic bodies is what distinguishes apoptosis in this process. Apoptotic bodies, which
contain the contents of dead cells, may be swallowed by surrounding cells; therefore, the
occurrence of apoptosis does not result in leaking of the contents and harm to adjacent
cells (Hacker, 2000). Apoptosis has two pathways: intrinsic and extrinsic (Jin and El-
Deiry, 2005). The intrinsic route is also known as the apoptosis mitochondrial pathway,
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while the extrinsic pathway is known as the apoptosis death receptor pathway (D’Arcy,
2019). Numerous research on these two routes have been performed, and many
important apoptotic proteins, such as caspase3, have been discovered. In our study
TUNEL-positive cells were found in all retinal layers (GCL, INL, and ONL) throughout all
developmental stages examined from 24 hpf to 120 hpf, but only in the ONL and GCL on
rare occasions. The GCL in the retina of larval zebrafish starts to split from the neuroblast
layer by the growing inner plexiform layer at 2dpf (IPL; Schmitt and Dowling 1999). As a
consequence, histologically, the various retinal layers in retinal slices from embryonic
stages prior to 2 dpf cannot be distinguished. We discovered that apoptosis peaked over
the whole retina in three embryonic stages, followed by a second, although noticeably
smaller, wave at 6-7 dpf. Cell death was seen in all layers of the retina at 24 hpf (Figure
4.26.; Figure 4.27. in Results), as well as on the subquential day, 48 hpf (Figure 4.26. in
Results), when apoptosis was at its height (Figure 4.26.; Figure 4.27. in Results). TUNEL-
positive cells are only observed in the INL at 60 hpf (Figure 4.26.; Figure 4.27. in Results),
while cell death is found in both the INL and the RGCL at 72 hpf (Figure 4.26.; Figure
4.27. in Results). TUNEL-positive cells are seen in both INL and RGCL at 96 hpf (Figure
4.26.; Figure 4.27. in Results); at this age, the third peak in cell death (Figure 4.26.; Figure
4.27. in Results) occurs, and both RGCL and INL have the highest apoptosis percentage
(Figure 4.26.; Figure 4.27. in Results). Apoptosis began and peaked in the outer nuclear
layer (ONL) at 120 hpf. This late-onset high peak of photoreceptor apoptosis differs from
all other species studied by far. However, there was cell death in the INL and RGCL
peripheral zones. It is worth noticing that the mitophagy and apoptosis maxima overlap.
We observe a peak in mitophagy at 48 hpf, which corresponds to cell death, followed by
another peak at 96 hpf, which also correlates to cell death. This might suggest that these
two biological processes are connected in some way, since both exhibit high expression

levels at the same times.

Mitophagy allows cells to deal with mitochondrial stress until the damage becomes
too severe, at which point apoptosis is activated (Redmann et al., 2014). When there is
extensive mitochondrial damage, such as that seen after a myocardial infarction,
apoptotic proteases are activated, which shuts off mitophagy and activates apoptosis to
guarantee cell death (Kubli et al., 2015). Ham et al. discovered that the PINK1-Parkin
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pathway regulates mitophagy and apoptosis by generating two kinds of ubiquitination on
VDACL1. Parkin-mediated mitophagy is promoted by polyubiquitinated VDAC1, while
monoubiquitinated VDAC1 reduces mitochondrial calcium uptake, thereby protecting
cells from apoptosis (Ham et al., 2020). This demonstrates that mitophagy and apoptosis

are interconnected in some way and even share a molecular pathway.

Furthermore, degradation of mitochondria may help avoid the build-up of ROS-
generating mitochondria and cell death. An increase in mitophagy, in addition, may
destroy functioning mitochondria, reducing their capacity to generate ATP and causing
cell death (Figure 5.1.). This would explain the significant reduction in apoptosis at the
same time we see a decrease in mitophagy throughout zebrafish retinogenesis (Figure
4.26.; Figure 4.27.; Figure 4.28 in Results). We don't know for certain if this mitophagy
activation kills the cells or whether it acts as a survival mechanism. To further study this
hypothesis, we could inhibit mitophagy at different stages and see the effect on cell death.
Additionally, we may examine the degree of cell death in mitophagy gene knockout
zebrafish. If we see a reduction in TUNEL after inactivation of mitophagy genes, this might

provide more support for this idea.
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Figure 5.1. Interplay between mitophagy and apoptosis. a Normal mitophagy starts with the formation
of a double-membraned autophagic vesicle and its extension. The vesicle subsequently engulfs and
sequesters mitochondria for destruction. Mitophagy regulation leads to mitochondrial quality control and
cellular homeostasis. b Increased mitophagy has the potential to significantly decrease the pool of
functioning mitochondria. When a cell has too few mitochondria, it loses its capacity to generate enough
energy and ultimately dies. ¢ Mitophagy deficiency leads to the build-up of defective mitochondria. Excess
ROS and pro-death proteins are released by defective mitochondria, resulting in fast cell death alteration
of Parkin and suppression of mitophagy in the heart. (Shires and Gustafsson, 2015).

5.3. Mitophagy in the pathogenesis of Parkinson's disease

Due to mitochondria’s critical role in energy production and metabolic control, increased
focus has been devoted to the regulation of mitophagy in the preservation of cellular
homeostasis and its function under pathological conditions. Neurodegenerative disorders
such as Parkinson's disease, Alzheimer's disease, Huntington's disease, and
amyotrophic lateral sclerosis, have been characterized by aberrant mitochondrial
morphology (shape and size), mitochondrial dynamics (imbalance between fission and
fusion), function (insufficient energy supply), mitophagy (deficient or excessive) as well
as misfolded and abnormally accumulated proteins. Mutations in genes producing

mitochondrial-associated proteins, such as PINK1, parkin, DJ-1, and CHCHD2, have
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been demonstrated to produce Parkinson's disease in humans (Malpartida et al, 2021,
Ryan et al; 2015), suggesting that mitochondrial malfunction alone may result in versions
of this condition caused by specific mutations. Sporadic Parkinson's disease (cases with
no identifiable single hereditary basis) may also be caused by mitochondrial dysfunction
(Doric and Nakamura, 2021). Individuals with this version of the illness have lower than
usual amounts of mitochondrial complex | in their substantia nigra dopamine neurons
(Hattori, et al., 1991; Grinewaldet al. 2016). Additionally, two agents that block complex
I, MPTP and rotenone, kill dopamine neurons preferentially in humans and rodents
(Haddad and Nakamura, 2015). Furthermore, recently a genetically designed mouse that
lacks the gene producing a complex | component termed NDUFS2 in dopamine neurons
exhibits neurodegeneration providing a model of Parkinson's disease based on
mitochondrial failure (labelled the MCI-Park model) (Gonzalez-Rodriguez et al., 2021;
Doric and Nakamura, 2021). Also, mitophagy is critical for the quality control system of
mitochondria and for the elimination of misfolded and undesirable proteins accumulated
in mitochondria. Although the precise processes behind these illnesses remain unknown,
inducing mitophagy as a means of maintaining a healthy mitochondrial and proteinic level
seems to be a good therapeutic strategy (Moors et al., 2017; East and Campanella, 2016).
A recent study has shown that drugs that regulate mitophagy may help alleviate the
pathology of these illnesses in mouse models. Additional research is needed to
understand the processes behind mitophagy and to determine the exact function of
mitophagy in neurodegenerative disorders (Georgakopoulos et al., 2017; Koentjoro et al.,
2017; Park et al., 2017; Olszewska and Lynch, 2017).

Although the previously mentioned research on mitochondrial dysfunction has been
done within neurons that have been extensively studied in PD, the prevalence and
consequences of OXPHOS failure in astrocytes remain unknown. Chen et al.
demonstrate for the first time that OXPHOS impairment exists among SN astrocytes of
human patients with PD affecting all complexes (except complex Ill). Additionally, they
observed alterations in the mitochondrial mass of PD astrocytes, which may have an
effect on the function of these critical glia (Chen et al., 2021). Astrocytes' abilities to
sustain neurons and their function are required for their survival. These changes

demonstrate the critical role of astrocytic support for DNs in PD, which may contribute to
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the neuronal loss seen in afflicted people (Chen et al., 2021). With this information in
mind, we were keen to determine the degree of mitophagy in both cell types. In our
Parkinson's disease models, we found that injected animals DAn had much lower
mitophagy than control mice. In contrast, we found a substantial increase in mitophagy
levels in the same mice's astrocytes when compared to the vehicle controls. Damaged
mitochondria that cannot be transported to the DAn somata for breakdown may be
discharged into the extracellular media, where they may trigger the neuro-inflammatory
process that usually promotes DAn degeneration in Parkinson's disease (Maeda and
Fadeel, 2014; Matheoud et al., 2016; Wilkins et al., 2017; Zhang et al., 2010). Morales et
al. recently discovered that proteins from degenerating DAergic terminals concentrate in
spheroids before migrating to striatal astrocytes (transautophagy) (Morales et al., 2020).
Degenerating DAergic terminal mitochondria concentrate in spheroids and may be
transported to striatal astrocytes for destruction (Morales et al., 2020). Intercellular
transfer of healthy mitochondria has been observed between different cell types
(horizontal transfer) (Jackson and Robinson, 2018), and astrocytes may serve as
acceptors for damaged mitochondria of axons of retinal ganglion cells destined for
degradation (transmitophagy) (Jackson and Robinson, 2018; Davis et al., 2014). This is
a direct transfer between axonal protrusions containing mitochondria and apposed
astrocytic processes, with no involvement of spheroids. Mitochondrial transfer may occur
between DAnN and striatal astrocytes (Morales et al., 2020) which could explain why we
observe lower mitophagy in the Dan and higher in the astrocytes of the SNpC. This
transfer may prevent the release of mitochondrial DAn into the extracellular medium and
the subsequent activation of “professional” phagocytes (microglia and macrophages) in
Parkinson's disease (Halliday and Stevens, 2011; Kreutzberg, 1996), thereby delaying

the onset and progression of neuro-inflammation in the disease (Morales et al., 2020).

Recently, a similar connection between microglia was identified, as cells may
communicate through long strands of membranes or filopodia that create membrane or
tunnelling nanotubes (TNT). Scheiblich et al., 2021 studied the microglial response to
toxic a-syn aggregation. Microglia can decrease the harmful potential and proliferation of
a-syn fibrils by ingesting and degrading protein aggregates. Accumulation of a-syn in

microglia causes endoplasmic reticulum stress, decreased mitochondrial function, and
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enhanced inflammatory cytokine release. Cultured microglia loaded with a-syn produced
TNTs, which facilitated the transfer of a-syn to "unloaded" acceptor microglia (Scheiblich
et al., 2021). Notably, the transfer of a-syn from donor to acceptor cells was accompanied
by the opposite direction passage of mitochondria. Due to the fact that a-syn attaches to
mitochondria, causing mitochondrial malfunction and abnormal generation of ROS,
receiving healthy mitochondria reduced the ROS load in a-syn donor cells (Chen and
Colonna, 2021). The transcriptome profile of donor microglia co-cultured with acceptor
microglia indicated that oxidative stress, apoptosis, and inflammatory cytokine production
were reduced (Chen and Colonna, 2021). All of these studies demonstrate that a complex
network of communication exists between cells in the SNpC in order to maintain
homeostasis and a healthy environment. Therefore, all cell types in the SNpC should be
taken into consideration while studying PD. In our Parkinson's disease animals we found
highly activated microglia with large red aggregates, which might be attributed to an
enhanced ROS environment caused by aberrant mitochondrial function as well as the
previously mentioned TNT transfer of a-syn and mitochondria. It is important to keep in
mind that the number of DAn cells has decreased significantly owing to the microglia

phagocytosis of damaged DAn.

5.4. a-syn controls mitochondrial morphology

a-syn has been demonstrated to localize to mitochondria in a broad variety of
experimental models, in addition to its presence in the cytosol and nucleus of neurons
(Martin et al., 2006; Li et al., 2007; Devi et al., 2008; Cole et al., 2008; Shavali et al., 2008;
Chinta et al., 2010; Kamp et al., 2010). Endogenous a-syn has been detected in
mitochondria of mouse neurons (Li et al., 2007; Zhang et al., 2008). Furthermore, a
research found that a-syn levels in mitochondrial fractions are comparable to those seen
in other synaptic-derived membranes or vesicle fractions collected from mouse brains
(Nakamura et al., 2008). Notably, mitochondria in the substantia nigra of post-mortem
brains from individuals with Parkinson's disease were shown to be enriched for a-syn
(Devi et al., 2008; Devi and Anandatheerthavarada, 2010). However, the precise location
of a-syn inside mitochondria is unknown. a-syn has been found in the OMM (Cole et al.,
2008; Kamp et al., 2010), both the OMM and the inner mitochondrial membrane (IMM)
(Li et al., 2007; Devi et al., 2008), and the mitochondrial matrix (Zhang et al., 2008). The
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authors found that a-syn localizes to the IMM in a study of PD post-mortem human brains
in which the OMM was biochemically stripped (Devi et al., 2008). Because a-syn lacks a
genuine mitochondrial localization signal, its internalization process is unknown.
Overexpression of a-syn may increase its mitochondrial location, which is also affected
by pathogenic mutations (Shavali et al., 2008; Kamp et al., 2010). Overall, there is strong
evidence supporting a-syn localization to mitochondria; nevertheless, it remains unclear
how various a-syn mutations affect its localization. Our data shows that overexpression
of WT a-syn, as well as the A53T a-syn affect the mitochondrial network of both the SH-
SY5Y cells as well as the primary astrocyte cultures. A disruption in mitochondrial
dynamics may play a role in both familial and sporadic neurodegenerative disorders,
including Parkinson's disease (Cho et al., 2010; Lees et al., 2009; Su et al., 2010;
Thomans and Beal, 2007). There is evidence that an amplification of fission events may
induce the development of human Parkinson's disease. It remains to be shown that a-syn
directly controls mitochondrial morphology; however, we have shown that its
overexpression leads to mitochondrial fragmentation in both SHSY5Y cells as well as in
primary astrocyte cultures respectively. Some research suggests a connection between
a-syn and the proteins involved in mitochondrial fusion and fission (Xie and Chung, 2012;
Gui et al., 2012; Menges et al., 2017). Our data shows a slight increase in Drpl
expression when we overexpress WT a-syn and a decrease in Mfn2 expression when we
transfect the primary astrocytes with A53T a-syn (Figure results). This supports the theory
that a-syn is in some way involved in mitochondrial fusion and fission, but it is also
implicated in mitophagy inhibition. This assertion is supported by a considerable decrease
in red dots in a-syn transfected MitoQC cells.

In addition, Ryan et al. demonstrated that SNCA-mutant hPSCs and SNCA-
transgenic mice have fragmented mitochondria and accumulate a-syn deposits that
cluster to mitochondrial membranes in response to cardiolipin exposure on the
mitochondrial surface. Additionally, exposed cardiolipin selectively binds to and aids
refolding of a-syn fibrils, prolonged cardiolipin exposure in SNCA-mutants induces
mitochondrial recruitment and mitophagy (Ryan et al., 2018). Furthermore, they also
discovered that co-culture of SNCA-mutant neurons with their isogenic controls resulted

in transmission of a-syn disease in control neurons, which coincides with the
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mitochondrial pathology (Ryan et al., 2018). The mechanism that underlies the a-syn-
mediated changes in mitochondrial morphology is not clear. Understanding the precise
mechanism of the a-syn-mitochondria interaction is a crucial step toward developing a
molecular model that explains how a-syn mutations or dose cause alterations in the

mitochondria.

5.5. Therapeutic potential of mitophagy inducers

Although mitophagy is recognized to have an important function in mitochondrial quality
control, which is essential for neuronal homeostasis, further research is required to
understand its involvement in neurological disorders and suggest novel treatments for
these unmet ilinesses. Defects in mitochondrial dynamics, as is well documented, are one
of the hallmarks of neurodegeneration (Moors et al., 2017). Defective mitophagy and
autophagy, in particular, have been observed in post-mortem brains of Parkinson's
disease patients, as well as in in vitro and in vivo models. This, together with mitophagy-
related gene alterations in Parkinson's disease, highlights the importance of mitophagy
enhancers in the therapy of this illness (Malpartida et al., 2021).

Ana Martinez's lab discovered two structurally similar compounds, JAR1.39 and
VP07, based on hydrazine derivatives with a quinoline scaffold that triggered mitophagy
in vivo and may be useful pharmacological probes for molecular investigations of
mitophagy in physiology and disease. They postulated that the chemicals might operate
as light chain 3 (LC3) interactors, comparable to cardiolipin or ceramide, activating
mitophagy through PINK1/Parkin (Maestro et al., 2021). In our experiment, JAR1.39 was
able to promote mitophagy in the dopaminergic neurons of SNpC in MitoQC mice and
has shown a potential that should be further investigated. Additionally, in a new study,
Maestro et al. utilized the human neuroblastoma cell line SH-SY5Y expressing the
MitoQC reporter and treated it with paraquat (PQ) and 6-OHDA. PQ is a toxin that has
been shown to produce oxidative stress and Parkinsonian lesions in various mouse
strains and rats, as well as a-synuclein aggregation and neurodegeneration in mice. They
discovered that treating SH-SY5Y cells with 6-OHDA enhanced the expression of PD-
related genes like SNCA (a-synuclein) while decreasing the expression of mitophagy-
related genes like PINK1 (Maestro et al., 2021). PQ dramatically decreased baseline
mitophagy compared to the control, as predicted, indicating faulty mitophagy in this
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model. Pre-treatment with VPO7 reversed the reduction of mitophagy caused by PQ, and
a similar trend was detected with 6-OHDA treatment, demonstrating the therapeutic
promise of mitophagy inducers, and particularly the function of VP07 in the recovery of
the impairments reported in PD (Maestro et al., 2021). Future research will determine the
therapeutic potential of these mitophagy inducers, proving their significance for the

treatment of PD and other neurodegenerative diseases.
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6. Conclusions

1. Mitophagy levels are modulated both spatially and temporally during retinal

development in both mouse and zebrafish models.

2. DFP and CCCP induce mitophagy in the embryonic retina at E13.5 although to

different extents. VP07 induces mitophagy in most of the ages studied.

3. Physiological cell death and mitophagy occur at the same developmental stages
in the developing zebrafish retina.

4. In an in vitro model of Parkinson’s disease a-syn overexpression induces

mitochondrial morphological alterations including fission.

5. Mitophagy levels are decreased in the dopaminergic neurons of SNpc of mice

injected with 6-OHDA while it is increased in the astrocytes of the same animals.

6. Compound JAR1.39 is able to stimulate mitophagy in the dopaminergic neurons
of SNpC of MitoQC mice after injection.
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Conclusiones

1. Los niveles de mitofagia se modulan tanto espacial como temporalmente
durante el desarrollo de la retina en los modelos de raton y pez cebra.

2. DFP y CCCP inducen mitofagia en la retina embrionaria en E13.5 aunque en
diferentes grados. VP07 induce mitofagia en la mayoria de las edades estudiadas.

3. La muerte celular fisiologica y la mitofagia ocurren en las mismas etapas de
desarrollo en la retina del pez cebra.

4. En un modelo in vitro de la enfermedad de Parkinson, la sobreexpresion de a-
syn induce alteraciones morfolégicas mitocondriales, incluida la fision.

5. Los niveles de mitofagia estan disminuidos en las neuronas dopaminérgicas
de la SNpc de ratones inyectados con 6-OHDA mientras que estan aumentados

en los astrocitos de los mismos animales.

6. El compuesto JAR1.39 es capaz de estimular la mitofagia en las neuronas
dopaminérgicas de SNpC de ratones MitoQC.
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