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Abstract

Mitochondria play essential roles in ATP generation, calcium buffering and
apoptotic signalling. In complex neuronal networks of the CNS, mitochondrial
quality control systems are essential to maintain a functional mitochondrial
network in neurons and glia. The clearance of dysfunctional mitochondria is
termed mitophagy and mutations in this pathway are linked to Parkinson’s
Disease. This thesis investigated the mitophagy pathway in astrocytes and
neurons and identified clear differences in the spatiotemporal regulation,
showing that mitophagy occurs quicker and is less spatially restricted in
astrocytes compared to neurons. Additionally, it was found that astrocytic
mitophagy is dependent on glycolysis. Furthermore, with the use of genetic
mouse models, the role of Mirol in mitophagy in astrocytes and neurons was
investigated. This thesis identified a redundancy in the requirement of Mirol
for the mitophagic process in astrocytes yet highlighted its importance for
neuronal mitochondrial homeostasis in vitro and in vivo. The loss of Mirol
delayed neuronal mitophagy in vitro and the long-term disruption of
mitochondrial quality control in principal neurons lacking Mirol in vivo led to
upregulation of Mfn1/2, remodelling of the mitochondrial network and induction
of the integrated stress response. Altogether, this thesis provides important
new insights into the cell type-specific regulation of mitochondrial quality
control in astrocytes and neurons and outlines how disrupted mitochondrial

homeostasis in the CNS can lead to neurodegenerative pathology.



Impact Statement

Clinical genetics has identified a clear role for mitochondrial dynamics and
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Chapter 1 - Introduction

1.1 Summary

Mitochondria are vital organelles that play critical roles in ATP generation,
calcium buffering and apoptotic signalling. In complex neuronal networks of
the Central Nervous System (CNS), mitochondrial trafficking is crucial to
match mitochondrial positioning to localised energy demands at synapses,
while correct mitochondrial dynamics and quality control systems are essential
to maintain a functional mitochondrial network. The extreme spatial variability
in metabolic demand and need for tight calcium (Ca?*) regulation makes
mitochondria and their dynamics perfectly suited to regulating CNS formation

and function (MacAskill and Kittler, 2010, Seager et al., 2020).

Synapses enable neurons to communicate by electrical and chemical means.
At chemical synapses, neurotransmitters are released from vesicles into the
synaptic cleft in response to action potentials triggering the influx of Ca?* ions
through voltage gated ion channels (Jahn and Fasshauer, 2012). Filling and
releasing of vesicles and regulating electrochemical gradients are highly
energy-demanding processes that are tightly regulated by Ca?* dynamics.
Therefore, it is unsurprising that mitochondria are actively recruited to and
reside at synapses (Devine and Kittler, 2018). Neurons are highly complex
and polarised cells that require organized positioning of synapses to carry out
the process of information required for CNS function. Thus, mitochondria are

required to be transported, often over very long distances, to synapses
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positioned at various locations away from the soma, where the nucleus
resides, and the majority of mitochondrial biogenesis takes place (Davis and

Clayton, 1996).

Traditionally, synapses were simply thought of as a point of communication
between two neurons, but it is now widely accepted that astrocytes and
microglia, types of glial cell, play a key role in synaptic function. This has been
termed the tetrapartite synapse due to all four components contributing to
synapse formation and function (Dityatev and Rusakov, 2011). Thus, there is
a growing belief that astrocytic and microglial mitochondria and their dynamics
and quality control mechanisms are also extremely important to synaptic

function.

In this section, the mechanisms underpinning mitochondrial trafficking,
dynamics and quality control in neuronal and glial cells and their role in CNS
function will be outlined. Next, the main canonical roles of mitochondria; ATP
production and Ca?* buffering will be explored in the context of synaptic
development, function, and plasticity and how dysfunctional mitochondria
could contribute to neurodegenerative disease. Additionally, more putative
roles for mitochondria in CNS health and disease will be looked at, including

ROS-dependent synaptic pruning and transcellular mitochondrial transfer.

1.2 Mitochondrial recruitment to- and stabilisation at the synapse

Neurons are highly complex and polarised cells that require organized

positioning of synapses to carry out the communication between other
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neurons required for CNS function. Thus, mitochondria are required to be
transported, often over exceptionally long distances, to synapses positioned
at various locations away from the soma, where the nucleus resides, and the
majority of mitochondrial biogenesis takes place (Davis and Clayton, 1996)

(Figure 1).

In primary mature neurons, 10-20% of axonal and 5-10% of dendritic
mitochondria are motile and are transported over distances up to 1m at
velocities up to 2um per second (Morris and Hollenbeck, 1993, Martin et al.,
1999, Chen et al., 2007, Kang et al., 2008, Russo et al., 2009, Chen and
Sheng, 2013, Faits et al., 2016, Zhou et al., 2016). The percentage of motile
mitochondria decreases in vivo (Smit-Rigter et al., 2016) and with maturation
(Faits et al., 2016, Lewis et al., 2016, Zhou et al., 2016). In the early
developmental stages (DIV7) up to 50% of axonal mitochondria are motile with
a progressive decline to ~20% at maturity (DIV18) which is accompanied by
an increased mitochondrial occupancy at presynaptic boutons and dendritic

spines (Zhou et al., 2016, Faits et al., 2016, Lewis et al., 2016).

Long distanced mitochondrial trafficking is, in the main, fulfilled by movement
along microtubules via interaction with motor proteins. In axons, microtubules
display directional polarity with the + end placed distally and the — end placed
somatically (Baas et al.,, 1988). Of the axonal mitochondria in motion,
approximately half are those are moving in the anterograde direction (away

from the soma) and half are moving in the retrograde direction (towards the
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soma). Anterograde movement is controlled by kinesin motors whereas dynein
motors control retrograde trafficking (Glater et al., 2006). Conversely in
dendrites, microtubules are non-uniformly orientated with both + and — ends
placed somatically and distally (Baas et al., 1988), and mitochondrial transport
is primarily dynein-dependent (Zheng et al., 2008). Various cargoes are
transported by kinesin/dynein motors throughout neuronal processes and are
bound to the motors through interactions with cargo-specific adaptor proteins

(Karcher et al., 2002).

Mitochondrial motility along microtubules is tightly regulated by its adaptors,
the membrane bound mitochondrial RhoGTPases (Miros), which link with
kinesin/dynein motors via the trafficking kinesin-binding proteins (TRAKS),
TRAK1 and TRAK2 (Stowers et al., 2002). TRAKL1 is, in the main, localised to
axons and can bind to both kinesin and dynein motors, whereas TRAK2
preferentially binds with dynein motors and is localised to the dendrites (van
Spronsen et al., 2013). The importance of the TRAKSs is highlighted by a recent
study showing that kinesin-1 movement along microtubules is entirely

dependent on its interaction with TRAK1 (Henrichs et al., 2020).

Miros are made up of 2 isoforms, Mirol and Miro2, that contain 2 GTPase
domains flanking 2 Ca?*-binding EF-hand domains and an outer mitochondrial
membrane targeted carboxy-terminal domain (Birsa et al., 2013, Devine et al.,
2016). Miros are found in almost all eukaryotic cells but their role takes on

particular importance in neurons where mitochondria are transported over long
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microtubule tracts throughout axons and dendrites to pre- and post-synapses
(Saxton and Hollenbeck, 2012, Schwarz, 2013, Maeder et al., 2014, Sheng,
2014). The drosophila orthologue of the mammalian Miros, dMiro, is required
for both kinesin-driven and dynein-driven axonal trafficking of mitochondria to
and from presynapses and dynein-driven trafficking of mitochondria into
dendrites (Guo et al., 2005, Russo et al.,, 2009). All these processes are
dependent on N-terminal GTPase activity of Miro (Babic et al., 2015) and
interaction with the TRAK orthologue, Milton. Further studies in mammalian
cells have highlighted Mirol as the key isoform when it comes to mitochondrial
trafficking along microtubules. The Ca?*-sensing EF-hand domains of Mirol
allow coordination of mitochondrial transport with intracellular Ca?*
concentrations and although the exact mechanism is somewhat disputed, this
relationship is key for the positioning of mitochondria at neuronal synapses.
One possible mechanism is that increasing Ca?* concentrations inhibit an
interaction between Mirol and the kinesin motor, KIF5, thereby releasing
mitochondria from the microtubules (Macaskill et al., 2009). An alternative
model suggests that Ca?* causes a conformational change in KIF5 itself, to
release it from the microtubules, in turn releasing mitochondria (Wang and
Schwarz, 2009). A third mechanism includes the presence of an anchoring
protein, that upon the presence of increased Ca?* concentrations, binds to
mitochondria, thereby stopping its movement. In axons, the protein Syntaphilin
(SNPH) has been identified as a mitochondrial anchor that is able to bind to

mitochondria, independently of Mirol, to facilitate mitochondrial stopping
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(Chen and Sheng, 2013) (Figure 1). Howl/if dendritic mitochondria are

stabilised in a similar manner remains to be established.

A) B) C)

Miro 1 Ca20

1Ca?o AMMIro P Gazo

Miro

Kinesin

Figure 1: Proposed mechanisms for Ca?* dependent stopping of mitochondria.
A) Ca?* binds to the EF-hand domains of Miro1 to inhibit an interaction between Mirol
and the kinesin motor, KIF5, thereby releasing mitochondria from the microtubules
(Macaskill et al., 2009). B) Increasing Ca?* concentrations cause a conformational
change in KIF5 itself, to release it from the microtubules, in turn releasing
mitochondria (Wang and Schwarz, 2009). C) Upon the presence of increased Ca?*
concentrations, a microtubular anchoring protein binds to mitochondria, stopping its
movement. In axons, the protein Syntaphilin (SNPH) has been identified as a
mitochondrial anchor that is able to bind to mitochondria, independently of Miro1, to
facilitate mitochondrial stopping (Chen and Sheng, 2013). Schematic adapted from
(Birsa et al., 2013).
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On top of microtubular-based transport, mitochondria also couple to the actin
cytoskeleton - an interaction that may be key to the stabilisation of
mitochondria at synapses. Presynaptic boutons and postsynaptic spines are
highly enriched for filamentous actin (f-actin) (D'Este et al., 2015, Nirschl et al.,
2017) and actin-dependent motility, mediated by myosin motors, tends to be
more localised than microtubular-dependent motility (Morris and Hollenbeck,
1995, Hirokawa and Takemura, 2005, Quintero et al.,, 2009, Saxton and
Hollenbeck, 2012). Consequently, f-actin could act as the ideal mitochondrial
scaffold at synapses. At presynapses, it has recently been proposed that
axonal mitochondria can be anchored to the actin cytoskeleton via an
interaction between SNPH and myosin VI (Li et al., 2020). Presynaptic
captured mitochondria become mobilised and released back into the axonal
tract following myosin Xl depletion or treatment with latrunculin B, an actin
depolymeriser (Li et al., 2020). A similar interaction may also occur between
mitochondria and the actin cytoskeleton at postsynaptic spines. Dendritic
mitochondria shorten and become more dynamic following actin disassembly
(Rangaraju et al., 2019) although little is known mechanistically about the

interaction between dendritic mitochondria and f-actin.

Miros have also been shown to couple mitochondria to the actin cytoskeleton,
via interaction with myosin XIX (Lopez-Domenech et al., 2018) and hence Miro
may provide a linker for mitochondria to disengage from long distance

microtubular-based transport and switch to localised actin-based transport.
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Despite this, the role of Miro-myosin XIX-actin coupling at synapses is yet to
be established and warrants further research. Could Miro-dependent actin
coupling provide a mechanism for synaptic stabilisation of mitochondria in

dendrites?

The importance of Miro and mitochondrial trafficking for CNS health and
function is highlighted by the fact that Mirol knockout is lethal postnatally
(Nguyen et al., 2014, Lopez-Domenech et al., 2016). Conditional knockout
strategies have shown that neuronal knockout of Mirol leads to defects in
dendritic mitochondrial distribution and decreased dendritic branching leading
to progressive neurodegeneration (Lopez-Domenech et al., 2016). Neuronal
death in this model occurs in the absence of defects in mitochondrial ATP
production or Ca?* buffering (Nguyen et al., 2014), thus highlighting that
neuronal mitochondrial trafficking and placement are a prerequisite for CNS

health.

1.3 Mitochondrial trafficking in glia

Traditionally, synapses were simply thought of as a point of communication
between two neurons, but it is now widely accepted that glia, in particular
astrocytes, are present at synapses and play a key role in synaptic function.
Thus, there is a growing belief that astrocytic mitochondria and their dynamics
are also extremely important to synaptic function. Glial cells make up roughly
half of all cells in the brain and are essential for neuronal homeostasis (Allen

and Lyons, 2018), yet in contrast to mitochondrial dynamics in neurons, the
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role of glial mitochondria and their dynamics in CNS function and disease has

been somewhat underappreciated (Figure 1).

1.3.1 Astrocytes

Astrocytes are the most abundant glial cells in the central nervous system
(Kettenmann and Verkhratsky, 2008). Termed astro (star) -cytes (cells) due to
their star-like structure, they extend vast numbers of highly ramified processes
from a central cell body that together from a dense meshwork engulfing
neurons, vasculature and other glia (Oberheim et al., 2006). Astrocytes are
involved in numerous CNS functions, including neuronal and synaptic
plasticity, ionic homeostasis, glucose metabolism, glutamate uptake &
clearance and the control of blood flow in the brain. These functions are
supported by ultrafine processes that contact vast numbers of synapses and
end-feet that ensheath blood vessels (Bushong et al., 2004, Halassa et al.,
2007). This specialised morphology allows astrocytes to couple neuronal
activity with rapid metabolic changes. Astrocytes respond to neuronal activity
by increasing their intracellular Ca?* and releasing glutamate, ATP,
thrombospondins, cholesterol, and glypicans to refine synapse structure and
function in the developing and adult brain meaning astrocyte function is

intimately related to brain wiring, plasticity and pathology (Allen, 2014).

A single astrocyte in the rodent brain can contact up to 100,000 synapses
increasing to 2 million in the human brain (Oberheim et al., 2009). The finest

of these processes, known as peripheral astrocytic processes (PAPs), can be
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as small as 20nm in diameter and contain almost no cytoplasm. It was
originally thought that PAPs were too narrow to accommodate mitochondria,
however new imaging capabiliies have identified the presence of
mitochondria within PAPs in situ and in vivo (Oberheim et al., 2009, Jackson
et al., 2014, O'Donnell et al., 2016, Derouiche et al., 2015, Stephen et al.,
2015, Agarwal et al., 2017, Jackson and Robinson, 2018, Lovatt et al., 2007,
Mathiisen et al., 2010). Thus, mitochondria are required to be transported to
these distal regions as mitochondrial biogenesis is likely not possible in such
small areas. Yet, unlike in neurons, less is known about the mechanisms

underlying the trafficking of astrocytic mitochondria to and from synapses.

Primary astrocytes alone in culture vary greatly in appearance from their
counterparts in vivo. Without the need for synaptic contacts, they are
morphologically simple and do not contain ramified processes (Matsutani and
Yamamoto, 1997). Therefore, most studies into mitochondrial trafficking and
dynamics in astrocytes have been done in neuron-astrocyte co-cultures,
organotypic slice cultures, acute slices and in vivo. Direct comparisons
between neurons and astrocytes have shown that astrocytic mitochondria are
generally less motile than their neuronal counterparts. In organotypic
hippocampal slices in situ, two studies have similarly shown that only 20-30%
of mitochondria are motile in astrocytic processes compared to ~50% in
neuronal processes from the same preparation. Of those moving, neuronal

mitochondria move around 3 times quicker than astrocytic mitochondria
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(Jackson et al.,, 2014, Stephen et al., 2015). The percentage of motile
mitochondria and the velocity of those moving decreases when imaging

astrocytes in vivo (Jackson and Robinson, 2018).

As with neurons, astrocytic mitochondria are trafficked to and stabilised at sites
of elevated activity including synapses (Jackson et al., 2014, Stephen et al.,
2015). Astrocytic activity is heavily linked to neuronal and synaptic activity,
particularly excitatory (glutamatergic) activity, and coincides with localised
increases in intracellular Ca?* concentrations (Dani et al., 1992). Blockade of
neuronal activity through treatment with TTX (blocks action potential
generation) or DNQX, APV and bicuculline (AMPAR, NMDAR and GABAR
antagonists, respectively) increase the percentage of motile mitochondria in
astrocytes threefold from 15 to 45% in situ. Adversely, increasing neuronal
activity with 4-AP or glutamate treatment decreases mitochondrial mobility and
reduces the distance between mitochondria and synapses (Stephen et al.,
2015). Consequently, glutamate transmission has been implicated in the

mechanism underlying mitochondrial arrest in astrocytes.

Synaptic glutamate can be taken up into astrocytes, via GLT1 and GLAST, or
bind to glutamate receptors (mGIluRs, AMPARs and NMDARS) present on
astrocytic membranes. Inhibition of glutamate uptake with TFB-TBOA
increases the percentage of motile mitochondria in astrocytes and decreases
their localisation with synapses (Jackson et al., 2014). Additionally,

pharmacological blockade of mGluRs and NMDARs (with D-APV), but not
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AMPARs (with NBQX), blocks glutamate-induced mitochondrial stopping in
astrocytes in situ (Stephen et al.,, 2015). AMPAR and NMDAR activation
results in the influx of Na+ and Ca?* ions, respectively and mGIuR results in
the release of Ca?* from intracellular stores. Thus, it makes sense that
astrocytic mitochondria are recruited to synapses following mGIuR and

NMDAR activation and Ca?* elevation but not AMPAR activation.

As in neurons, the Ca?*-dependent arrest of mitochondria in astrocytes is
facilitated by Miro and TRAK. Both Miro isoforms are expressed in astrocytes
and localise to mitochondria present throughout astrocyte processes (Stephen
et al., 2015). In the case of TRAKs, TRAK2 is the main isoform present in
astrocytes (Ugbode et al., 2014). This points to similarities between the
mitochondrial trafficking machinery present in astrocytes and dendrites; a
phenomenon that may explain the reduced mitochondrial mobility in astrocytes

when compared to neurons as a whole (axons and dendrites).

In the case of Miro, Mirol has once again been identified as the predominant
isoform when it comes to mitochondrial mobility and arrest in astrocytes
(Stephen et al.,, 2015, Jackson et al.,, 2014). Overexpression of Mirol
increases the percentage of motile mitochondria in astrocytes in situ.
Expression of a Ca?*-insensitive Mirol mutant, Miro12&F also increases
mitochondrial motility but blocks their arrest following glutamate application
(Stephen et al., 2015). Therefore, Mirol, through its Ca?* sensing EF-hand

domains, appears to mediate the activity/Ca?*-dependent arrest of
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mitochondria in astrocytes. However, a full mechanism is yet to be elucidated
and less is known regarding the other trafficking machinery involved in

astrocytes.

The speed of mitochondrial movement in astrocytes is more akin to actin-
coupled mitochondrial movement than the kinesin/dynein-dependent
microtubular-coupled movement seen in neurons (Morris and Hollenbeck,
1995). In fact, the actin cytoskeleton has been shown to be involved in the
Ca?*-dependent arrest of astrocytic mitochondria (Kremneva et al., 2013).
However, mitochondria in astrocytes are still required to be transported long
distances to synapses and to reside in PAPs, which is likely dependent on
microtubules. Thus, could the presence of different motors, adaptor proteins
or cytoskeletons underlie the differences in mitochondrial trafficking between
astrocytes and neurons? In addition to microtubular and actin networks,
astrocytes contain three types of intermediate filaments (IF): glial fibrillary
acidic protein (GFAP), vimentin and nestin (Lepekhin et al., 2001). So, could
these IFs contribute to mitochondrial trafficking and stabilisation at synapses

in astrocytes?

1.3.2 Microglia
Microglia are resident immune cells of the CNS and account for 10-15% of all
cells found within the brain (Lawson et al., 1992). As a specialised population
of macrophages, they act as the principal form of immune defence in the CNS.

Microglia also play key roles in brain development and homeostasis including
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synaptic organisation and pruning, myelin turnover, control of neuronal
excitability and providing neurotrophic support. They respond to CNS insult by
shifting to a reactive phenotype, altering their morphology, proliferation rates,
phagocytic activity, antigen presentation and the release of inflammatory
mediators. Microglial physiology is tightly regulated by its surrounding
microenvironment and interactions with neurons, astrocytes and other glia.
Microglia constantly survey their microenvironment through the extension and
retraction of highly ramified, ultrafine processes; monitoring for foreign bodies
including bacteria, fungi and viruses and the release of ATP from damaged
neurons. Microglial surveillance is also key to synaptic development and

homeostasis [Reviewed in (Li and Barres, 2018)].

As with astrocytes, microglia are less morphologically complex when cultured
alone in vitro and due to their small size, the visualisation of mitochondria
within microglia in vivo or in situ has been a challenge. However, with new
imaging capabilities it has recently been shown that microglial processes are
heavily populated with mitochondria both in situ and in vivo (Katoh et al., 2017,
McWilliams et al.,, 2018). Nevertheless, mitochondrial trafficking and
stabilisation in microglia and the molecular mechanisms underpinning these
have not been well studied and various intriguing questions remain including:
Do microglial mitochondria position themselves at sites apposed to synapses?

Are these mechanisms similar to those in astrocytes? And how is
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mitochondrial trafficking altered as microglia change from a non-reactive to a

reactive phenotype?

Dynein Kinesin
Microtubule = €—— — >+

O et R gl e e oo £ 5 4 i aedy
—

Figure 2: Mitochondrial recruitment to- and stabilisation at the synapse in
neurons and glia. Miro interacts with kinesin and dynein motors in complex with
TRAK motor adaptors to traffic mitochondria along microtubules. Miro’s Ca?*-sensing
EF-hand domains facilitate the activity-dependent stopping of mitochondria at
synapses. Miro can also couple mitochondria to the actin cytoskeleton which may
play a role in the synaptic anchoring of mitochondria. In axons, the mitochondrial
anchor protein, syntaphilin (SNPH), can stabilise mitochondria on microtubules and
actin. Once present at synapses, mitochondria regulate synaptic function via ATP
provision and buffering of intracellular Ca?*.
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1.4 Provision of ATP

CNS functions pose a large energetic burden. The brain constitutes around
2% of the mass of the human body, yet it utilises up to 20% of the ATP
produced (Attwell and Laughlin, 2001). Glycolysis is capable of rapidly
producing cellular energy directly from the breakdown of glucose and is the
preferred form of fuel generation for certain neuronal functions including the
fast-axonal transport of vesicles. In fact, axonal vesicles are decorated with
their own set of glycolytic enzymes (Zala et al., 2013). However, glycolysis is
only capable of generating only 2 molecules of ATP per molecule of glucose
whereas mitochondrial oxidative phosphorylation generates around 30 (Kety,
1963). Thus, oxidative phosphorylation is the main source of fuel generation
for the majority of CNS processes and mitochondria generate more than 90%
of cellular ATP in the brain (Rolfe and Brown, 1997). Maintaining synaptic
function is highly energy demanding for both neurons and astrocytes with
synapses believed to be the principal sights of ATP consumption within the
brain (Harris et al., 2012). So, once at the synapse, how do mitochondria go
about meeting these demands? And what happens when mitochondria are not

present at synapses? (Table 1)

1.4.1 At the presynapse

Following inhibition of neuronal activity (eg. with TTX), mitochondria become
more mobile with reduced occupancy at presynapses (Chang et al., 2006,

Rangaraju et al., 2014). In the absence of neuronal activity, presynaptic ATP
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levels remain relatively stable and pharmacological inhibition of OXPHOS has
little to no effect on ATP levels (Rangaraju et al., 2014). Whereas, increasing
synaptic activity (through stimulation or glutamate application) decreases the
percentage of motile neuronal mitochondria in axons and increases their
presence at boutons. During long-term stimulation, presynaptic ATP
concentrations increase and OXPHOS inhibition compromises synaptic
neurotransmission (Rangaraju et al., 2014). This indicates that synaptic
activity drives mitochondrial ATP production, which in turn fuels further
synaptic activity and highlights a key role for mitochondria in sustaining long-
term synaptic transmission. This is substantiated by findings in drosophila,
where ablation of Miro depletes mitochondria from presynapses and leads to

synaptic depression after long-term activity (Guo et al., 2005).

Intriguingly, the motility of axonal mitochondria has also been shown to be key
to presynaptic plasticity by altering presynaptic ATP homeostasis. A study
showed that reducing axonal mitochondrial motility, via knockdown of the
KIF5B adaptor protein, syntabulin, impaired short-term plasticity and caused
synaptic dysfunction (Ma et al., 2009). Additionally, the same group later
showed that mitochondria in axons that do not express the mitochondrial
anchor, SNPH, are more motile and show considerably more variability in
presynaptic strength (Sun et al., 2013). This is termed pulse to pulse variability
(PPV) and is key to synaptic plasticity. Overexpression of SNPH reduces

mitochondrial motility and PPV. Inhibition of ATP synthesis with oligomycin
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reduces vesicular release and causes mitochondria-containing boutons to
behave similarly to those without mitochondria (Sun et al., 2013). Thus, motile
mitochondria can pass through presynaptic boutons to alter synaptic vesicle
release and contribute to PPV via altering presynaptic ATP homeostasis; a

process that is key to synaptic plasticity.

Mitochondrial ATP synthesis is also required for synaptic vesicle recycling and
filling (Pathak et al., 2015). In fact, vesicular release (exocytosis) uses
comparatively less ATP than vesicular recycling (endocytosis) (Rangaraju et
al., 2014). When presynaptic ATP levels drop below the required threshold for
endocytosis, vesicular recycling is stopped. In a mouse model of Leigh
Disease, the loss of the mitochondrial respiratory protein, NDUFS4, inhibits
vesicle endocytosis and impairs synaptic function (Pathak et al., 2015). Taken
together, these findings highlight that mitochondrial localisation and ATP
provision has profound effects on presynaptic activity and vice versa (Cai et

al., 2011).

1.4.2 At the postsynapse
Increasing synaptic activity also decreases the motion of dendritic
mitochondria (Macaskill et al., 2009) and they become clustered at the base
of spines (Li et al., 2004). On the other hand, suppression of neuronal activity

increases mitochondrial length and motility and reduces occupancy at spines.

Dendritic spine development and maintenance requires the local translation of

synaptic proteins, which is a highly energy demanding process (Harris et al.,

35



2012). Inhibition of OXPHOS, with oligomycin and antimycin, drastically
reduces protein translation in dendrites, whereas inhibiting glycolysis with 2DG
has little to no effect (Rangaraju et al., 2019). Depletion of mitochondria from
dendrites during development leads to the loss of synapses and dendritic
spines and conversely increasing dendritic mitochondrial content enhances
the number of spines and synapses. The loss in synapses can be rescued by
application of creatine, which provides an exogenous source of ATP by
activating ATP-phosphocreatine exchange (Li et al., 2004) and suggests that
dendritic synaptogenesis and spine development are fuelled by mitochondrial

ATP synthesis.

Mitochondrial positioning at the base of spines also drives activity-dependent
postsynaptic plasticity. A recent study has shown that mitochondria exist in
temporally stable spatial compartments of around 30 pum that drive activity-
dependent spine growth in dendrites. As in presynaptic boutons, ATP
produced by glycolysis is sufficient to power local translation in the absence of
neuronal activity and localised depletion of mitochondria has no effect on local
translation rates. Yet, following long-term stimulation, spine head width
increases by ~50% and is accompanied with a sharp increase in rates of local
protein translation; a process that does not occur following localised depletion
or fragmentation of these mitochondrial compartments (Rangaraju et al.,

2019).
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In addition to the local translation of proteins vital for dendritic spine growth
and plasticity, mitochondrial respiratory proteins are synthesised locally at the
synapse following glutamatergic stimulation. These proteins are imported into
the mitochondria and incorporated into respiratory chain complexes to boost
mitochondrial ATP production (Kuzniewska et al., 2020). Consequently, these
findings reveal a positive feedback mechanism whereby synaptic activity
triggers the positioning of mitochondria at postsynapses/the base of spines
where they fuel the synthesis of proteins critical to dendritic spine growth and
plasticity as well as the synthesis of mitochondrial respiratory proteins which

in turn fuels further ATP production and further local protein translation.

The decreasing motility of dendritic mitochondria with age may also be key to
spine maturation. In retinal ganglion cells (RGCs), dendritic mitochondria all
but stop moving by postnatal day 21 and are stabilised at branch points and
synapses (Faits et al., 2016). In a mouse model of retinal degeneration (Crx
KO), dendritic mitochondria are hypermotile in mature neurons which leads to
the pathological hyperactivity of RGCs and dendritic degeneration (Faits et al.,
2016). Additionally, dendrite outgrowth is dependent on mitochondrial
positioning at branch points (Lopez-Domenech et al., 2016, Fukumitsu et al.,
2015). Depletion of mitochondria from dendrites leads to defects in both
dendritic development and dendritic degeneration, eventually resulting in
neuronal death. In Purkinje cells, this can be partially rescued by application

of creatine. Conversely, inhibiting cytosolic creatine kinases (CKs) decreases
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dendritic ATP levels and also disrupts dendrite development (Fukumitsu et al.,

2015).

Taken together, these studies suggest that mitochondrial ATP synthesis in
dendrites is key to fuelling dendritic and spine growth, function and plasticity
and disrupted mitochondrial positioning can lead to defects in

neurotransmission and dendritic degeneration.

1.4.3 Astrocytes

In contrast to neurons, astrocytes were classically believed to rely on
glycolysis as their primary energy source. In fact, astrocytes can function
purely glycolytically and mice expressing respiration-deficient astrocytes
display no severe signs of pathology (Supplie et al., 2017). Yet, astrocytes
contain just as many mitochondria (per pm?) as neurons and studies have
highlighted the ability of astrocytes to display high rates of mitochondrial
oxidative phosphorylation (Hertz et al., 2007). In response to increased
synaptic activity the motility of astrocytic mitochondria decreases and the
distance between mitochondria and synapses is reduced (Jackson et al.,
2014, Stephen et al.,, 2015). Once positioned at synapses, astrocytic

mitochondria are thought to be key to fuelling synaptic glutamate uptake.

Astrocytes uptake almost the entirety of excess glutamate from the synaptic
cleft post neurotransmission; a process that is key to inhibiting
neurotransmission and preventing excitotoxicity. Glutamate uptake against its

concentration gradient is believed to be one of the most energy-consuming
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processes in the CNS (Pellerin et al., 2007). The two main sites of glutamate
uptake in astrocytes are GLT1 and GLAST, which are heavily reliant on the
influx of Na+ ions (Danbolt, 2001). The influx of Na+ triggers the Na+/K+-
ATPase and the efflux of Na+ back into the synaptic space. This in turn causes
local reversal of the Na+/Ca?*-exchanger (NCX) and a rise in intracellular Ca?*
concentration (Danbolt, 2001). Overall, each molecule of glutamate taken up
comes at the cost of over 1 molecule of ATP. Thus, it comes as no surprise
that mitochondria are trafficked to and reside at sites of glutamate uptake as
the primary source of ATP. Inhibition of glutamate uptake with TFB-TBOA
increases the percentage of motile mitochondria in astrocytes and decreases
their localisation with synapses and sites of glutamate uptake (Jackson et al.,
2014). Accordingly, another study has shown that following the application of
titanium dioxide (TiOz2), which depolarises mitochondria, glutamate uptake into
primary astrocytes is markedly reduced (Wilson et al., 2015). Taken together,
this suggests that local mitochondrial ATP production at GLAST and GLT1
fuels astrocyte glutamate uptake at synapses. Therefore, astrocytic
mitochondrial dysfunction, specifically defects in respiratory capacity/ATP
production, has potential implications in astrocyte-mediated synaptic and

neuronal dysfunction.

1.4.4 Microglia

Non-reactive microglia utilise both oxidative and glycolytic energy in situ

(Orihuela et al., 2016) but switch to glycolysis in a reactive state to produce

39



ATP at a faster rate (Voloboueva et al., 2013, Ghosh et al., 2018, Lauro and
Limatola, 2020). In fact, microglia express more OXPHOS-related genes than

both astrocytes and neurons (Ghosh et al., 2018).

Non-reactive microglia are highly dynamic and through extension and
retraction of their processes are constantly surveying their local
microenvironment including brief contacts with synapses; a process that is
highly energy demanding (Madry et al., 2018). Thus, it comes as no surprise
that mitochondrial ATP production is required for microglial dynamics and
recently it has been shown that inhibition of glycolysis has no effect on
microglial surveillance and response to non-inflammatory stimuli (laser-
induced lesion) in acute slices in situ (Bernier et al., 2020). So, although non-
reactive microglia display high rates of glycolysis, their surveillance and
process motility can be fuelled entirely by mitochondrial ATP production. On
the other hand, pharmacological inhibition of the electron transport chain
induces microglial activation in vitro, as shown by the release of pro-

inflammatory cytokines (Ye et al., 2016).

Taken together, it is clear that the functions of non-reactive microglia heavily
rely on mitochondrial ATP production, however various questions remain;
including what happens to microglial surveillance and chemotaxis in situ
and/or in vivo when mitochondrial ATP production is blocked? How would

depletion of mitochondria from microglial processes affect their motility and
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response to non-inflammatory stimuli? And what would be the effect on

synaptic function?

1.5 Calcium buffering

Ca?* plays a key role in mediating spatiotemporal intracellular signalling and
is vital to a variety of CNS functions, particularly synaptic transmission. Along
with the ER, mitochondria contribute to intracellular Ca?* homeostasis through
the uptake and release of Ca?*, meaning that cytosolic Ca?* concentrations
are intimately related to mitochondrial Ca?* buffering capabilities. Ca?* is taken
up into the mitochondrial matrix through two channels: the OMM-localised
voltage-dependent anion-selective channel (VDAC) (Freitag et al., 1982) and
the IMM-localised mitochondrial Ca?* uniporter (MCU) (Kirichok et al., 2004).
The N-terminal domain of MCU has been suggested to bridge between
mitochondrial membranes to interact with Miro and could link mitochondrial

Ca?* buffering to transport and vice versa (Niescier et al., 2018).

Ca?* efflux from mitochondria is governed by the mitochondrial Na+/Ca?*
exchanger (NCLX) and through transient opening of the mitochondrial
permeability transition pore (MPTP). Mitochondrial Ca?* efflux is a prerequisite
for normal health with induced deletion of NCLX causing sudden death in mice
(Luongo et al.,, 2017). So, how does mitochondrial Ca?* buffering alter
neurotransmission? And what happens when mitochondria are unable to

buffer Ca?* at synapses in neurons and glia? (Table 1)
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1.5.1 At the presynapse

At rest (without neuronal activity), presynaptic Ca2* concentrations remain
stable at ~100nM. Mitochondrial Ca?* concentration sits at around the same
level and there is no difference in cytosolic Ca?* concentrations between
boutons that do or do not contain mitochondria (Vaccaro et al., 2017).
However, during neuronal activity and presynaptic depolarisation, inward-
facing voltage-gated Ca?* channels open to allow the influx of Ca?* ions into
presynaptic boutons which facilitates vesicular release (Reviewed in (Sudhof,
2012)). This causes presynaptic Ca?* concentrations to increase sharply by
~20-fold and is accompanied by a large increase in mitochondrial Ca?* influx
(~5-fold) (Werth and Thayer, 1994). This is followed by a rapid exponential
decay in presynaptic Ca?* and the cessation of neurotransmission. Inhibition
of mitochondrial Ca?* influx extends the length of this decay (Billups and

Forsythe, 2002).

Recent work has shown that in hippocampal (Vaccaro et al., 2017) and cortical
(Kwon et al., 2016) neurons during stimulation, mitochondrial occupancy at
synapses decreases presynaptic Ca?* concentrations and vesicular release is
reduced in the presence of mitochondria (Kwon et al., 2016, Vaccaro et al.,
2017). Inhibition of mitochondrial Ca?* uptake, via pharmacological blockade
of MCU, diminished the difference in cytosolic Ca?* between boutons with and
without mitochondria (Vaccaro et al., 2017, Kwon et al., 2016). These findings

are in agreement with a previous study into the neuromuscular junction (NMJ)
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of drosophila, which shows that disrupted mitochondrial Ca?* influx disrupts
neurotransmission during high frequency stimulation at NMJs (Verstreken et
al., 2005). On the other hand, recent evidence has shown that increasing
mitochondrial Ca?* buffering, via inhibition of mitochondrial dihydroorotate
dehydrogenase (DHODH), stably decreases the mean firing rate set point
during spiking activity in the hippocampus in vivo and reduces susceptibility to
induced seizures (Styr et al.,, 2019). Thus, these findings illustrate that
mitochondrial Ca?* buffering is vital to presynaptic Ca?* homeostasis and
modulation of synaptic transmission which is key to maintaining neuronal

health.

As well as altering cytosolic Ca?* concentrations, mitochondrial Ca?* influx and
accumulation stimulates mitochondrial ATP production by modulating the
activity of the enzymes involved in the tricarboxylic acid cycle (TCA cycle)
(Denton et al., 1972, Denton, 2009, Balaban, 2009, Glancy and Balaban,
2012). The rate of mitochondrial ATP synthesis is proportionate to changes in
matrix Ca?* concentrations and thus, mitochondrial Ca?* buffering can
modulate local neuronal ATP production (Llorente-Folch et al., 2015). A recent
study has shown that activity-dependent increases in presynaptic ATP
correlate with a rise in nearby mitochondrial Ca?* concentrations (Ashrafi et
al., 2020). Blockade of Ca?* uptake into mitochondria via knockdown of MCU
or MICUS3, a neuronal specific enhancer of MCU (Patron et al., 2019), blocks

presynaptic ATP production and results in the impairment of synaptic function
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and plasticity (Ashrafi et al., 2020). These findings suggest that presynaptic
mitochondrial Ca?* influx drives local ATP production as well as regulating
presynaptic Ca?* homeostasis in order to modulate vesicular release from

axonal boutons.

Mitochondrial Ca?* efflux has also been shown to play a role in presynaptic
homeostasis. A study showed that during basal synaptic transmission in
hippocampal neurons, blockade of the MPTP causes increased presynaptic
release due to a rapid uptake of Ca?* into mitochondria and an increased
resting presynaptic Ca?" concentration. However, following neuronal
stimulation, MPTP inhibition has no effect on presynaptic Ca* levels and
synaptic transmission suggesting that mitochondrial efflux through the MPTP
is more important for regulating basal Ca?* levels at the presynapse (Levy et
al., 2003). Taken together, multiple lines of evidence highlight an extremely
vital role for mitochondrial Ca?* homeostasis in the modulation of

neurotransmission at the neuronal presynapse.

1.5.2 At the postsynapse

The role of mitochondrial Ca?* buffering in the modulation of postsynaptic
function and spine plasticity is considerably less well known. A recent study
has shown that dendritic mitochondrial Ca?* transients increase in frequency
following NMDAR-dependent LTP induction. Reducing Ca?* uptake into
mitochondria, by preventing mitochondrial fission, impaired LTP-induced

dendritic spine growth and surface expression of AMPARs in culture and
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suppressed electrophysiological LTP in slice (Divakaruni et al., 2018).
Additionally, reduction in activity-driven local protein translation following
mitochondrial depletion from the base of spines is accompanied with a
reduction in postsynaptic Ca?* transients (Rangaraju et al., 2019). Taken
together, this suggests that Ca?* influx into mitochondria may be key to
regulating postsynaptic plasticity, including LTP, and warrants further

research.

1.5.2 Astrocytes

Unlike neurons, astrocytes do not communicate electrically via the generation
of action potentials. Instead, activation of astrocytic synaptic receptors is
commonly coupled with intracellular rise in Ca?* (Fields and Stevens-Graham,
2002). As a result, astrocytic processes contain functionally isolated
microdomains that exhibit both activity dependent and spontaneous Ca?*
transients. Mitochondria frequently colocalise with these microdomains and
recent studies have implicated mitochondrial Ca?* buffering in the regulation

of astrocytic Ca?* transients (Agarwal et al., 2017, Montagna et al., 2019).

Early evidence in primary astrocyte cultures in vitro showed that damaging
mitochondria through application of the mitochondrial uncoupler FCCP
alongside oligomycin prevented mitochondrial Ca?* influx and increased the
rate of decay of cytosolic Ca?* concentrations (Boitier et al., 1999). These
findings were later confirmed in astrocyte processes in situ where application

of FCCP extended the rate of decay of cytosolic Ca?* transients in astrocytic
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processes (Jackson and Robinson, 2015). Depletion of mitochondria from
individual astrocyte processes, either by expression of Ca?* insensitive Mirol
or photo-ablation, resulted in increased frequency and prolonged decay of
Ca?* transients in the processes not containing mitochondria (Jackson and

Robinson, 2015, Stephen et al., 2015).

Initially, it was believed that intracellular Ca?* rises in astrocytes were the result
of Ca?* release from the ER, mediated by IP3 receptors, and entry from the
extracellular space through store-operated Ca?* channels. However, recent
evidence suggests that mitochondrial Ca?* efflux may also act as a source of
Ca?* transient generation in astrocytes. In vivo imaging of cortical astrocytes
lacking a subset of IP3 receptors (IPsR2 KO) showed that spontaneous Ca?*
transients within astrocytic microdomains remain and are facilitated by the
transient opening of the MPTP. Increasing neuronal activity, with picrotoxin,
increased Ca?* efflux from mitochondria and increased the number and activity
of microdomains. Both spontaneous and activity-dependent microdomain Ca?*
activity was blocked by MPTP inhibition (Agarwal et al., 2017) and thus places

mitochondria alongside the ER as a source of Ca?* transients in astrocytes.

On top of the uptake of glutamate from the synaptic cleft, astrocytes also
release glutamate at synapses which can bind to postsynaptic receptors and
contribute to neurotransmission. The exocytosis of glutamate and other
neurotransmitters from glia is known as gliotransmission and, as at the

neuronal presynapse, vesicular exocytosis from astrocytes is heavily
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regulated by mitochondrial Ca?* homeostasis (Agulhon et al., 2012). Blockade
of MCU in cortical astrocytes results in a rise in cytosolic Ca?* concentration
and increased glutamate release (Reyes and Parpura, 2008). On the other
hand, inhibiting mitochondrial Ca?* efflux through NCLX, both
pharmacologically (Reyes and Parpura, 2008) and genetically (Parnis et al.,
2013), reduced cytoplasmic Ca?* concentrations and decreased exocytotic

glutamate release.

These findings heavily implicate mitochondrial Ca?* influx and efflux
mechanisms in the regulation of cytosolic Ca2* concentrations at synapses
and microdomains in astrocytes which are vital to astrocytic and synaptic

function.

1.5.3 Microglia

It has recently been shown that microglial Ca?* signalling is attuned to
neuronal activity in vivo and that microglial processes contain microdomains
that exhibit spontaneous Ca+ activity that increases during neuronal
hyperactivity (Umpierre et al., 2020). Additionally, microglia regulate neuronal
Ca?* activity. Selective depletion of microglia from the mouse brain leads to
disrupted neuronal Ca?* responses basally and neuronal Ca?* overload and
hyperactivity following cerebral ischemia and exposure to neurostimulants,
respectively (Szalay et al., 2016, Badimon et al., 2020). This highlights a key
role for microglia in shaping neuronal and synaptic function through regulation

of neuronal Ca?* homeostasis. Yet, unlike in astrocytes, less is known about
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the role microglial mitochondria play in the regulation of intra- and inter-cellular

Ca?" homeostasis.

Mitochondrial Ca?* influx could be involved in the inflammatory activation of
microglia (Culmsee et al., 2018). In macrophages, Ca?* influx via L-type
calcium channels (LTCC) and P2X7 purinergic receptors results in increased
mitochondrial Ca?* concentrations, the loss of mitochondrial membrane
potential (|'Ym) and enhanced mitochondrial reactive oxygen species (ROS)
formation. This contributes to the activation of macrophages via formation of
the inflammasome (Sorbara and Girardin, 2011, Yaron et al., 2015). However,

whether such a mechanism exists in microglia remains to be seen.
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ATP provision Ca?* buffering

Presynapse Vesicular release Vesicular release
(exocytosis) Mitochondrial ATP
Synaptic plasticity production

Vesicular recycling

(endocytosis)

Postsynapse Spine development Long-term potentiation
Spine maturation Synaptic plasticity
Synaptic plasticity

Dendritic outgrowth

Astrocyte Glutamate uptake Spontaneous and activity
Gliotransmission dependent Ca?*
transients

Gliotransmission
Inflammatory activation?
Microglia Process surveillance Inflammatory activation?

Synaptic transmission?

Table 1: The roles of synaptic mitochondria in the CNS.

1.6 Synaptic pruning

During neurodevelopment, excessive synapses are removed. This targeted
elimination of synapses and spines has been termed ‘synaptic pruning’ and
disrupted synaptic pruning can lead to hyperexcitation through an excess of
excitatory synapses which has been implicated in the pathophysiology of

neurodevelopmental disorders including autism spectrum disorders (ASD),
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schizophrenia and epilepsy (Sakai, 2020). Neuronal activity is a key regulator
of synaptic pruning and, although no over-arching hypothesis exists,
mitochondria have also been suggested to play a vital role (Li et al., 2004,
Erturk et al.,, 2014, Meng et al., 2015, Cobley, 2018, Gyorffy et al., 2018,

Baranov et al., 2019).

One possible mechanism involves a localised apoptotic-like process governed
by mitochondrial ROS production and activation of caspase 3 in dendritic
spines (Erturk et al., 2014, Baranov et al.,, 2019). A similar caspase 3-
dependent mechanism has been identified in the elimination of synaptic
components from axonal boutons in C.elegans (Meng et al., 2015). Caspase
3 deficient mice display increased spine density and synaptic strength but
show a reduction in spine plasticity in response to NMDA stimulation (Erturk
et al., 2014). In this study, localised mitochondrial ROS production was
induced optogenetically with Mito-KillerRed photostimulation, but synaptic
inactivity has also been shown to be a driver of ROS production (Sidlauskaite
et al., 2018). Consistent with this, mitochondria present at distal synapses
produce more ROS and induce more focal caspase-3 activation than their
proximal counterparts (Baranov et al., 2019). Thus, mitochondria may be
acting as a sensor of synaptic inactivity to trigger synaptic pruning through

ROS production.

A distinct mechanism involves microglia phagocytically removing synapses

(Paolicelli et al., 2011). Microglia respond to the secretion of specific signalling
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molecules from excess synapses by engulfing and degrading the synaptic
compartments (Paolicelli et al., 2011, Stephan et al., 2012). Intriguingly, new
evidence suggests that the positioning and activity of neuronal mitochondria
could be key to facilitating interactions between neurons and microglia in vivo
(Cserep et al., 2020). In this study, microglial process recruitment to neuronal
somas was shown to be linked to the metabolic activity of neuronal
mitochondria through communication with microglial purinergic receptors
(Cserep et al.,, 2020). So, could a similar mechanism exist whereby
mitochondria position themselves at excess synapses to trigger microglial
recruitment and phagocytosis? Notwithstanding, these findings further
underline the importance of mitochondrial presence at synapses, this time in

the context of synaptic pruning.

1.7 Mitochondrial fission/fusion

Mitochondrial membranes are highly dynamic, constantly undergoing fission
and fusion events that alter the size of individual mitochondria (Scott and
Youle, 2010). Mitochondrial function is highly dependent on its morphology
with larger mitochondria generally able to produce more ATP and buffer more
Ca?* due to their increased surface area to volume ratio. On the other hand,
smaller mitochondria are more motile and more suited to smaller cellular
compartments eg. Synaptic boutons, dendritic spines and distal processes.

Moreover, it is key to CNS function to strike a balance between motility and
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metabolism by altering the fusion/fission balance of mitochondria (Ferree and

Shirihai, 2012).

Mitochondrial fission is principally governed by the cytosolic GTPase protein,
dynamin-related protein 1 (DRP1) (Smirnova et al., 2001) and its interaction
with the mitochondrial adaptor proteins, Mitochondrial fission protein 1 (FIS1)
(Mozdy et al., 2000), Mitochondrial fission factor (MFF) (Otera et al., 2010)
and mitochondrial dynamics proteins of 49 and 51 kDa (MID49 and MID51)
(Otera et al., 2016). In brief, DRP1 is recruited to the OMM, polymerizes
around the membrane, constricts both the OMM and IMM and, in collaboration
with dynamin 2 (Dyn2) (Lee et al., 2016a), performs a scission event to form
two daughter mitochondria (Reviewed in (Tilokani et al., 2018, Kraus et al.,
2021)). The interaction between mitochondria and the actin cytoskeleton is key
to regulating mitochondrial fission and the endoplasmic reticulum (ER) is often
used as a platform for initiating mitochondrial constriction (Kraus et al., 2021).
The importance of mitochondrial fission for neurodevelopment is highlighted
by the fact that neuronal DRP1 knockout in mice is lethal in the early prenatal

stage (Wakabayashi et al., 2009, Ishihara et al., 2009).

Mitochondrial fusion is mediated by the mitofusin proteins, Mfnl and Mfn2
(Ishihara et al., 2004). Located on the OMM, the Mfns bridge between adjacent
mitochondria via the formation of homo- and heterodimers on opposing
membranes to facilitate membrane fusion. Optic Atrophy 1 (OPALl) then

facilitates fusion of the IMM (Cipolat et al., 2004), ultimately resulting in the
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mixing of matrix contents and the formation of a single mitochondrion.
Mitochondrial fusion is also a prerequisite for normal development with Mfn1,
Mfn2 or OPA1 knockout mice dying embryonically (Chen et al., 2003, Davies
et al., 2007). Interestingly, the fusion machinery is intrinsically linked to the
trafficking machinery through physical interactions between the Mfns, Miros
and TRAKs (Misko et al., 2010). Accordingly, the loss of Mfn2 disrupts axonal
mitochondrial transport (Misko et al., 2010) and conversely, the loss of Miro

triggers mitochondrial fragmentation (Covill-Cooke et al., 2020).

1.7.1 Altered fission/fusion balance in axons and dendrites

Recent studies have shown that the mitochondrial network is distinctly
regulated in different neuronal compartments by altering the fusion/fission
balance. Axonal mitochondria are smaller than their dendritic counterparts
(Lewis et al., 2018); a phenomenon that has recently been shown to be driven
by axonal-specific activity of the mitochondrial fission adaptor protein, MFF.
Forced extension of axonal mitochondria, via knockdown of MFF, results in
increased Ca?* uptake by presynaptic mitochondria, lower levels of
presynaptic cytosolic Ca?* and a reduction in vesicular release (Lewis et al.,
2018). On the other hand, dendritic mitochondria are long in comparison to
axonal mitochondria (Chicurel and Harris, 1992, Li et al., 2004, Chen et al.,
2007, Dickey and Strack, 2011, Kasthuri et al., 2015, Lewis et al., 2018,
Rangaraju et al., 2019) but undergo rapid DRP1-dependent fission events

following sustained neuronal activation (Divakaruni et al., 2018). Neurons
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expressing inactive DRP1 showed less dendritic spine growth and AMPAR

trafficking after LTP stimulation (Divakaruni et al., 2018).

The alterations in the size of dendritic and axonal mitochondria are a prime
example of mitochondrial optimisation within different subcellular
compartments of the same cell. This optimisation could reflect the difference
in timescale between the metabolic needs in axons and dendrites.
Mitochondria are longer in dendrites and less mobile, making them more
suited to fuelling protein translation at numerous postsynaptic compartments
over longer timescales (Rangaraju et al.,, 2019). Whereas, in axons,
mitochondria are smaller and more motile, yet still retain a high surface area
to volume ratio (Perkins et al., 2010), which suits movement between boutons
supporting presynaptic plasticity (PPV), rapid ATP production and tempered

Ca?* buffering to modulate vesicular release.

1.7.2 Mitochondrial fission and glial activation

Although microglia are the principal immune cells of the brain, both microglia
and astrocytes can respond to CNS insult, injury and disease by switching to
a reactive phenotype that triggers changes in morphology, proliferation and
the secretion of pro- and anti-inflammatory factors. This is accompanied by a
metabolic reprogramming from mitochondrial oxidative phosphorylation to
glycolysis (Lauro and Limatola, 2020, Brown et al., 1995, Almeida et al., 2001,
Motori et al., 2013, Gimeno-Bayon et al., 2014) and recently, it has been

shown that this switch coincides with- and is dependent on- altering the
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fission/fusion balance of their mitochondria (Katoh et al., 2017, Nair et al.,

2019, Motori et al., 2013).

Cortical stab wound and exposure to proinflammatory stimuli triggers DRP1-
dependent mitochondrial fragmentation and a reduction in mitochondrial
respiration in astrocytes (Motori et al., 2013) and more recently, these findings
have been mirrored in microglia. Pharmacological activation of astrocytes and
microglia via the application of lipopolysaccharide (LPS) triggers rapid fission
of glial mitochondria and a metabolic switch from oxidative phosphorylation to
glycolysis (Motori et al., 2013, Katoh et al., 2017, Nair et al., 2019). Blockade
of LPS-induced mitochondrial fission through application of Mdivil, which
inhibits DRP1, blocks this metabolic switch and attenuates the release of
proinflammatory cytokines and chemokines (Katoh et al., 2017, Nair et al.,
2019). Intriguingly, increasing mitochondrial fusion in neurons, via the
overexpression of Mfn2, is also capable of blocking LPS-induced microglial
activation and suggests that changes in mitochondrial fission/fusion balance
in the CNS are not exclusively cell autonomous (Harland et al., 2020).
Following LPS treatment over longer timescales, glial mitochondria re-fuse
and mitochondrial length is restored (Katoh et al., 2017, Motori et al., 2013).
This is believed to be the result of enhanced ROS production by fragmented
mitochondria which triggers AMPK-dependent phosphorylation, inactivation of

DRP1 and inhibition of fission (Park et al., 2015, Katoh et al., 2017).
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This biphasic remodelling of mitochondria likely reflects the changing
metabolic/bioenergetic needs of microglia and astrocytes as they alter their
phenotype from a non-activated state to an activated state and finally a
regenerative state following prolonged CNS insult. The initial mitochondrial
fragmentation triggers the switch from oxidative phosphorylation to glycolysis
and enables activated glia to produce ATP at a faster rate to fuel rapid cytokine
production (Chang et al., 2013). The subsequent elongation of mitochondria
could then indicate increased mitochondrial ATP production and a metabolic
switch back to oxidative phosphorylation in order to restore CNS homeostasis

(Schett and Neurath, 2018).

1.7.3 Mitochondrial hyper-fission/fusion in neurodegenerative disease

Dysregulation in the fusion/fission balance of mitochondria can be detrimental
to the CNS. Hyper-fission of mitochondria is a common hallmark of
neurodegenerative pathology and has been observed in patient post-mortem
brains and mouse models of dementia, Alzheimer’s Disease (AD), Parkinson’s
Disease (PD), Huntington’s Disease (HD) and Amyotrophic Lateral Sclerosis
(ALS) (Itoh et al., 2013, Joshi et al., 2018, Reddy et al., 2011, Reddy, 2014,
Knott et al., 2008, Joshi et al., 2019). In addition, loss of function mutations in
mitochondrial fusion proteins are directly linked to neurodegenerative disease
with mutations in Mfn2 leading to Charcot-Marie-Tooth subtype 2A (CMT2A)
(Zuchner et al., 2004, Chung et al., 2006, Zuchner et al., 2006, Feely et al.,

2011, Pham et al., 2012, Lee et al., 2012, El Fissi et al., 2018) and mutations

56



in OPAL1 leading to autosomal dominant optic atrophy (ADOA) (Alexander et

al., 2000, Delettre et al., 2000).

Consequently, inhibiting excessive mitochondrial fission has been suggested
as a potential therapeutic strategy in combating neurodegenerative disease.
Genetic silencing or pharmacological inhibition of DRP1, with Mdivil, confers
neuroprotection against glutamate-induced excitotoxicity in vitro and ischemia
in vivo (Grohm et al., 2012) and more recently, a novel and selective inhibitor
of excessive mitochondrial fission, P110, has been developed which alleviates
neurodegeneration in patient-derived and mouse models of AD, PD, HD and
ALS (Joshi et al., 2018, Filichia et al., 2016, Guo et al., 2013, Disatnik et al.,
2016). P110, selectively inhibits the interaction between DRP1 and FIS1, while
the interaction between DRP1 and its other mitochondrial adaptors remains,
so physiological mitochondrial fission is less affected (Qi et al., 2013).
Furthermore, increasing mitochondrial fusion has also been proposed as a
strategy to prevent neurodegeneration (Chen et al., 2007, Harland et al.,

2020).

Glial activation can be both beneficial and detrimental to the CNS. The chronic
activation of microglia and astrocytes leads to excessive secretion of
proinflammatory factors ultimately resulting in neurotoxicity and has been
linked to the pathophysiology of a variety of neurodegenerative diseases (Lull
and Block, 2010). Recent evidence suggests that hyper-fission of glial

mitochondria could underpin the pathomechanism (Joshi et al., 2019). The
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expression of neurotoxic proteins associated with AD, ALS and HD in microglia
alone is capable of triggering neuronal death. This is mediated by the release
of fragmented mitochondria from microglia which are taken up by astrocytes
to trigger their own activation which in turn propagates cytokine-mediated
neuronal cell death (Joshi et al., 2019). Inhibiting excessive mitochondrial
fission in microglia, with P110, reduces astrocytic activation and neuronal
death. Additionally, P110 application reduces chronic microglia and astrocyte
activation and proinflammatory responses in genetic mouse models of AD,

ALS and HD in vivo (Joshi et al., 2019).

On the other hand, decreased mitochondrial fission and mitochondrial hyper-
fusion is also associated with neurodegenerative disease. Loss of function
mutations in DRP1 are associated with ADOA (Gerber et al., 2017) and gain
of function mutations in Mfn2 are associated with CMT2A (El Fissi et al., 2018),
both of which result in the hyper-fusion of neuronal mitochondria. Moreover,
reducing mitochondrial fragmentation in neurodegenerative disease is an
intriguing therapeutic avenue to explore yet caution needs to be exercised in
order to not tip the intricate balance of mitochondrial fission and fusion in the

CNS.

1.8 Mitochondria-endoplasmic reticulum contact sites

Mitochondria are associated with the endoplasmic reticulum (ER) at regions
called mitochondria-ER contact sites (MERCS), which comprise 5-20% of the

mitochondrial surface (Giacomello and Pellegrini, 2016). MERCS facilitate

58



inter-organellar communication between mitochondria and the ER that can
modulate a wide range of physiological processes, including ATP synthesis,
Ca?* homeostasis, autophagy, mitochondrial trafficking and apoptosis
(Paillusson et al., 2016). The formation of MERCS is dependent on the
formation of molecular bridges, comprised of tethering protein complexes of
both mitochondrial and ER proteins, between the OMM and the ER

membrane.

The first tethering complex discovered forms between VDAC on the
mitochondria and IP3R on the ER to modulate the transfer of Ca?* from the
ER to the mitochondria. This interaction is facilitated by the proteins, Glucose-
regulated protein 75 (GRP75) and Protein deglycase (DJ-1), which are
specifically expressed at the mitochondria-associated membrane (MAM)
interface. Together, VDAC, IP3R, GRP75 and DJ-1 form a tetramer complex
and the loss of either GRP75, or DJ-1 abolishes the Ca?* influx into the
mitochondria (Liu et al., 2019, Basso et al., 2020, Szabadkai et al., 2006). A
second tethering complex forms between protein tyrosine phosphatase-
interacting protein-51 (PTPIP51) in the OMM and vesicle-associated
membrane protein B (VAPB) in the ER (De Vos et al., 2012). This interaction
is believed to be involved in the physical formation of MERCS as loss of VAPB
or PTPIP51 is accompanied by a reduction in the proportion of ER in contact

with the mitochondria, as seen by electron microscopy (Stoica et al., 2014).
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Interestingly, alongside its role in facilitating mitochondrial fusion, Mfn2 is also
localised to the ER. Although its role at MERCS is not entirely clear, Mfn2 has
been suggested to tether between mitochondria and the ER through the
formation of homodimers or heterodimers between Mfn2 on the ER and Mfnl
on the mitochondria. Knockdown of Mfn2 disrupts Ca?* transfer between the
ER and mitochondria (Naon et al., 2016, de Brito and Scorrano, 2008). On the
other hand, Mfn2 has been suggested to act as an ER-mitochondrial tethering
antagonist. Overexpression and dysregulation of Mfn2, through knockdown of
the mitochondrial E3 ubiquitin ligase MUL1, disrupts MERCS and reduces
mitochondrial Ca?* uptake from the ER in neurons (Puri et al., 2019). More
recent evidence indicates that Mirol is also present at MERCS and plays a
role in their regulation (Modi et al., 2019, Lee et al., 2016b, Kornmann et al.,
2011). Fibroblasts and induced pluripotent stem cell (iPSC) neurons derived
from PD patients carrying Mirol mutations display dysregulations in MERCS
organization and tethering (Berenguer-Escuder et al., 2019, Grossmann et al.,
2019, Grossmann et al., 2020) although if and how it forms tethers and its

function at MERCS is yet to be fully elucidated.

Despite their role in shaping both mitochondrial and ER function, the role of
MERCS in the CNS has not been well studied. Recently, it has been shown
that MERCS regulate synaptic activity through the formation of VAPB-
PTPIP51 tethers in neuronal synapses (Gomez-Suaga et al., 2019) and that

MERCS are present throughout astrocytes in vivo (Bergami and Motori, 2020).
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Additionally, dysfunctional MERCS are associated with neurodegenerative
disease including Alzheimer’'s disease (AD), Parkinson’s disease (PD) and
specifically, mutations in VAPB cause an autosomal-dominant form of ALS
(Wilson and Metzakopian, 2020). Thus, going forward it will be important to
further establish how MERCS in neurons and glia are involved in the regulation

of synaptic function.

1.9 Mitochondria-lysosome contacts

Mitochondria are also associated with lysosomes (Gordaliza-Alaguero et al.,
2019). Lysosomes play vital roles in cellular signalling and energy metabolism
alongside degrading and recycling cellular waste, including damaged
mitochondria (Ballabio and Bonifacino, 2020); a process which will be
described later in this chapter. Notwithstanding, recent advances in imaging
technology have identified physical contacts between lysosomes and
mitochondria in healthy cells in the absence of mitochondrial damage (Valm
et al., 2017, Han et al., 2017). Mitochondrial-lysosomal (M-L) contacts play
vital roles in the regulation of mitochondrial and lysosomal dynamics and are
principally regulated by the lysosomal protein Rab7 and the mitochondrial
GTPase TBC1D15 (Zhang et al., 2005). GTP-bound Rab7 promotes the
formation of M-L contacts, whereas the recruitment of TBC1D15 to
mitochondria causes Rab7 GTP hydrolysis, the separation of mitochondria

from lysosomes and mitochondrial division via an interaction with FIS1 (Wong
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et al., 2018). Defective modulation of TBC1D15 prolongs M-L contacts and

has been linked to the aetiology of PD (Kim et al., 2021).

Lysosomes are a primary intracellular Ca?* stores and recent evidence
suggests that M-L contacts can regulate mitochondrial Ca?* dynamics (Peng
et al., 2020). Efflux of Ca?* via the lysosomal calcium efflux channel, transient
receptor potential mucolipin 1 (TRPML1), is taken up by mitochondria at M-L
contacts via VDAC1 and MCU to increase mitochondrial Ca?* concentrations
(Peng et al., 2020). The loss of TRPML1 alters M-L contact sites and disrupts

mitochondrial Ca?* uptake (Peng et al., 2020).

The importance of M-L contacts in the CNS is highlighted by mutations in Rab7
leading to the neurodegenerative disease, Charcot-Marie-Tooth. Expression
of these disease-associated mutations results in mitochondrial hyperfusion,
mitochondrial depolarisation and dysfunctional mitochondrial protein

translation in the axons of xenopus RGCs (Cioni et al., 2019).

1.10 Mitophagy

Alongside trafficking and membrane dynamics, mitochondria also regulate
their network through quality control mechanisms. Damaged mitochondria are
unable to meet their ATP production and Ca?* buffering demands and produce
excess reactive oxygen species that are harmful to the cell and therefore need

to be removed (Youle and Narendra, 2011, Wang and Klionsky, 2011).
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Mitochondrial autophagy (mitophagy) is the selective process by which
damaged and dysfunctional mitochondria are degraded by the lysosome
following loss of their membrane potential (y) (Figure 3). The selective nature
of mitophagy is, in the main, governed by the serine/threonine-protein kinase,
PINK1 (PTEN-induced putative kinase protein 1) and the E3 ubiquitin ligase,
Parkin (Youle and Narendra, 2011, Covill-Cooke et al., 2018). In the case of
healthy mitochondria, PINK1 is imported into the mitochondria where it is
cleaved and then degraded by the proteosome in the cytosol (Yamano and
Youle, 2013). Yet, upon mitochondrial depolarisation (Jy), PINK1 is not
imported into the mitochondria but rather stabilises on the OMM where it
phosphorylates ubiquitin (Kane et al., 2014) and the ubiquitin-like domain of
Parkin (Kondapalli et al., 2012). The phosphorylation of Parkin activates its E3
ligase activity and Parkin ubiquitinates various OMM proteins (Sarraf et al.,
2013). This triggers a feed-forward mechanism whereby further Parkin is
recruited the OMM leading to the mass ubiquitination and proteasomal
degradation of OMM proteins (Chan et al., 2011, Ordureau et al., 2014a).
Phospho-ubiquitin chains decorate the damaged mitochondrion to engage the
autophagic machinery allowing engulfment by the autophagosome and
subsequent lysosomal degradation (Narendra et al., 2008, Okatsu et al.,
2015). To date, five autophagy receptors have been reported: p62, Optineurin,
NDP52, NBR1 and TAX1BP1 (Pickrell and Youle, 2015, Lazarou et al., 2015).
Via their ubiquitin binding and LC3 interacting regions, these proteins have

been proposed to bridge phospho-ubiquitinated cargoes and LC3 decorated
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autophagosomal membranes (Roberts et al., 2016). Although all five
autophagy receptors have been shown to translocate to the mitochondria
following damage, only Optineurin and NDP52 are required for the clearance

of mitochondria (Lazarou et al., 2015, Padman et al., 2019).

Mitophagy has also been shown to occur in the absence of PINK1 stabilisation
on- and Parkin recruitment to depolarised mitochondria (Villa et al., 2018). This
process involves LC3-interacting region (LIR) containing autophagic receptors
that are localised at the OMM and can directly bind to LC3 on the
autophagosomal membrane. This is known as receptor-mediated mitophagy,
and it bypasses the need for the formation of ubiquitin chains on OMM Parkin
substrates (Liu et al., 2014). The PINK1/Parkin-independent mitophagy
receptors identified thus far include NIX/BNIP3L, BNIP3, AMBRA1l and
FUNDCL1 (Liu et al., 2014, Strappazzon et al., 2015). Additionally, the IMM
localised phospholipid, cardiolipin, can externalise to the OMM and bind to
LC3 in the absence of PINK1 and Parkin to induce mitophagy in neurons (Chu

et al., 2013).

In the CNS, defective mitophagy has been heavily linked to the pathogenesis
of neurodegenerative disease with mutations in Parkin (Kitada et al., 1998)
and PINK1 (Valente et al., 2004) being the first and second most frequent
causes of familial Parkinson’s Disease (PD), respectively. PD is the second
most common neurodegenerative disease and the most common

neurodegenerative movement disorder characterised by motor deficits,
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including slowness of movement (bradykinesia), rigidity and tremors (Houlden
and Singleton, 2012) that are the result of the loss of midbrain dopaminergic
(DA) neurons from the substantia nigra (SN), although precisely how and why

neurons are lost is not fully understood (Giguere et al., 2018).
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Figure 3. Mechanism of PINK1/Parkin-dependent mitophagy. Depolarisation of
mitochondria stabilises PINK1 on the outer mitochondrial membrane (a) and recruits
Parkin (b). PINK1 then phosphorylates ubiquitin and Parkin (c). Phosphorylated
Parkin then ubiquitinates around 100 mitochondrial substrates to trigger mitophagy
(d). Parkin-ubiquitination leads to the degradation of mitochondrial proteins including
Miro and Mfn via the proteasome (e). Mass mitochondrial ubiquitination leads to the
engagement of the autophagy machinery. Poly-ubiquitin chains on mitochondrial
substrates bridge to LC3 decorated autophagosomal membranes via autophagy
receptors, including NDP52 and OPTN (f).
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1.10.1 Mitophagy in neurons

Despite the obvious pathological relevance, the knowledge of mitophagy in
neurons is relatively poor and the majority of mechanistic insight has been
gleaned from studies in non-neuronal cells. This could be due to the difference
in bioenergetic state between neurons and cell lines (Van Laar et al., 2011).
Cultured cell lines generally utilise glycolysis as their primary source of ATP
(Gogvadze et al., 2010) meaning that, unlike neurons, they are less reliant on
mitochondria to meet their metabolic demands and readily undergo mitophagy
following application of mitochondrial depolarising agents (Van Laar et al.,
2011). On the other hand, the large scale loss of mitochondria from neurons
could result in an energy deficit and may explain why mitophagy is less readily
observed (Van Laar et al., 2011). Notwithstanding, a number of studies have
developed mitochondrial depolarising conditions to trigger mitophagy in
neurons in the absence of widespread neurotoxicity (Martinez-Vicente, 2017,

Doxaki and Palikaras, 2020).

Early evidence from primary cortical neurons treated with the mitochondrial
depolarising agent, cyanide m-chlorophenylhydrazone (CCCP) in the
presence of apoptotic inhibitors, suggests that neuronal mitophagy is spatially
restricted (Cai et al., 2012). Following cell-wide mitochondrial depolarisation,
Parkin-positive mitochondria accumulate in the somatodendritic regions
where they are cleared through the autophagosomal-lysosomal pathway. This

is accompanied by increased retrograde and reduced anterograde trafficking
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of Parkin-positive mitochondria and suggests that damaged mitochondria are
transported back to the soma, where the majority of lysosomes are present
(Becker et al., 1960, Parton et al., 1992, Yap et al., 2018, Lie et al., 2021), for
degradation (Cai et al., 2012). This is consistent with an earlier report showing
that axonal mitochondrial transport is correlated to its potential with polarised
mitochondria generally transported towards the growth cone and depolarised
mitochondria towards the cell body (Miller and Sheetz, 2004). These findings
have recently been replicated in neurons following ischemia where the
retrograde movement of axonal mitochondria was required for their mitophagy
in the soma; a process that protects from ischemic neuronal injury (Zheng et
al., 2019). Additionally, mild oxidative stress triggers recruitment of the
autophagy receptor, optineurin (OPTN), specifically to damaged mitochondria
in the soma (Evans and Holzbaur, 2020). The increased retrograde transport
of damaged mitochondria could be the result of the loss of the mitochondrial
anchor, SNPH, following mitochondrial damage. Axonal mitochondria from
neurons treated with a low dose of the complex Il inhibitor, Antimycin-A (AA),
to induce mild stress, release SNPH to selectively enhance their retrograde

transport prior to the activation of Parkin-mediated mitophagy (Lin etal., 2017).

On the other hand, it has been shown that mitochondria can be degraded
within distal axons following localised damage induced by AA or Mito-KillerRed
photostimulation (Ashrafi et al., 2014). This is dependent on PINK1 and Parkin

and the recruitment of autophagosomes, which are formed within the distal
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regions of neurons (Maday and Holzbaur, 2016, Maday et al.,, 2012,
Hollenbeck, 1993). Accordingly, although mitochondrial biogenesis primarily
takes place in the soma, evidence suggests this can also occur locally within
distal axons in vitro and in vivo (Lin et al., 2021, Amiri and Hollenbeck, 2008).
This may serve as a mechanism to maintain energy supply following

mitochondrial depletion in distal axons.

Consistent with this, Mirol has been shown to be rapidly degraded in a
PINK1/Parkin-dependent manner following mitochondrial depolarisation to
arrest axonal mitochondrial movement (Wang et al., 2011b, Liu et al., 2012).
Interestingly, Mirol degradation is impaired in PD patient induced pluripotent
stem cell (iPSC)-derived neurons following mitochondrial damage (Hsieh et
al., 2016) and pharmacologically reducing the levels Mirol is neuroprotective
(Hsieh et al., 2019). In addition, recent evidence suggests that Miro1 could act
as a receptor for Parkin on mitochondria (Safiulina et al., 2019, Birsa et al.,
2014, Shlevkov et al., 2016) and the loss of Mirol delays Parkin recruitment
and the degradation of damaged mitochondria (Safiulina et al., 2019). This
highlights a potentially important role for Mirol in the mitophagic pathway in
neurons whereby the presence of Mirol on the OMM and the subsequent
Parkin-dependent degradation of Mirol are both required for the clearance of
damaged mitochondria. Halting mitochondrial fusion has also been shown to
be a key step preceeding mitophagy. Mfn1 and 2 are rapidly ubiquitinated and

degraded upon mitochondrial damage. This is dependent on PINK1 and
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Parkin and prevents the re-fusion of damaged mitochondria in order to faciliate
their clearance (Gegg et al., 2010, Tanaka et al., 2010, Chen and Dorn, 2013).
In the case of Mfn2, its rapid ubiquitination is also required for the p97-
dependent disassembly of Mfn2 complexes at MERCS to trigger the release
of damaged mitochondria from the ER prior to mitophagy (McLelland et al.,

2018, Puri et al., 2019).

The evidence of neuronal mitophagy in vivo is scarce although it has recently
started to gain momentum with the development of genetic fluorescent
mitophagy reporters (Katayama et al., 2011, Katayama et al., 2020, Sun et al.,
2015, McWilliams et al., 2016). Mito-Keima and Mito-QC utilise the pH-
sensitive nature of certain fluorescent proteins to identify when mitochondria
are present within the acidic environment of the lysosome. Work with these
reporters have shown that mitophagy is widespread in vivo and varies between
tissues and cell types (Sun et al., 2015, McWilliams et al., 2016). Use of the
Mito-Keima probe in drosophila illustrated that mitophagy occurs in a
PINK1/Parkin-dependent manner in dopaminergic neurons in vivo and
increases with aging (Cornelissen et al., 2018). Yet, evidence from crossing
the MitoQC reporter indicated that basal levels of mitophagy can occur in
neurons in vivo even in the absence of PINK1 in mice (McWilliams et al., 2018)
and Parkin in drosophila (Lee et al., 2018). However, the development of a
new fluorescent mitophagy reporter, mito-SRAI, suggests that these findings

could be an artefact of the MitoQC reporter (Katayama et al., 2020). Mito-SRAI
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is targetted to the mitochondrial matrix, whereas MitoQC is targetted to the
OMM meaning it could be more susceptible to proteosomal attack and thus
not a true readout of mitophagy. In mito-SRAI-expressing mice, the rates of
basal mitophagy appeared to be low even in PINK1-expressing neurons in
vivo but increased following midbrain injection of the neurotoxin, 6-OHDA,
which induces mitochondrial damage (Katayama et al., 2020). Intriguingly, 6-
OHDA-induced mitophagy was detected within non-dopaminergic neurons but
not dopaminergic neurons. This could explain the selective susceptibility of
dopaminergic neurons to degeneration in PD due to their inability to sufficiently

perform mitophagy in response to insult (Katayama et al., 2020).

1.10.2 Mitophagy in astrocytes
Mitochondrial quality control mechanisms in glia have not been well studied,
although recent evidence suggests both astrocytes and microglia display
relatively high levels of basal mitophagy in vivo (McWilliams et al., 2018).
Interestingly, direct comparisons between primary neurons, astrocytes,
microglia, and another glial cell type, oligodendrocyte progenitor cells (OPCs),
showed that astrocytes exhibit considerably more mitophagic activation than
other CNS cell types in vitro (Barodia et al., 2019). Following treatment with
the pottasium (K+) ionophore, valinomycin, which depolorises mitochondria,
the expression of phosphorylated ubiquitin was significantly increased in
primary astrocytes compared to neurons, microglia and OPCs (Barodia et al.,

2019). This agrees with a previous study showing that mitochondria are readily
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cleared from astrocytes following ischemia in situ (O'Donnell et al., 2016).
Intriguingly, mitochondria present in both the cell body and the distal
processes of astrocytes colocalised with autophagosomal markers prior to
their clearance and could imply that, unlike in neurons, mitophagy in astrocytes
may not be spatially restricted to the cell body following cell-wide mitochondrial
depolarisation (O'Donnell et al., 2016). On top of this, astrocytes cultured from
PINK1 and Parkin-null mice exhibit markedly reduced proliferation and
descreased neurotrophic capacity (Solano et al., 2008, Choi et al., 2013, Choi
et al., 2016) and more recently, it's been found that there is reduced astrocytic
reactivity in the SN of human brains carrying PD-causing Parkin mutations
(Kano et al., 2020). Additionally, Parkin dysfunction has been shown to impair
astrocyte mitochondrial function and contribute to the pathogenesis of PD
through astrocytic, but not neuronal, upregulation of the unfolded protein
response (Ledesma et al., 2002). This suggests that PINK1/Parkin-dependent
mitophagy is regulated in a cell-type specific manner and could take on

particular importance in astrocytes.

1.10.3 Transcellular mitophagy (Transmitophagy)

Mitochondrial quality control mechanisms were classically believed to be cell
autonomous but now there is a growing body of evidence suggesting that
neurons and glia engage in the intercellular transfer of mitochondria to
facilitate their clearance. Remarkably, recent studies have shown that

mitochondria can be released from neurons extracellularly and taken up and
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internalised by nearby astrocytes (Gao et al., 2019, Davis et al., 2014, Morales
et al., 2020) and microglia (Cserep et al., 2020). In the case of mitochondrial
transfer to astrocytes, the internalised neuronal mitochondria can be degraded
by the autophagy-lysosomal system. This has been shown to occur under
basal conditions in the retina (Davis et al., 2014) and following 6-OHDA-
induced mitochondrial damage in the striatum (Morales et al., 2020). For the
latter, damaged mitochondria were released from degenerating dopaminergic
axons in spheroids, where the early PINK1/Parkin-dependent steps of
mitophagy are initiated, and subsequently taken up by neighbouring
astrocytes to complete their degradation (Morales et al., 2020). This has been
termed transmitophagy and may be a key process in conferring

neuroprotection following neuronal insult.

Conversely, mitochondria can also be transported to neurons from astrocytes
(Hayakawa et al., 2016, English et al., 2020, Gao et al., 2019) and microglia
(Joshi et al., 2019) to support neuronal viability. Following ischemic stress,
astrocytic mitochondria are transferred extracellularly to neurons via a Ca?*
and CD38-dependent mechanism to promote dendritic extension (Hayakawa
et al., 2016). Knockdown of CD38, a glycoprotein found on the surface of glia
that catalyses the synthesis of a Ca?* messenger, cyclic ADP-ribose (CADPR)
(Bruzzone et al., 2004), worsened neurological outcomes in an in vivo model
of stroke (Hayakawa et al., 2016). This is substantiated by findings showing

that the transfer of damaged mitochondria from microglia is neurotoxic,
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whereas healthy mitochondria are neuroprotective (Joshi et al.,, 2019,
Hayakawa et al., 2016). In addition to CD38, the astrocytic intermediate
filament, GFAP, has been shown to be involved in the mitochondrial transfer
from astrocytes to neurons. On the other hand, Mirol and Miro2, alongside
CD38, contribute to the transfer of mitochondria from neurons to astrocytes

(Gao et al., 2019).

These findings and the apparent high rates of mitophagy in astrocytes
previously mentioned (Barodia et al., 2019, O'Donnell et al., 2016) suggest
that astrocytes could act as a hub for mitochondrial clearance and
replenishment in the CNS. Therefore, targeting mitophagy in astrocytes and/or
the transcellular transfer of mitochondria between neurons and glia may

provide a novel therapeutic avenue in the treatment of CNS disease.

1.10.4 Dysfunctional mitophagy in neurodegenerative disease
On top of its direct links to the aetiology of PD, dysfunctional mitophagy has
been implicated in numerous neurodegenerative diseases including AD, HD
and ALS (Palikaras and Tavernarakis, 2012, Khalil et al., 2015, Kerr et al.,
2017, Evans and Holzbaur, 2019, Santos et al.,, 2010). Yet, exactly how
dysfunctional mitophagy results in neurodegeneration is less clear. It has been
suggested that inadequate mitophagy can lead to neuronal death through
bioenergetic deficiencies, imbalanced intracellular Ca?* homeostasis and
oxidative stress as a result of mitochondrial dysfunction that builds up over

time (Lin and Beal, 2006). However, there is inconsistent evidence when it
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comes to recapitulating neurodegenerative pathology in genetic animal
models. On one hand, PINK1 and Parkin KO rats and flies display significant
dopaminergic neuron loss (Cha et al., 2005, Clark et al., 2006, Yang et al.,
2006, Whitworth et al., 2005, Dave et al., 2014) yet, on the other hand, there
is an absence of any major phenotype, with no gross dopaminergic neuron
loss in mice lacking PINK1 and Parkin (Kitada et al., 2007, Kitada et al., 2009,
Goldberg et al., 2003, Akundi et al., 2011, Perez and Palmiter, 2005). This
suggests there could be additional compensatory pathways counteracting
defects in mitophagy in vivo and that neurodegenerative pathology may be the

result of more than dysfunctional mitophagy alone.

1.10.4.1 Alpha-synuclein and Lewy Bodies

SNCA (encoding a-synuclein) was the first gene to be linked to familial PD
(Polymeropoulos et al.,, 1996), and a-synuclein is the principal protein
component of Lewy bodies; intracellular inclusions that are a pathological
hallmark of PD. a-Synuclein is important in PD pathogenesis, whether
sporadic or familial, but precisely how remains poorly understood. Intriguingly,
recent evidence suggests that a-synuclein and mitochondrial dysfunction may
act in concert with one another to contribute to PD pathogenesis (Zaltieri et

al., 2015).

Numerous lines of evidence indicate that mutant a-synuclein induces
mitochondrial damage (Wang et al., 2019b, Park et al., 2020, Luth et al., 2014,

Ganjam et al., 2019) that is further exacerbated in PINK1/Parkin mutants that
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are unable to clear their dysfunctional mitochondria (Creed and Goldberg,
2018, Creed and Goldberg, 2020, Oliveras-Salva et al., 2014, Chung et al.,
2020). Additonally, mutant a-synuclein itself has been shown to inhibit
mitophagy in iPSC-derived neurons (Shaltouki et al., 2018). Interestingly,
evidence also suggests that mitochondrial dysfunction could precede
pathology in PD and other related synucleinopathies by triggering a-synuclein
aggregation (Scudamore and Ciossek, 2018, Nistico et al., 2011). Therefore,
a “double hit” of aberrant a-synuclein formation and mitochondrial dysfunction

could act together to contribute towards PD pathology (Gispert et al., 2015).

1.10.4.2 MtDNA mutations and STING-induced inflammation

Recently a role for inflammation has been identified in PINK1 and Parkin PD
pathology (Pickrell and Youle, 2015). Inducing mitochondrial stress in PINK1
and Parkin ko mice, that usually exhibit no major signs of pathology, with
exhaustive exercise and introduction of MtDNA mutations, respectively,
results in the loss of DA neurons from the SN and motor defects that are
accompanied by an increase in serum concentrations of inflammatory
cytokines (Sliter et al., 2018). These defects can be rescued by the concurrent
loss of STING, a central regulator of the innate immune response, suggesting
that inflammation facilitates this phenotype. Accordingly, enhancing nucleotide
metabolism to prevent build up of MtDNA mutations has previously been
shown to protect against mitochondrial dysfunction in PINK1 mutant models

of PD (Tufi et al.,, 2014). However, a recent study in drosophila found no
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involvement of STING-induced inflammation in the behavioral and
mitochondrial phenotypes of PINK1 and Parkin mutant flies (Lee et al., 2020)
which suggests there could be inter-species variability and further research is

warranted.

1.10.4.3 MERCS and the integrated stress response

Additionally, the integrated stress response (ISR) has been implicated PINK1
and Parkin PD pathology. The ISR is a protective homeostatic pathway which
leads to a decrease in global protein synthesis upon the activation of one of
four discrete kinases, PKR-like ER kinase (PERK), double-stranded RNA-
dependent protein kinase (PKR), heme-regulated elF2a kinase (HRI), and
general control non-derepressible 2 (GCN2), that each sense different cellular
stresses (Pakos-Zebrucka et al., 2016, Costa-Mattioli and Walter, 2020).
However, chronic activation of this pathway in the CNS can lead to neuronal
death due to the sustained repression of protein translation (Halliday and

Mallucci, 2015, Smith and Mallucci, 2016).

In PINK1 and Parkin mutant drosophila, the ISR is activated due to the failure
of degrading Mfn from MERCS following mitochondria damage (Celardo et al.,
2016). Following the induction of mitophagy, the rapid ubiquitination and
degradation of Mfn2 mediates the Valosin-containing protein (VCP/P97) -
dependent release of damaged mitochondria from the ER which gates the
wholesale ubiquitination of mitochondrial substrates and the clearance of

dysfunctional mitochondria (McLelland et al., 2018). However, in PINK1 and
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Parkin mutant flies, dysfunctional mitochondria remain attached to the ER and
trigger the ISR via PERK activation, which senses ER stress (Munoz et al.,
2013). Knockdown of Mfn and inhibition of PERK prevented ISR activation and
was neuroprotective, irrespective of the mitochondrial dysfunction that
remained (Celardo et al., 2016). Accordingly, ALS-causing pathogenic
mutations in VCP/P97 have been shown to induce mitochondrial dysfunction
(Bartolome et al., 2013) which highlights the importance of regulating MERCS

for mitochondrial and CNS function.

Recently it's been indentifed that mitochondrial dysfunction can directly trigger
the ISR through the HRI (Guo et al., 2020, Fessler et al., 2020) and GCN2
(Mick et al., 2020) branches of the ISR yet the role of these pathways in the

pathogenesis of neurodegenerative disease is less clear.

1.11 Conclusions

Metabolic demand varies wildly across the CNS and the localisation and
function of mitochondria is crucial to meeting these demands. Here, how
neuronal and glial mitochondria position themselves at synapses and once
present how they engage in vital roles in modulating neurotransmission and
synaptic plasticity is explained. Mitochondria mainly achieve this through the
provision of ATP and the regulation of Ca?* yet the need for these functions
changes greatly between cell types, subcellular compartments and cell
phenotype. Consequently, how mitochondrial fusion/fission dynamics and

guality control systems are tailored for these specific requirements, how
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disruptions in these processes can result in CNS dysfunction and disease and
how targeting these disruptions offer a promising target for therapeutic
intervention is discussed. Despite these advances, numerous questions
remain unanswered, particularly when it comes to how the mitochondrial
network is regulated within glia in health and disease. Greater understanding
of mitochondrial trafficking, dynamics and quality control in glia and how they
impact glial and neuronal function could be key to elucidating novel therapeutic
strategies in the treatment of mitochondrial dysfunction in neurodegenerative

disease.
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1.11 Thesis aims

1. Extensively characterise the spatiotemporal regulation of the PINK1/Parkin-
mediated mitophagy pathway in astrocytes and compare that to the same

pathway in neurons.

2. Define the role of Mirol and its ubiquitination in the PINK1/Parkin-mediated

mitophagy pathway in astrocytes and neurons.

3. Investigate the functional consequences of knocking out Mirol in principal

neurons in vivo.
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Chapter 2 - Materials and methods

2.1 Animals

Animals were maintained under controlled conditions (temperature 20 £ 2°C;
12-hour light-dark cycle). Food and water were provided ad libitum. All
breeding and experimental procedures were carried out in accordance with
institutional animal welfare guidelines and licensed by the UK Home Office in

accordance with the Animals (Scientific Procedures) Act 1986.

2.1.1 Mouse strains

The Pinkl KO mouse line (Pink1tm1b(EUCOMM)Wtsi) was obtained from
Harwell (UK). The Rhotl KO (Mirol KO) (Rhotltmla(EUCOMM)Wisi) and the
Rhot2 KO (Miro2 KO) mouse lines were obtained from the Wellcome Trust
Sanger Institute as part of the International Knockout Mouse Consortium
(IKMC) (Skarnes et al., 2011). Rhotl (Mirol) conditional-KO animals were
generated following the Knockout-First strategy on C57BL/6J-TyrcBrd and
subsequently backcrossed in C57BL/6N Taconic Denmark strain (Skarnes et
al., 2011; White et al., 2013). The CAMKIla-CRE strain was obtained from The
Jackson Laboratory and has been described previously (Mantamadiotis et al.,
2002). MitoDendra (B6;129S-
Gt(ROSA)26Sortm1(CAGCOX8a/Dendra2)Dcc/J) line was obtained from The
Jackson Laboratory and was previously described (Pham, McCaffery et al.,

2012). All transgenic mice were bred on C57BL/6N Taconic USA background.
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2.1.2 Genotyping

DNA was extracted from ear biopsies or tail biopsies using the Hot Shot
method (Truett et al., 2000). Genotyping PCR was carried out using a standard
PCR reaction (table 1) using the appropriate primers (table 2), to a final volume
of 20ul per reaction containing: 0.8ul forward and reverse primers, 0.125uL
Taq Polymerase (NEB), 5ul Taq buffer (4X) and Xul ddH20. 10l of the PCR

product was run on a 1.5% agarose gel to determine the size of the PCR

products.
Step Temperature | Time Repeat
Melting 95°C 5m
Melting 95°C 30s 25-35x%
Annealing 58°C 30s cycle
Extension 72°C 40s
Hold 4°C o0

Table 2: PCR cycling conditions

81



Primer name Sense | Sequence

PINK1 Forward | TGGAACAAATGCCATGTGAC

Reverse | GGCTGTCCTGGAACTCACTC

PINK1 Mutant | Forward | TGGAACAAATGCCATGTGAC

Reverse | GAACTTCGGAATAGGAACTTCG

Rhotl Forward | TTAGGATTTGTACTTTGCCCCTG

Reverse | AAAACCCTTCCTGCATCACC

Rhot1 Mutant Forward | TTAGGATTTGTACTTTGCCCCTG

Reverse | TCGTGGTATCGTTATGCGCC

Rhotl Floxed Forward | GGAGTAGAGAAGTCAGATTCCAG

Reverse | GAAGGCGTCAGATCACATTG

LacZ Forward | ATCACGACGCGCTGTATC

Reverse | ACATCGGGCAAATAATATCG

Table 3: Genotyping primer sequences

2.1.3 Transcardial PFA perfusion

For all relevant experiments, brains were fixed by transcardial perfusion of 4%
PFA (4% PFA, PBS). Animals were given terminal anaesthesia via
intraperitoneal injection of 1pl/g pentobarbital solution. When fully
anaesthetised, the chest cavity was opened, and diaphragm cut to reveal the
heart. A 21-gauge needle was inserted into the posterior end of the left

ventricle and clamped in place. In quick succession, a cut in the right atrium
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was made and the PFA perfusion pump was started. After 10-15ml of ice-cold
4% PFA has circulated, perfusion was stopped, the animal decapitated and

brain removed and placed in ice-cold 4% PFA prior to cryosectioning.

2.2 Reagents and constructs

2.2.1 Constructs

cDNA constructs encoding YFPParkin (23955; Youle et al., 2008), MtDsRed
(Addgene 55838), pRK5-myc-Mirol (Addgene 47888; Fransson et al., 2003)
and pRK5-myc-Miro125F (47888; Fransson et al., 2003) were from Addgene.
pRK5-myc-Miro1°R was generated in-house by site directed mutagenesis of

PRK5-myc-Mirol. pRK5-myc-Miro14'R was made commercially.

2.2.2 Antibodies

Primary antibodies used for immunofluorescence (IF) and western blotting
(WB) were as follows: Guinea pig anti-MAP2 (1:2000; Synaptic systems;
188004), Rabbit anti-GFAP (1:1000; Dako; z0334), Mouse anti-GFAP (1:2000;
Sigma; G3893), Rat anti- GFP (1:1000; Nacalai Tesque; 10013361), Rabbit
anti-Actin (1:2000; Sigma; A2066), Rabbit anti-S65-phospho-ubiquitin (1:300;
Merck; ABS1513), Mouse anti-Ubiquitin (1:500; Enzo; P4D1), Mouse anti-
PINK1 (1:3; Neuromab; 73-346), Mouse anti-Mirol (1:100; Atlas;
AMADb90852), Mouse anti-Miro2 (1:500; Neuromab; N384/63), Rabbit anti-
Mfnl (1.500; Abcam; ab57602), Mouse anti-Mfn2 (1:500; Abcam; ab56889),

Rabbit anti-Myc (1:1000; Abcam; ab32072), Rabbit anti-elF2a (1:500; Cell
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Signalling Technologies; 9722), Rabbit anti-S51-phospho-elF2a (1:300 IF;
1:500 WB; Abcam; ab32157), Mouse anti-VDAC1 (1:1000; Neuromab; 75-
204), Mouse anti-Parkin (1:500; Cell Signalling Technologies; 4211), Mouse
anti-DRP1 (1:500; BD Biosciences; 611113), Mouse anti-Tujl (1:1000;
Covance; MMS-435P). Fluorescent secondary antibodies (all from Thermo
Fisher Scientific, 1:1,000) were as follows: Donkey anti-Rat Alexa Fluor 488
(A21208), Goat anti-Rabbit Alexa Fluor 555 (A21430), Donkey anti-Mouse
Alexa Fluor 647 (A31571), Goat anti-Guinea pig Alexa Fluor 647 (A21450),
Goat anti-Mouse Alexa Fluor 405 (A31553), Goat anti-Rabbit Alexa Fluor 405
(A31556), Goat anti-Rabbit Alexa Fluor 488 (A110088), Goat anti-Mouse
Alexa Fluor 555 (A28180). HRP-conjugated secondary antibodies for western
blotting were as follows: Goat anti-Rabbit IgG-HRP conjugate (1:10,000; Bio-
Rad; 1706515), Goat anti-Mouse IgG-HRP conjugate (1:10,000; Rockland;

610-103-121).

2.2.3 Drugs
Drugs used for experimentation were as follows: Valinomycin (Sigma V0627)
FCCP (Sigma C2920), Antimycin A (Sigma A8674), L-Glutamate (Sigma
G1251), Glycine (Sigma G7126), MG132 (Calbiochem 474790), 2-Deoxy-D-
Glucose (Sigma D8375), Tetramethylrhodamine (TMRM) dye (Invitrogen

T668).
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2.3 Molecular Biology

2.3.1 PCR

Amplification of DNA for the purpose of cloning was carried out using Phusion
High Fidelity DNA Polymerase (New England Biolabs) following
manufacturer’s instructions. Briefly, this involved the addition of dNTPs,
plasmid DNA, Forward and reverse primer, high fidelity buffer and Phusion
(see table for concentrations). This reaction mixture was then subjected to
cycles of heating and finally analysed by agarose electrophoresis for presence

of DNA product.

2.3.2 Transformation

Plasmid DNA was transformed into chemically-competent cells. Briefly,
plasmid DNA was incubated on ice with the bacteria for 30 minutes. Cells were
then heat shocked at 42 degrees for 30 seconds. SOC media was added, and
the cells recovered by shaking at 37 degrees. The cells were then plated onto

agar plates containing the appropriate antibiotic.

2.3.3 Site-directed mutagenesis by reverse PCR

Primers were designed so that the nucleotide changes were in the middle of
the forward primer (which was approximately 20 nucleotides long). The
reverse primer started with its 5-prime most nucleotide being the next
nucleotide upstream of the forward primer. Following PCR, as described

above, the PCR product was purified using the Qiagen kit, phosphorylated by
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PNK (New England Biolabs) and ligated by T4 DNA ligase, as manufacturer’'s
instructions (New England Biolabs). DNA was then transformed, colonies

picked, DNA extracted and sequenced.

2.3.4 Reverse Transcriptional Quantitative PCR (RT-qPCR)

One hippocampus per animal was dissected and RNA extracted and treated
with DNase | (Amplification grade; ThermoFisher Scientific) to remove any
remaining trace amounts of DNA. cDNA was generated with 20 ng of RNA by
using the Qiagen Whole Transcriptome Amplification Kit as described in the
manufacturer’s protocol. Primers for gPCR were designed by Primerabbitank
(Massachusetts General Hospital, Boston, US) and are as follows: Gapdh
(GenBank accession NM_008084; forward ATGACATCAAGAAGGTGGTG;
reverse CATACCAGGAAATGAGCTTG), Hprt (GenBank accession
NM_013556; forward GTTGGATACAGGCCAGACTTTGTTG; reverse
GAGGGTAGGCTGGCCTATAGGCT), Mfn1 (GenBank accession
NM_024200; forward CCTACTGCTCCTTCTAACCCA, reverse
AGGGACGCCAATCCTGTGA), Mfn2 (GenBank accession NM_133201;
forward CCAACTCCAAGTGTCCGCTC,; reverse
GTCCAGCTCCGTGGTAACATC). gPCR reactions were performed by using
Sybr Green reagent (Merck, UK) on a CFX96 Real-Time System (Bio-Rad,
Hercules,CA). PCR conditions were 94°C for 2 minutes, followed by 40 three-
step cycles of 94°C for 15 seconds, 60°C for 30 seconds and 72°C for 30

seconds. Gapdh and Hprt were used as housekeeping gene controls. Primers
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were validated by PCR and agarose gel electrophoresis and had similar
amplification efficiencies when validated by using a serial dilution of
representative cDNA. Samples were obtained from 4 WT and 4 Miro1¢KO
animals, the experiment was repeated 3 times, and, in each experiment,
samples were amplified in triplicate. Relative quantification was determined

according to the deltadelta c(t) method (Livak and Schmittgen, 2001).

2.4 Cell Culture

2.4.1 Primary neuronal/glial culture

Mouse hippocampal and cortical astrocyte-neuron cultures were obtained
from E16.5 C57BL/6 mice of the relevant genotype. Following dissection of the
respective regions, the tissue was added to trypsin and DNase for 15 minutes.
After washing off the trypsin in attachment media (Minimal Essential Medium,
10% Horse Serum, 1 mM Sodium Pyruvate and 0.6% Glucose), the tissue was
homogenised by passing the tissue through a pipette. Cells were plates at a
density of 500,000 per 6cm? in attachment media. After 24 hours attachment
media was replaced with maintenance media (Neurobasal Medium, B27
supplement, Glutamax, 0.6% Glucose, Penstrep). Cells were grown in a

humidified incubator at 37 degrees and 5% CO2 and O..

2.4.2 Primary astrocyte culture

Mouse pure astrocyte cultures were obtained from E16.5 C57BL/6 mice of the

relevant genotype. Cortices were dissected and added to trypsin and DNase
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for 15 minutes. After washing off the trypsin, the tissue was homogenised by
passing the tissue through a pipette. Cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% foetal bovine serum (FBS)
(GIBCO) and 1% Pen-Strep (10 U/ml, 100 pg/ml) at 37°C with 5% CO2 in a
humidified incubator. Media was changed initially the day after plating and
subsequently every 2 days until confluency was reached (7-10 days after

plating). Cells were passaged after reaching 80-90 % confluency.

2.4.3 Passaging/splitting astrocytes

Once grown to confluency (around 90%) trypsin solution was added (137 mM
NaCl, 2.7 mM KCL, 8 mM Na2HPO4, 1.5 mM KH2PO4, 2.5 g/L trypsin (from
porcine pancreas, Sigma), 0.2 g/L EDTA, 0.0015 g/L phenol red) at 37°C with
5% CO? for 5 minutes to detach cells from the dish surface. Fresh culture
medium (Dulbecco’s modified Eagle’s medium (DMEM) with 10% foetal
bovine serum (FBS) (GIBCO) and 1% Pen-Strep (10 U/ml, 100 pg/ml)),
preheated to 37°C, was applied to quench the trypsin and the cells were then
pelleted by centrifugation and resuspended the appropriate medium before

being re-plated in line with experimental needs.

2.4.4 Transfection by lipofection
Lipofectamine 2000® (Life Technologies) was used to transfect astrocyte-
neuron cultures (at DIV10) as previously described (Al Awabdh et al., 2016)
with some modifications. For every two 13 mm coverslips 2 ug DNA was added

to 2 ul of Lipofectamine reagent, each diluted in Neurobasal and incubated at

88



room temperature for 30 minutes to ensure the formation of DNA-lipo
complexes. Neurobasal + glucose was then added to the DNA-Lipofectamine
mix before adding to cultures for 2 hours, after which the media was replaced
with the previously conditioned media. Lipofectamine 2000® (Life
Technologies) was used to transfect pure astrocyte cultures. For every two 13
mm coverslips 2 ug DNA was added to 2 pl of Lipofectamine reagent, diluted
in Opti-MEM (GIBCO), and added to the culture medium (Dulbecco’s modified
Eagle’s medium (DMEM) with 10% foetal bovine serum (FBS) (GIBCO) and
1% Pen-Strep (10 U/ml, 100 pg/ml)). Culture medium was replaced the

following day.

2.5 Biochemistry

2.5.1 Cryosectioning
PFA-fixed brain tissue was serially cryosectioned in a Bright OTF-AS Cryostat
(Bright Instrument, Co. Ltd.) at 30um thickness, in the coronal plane and stored

in cryoprotective solution (30% PEG, 30% glycerol in PBS) at -20°C until used.

2.5.2 Preparation of brain region lysates
Mice were sacrificed using a Schedule 1 method and brains placed in ice-cold
HBSS. Cortex, hippocampi and cerebella were dissected and placed in 500ul,
250ul and 300yl ice-cold HEPES buffer respectively (50mM HEPES pH 7.5,
0.5% Triton X-100, 150mM NaCl, 1TmM EDTA, 1mM PMSF, 10ug/ml antipain,

pepstatin and leupeptin) and kept on ice. Tissue was solubilised by sonication
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to aid lysis, centrifuged at 14000 rpm for 15 minutes and the supernatant
collected. Protein concentration was quantified using the Bradford assay
following the manufacturer’s protocol (BioRad). Western blot samples were
generated from these lysates by adding 1/3 volume of Sample Buffer (3X) and

boiling samples for 5 minutes. Samples were stored at -80°C until use.

2.5.3 Western Blotting

20 pg of protein from lysates were loaded on 8-12% acrylamide gels
(depending on size of target) and transferred to nitrocellulose membranes (GE
Healthcare Biosciences) using a Bio-Rad system. Membranes were blocked
in 4% powder skimmed milk in PBS-T for 1-2 hours. Primary antibody was
diluted in blocking solution and incubated on the membrane overnight at 4
degrees. The membrane was then washed three times for five minutes in PBS-
T and then the appropriate anti-lgG-HRP was added to the membrane (diluted
in blocking solution) and incubated at room temperature for 45 minutes.
Following three more five-minute washes the membranes were imaged after
the addition of Luminata Crescendo (Millipore) using an ImageQuant LAS

4000 CCD camera system (GE Healthcare).

2.5.4 Coimmunoprecipitation
Cells were lysed in lysis buffer (50 mM Tris-HCI pH 7.5, 0.5% Triton X-100,
150 mM NaCl, 1 mM EDTA, 1 mM PMSF and protease inhibitor cocktail) for
45 minutes at 4°C with rotation. The cell debris was then cleared by

centrifuging the lysate at 13,000 g for 10 minutes with the resulting supernatant
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collected for inputs and subsequent immunoprecipitation. 1 ug of primary
antibody was added to lysate for 3 hours, with rotation at 4°C. Following
incubation with antibody, Protein A/G sepharose beads were added for one
hour with rotation at 4°C. The beads were then washed five times with lysis
buffer and finally added to Laemmli buffer and boiled at 100 degrees for five
minutes. This was loaded directly into an SDS-PAGE gel for analysis by

western blotting.

2.5.5 Immunocytochemistry

Astrocyte-neuron and pure astrocyte cultures on glass coverslips were fixed
in 4% PFA (4% paraformaldehyde, 4% sucrose, PBS, pH 7) for 7 minutes prior
to blocking and permeabilization in blocking solution (10% horse serum, 0.5%
BSA, 0.2% Triton X-100, PBS). Coverslips were incubated in primary antibody
for 1 hour, washed 5x in PBS+0.2% Triton X-100, then incubated for 1 hour in
secondary antibody. Antibody solutions were both diluted in blocking solution.
Coverslips were mounted with Prolong Gold antifade mountant (Invitrogen). If
coverslips were not stained immediately after fixation, they were stored at -

20C in cryoprotect solution (30% ethylene glycol, 30% glycerol, 40% PBS).

2.5.6 Immunohistochemistry

Free floating brain sections were washed in PBS before permeabilization in
blocking solution (10% horse serum, 0.5% BSA, 0.2% Triton X-100, PBS) for
4-6 hours then incubated with primary antibody diluted in block solution

overnight at 4°C. For mouse primary antibodies, slices were first incubated
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overnight at 4°C with mouse F(ab) fragment (1:50 with block solution; 115007-
003, Jackson ImmunoResearch, West Grove, PA, USA). Slices were washed
5 times in PBS for 2 hours then incubated for 3-4 hours with secondary
antibody at room temperature. Slices were then washed 5 times in PBS for 2
hours and mounted onto glass slides using ProLong™ Gold Antifade mounting

medium (Invitrogen).

2.6 Fluorescence Microscopy

2.6.1 Image Acquisition

Images (1024 x 1024) were acquired on a Zeiss LSM700 upright confocal

microscope. The following objectives were used:

10x Zeiss EC Plan-NEOFLUAR NA=0.3 Air (WD=5.3mm)

20x Zeiss W Plan-Apochromat NA =1.0 Water (WD 1.7mm)

63x Zeiss Plan-Apochromat NA=1.40 Oil (WD=0.19mm)

63x Zeiss W Plan-Apochromat NA=1.0 Water (WD=2.1mm)

2.6.2 Fixed Confocal Imaging
Confocal images (1024 x 1024) were acquired on a Zeiss LSM700 upright
confocal microscope using the 10x, 20x and 63x oil objectives and digitally
captured using the Zen LSM acquisition software. For brain sections, a low
magnification region of the cortex was captured using a 63x oil objective and

0.5 zoom to confirm position. For analysis, 4 zoomed regions were imaged in
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various cortical areas. Acquisition settings and laser power were kept constant
within experiments. Image acquisition was performed blind to experimental
condition/genotype. For high-resolution imaging, a 63X oil immersion objective
(NA: 1.4) coupled to a Zeiss LSM880 inverted confocal microscope with

Airyscan technology was used.

2.6.3 Live confocal imaging

TMRM in astrocyte-neuron cultures was imaged live using an upright Zeiss
LSM700 confocal microscope with a 63x (1 NA) water objective. Coverslips
were transferred to a recording chamber perfused with aCSF imaging media
(125 mm NacCl, 10 mm d-glucose, 10 mm HEPES, 5 mm KCI, 2 mm CaCl2, 1
mm MgCI2, pH 7.4) at a rate of 5 ml/min, heated to 35-37°C. Perfusion was
supplemented with valinomycin for 15 mins. Images were acquired pre- and

post-drug treatment.

2.7 Image Analysis

Integrated intensity of fluorescent signal was calculated in ImageJ.
Colocalisation of YFP-Parkin and MtDsRed was analysed using the integrated
colocalisation plugin in MetaMorph. Mitochondrial area was measured by
qguantification of thresholded MtDsRed signal in ImagedJ. Mitochondrial
morphology was measured using a custom Matlab script to measure the
circularity and Feret's diameter of individual mitochondria. Sholl analysis was
performed using a custom ImageJ plugin, which quantified the amount of

Phospho-Ub or MtDsRed pixels within shells radiating out from the cell body
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at one-pixel intervals. Western blot images were analysed using QuantityOne

software (Bio-Rad).

2.8 Statistical analysis

GraphPad Prism was used for all statistical tests. Data was first tested for
normality using the Kosglomorov-Smirnov test. Normal data sets were
analysed for statistical significance with either a two-tailed Student’s t-test (for
two groups), one-way ANOVA with a Tukey post hoc test (for three or more
groups) or two-way ANOVA with a Tukey post-hoc test (for two groups with
multiple conditions). Non-normal or discrete data sets were analysed with a
Mann-Whitney U test (for two groups) or Kruskall-Wallis (for three or more
groups). In all cases, *, **, *** and **** represent p<0.05, p<0.01, p<0.001 and
p<0.0001, respectively. Statistical tests used are stated throughout the thesis

in the figure legends.
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Chapter 3 — Differences in the spatiotemporal regulation
of PINK1/Parkin-mediated mitophagy in astrocytes and

neurons

3.1 Introduction

Mitochondria are trafficked to and stabilised at synapses in astrocytes where
they buffer Ca?*, to modulate intracellular Ca?* homeostasis, and provide ATP
for glutamate uptake, a process key to preventing excitotoxicity and
maintaining synaptic function (Stephen et al., 2014, Jackson and Robinson,
2018). Yet how astrocytes regulate their mitochondrial network to ensure these
functionalities are performed correctly is less clear. Depolarised mitochondria
are unable to meet their ATP production and Ca?* buffering demands and
produce excess reactive oxygen species that are harmful to the cell and
therefore need to be removed. To date, the majority of research into
mitochondrial quality control in the CNS has focussed on neurons, however,
neuronal mitophagy has been suggested to occur less readily than in non-
neuronal cells (Cai et al., 2012, Van Laar et al., 2011). Despite this, very little
is known about the mitophagy pathway in the other cell types of the brain,

including astrocytes.

Recent evidence suggests both astrocytes and microglia display relatively
high levels of basal mitophagy in vivo (McWiliams et al.,, 2018) yet,

interestingly, direct comparisons between primary neurons, astrocytes,
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microglia, and another glial cell type, oligodendrocyte progenitor cells (OPCs),
showed that astrocytes exhibit considerably more mitophagic activation than
other CNS cell types in vitro (Barodia et al., 2019). This agrees with a previous
study showing that mitochondria are readily cleared from astrocytes following
ischemia in situ (O'Donnell et al., 2016). Additionally, it's been shown that
damaged neuronal mitochondria can be transferred to astrocytes to facilitate
their clearance (Gao et al., 2019, Davis et al., 2014, Morales et al., 2020) and
that healthy mitochondria can be sent in the other direction, from astrocytes to
neurons (Hayakawa et al., 2016, English et al., 2020, Gao et al., 2019). This
indicates that astrocytes could act as a principal site of mitochondrial turnover

in the CNS, although how and why this would be the case is not clear.

Mitophagy is, in the main, controlled by the serine/threonine-protein kinase,
PINK1 (PTEN-induced putative kinase protein 1) and the E3 ubiquitin ligase,
Parkin, both of which are genetically linked to the aetiology of PD (Youle and
Narendra, 2011, Covill-Cooke et al., 2018). Although, astrocytes and neurons
express similar levels of PINK1 and Parkin at the mRNA level (Zhang et al.,
2014, Zhang et al., 2016), they appear to be regulated distinctly between cell
types. For example, Parkin dysfunction has been shown to impair astrocyte
mitochondrial function and contribute to the pathogenesis of PD through
astrocytic, but not neuronal, upregulation of the unfolded protein response

(Ledesma et al.,, 2002) which suggests that PINK1/Parkin-dependent
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mitophagy is regulated in a cell-type specific manner and could take on

particular importance in astrocytes.

Another difference between the two cell types is their altered
bioenergetic/metabolic state. Astrocytes are extremely metabolically flexible
and have a high glycolytic capacity due to contact with vasculature in vivo,
which provides a rapid source of glucose, and through increased expression
of specific glycolytic enzymes (Herrero-Mendez et al., 2009, Zhang et al.,
2014, Zhang et al., 2016). On the other hand, neuronal glycolysis is limited,
and neurons rely heavily on mitochondrial respiration to meet their energy
demands (Hall et al., 2012). Previous evidence suggests that Parkin activity is
dependent on cellular ATP levels and that some level of glycolysis is required
to adequately perform mitophagy upon loss of mitochondrial ATP production
(Van Laar et al.,, 2011). However, research into the mitophagic process in
astrocytes remains scarce, especially when it comes to direct comparisons
between the rates of mitophagy in astrocytes to those in neurons present

within the same biological system.

Therefore, the main aim of this chapter will be to further characterise the
PINK1/Parkin mitophagic pathway in astrocytes and understand how and why
this may differ from the mitophagic pathway in neurons. Additionally, with the
use of a genetic knockout mouse line, the role of PINK1 in mitophagy in

astrocytes and neurons will be explored.

97



3.2 Results

3.2.1 Generation of astrocyte-neuron cultures.

In order to visualise and quantify readouts of mitophagy in astrocytes and
neurons, a primary culture system containing comparable amounts of both cell
types was developed. To do this, E16.5 mouse primary brain cells were
cultured in serum-containing attachment medium for at least 24 hours
following plating, to encourage astrocyte proliferation, before being switched
to B-27-supplemented Neurobasal medium, to aid neuronal survival. To
assess the composition of the cultures, cells were fixed at DIV14 and stained
with GFAP and MAP2 antibodies which are markers of astrocytes and
neurons, respectively (Figure 1A). As desired, there was a comparable

number of astrocytes and neurons per field of view (Figure 1A).

A

Figure 1: Generation of primary astrocyte-neuron mixed cultures. A.
Representative confocal images of astrocyte-neuron cultures stained with GFAP and
MAP2. (Scale bars = 50pum). This experiment was repeated but not quantified.
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3.2.2 Low dose (1pM) valinomycin exerts minimal cytotoxicity in

astrocyte-neuron cultures.

To establish a robust method for inducing neuronal and astrocytic mitophagy,
options for damaging the mitochondrial network in both neurons and
astrocytes of the same system were explored. There is controversy with
respect to the optimal conditions and timescales that enable Parkin
translocation without significant cytotoxicity (Cai et al., 2012, Joselin et al.,
2012, Van Laar et al., 2011, Wang et al., 2011b, Barodia et al., 2019) and
without the need of using caspase inhibitors (Cai et al., 2012, Lazarou et al.,
2015) which can potentially interfere with the very process in study (Wang et
al., 2011a). Therefore, conditions favourable for driving mitophagy in mouse
primary astrocyte-neuron cultures, without leading to significant cell death
were initially investigated (Figure 2). Firstly, the cytotoxicity of known
mitochondrial-depolarising pharmacological agents were compared to
minimise significant cellular damage following treatment. Antimycin A, a
complex 1l inhibitor, FCCP, an oxidative phosphorylation uncoupler and
valinomycin, a potassium ionophore, were chosen due to previous use in
studies of neuronal mitophagy (Cai et al., 2012, Puschmann et al., 2017,
Ashrafi et al., 2014). A previous study used Antimycin-A at a very low dose
(5nM) to gradually and reversibly reduce mitochondrial membrane potential in
neurons (Lin et al., 2017), yet the aim in this study was to rapidly depolarise
the mitochondrial network in astrocytes and neurons. Therefore, DIV14

astrocyte-neuron cultures were treated with a low concentration (1puM) and a
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high concentration (10uM) of each drug for 3 hours and cell death was
measured as a ratio of dead cells (PI) to all cells (DAPI) (Figure 2). High dose
treatment with any of the three drugs resulted in high levels of cytotoxicity;
more than doubling the amount of death when compared to control (Figure
2B). This amount of death was comparable to a 3-hour treatment with 100uM
glutamate and 1uM glycine; a treatment regimen used to induce high levels of
excitotoxicity and neuronal death. Treatment with commonly used
concentrations of FCCP or antimycin-A led to a significant amount of cell death
within 3 hours, close to the levels of death induced by an excitotoxic glutamate
insult (Figure 2B). 10uM FCCP has previously been used to induce mitophagy
in dissociated cortical neurons however this was used in conjunction with
caspase inhibitors to prevent the initiation of neuronal apoptosis (Cai et al.,
2012). Low dose (1uM) treatments with valinomycin and FCCP were the least
cytotoxic with cell death rates comparable to treatment with a control vehicle
(DMSO) (Figure 2B). However, previous evidence suggests that traditional
uncouplers, such as FCCP, lack mitochondrial specificity and can exhibit a
protonophoric activity on other membranes, including the plasma membrane,
which may mediate a variety of off-target effects (Park et al., 2002). Whereas
valinomycin has been shown to be highly lipophilic and to exert minimal
protonophoric activity at the plasma membrane which increases its
mitochondrial specificity (Felber and Brand, 1982). Once present at the
mitochondria, valinomycin increases K+ transport across the IMM to induce

mitochondrial matrix depolarisation without altering the pH gradient of
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mitochondria (Kenwood et al., 2014, Puschmann et al., 2017). Consequently,
valinomycin at a concentration of 1uM was taken forward for further

experimentation.
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Figure 2: Cytotoxicity of known mitochondrial depolarising agents on primary
astrocyte-neuron cultures. A. Example confocal images of cultures stained with
DAPI (all nuclei) and PI (nuclei of dead cells) after 3 hours of drug treatment. Blue
arrow indicates a viable cell. Red arrow indicates a dead cell (scale bars =100 um).
B. Quantification of the cytotoxicity of each drug, calculated as the number of dead
(PI+) cells as a percentage of total (DAPI+) cells. Data collected from 4 different
neuronal preparations (n=8 different replicates belonging to 8 different embryos: one-
way ANOVA). Error bars represent s.e.m. Significance: *p<0.05, **p<0.01 and
***n<0.001.
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3.2.3 Valinomycin induces mitochondrial depolarisation in neurons

and astrocytes.

The induction of PINK1/Parkin dependent mitophagy is triggered by the
dissipation of mitochondrial membrane potential (Jwm). Therefore, it was
established whether treatment with 1uM valinomycin depolarised the
mitochondrial network in primary astrocyte-neuron cultures. To do this, a cell-
permeable fluorescent mitochondrial dye, tetramethylrhodamine methyl ester
(TMRM), that accumulates in healthy mitochondria with their membrane
potential intact was utilised. Upon |ym TMRM is no longer taken up into
mitochondria and the fluorescent signal dissipates (Scaduto and Grotyohann,
1999). TMRM diluted in culture medium was added to DIV14 astrocyte-neuron
cultures 30 minutes prior to imaging to allow the dye to be taken up into
mitochondria (Figure 3). Astrocytes and neurons present on the same
coverslip were then imaged live both before and after 15 minutes of 1uM
valinomycin application and the intensity of TMRM signal was measured
(Figure 3A). For this experiment, astrocytes and neurons were identified based
on their morphology with the use of a GFP cell fill to allow for imaging of both
cell types on the same coverslip. Prior to valinomycin treatment, TMRM signal
intensity was high in both neurons (5489+836.6 AU) and astrocytes
(7954+£1397 AU) and there was no significant difference in fluorescence
between cell types. Following application of valinomycin, TMRM signal
intensity was significantly diminished in both neurons (610.7+202.5 AU) and

astrocytes (1160+319.2 AU) (Figure 3B). Therefore, application of 1uM
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valinomycin was deemed to depolarise the mitochondrial network in neurons

and astrocytes present within the same culture system.
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Figure 3: Valinomycin depolarises the mitochondrial network in astrocytes and
neurons. A. Example confocal images of an astrocyte and a neuron expressing GFP
stained with TMRM dye before and after 15 minutes of 1uM valinomycin treatment.
(Scale bars = 50um) B. Quantification of TMRM fluorescence intensity in neurons and
astrocytes before and after 15 minutes of 1uM valinomycin treatment. (n=12 neurons
and 12 astrocytes imaged over 3 different preparations; Unpaired t-test.) Error bars
represent s.e.m. Significance: ***p<0.001.
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3.2.4 Parkin translocation occurs quicker in astrocytes compared to

neurons following mitochondrial depolarisation.

To establish whether mitochondrial depolarisation induces mitophagy in
cultured astrocytes and neurons the translocation of Parkin to mitochondria
following valinomycin treatment was visualised. Astrocyte-neuron cultures
were transfected with a YFP-tagged Parkin (Y*PParkin) and a DsRed targeted
to the mitochondrial matrix (MtDsRed). At DIV14 astrocyte-neuron cultures
were treated with 1uM valinomycin for various timepoints ranging from 30
minutes to 5 hours prior to fixation. As expected, YFPParkin was diffuse in the
cytosol of untreated astrocytes and neurons and redistributed to MtDsRed

expressing mitochondria following treatment with valinomycin (Figure 4).

Following fixation, YFPParkin and MtDsRed expressing astrocyte-neuron
cultures were immunostained with anti-MAP2 and anti-GFAP antibodies to
label neurons and astrocytes, respectively, in order to directly compare the
rates of mitophagy between cell types. Intriguingly, it was found that Parkin
began to translocate from the cytosol to mitochondria after just 30 minutes of
valinomycin treatment in GFAP-positive astrocytes. In contrast, Parkin signal
in MAP2-positive neurons remained entirely cytoplasmic for shorter treatment
times (0.5 and 1h) (Figure 4A and B) and only began to translocate to
mitochondria following 2 hours of valinomycin treatment (Figure 4A and C).
Colocalization between YFPParkin and MtDsRed signal in neurons was only

significantly increased from control after 5 hours of valinomycin treatment
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(Figure 4C). In astrocytes, YFPParkin and MtDsRed signal colocalization
increased significantly from control by around 4-fold after only 1 hour of
valinomycin treatment. This was comparable to Y™PParkin and MtDsRed
colocalization after 2, 3 and 5 hours of treatment suggesting that Parkin was
fully translocated onto mitochondria in astrocytes after only 1 hour of
valinomycin treatment (Figure 4C). In neurons, however, colocalisation of
YFPParkin and MtDsRed signal never reached the levels seen in astrocytes,

even 5 hours after valinomycin treatment (Figure 4C).

Importantly, the robust and rapid recruitment of Parkin to depolarised
mitochondria in astrocytes correlated with a significantly increased reduction
of mitochondrial area, compared to neurons, at later valinomycin treatment
timepoints (Figure 4D and E). Mitochondrial area was reduced in both
astrocytes and neurons at early timepoints, yet this could be the result of
mitochondrial fragmentation that occurs rapidly following |wm (Miyazono et
al., 2018) (Figure 4D). Consequently, the subsequent reduction in
mitochondrial area seen between 3 and 5 hours of valinomycin treatment is
likely indicative of increased mitochondrial clearance by the mitophagic
process (Figure 4D and E). Between these timepoints, there was a significant
reduction of mitochondrial area in astrocytes compared to neurons which
strongly supports the notion of increased mitophagy rates in astrocytes

compared to neurons.
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Figure 4: Parkin recruitment and mitophagy occurs quicker in astrocytes
compared to neurons following mitochondrial damage. A. Representative
confocal images of GFAP-positive astrocytes and MAP2-positive neurons present in
an astrocyte-neuron mixed culture expressing YFP-Parkin and MtDsRed after
valinomycin treatment. (Scale bars = 10um) B. Representative 0.5x confocal image
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of astrocyte-neuron mixed culture expressing YFP-Parkin and MtDsRed and
immunostained with GFAP and MAP2 following 1h of valinomycin treatment. Zooms
taken from showing an astrocyte and a neuron expressing YFP-Parkin and MtDsRed
following 1h of valinomycin treatment. (Scale bars = 10um) C. Quantification of Parkin
recruitment to mitochondria (Integrated YFP-Parkin signal overlapping MtDsred
signal normalised to t=0) in astrocytes and neurons following valinomycin treatment
(two-way ANOVA, n215 cells all conditions over 4 different preparations). D.
Quantification of mitochondrial occupancy (Area of MtDsRed signal in GFAP/MAP2
signal/area of cell) in astrocytes and neurons following valinomycin treatment (two-
way ANOVA, n=15 cells all conditions over 4 different preparations). E. Percentage
reduction in mitochondrial occupancy (Area of MtDsRed signal in GFAP/MAP2
signal/area of cell) in astrocytes and neurons over 5 hours of valinomycin treatment.
Error bars represent s.e.m. Significance: *p<0.05 and ****p<0.0001.
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3.2.5 Translocation of Parkin precedes mitochondrial remodelling in

astrocytes but not neurons.

Healthy mitochondria form a reticular network and are tubular in shape. As
previously mentioned, upon mitochondrial damage they begin to fragment and
become rounded in shape due to upregulation of the mitochondrial fission
machinery. After analysing the length and shape of mitochondria following
valinomycin treatment it was found that the neuronal mitochondrial network
underwent damage-induced remodelling at a quicker rate than astrocytic
mitochondria (Figure 5). Within 30 mins of valinomycin treatment, the length
of neuronal mitochondria had almost halved (Figure 5B) and they had become
much more circular (Figure 5C); indicative of rapid mitochondrial fission.
Whereas in astrocytes, mitochondria were significantly less changed in their
shape and size (Figure 5). Over time astrocytic mitochondria rounded and
fragmented but never to the extent of neuronal mitochondria even after 5 hours
of valinomycin treatment (Figure 5B and C). Interestingly, the recruitment of
Parkin occurs prior to fragmentation of the mitochondrial network following
damage in astrocytes but not in neurons. Hence, this could suggest that, unlike
astrocytes, neurons prioritise fission over mitophagy as their principal method
of maintaining mitochondrial fidelity following |wm and only proceed to whole

organellar clearance following prolonged mitochondrial damage.
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Figure 5. Damage-induced mitochondrial remodelling occurs quicker in
neurons compared to astrocytes. A. Representative confocal images of astrocytes
and neurons expressing MtDsRed after valinomycin treatment. (Scale bars = 10um)
B. Quantification of mitochondrial diameter in astrocytes and neurons following
valinomycin treatment (two-way ANOVA, n=15 cells all conditions over 4 different
preparations). C. Quantification of mitochondrial circularity in astrocytes and neurons
following valinomycin treatment (two-way ANOVA, n215 cells all conditions over 4
different preparations). Error bars represent s.e.m. Significance: *p<0.05, **p<0.01

and ***p<0.001.
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3.2.6 Mitophagy occurs more quickly in astrocytes than neurons under

endogenous conditions.

As PINK1 is the only known kinase that phosphorylates ubiquitin, antibodies
specific to pS65-Ub can be used as a measure of PINK1-dependent
mitophagy (Fiesel and Springer, 2015, Kane et al., 2014, Hou et al., 2018,
Barodia et al., 2019) without the need for exogenous expression of
fluorescently tagged Parkin, which could interfere with mitophagy kinetics.
Therefore, DIV14 astrocyte-neuron cultures were treated with valinomycin as
described above and, following fixation, the cells were immunostained with
anti-GFAP, anti-MAP2 and anti-pS65-Ub antibodies (Figure 6). As described
in introduction figure 3, phosphorylated ubiquitin chains decorate OMM
proteins to initiate engagement of the autophagosomal machinery following
mitochondrial damage. Therefore, a build-up of phospho-Ub on mitochondria

suggests it is undergoing mitophagy.

It was found that valinomycin treatment of cultures induced accumulations of
phospho-Ub in both neurons and astrocytes (Figure 6A and B). Importantly,
however, there was a delay in the appearance of these accumulations in
neurons compared to astrocytes. In astrocytes, there was zero signal when
untreated however, phospho-Ub puncta began to appear 1 hour after
valinomycin treatment and increased in number with increasing treatment
time. In neurons, sparse accumulations of phospho-Ub began to appear after

2 hours of valinomycin treatment, yet never reached the amount seen in
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astrocytes even after 5 hours of valinomycin treatment (Figure 6C). This data
backs up the previous Parkin recruitment data and suggests that damage-
induced PINK1/Parkin-dependent mitophagy occurs quicker in astrocytes than

in neurons of the same culture expressing endogenous levels of Parkin.
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Figure 6: S65-phospho-ubiquitin puncta appear more quickly in astrocytes
compared to neurons following mitochondrial damage. A. Representative
confocal images of astrocytes and neurons immunostained with GFAP and MAP2,
respectively, and s65-phospho-ubiquitin after valinomycin treatment (Scale bars =
10um) B. Confocal image of an astrocyte-neuron mixed culture immunostained for
GFAP, MAP2 and s65-phospho-ubiquitin after 1h valinomycin treatment. (Scale bars
= 10um) C. Quantification of s65 phospho-ubiquitin puncta within neurons and
astrocytes following valinomycin treatment (two-way ANOVA, n215 cells over 4
different preparations). Error bars represent s.e.m. Significance: *p<0.05 and
*rrxn<0.0001.
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3.2.7 Phosphorylated ubiquitin accumulates on the outer membrane of

depolarised mitochondria in astrocytes.

To ensure that phospho-Ub signal was specific to depolarised mitochondria,
DIV14 astrocyte-neuron cultures were transfected with MtDsRed prior to
valinomycin treatment and stained with s65-Phospho-Ub and GFAP following
fixation. As expected, valinomycin-induced phospho-Ub puncta colocalised
with mitochondria in astrocytes (Figure 7). This could be clearly observed with
high resolution (Airyscan) imaging, a method that increases imaging resolution
by a factor of 1.7 and showed that P-S65-Ub signal surrounded MtDsRed
signal in rings as could be observed by fluorescent linescan (Figure 7A and
B). This confirms that phospho-Ub accumulates on the OMM of depolarised
mitochondria in astrocytes and underlines the legitimacy of s65-Phospho-Ub

as a readout of mitophagy.

113



1. — MtDsRed
pUb

Fluorescence (a.u.)
o

0.
0.0 0.5 1.0
pm

Figure 7: S65-phospho-ubiquitin accumulates on the outer mitochondrial
membrane of depolarised mitochondriain astrocytes. A. Airyscan confocal image
and zooms of a valinomycin-treated astrocyte expressing MtDsRed and
immunostained with GFAP and s65-phospho-ubiquitin. (Scale bars = 10um) B.
Zoomed airyscan confocal image and fluorescent linescan of an individual
mitochondrion expressing MtDsRed immunostained with s65-phospho-ubiquitin. This
data is purely qualitative and has not been repeated or quantified.
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3.2.8 Mitophagy in astrocytes is not spatially restricted.

Previous evidence suggests that mitophagy in neurons is spatially restricted
to the somatodendritic region and that mitochondria are retrogradely
transported back to the soma to facilitate their clearance (Cai et al., 2012,
Zheng et al., 2019), however, less is known about the spatial component of
astrocytic mitophagy. Intriguingly, as had been previously observed in the
Parkin recruitment experiments, damage-induced phospho-ub puncta did not
appear to be spatially restricted in astrocytes. Therefore, sholl analyses was
performed in order to quantify the spatial distribution of phospho-Ub
accumulations in astrocytes and neurons after 5 hours of valinomycin
treatment (Figure 8). The analyses measured the number of phospho-ub
puncta present within equidistant concentric circles emanating from the centre
of the cell (Figure 8B). The cell area was determined by GFAP or MAP2 signal
for astrocytes and neurons, respectively and the cumulative probability of
phospho-ub puncta was plotted against the distance from the centre of the cell
(Figure 8C). As observed by eye, phospho-ub accumulations were distributed
homogenously throughout astrocytes (Figure 8C). Phospho-ub puncta were
even present within the very distal processes of astrocytes suggesting that
mitophagy can occur irrespective of subcellular compartment. However, this
was not the case in neurons, where the majority of phospho-ub signal was
positioned close to the centre of the cell, which confirms previous findings (Cai
et al., 2012, Zheng et al., 2019) (Figure 8). The vast difference in distribution

of phospho-ub between cell types is highlighted by the 60% probability value
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which is more than 3x closer to the cell body in neurons than in astrocytes
(Figure 8D). Therefore, these findings suggest that, unlike in neurons,
mitophagy in astrocytes is initiated regardless of subcellular localisation and

mitochondria may not require to be transported to the cell body to facilitate

their clearance.
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Figure 8: S65-phospho-Ub puncta formation is not spatially restricted in
astrocytes, unlike in neurons, following mitochondrial damage. A. Confocal
image of an astrocyte-neuron mixed culture immunostained for GFAP, MAP2 and
s65-phospho-ubiquitin after 5 hours of 1uM valinomycin treatment. (Scale bars =
10um) B. Representative confocal images used for sholl analyses of an individual
astrocyte and neuron immunostained with GFAP and MAP2, respectively, and s65-
phospho-ubiquitin after 5 hours of valinomycin treatment (Circles are for
representative only and are not to scale). C. Cumulative plot of s65-phospho-ubiquitin
signal distribution in astrocytes and neurons after 5 hours 1uM valinomycin treatment
(normalised to GFAP and MAP2 area for astrocytes and neurons, respectively). D.
Quantification of mean distance from the cell body that 60% of phopho-ub signal is
situated (normalised to GFAP and MAP2 area for astrocytes and neurons,
respectively) (unpaired t test, n=215 cells over 4 different preparations). Error bars
represent s.e.m. Significance: ****p<0.0001.
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3.2.9 Mitophagy in astrocytes, but not neurons, is detectable by

western blot.

Alongside immunocytochemical analysis, the accumulation of phospho-Ub
and other common targets of PINK1/Parkin-dependent mitophagy in neurons
and astrocytes were assessed by western blot, which may provide a more
guantitative readout of mitophagy rates (Figure 9). To do this, pure astrocyte
and pure neuronal cultures were generated and treated with 1uM valinomycin
at various timepoints as described previously (with an additional 24-hour
treatment point), prior to lysing the cells. Samples were probed with S65-
phospho ubiquitin, PINK1 and Parkin antibodies alongside other mitochondrial
proteins known to be ubiquitinated and degraded during mitophagy; Mfn1,
Miro2 and VDAC1. GFAP and Tujl (B-IlI-Tubulin) expression levels were also
measured to ensure astrocyte and neuronal enrichment, respectively, and to
exclude any confounding effects of contamination from the other cell type

(Figure 9A).

Once again, a clear difference was observed between the rates of mitophagy
in astrocytes and neurons (Figure 9B-G). In the pure astrocyte cultures, low
kDa phospho-Ub signal (<75kDa) started to appear just 30 minutes into
valinomycin treatment. Throughout 24 hours of treatment the phospho-Ub
signal increased and shifted into higher molecular weights (>75kDa); indicative
of the formation of polymeric phospho-Ub chains (Figure 9A and C). The

increase in phospho-Ub signal coincided with an increase in PINK1 expression
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suggesting that, as expected, the phosphorylation of ubiquitin at serine 65 is
dependent on PINK1 activity (Figure 9B). As has been previously reported in
cell lines, PINK1 was undetectable in untreated samples. This is due to the
constant proteasomal turnover of the non-cleaved version of PINK1 when
mitochondrial membrane potential is intact (Figure 9B). The increased
expression of PINK1 and phospho-ub was also accompanied by a reduction
in the levels of non-ubiquitinated Parkin (52 kDa) in astrocytes (Figure 9D).
Parkin is phosphorylated by PINK1 at s65 to activate Parkin’s E3 ligase activity
enabling Parkin to ubiquitinate various mitochondrial substrates including its
own auto-ubiquitination. The formation of ubiquitin chains on Parkin will shift
Parkin to a higher molecular weight. Consequently, the reduction in levels of
non-ubiquitinated Parkin is indicative of increased levels of PINK1's kinase

and Parkin’s E3 ligase activity following valinomycin treatment in astrocytes.

Mfnl is a key Parkin substrate and is rapidly ubiquitinated and degraded by
the proteosome to prevent refusion of mitochondria following the induction of
mitophagy (Glauser et al., 2011). Therefore, the ubiquitination and
degradation of Mfnl is a robust readout of the early stages of PINK1/Parkin-
dependent mitophagy. Ubiquitination of Mfnl in primary astrocytes
(manifested as increased banding at higher molecular weights) occurred
within only 1 hour of valinomycin treatment which translated to its degradation
at later timepoints. There was an almost complete loss of Mfnl expression

following 24 hours treatment (Figure 9E). Additionally, VDAC1 and Miro2
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expression in astrocytes was reduced following longer valinomycin treatment
(Figure 8F and G). Like Mfn1, Miro2 and VDAC1 are ubiquitinated by Parkin
however they are not degraded proteosomally (Wang et al., 2019a, Geisler et
al., 2010). Instead, ubiquitin chains present on VDAC1 bind to autophagosome
receptors to facilitate mitochondrial clearance meaning that VDAC1
degradation occurs on a much longer timescale to Mfn1 (Geisler et al., 2010).
Thus, the reduction seen in VDACL1 expression after 5 and 24 hours of
treatment could reflect the lysosomal degradation of mitochondria in

astrocytes (Figure 9F).

In contrast, in the pure neuronal samples PINK1 or phospho-Ub signal was
undetectable, even after 24 hours of valinomycin treatment. Transcriptomic
and proteomic data shows that neurons express comparable levels of PINK1
to astrocytes (Zhang et al., 2014, Zhang et al., 2016), so this data indicates
that PINK1 is uncleaved and inactive in pure neuronal cultures even after [ym
(Figure 9B). Alongside this, the levels of Parkin, Mfn1, Miro2 and VDAC1
remained unchanged at each treatment timepoint which suggests that these
proteins are not being ubiquitinated and degraded in neurons, at least 24 hours
after mitochondrial depolarisation (Figure 9). However, it should be noted there
is a clear caveat with the neuronal data. Pure neuronal cultures lack the
metabolic and neurotrophic support provided by astrocytes and other glial cells
which confer neuronal viability (Enright et al., 2020). Thus, it could be that

valinomycin treatment is more neurotoxic in this system which would explain
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why readouts of neuronal mitophagy in a pure neuronal culture are non-
quantifiable by western blot. Notwithstanding, the pure astrocyte western blot
data outlines the kinetics of the mitophagic process in astrocytes and further

underlines the rapid induction of this mitophagy following |ym in astrocytes.
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Figure 9: Mitophagy readouts are quantifiable by western blot in astrocytes, but
not in neurons. A. Representative western blot images of lysates from pure astrocyte
and pure neuronal cultures treated with 1uM valinomycin probed with the primary
antibodies stated. B. Quantification of PINK1 band intensity (normalised to timepoint
Oh and actin) (two-way ANOVA, n=4). C. Quantification of s65-phospho-ubiquitin
band intensity (two-way ANOVA, n=4). D. Quantification of Parkin band intensity (two-
way ANOVA, n=4) E. Quantification of Mfn1 band intensity (two-way ANOVA, n=4).
F. Quantification of VDACL1 band intensity (two-way ANOVA, n=4). G. Quantification
of Miro2 band intensity (two-way ANOVA, n=4). Error bars represent s.e.m.

O PN a4 o g
Valinomycin time (hours)

= Astrocytes
= Neurons

50 PINK1

40
30
20
10

0

*

O PN 9 o g
Valinomycin time (hours)

15 oUb -
10 [h
*%*
, =
5 —

R

Valinomycin time (hours)

15 Parkin
1.0
0.5
0.0
Valinomycin time (hours)

Miro2
1.0
0.5
0.0

Valinomycin time (hours)
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3.2.10 Damage-induced mitophagy in astrocytes and neurons is

dependent on PINKL1.
Recently, the loss of PINK1 was shown to be the biggest decelerator of
damage-induced mitophagy in a whole-genome CRISPR knockout screen in
Parkin-overexpressing mouse myoblasts (Hoshino et al., 2019). Yet, the role
of PINK1 in astrocytic mitophagy has not been well studied. Therefore, to
establish the role of PINK1 in mitophagy in astrocytes and neurons and to
ensure previous findings were properly controlled, the previous experiments
were repeated in astrocytes and neurons lacking PINK1. To do this, a global
PINK1K® mouse line that displays a complete loss of PINK1 expression in the
cortex, hippocampus and cerebellum was utilised (Figure 10). These mice
display no obvious signs of pathology although a decreased mean platelet

volume has been reported (Smith and Eppig, 2012).
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Figure 10: Global PINK1X° mouse line. A. Genetic allele map of a WT and Tm1lb
PINK1 allele. B. Western blot image of hippocampal, cortical and cerebellar lysates
taken from a WT and PINK1X° mouse probed with anti-PINK1, VDAC1 and actin
antibodies.
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Firstly, astrocyte-neuron cultures were generated from E16.5 PINK1K® and
WT embryos and transfected with Y*PParkin and MtDsRed prior to valinomycin
treatment, as previously described (Figure 11). As expected, the loss of PINK1
completely blocked Parkin recruitment to mitochondria in both astrocytes and
neurons (Figure 11 A-C). Importantly, damage-induced mitochondrial
clearance was also blocked in PINK1KO astrocytes. Mitochondrial area in WT
astrocytes was near to half that in astrocytes lacking PINK1 after 5 hours of
valinomycin treatment (Figure 11D). Additionally, there was a near to
significant difference in mitochondrial occupancy between WT and PINK1KC
neurons which could suggest there is some level of mitochondrial clearance in
WT neurons after 5 hours of valinomycin treatment (Figure 11E). However,
there was no difference in mitochondrial area between WT and PINK1X©
astrocytes and neurons for the first 3 hours of valinomycin treatment.
Mitochondria became fragmented and mitochondrial area was reduced
irrespective  of PINK1 expression suggesting that damage-induced
remodelling of mitochondria in astrocytes and neurons occurs independently
to PINK1 (Figure 11D and E). This also confirms that the reduction in
mitochondrial area seen after 5 hours of valinomycin treatment is mitophagy-

dependent and distinct to the remodelling seen at previous timepoints.
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Figure 11: Parkin recruitment and mitophagy is dependent on PINK1 in
astrocytes and neurons. A. Representative confocal images of GFAP-positive
astrocytes and MAP2-positive neurons present in a PINK1X© astrocyte-neuron mixed
culture expressing YFP-Parkin and MtDsRed treated with 1uM valinomycin. (Scale
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bars = 10um) B. Quantification of Parkin recruitment to mitochondria (Integrated YFP-
Parkin signal overlapping MtDsred signal normalised to t=0) in WT and PINK1K®
astrocytes following 1pM valinomycin treatment (two-way ANOVA, n212 cells all
conditions over 3 different preparations). C. Quantification of Parkin recruitment to
mitochondria in WT and PINK1X® neurons following 1uM valinomycin treatment (two-
way ANOVA, n212 cells all conditions over 3 different preparations). D. Quantification
of mitochondrial occupancy (Area of MtDsRed signal in GFAP area of cell) in WT and
PINK1K® astrocytes following 1uM valinomycin treatment (two-way ANOVA, n212
cells all conditions over 3 different preparations). E. Quantification of mitochondrial
occupancy (Area of MtDsRed signal in MAP2 area of cell) in WT and PINK1X®
neurons following 1puM valinomycin treatment (two-way ANOVA, n212 cells all
conditions over 3 different preparations). Error bars represent s.e.m. Significance:
*p<0.05 and ****p<0.0001.
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Next, the specificity and validity of the S65-phospho ubiquitin antibody as a
readout of mitophagy in astrocytes and neurons was assessed (Figure 12). As
PINK1 is the only known kinase to phosphorylate ubiquitin, the formation of
phospho-ubiquitin puncta should be entirely dependent on PINK1 expression.
Therefore, WT and PINK1X© astrocyte-neuron cultures were treated with
valinomycin, fixed and stained with GFAP, MAP2 and s65-phospho-ubiquitin,
as previously described (Figure 12A). Accordingly, s65-phospho-ubiquitin
immunoreactivity was undetectable in PINK1K® astrocyte-neuron cultures
throughout the valinomycin treatment regimen. In contrast, phospho-ubiquitin
puncta began to appear after 1 hour in WT cultures and increased in number
with  treatment time (Figure 12B). Thus, S65-phospho ubiquitin
immunoreactivity was deemed to be a specific readout of PINK1-dependent

mitophagy in astrocytes and neurons.
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Figure 12: S65-phospho-ubiquitin puncta formation is dependent on PINK1 in
astrocytes and neurons. A. Representative confocal images of WT and PINK1X°
astrocyte-neuron cultures treated with 1uM valinomycin immunostained with GFAP,
MAP2 and s65-phospho-ubiquitin. (Scale bars = 10um) B. Quantification of s65-
phospho-ubiquitin signal intensity in WT and PINK1X° astrocyte-neuron cultures
treated with 1pM valinomycin (normalised to control) (two-way ANOVA, n215 ROls
all conditions over 3 different preparations) Error bars represent s.e.m. Significance:
**rn<0.0001.
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Finally, pure astrocyte cultures were generated from WT and PINK1K® mice
and lysates were produced following valinomycin treatment (Figure 13).
Western analysis was performed and PINK1, s65-phospho-ub and Mfn1 levels
were measured as readouts of mitophagy alongside the levels of total ubiquitin
as a control measure (Figure 13A). In contrast to WT samples, no PINK1 or
s65-phospho-ub signal was observed in all the samples derived from PINK1KC
mice confirming both the loss of PINKL1 in astrocytes and the specificity of the
pS65-Ub antibody by western blot (Figure 13B and C). Importantly, there was
no change in the amount of total ubiquitin between WT and KO astrocytes
indicating that the lack of phospho-ubiquitin signal seen in the KO is not the
result of altered total ubiquitin levels (Figure 13A). Additionally, there was no
sign of ubiquitination or degradation of Mfn1 following valinomycin treatment

in PINK1KC astrocytes (Figure 13C).

Taken together, this triad of experiments establishes the importance of PINK1
for mitophagy in both astrocytes and neurons. Additionally, this data adds
further weight to the previous findings showing that PINK1/Parkin-mediated

mitophagy occurs more readily in astrocytes than in neurons.
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Figure 13: Damage-induced mitophagy in pure astrocyte cultures is dependent
on PINK1. A. Representative western blot images of lysates from WT and PINK1X°
astrocyte cultures treated with 1uM valinomycin probed with the primary antibodies
stated. B. Quantification of PINK1 band intensity (normalised to actin and WT
timepoint Oh) (two-way ANOVA, n=5 all conditions and genotypes) C. Quantification
of s65-phospho-ubiquitin band intensity (normalised to WT timepoint Oh) (two-way
ANOVA, n=5 all conditions and genotypes) D. Quantification of Mfnl band intensity
(normalised to WT timepoint 0Oh) (two-way ANOVA, n=5 all conditions and
genotypes). Error bars represent s.e.m. Significance: *p<0.05, **p<0.01, ***p<0.001
and ****p<0.0001.
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3.2.11 Glycolysis inhibition blocks damage-induced Parkin recruitment

to mitochondria in astrocytes and neurons.

A clear difference has been identified in the rates of damage-induced
PINK1/Parkin-mediated mitophagy in neurons and astrocytes. Therefore, it
was important to understand how and why this is the case. One proposed
hypothesis is that astrocytes are more metabolically flexible than neurons
meaning that they are able to utilise glycolysis as their primary source of ATP
following mitochondrial insult. This would ensure that astrocytes could
continue to adequately produce energy while undergoing mitophagy to re-
establish a healthy mitochondrial network. To test this theory, glycolysis was
blocked in astrocyte-neuron cultures by replacing glucose with 2-Deoxy-D-
glucose (2DG) in the culture medium (Figure 14). 2DG is a glucose molecule
which has the 2-hydroxyl group replaced by hydrogen, so that it cannot
undergo further glycolysis. Consequently, cells cultured in 2DG have to meet
their energy demands through non-glycolytic means and are more reliant on
mitochondrial respiration. Glucose or 2DG astrocyte-neuron cultures were
transfected with Y""Parkin and MtDsRed and treated them with valinomycin as
previously described (Figure 14). Intriguingly, the robust recruitment of Parkin
to depolarised mitochondria observed after 1, 2 and 3 hours of valinomycin
treatment in glucose-cultured astrocytes was completely absent in 2DG-
cultured astrocytes (Figure 14A and B). Additionally, there was a small yet
significant reduction in the amount of Parkin on mitochondria after 3 hours of

treatment in neurons cultured in 2DG rather than glucose (Figure 14A and C).
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Interestingly, the rate of Parkin recruitment to mitochondria after 5 hours of
valinomycin treatment was unquantifiable due to excess cytotoxicity
(manifested as a loss of MAP2 and GFAP immunoreactivity) reaffirming that
mitophagy is a vital protective and pro-survival mechanism in astrocytes and
neurons. Therefore, this data suggests that the induction of damage-induced
mitophagy in astrocytes and neurons is dependent on the glycolytic capacity

of the cells.
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Figure 14: Glycolytic inhibition blocks Parkin recruitment to depolarised
mitochondria in neurons and astrocytes. A. Representative confocal images of
GFAP-positive astrocytes and MAP2-positive neurons present in a 2DG astrocyte-
neuron mixed culture expressing YFP-Parkin and MtDsRed after 1uM valinomycin
treatment. (Scale bars = 10um) B. Quantification of Parkin recruitment to
mitochondria (Integrated YFP-Parkin signal overlapping MtDsred signal normalised
to t=0) in glucose and 2DG astrocytes following 1uM valinomycin treatment (two-way
ANOVA, n=12 cells all conditions over 3 different preparations). C. Quantification of
Parkin recruitment to mitochondria in glucose and 2DG neurons following 1puM
valinomycin treatment (two-way ANOVA, n212 cells all conditions over 3 different
preparations). Error bars represent s.e.m. Significance: *p<0.05 and ***p<0.001.
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3.2.12 Glycolysis inhibition completely blocks damage-induced

mitochondrial clearance in primary astrocytes.

Although this data suggests that glucose metabolism is required for the
induction of Parkin-dependent mitophagy in astrocytes, the latter readouts of
mitophagy, including mitochondrial clearance, were unquantifiable in a mixed
culture system (Figure 15). Therefore, due to their increased resilience to insult
when cultured alone, pure astrocytes were cultured in either glucose or 2DG-
containing medium. The pure astrocytes were then transfected with YF°Parkin
and MtDsRed and treated with valinomycin for various timepoints in a 24-hour
treatment regimen (Figure 15A). Consistent with the findings in the astrocyte-
neuron cultures, Parkin translocated to mitochondria following 1 hour of
valinomycin treatment and colocalisation between Y PParkin and MtDsRed
signal increased with increasing treatment time up to 5 hours (Figure 15B).
Parkin was cytosolically distributed following 24 hours of treatment, however
this was accompanied by an almost complete loss of MtDsRed signal
suggesting that substantial mitochondrial degradation had already occurred
(Figure 15A and C). On the other hand, Parkin recruitment to depolarised
mitochondria was completely blocked in non-glycolytic astrocytes throughout
the entire 24 hours of valinomycin treatment. Remarkably, there was no sign
of any level of mitochondrial degradation in 2DG astrocytes even after 24

hours of valinomycin treatment (Figure 15A and C).

134



A

Val (h)| Glucose | 2DG

B =1 Glucose C
= 2DG *kk ; *kk
8= ~
5% T 8%
5S¢ Lo
= E [
®WET =3
5% g2 28
TE= Sg
85, BEO
8a 9 = 20
= ==
0.
Q Qb L PR S o X Q Qb N 9 g
Valinomycin time (hours) Valinomycin time (hours)

Figure 15: Glycolytic inhibition blocks Parkin recruitment to depolarised
mitochondria and mitophagy in astrocytes. A. Representative confocal images of
astrocytes cultured in either glucose-containing or 2DG-containing medium. B.
Quantification of Parkin recruitment to mitochondria in glucose and 2DG-cultured
astrocytes following 1pM valinomycin treatment (Normalised to Oh timepoint) (two-
way ANOVA, n=212 cells all conditions over 3 different preparations). C. Quantification
of mitochondrial occupancy (Area of MtDsRed) in glucose and 2DG-cultured
astrocytes following 1uM valinomycin treatment (Normalised to Oh timepoint) (two-
way ANOVA, n=12 cells all conditions over 3 different preparations). Error bars
represent s.e.m. Significance: ***p<0.001.
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Alongside the Parkin recruitment experiment, lysates were produced from
valinomycin-treated glucose- and 2DG-cultured astrocytes for western
analysis (Figure 16). Once again, there was an absence of any mitophagy
signals in the non-glycolytic astrocytes. PINK1 and s65-phospho-ub signal
was undetectable and Mfnl signal was unchanged throughout 24 hours of
valinomycin treatment (Figure 16B-D). This was in stark contrast to glucose
cultured astrocytes that displayed increasing levels of PINK1 and phospho-ub
throughout 24 hours of valinomycin treatment which coincided with rapid

ubiquitination and degradation of Mfn1 (Figure 16B-D).

Altogether, this data establishes astrocytes as a principal site of mitochondrial
turnover in the CNS. Furthermore, damage-induced mitophagy was shown to
be dependent on glucose metabolism and glycolysis in astrocytes.
Consequently, the different bioenergetic/metabolic profile, specifically the
increased glycolytic capacity of astrocytes compared to neurons, could
underpin the different rates of mitophagy between the two cell types.
Therefore, targeting the mitophagic pathway specifically in astrocytes presents
an intriguing therapeutic avenue in the treatment of neurodegenerative

disease, in particular Parkinson’s Disease.
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Figure 16: Damage-induced mitophagy in pure astrocyte cultures is dependent
on glycolysis. A. Representative western blot images of lysates from glucose and
2DG astrocyte cultures treated with 1uM valinomycin probed with the primary
antibodies stated. B. Quantification of PINK1 band intensity (normalised to actin and
glucose timepoint Oh) (two-way ANOVA, n=5 all conditions) C. Quantification of s65-
Phospho-Ubiquitin band intensity (normalised to glucose timepoint Oh) (two-way
ANOVA, n=5 all conditions) D. Quantification of Mfnl band intensity (normalised to
glucose timepoint 0h) (two-way ANOVA, n=5 all conditions and genotypes). Error
bars represent s.e.m. Significance: *p<0.05, **p<0.01 and ***p<0.001.
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3.3 Discussion

Maintaining mitochondrial function through quality control methods, including
mitophagy, is extremely important for CNS health and function. This is
highlighted by mutations in the mitophagy machinery leading to familial forms
of Parkinson’s Disease. Yet, despite the obvious pathological relevance,
previous evidence suggests that neuronal mitophagy occurs less readily than
in non-neuronal cell lines (Van Laar et al., 2011, Cai et al., 2012). However,
very little is known about the mitophagic process in the other cell types of the
brain, including astrocytes, despite the potential pathological implications.
Therefore, this chapter examined the spatiotemporal regulation of the
PINKZ1/Parkin mitochondrial quality control pathway in astrocytes and

compared that to the same pathway in neurons.

Firstly, optimal conditions were established to depolarise the mitochondrial
network in both astrocytes and neurons and allow for robust Parkin
translocation and accumulation of S65-phospho-Ub with the use of the
mitochondrial uncoupler valinomycin, without causing the significant neuronal
death observed with other commonly used inducers of mitophagy such as
CCCP/FCCP or antimycin-A. This allowed for the visualisation of the
mitophagic process in astrocytes and neurons present within the same culture
which was physiologically important as it has previously been shown that both

astrocytes and neurons are morphologically and transcriptionally altered when
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cultured without the presence of the other cell type (Hasel et al., 2017, Enright

et al., 2020).

Intriguingly, PINKZ1/Parkin-dependent mitophagy was rapidly induced in
astrocytes and at a much quicker rate than in neurons following valinomycin-
induced damage. This was displayed by the rapid mitochondrial localisation of
Parkin and the formation of S65-phospho-Ub clusters in astrocyte-neuron
cultures, both of which occurred quicker in astrocytes than in neurons.
Importantly, this also correlated with increased mitochondrial clearance in
astrocytes at later timepoints and was backed up by western blot data showing
increased expression of PINK1 and S65-phospho-Ub alongside rapid
ubiquitination and degradation of key mitochondrial Parkin substrates in pure
astrocyte cultures following valinomycin treatment. Significantly, these

processes were occluded in PINK1KO astrocytes and neurons.

These findings are in agreement with a previous report using primary cultures
that shows that ubiquitin is more readily phosphorylated in astrocytes than in
neurons following mitochondrial depolarisation (Barodia et al., 2019).
However, in that study they find no evidence of mitophagy induction in neurons
whereas the data presented here indicates that even though mitophagy
induction is delayed in comparison to astrocytes, neuronal mitophagy does
occur. This could be due to differences in experimental setup. In the previous
study, neurons are cultured without the presence of astrocytes and other glia

meaning that they may lack the neurotrophic and metabolic support required
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to adequately perform mitophagy; a theory backed up by data presented in
this chapter showing that mitophagy readouts are undetectable in pure
neuronal cultures by western blot. Notwithstanding, the data presented in this
chapter, backed up by previous data, suggests that the rate of PINK1/Parkin-

dependent mitophagy is higher in astrocytes than it is in neurons.

On the other hand, it was found that mitochondrial damage-induced
remodelling occurred quicker and more readily in neurons compared to
astrocytes. This was shown by the rapid decrease in mitochondrial diameter
and rounding of neuronal mitochondria at early valinomycin treatment
timepoints. Damage-induced mitochondrial remodelling has been widely
reported in non-neuronal cell lines and occurs following the dissipation of
mitochondrial membrane potential (Miyazono et al., 2018). It was previously
thought that mitochondrial fragmentation is a prerequisite for mitophagy (Twig
et al., 2008), yet recent evidence outlines that the fragmentation of
mitochondria does not accelerate mitophagy (Yamashita et al., 2016) and the
loss of DRP1 actually enhances the recruitment of Parkin to depolarised yet
fused mitochondria and increases the rate of mitophagy (Burman et al., 2017).
Thus, a new model suggests that instead of promoting mitophagy, damage-
induced fragmentation attempts to segregate healthy mitochondrial domains
from elimination by PINK1 and Parkin (Burman et al., 2017). Intriguingly,
mitochondrial remodelling preceded Parkin translocation in neurons but not in

astrocytes. Therefore, this could suggest that neurons prioritise mitochondrial
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fragmentation over whole organellar mitophagy to maintain mitochondrial
fidelity following insult and only proceed with mitophagy following prolonged
damage. This proposed mechanism, that occurs independently to PINK1,
could be favoured by neurons in order to prevent an energy deficit following
mitochondrial damage as they are heavily reliant on mitochondrial ATP

production to meet their energy demands.

Moreover, it was then identified that the spatial regulation of mitophagy differed
vastly between astrocytes and neurons. Following valinomycin treatment, s65-
phospho-Ub puncta were distributed evenly throughout astrocytes and were
even present within the distal processes. In contrast, s65-phospho-Ub signal
was restricted mainly to the somatic region in neurons, which backs up
previous findings indicating that neuronal mitochondria are retrogradely
transported to the soma to facilitate their clearance (Cai et al., 2012, Zheng et
al., 2019) . These findings could be the result of altered degradative lysosomal
distribution between the two cell types. Whereas neuronal lysosomes are, in
the main (Farfel-Becker et al., 2019), restricted to the somatic and proximal
dendritic regions (Peters, 1991, Maday et al.,, 2012, Maday and Holzbaur,
2016, Yap et al., 2018, Cai et al., 2012), degradative lysosomes in astrocytes
are distributed uniformly and are present within even the finest of astrocytic
processes in vivo (Damisah et al., 2020). Thus, this suggests that mitochondria
in astrocytes may be able to rapidly undergo mitophagy irrespective of their

subcellular localisation whereas neuronal mitochondria have to be
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retrogradely transported to the soma prior to the induction of mitophagy to
facilitate their clearance; a phenomenon that could, in some part, explain the
difference in timescale of mitophagy induction in astrocytes and neurons.
However, it was observed that there is also a delay in Parkin recruitment to
mitochondria already present within neuronal somas and thus, other

mechanisms are likely to be involved.

Accordingly, it was found that damage-induced mitophagy progression is
dependent on glucose uptake and glycolytic capacity in astrocytes. Through
replacing glucose with 2DG, which inhibits the hexokinase-dependent glucose
phosphorylation step of glycolysis, valinomycin-induced Parkin translocation,
s65-phospho-Ub formation and mitochondrial clearance was completely
inhibited in astrocytes, even after 24 hours of treatment. Astrocytes are
extremely metabolically flexible and have a high glycolytic capacity due to
contact with vasculature in vivo, which provides a rapid source of glucose, and
through increased expression of specific glycolytic enzymes including
PFKFB3 and HK2 (Herrero-Mendez et al., 2009, Zhang et al., 2014, Zhang et
al., 2016). Previous evidence shows that astrocytes metabolically switch from
oxidative phoshorylation to glycolysis following insult (cortical stab wound,
LPS/IFNy), which coincides with DRP1-dependent fragmentation of
mitochondria (Motori et al., 2013). In fact, although astrocytes display high
rates of oxidative phosphorylation, they can function purely glycolytically and

mice expressing respiration-deficient astrocytes display no signs of pathology
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(Supplie et al., 2017). On the other hand, neuronal glycolysis is limited, and
neurons rely heavily on mitochondrial respiration to meet their energy
demands. It has previously been shown that Parkin translocation to
depolarised mitochondria is dependent on cellular ATP levels and that some
level of glycolysis is required to adequately perform mitophagy upon loss of
mitochondrial ATP production (Van Laar et al., 2011). Therefore, unlike
neurons, it could be that due to their metabolic flexibility, astrocytes are able
to meet their energy demands through non-mitochondrial sources following
mitochondrial damage and therefore readily and robustly undergo mitophagy.
However, it should be noted that replacing glucose with 2DG could also be
indirectly impacting mitochondrial oxidative phosphorylation in astrocytes.
Glycolysis produces two ATP molecules alongside two pyruvate molecules
that help to fuel mitochondrial OXPHOS, vyet this is blocked when 2DG is
present. Previous evidence shows that 2DG replacement in Z138 cells partially
inhibited glycolytic-dependent oxidative phosphorylation on top of blocking
glycolysis (Robinson et al., 2012). Thus, going forward it will be important to
assess the impact of 2DG replacement on the mitochondrial respiratory

capacity of astrocytes.

Intriguingly, recent evidence suggests that neuronal mitochondria can be
dynamically transferred to astrocytes to facilitate their clearance. Studies have
shown that mitochondria can be released from neurons extracellularly and

taken up and internalised by nearby astrocytes (Gao et al., 2019, Davis et al.,
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2014, Morales et al., 2020). The internalised neuronal mitochondria can then
be degraded by the autophagy-lysosomal system in astrocytes. This has been
termed transmitophagy and may be a key process in conferring
neuroprotection following neuronal insult. Conversely, healthy mitochondria
can be transported back to neurons from astrocytes to support neuronal
viability (Hayakawa et al., 2016, English et al., 2020, Gao et al., 2019).
Therefore, the findings in this chapter showing that mitophagy occurs quicker,
more readily and is less spatially restricted in astrocytes compared to neurons
outlines why astrocytes are the perfect candidate for a hub of mitochondrial

turnover in the CNS.
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Chapter 4 - The role of Mirol in the mitophagy pathway in

astrocytes and neurons

4.1 Introduction

A key target of Parkin-mediated ubiquitination is the Miro (mitochondrial Rho)
family of GTPases. In mammals there are two members of the family, Mirol
and Miro2, which contain two GTPase domains flanking two Ca?*sensing EF-
hand motifs and a transmembrane domain that anchors them to the OMM
(Fransson et al., 2003). Miro proteins have emerged as critical regulators of
neuronal and astrocytic mitochondrial trafficking and distribution (Fransson et
al., 2006, Macaskill et al., 2009, Guo et al., 2005, Stephen et al., 2015, Lopez-
Domenech et al., 2016) and may also have other important roles for
mitochondrial function as components of mitochondria-ER contact sites and
as regulators of mitochondrial calcium homeostasis (Kornmann et al., 2011,
Lee et al., 2016b, Modi et al., 2019, Niescier et al., 2018). Under mitochondrial
damage Miro proteins are rapidly ubiquitinated and degraded by a
PINK1/Parkin-dependent mechanism (Birsa et al., 2014, Ordureau et al.,
2018, Liu et al., 2012, Wang et al., 2011b). Regulation of the Miro trafficking
complex by PINK1 and Parkin may serve to dissociate damaged mitochondria
from the microtubule and actin transport pathways (Lopez-Domenech et al.,
2018, Wang et al., 2011b), helping to isolate the damaged organelles from the

functional mitochondrial network prior to their clearance.
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In addition to acting as a Parkin substrate, it has been reported that Miro
proteins might directly act as receptors for Parkin on the OMM to facilitate
Parkin recruitment and stabilisation on the OMM (Birsa et al., 2014, Safiulina
et al., 2019, Shlevkov et al., 2016). Other OMM proteins, namely Mfn2, have
previously been identified as Parkin receptors (Chen and Dorn, 2013, Okatsu
et al., 2015, Wang et al., 2019a, McLelland et al., 2018). The rapid formation
of phospho-ubiquitin chains on Mfn2 acts as a signal to recruit more Parkin to
the OMM to accelerate mass mitochondrial ubiquitination (McLelland et al.,
2018, Chen and Dorn, 2013, Okatsu et al., 2015) However, whether this is

also the case for Mirol remains to be established.

Furthermore, Miro degradation was shown to be impaired in PD-patient
derived fibroblasts (Hsieh et al., 2016) and several Mirol mutations have been
identified as risk factors in patients with PD, further supporting the involvement
of Mirol in the pathogenesis of the disease (Grossmann et al.,, 2019,
Berenguer-Escuder et al., 2019, Grossmann et al.,, 2020). Despite the
emerging role for Mirol in the regulation of mitophagy and the growing links
between Mirol and human PD pathology, the role of Mirol in the mitophagic

process in the CNS remains poorly understood.

Therefore, by using Mirol knockout mouse primary astrocyte-neuron cultures,
the role of Mirol in the mitophagic process in astrocytes and neurons will be

identified. Furthermore, through the expression of less- and non-ubiquitinable
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mutant versions of Mirol, the importance of Mirol ubiquitination for the

progression of mitophagy will be assessed.

4.2 Results

4.2.1 Parkin-dependent mitophagy in astrocytes is not dependent on
Mirol.
To establish the role of Mirol in mitophagy in astrocytes and neurons a global
Miro1X© mouse line that exhibits a complete loss of Mirol expression in
embryonic brain lysates was utilised (Figure 1). Mirol%® mice display

preweaning lethality with complete penetrance (Smith and Eppig, 2012).
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Figure 1: Global Mirol knockout model. A. Genetic allele map of a WT and Tmla
Mirol alleles. B. Western blot image of brain lysates taken from a WT and Miro1K®
hetero- and homozygote mouse embryos probed with anti-Miro, PDHE1a, GAPDH,
cytochrome c¢ and actin antibodies.
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Using this mouse line, astrocyte-neuron cultures were generated from E16.5
WT and Miro1X° embryos and transfected with YFPParkin and MtDsRed prior
to valinomycin treatment, as previously described. Firstly, the role of Mirol in
mitophagy in astrocytes, which display a robust and rapid induction of the
mitophagic process following mitochondrial depolarisation, was assessed
(Figure 2). Surprisingly, no difference in the rate of Parkin recruitment to
depolarised mitochondria was observed between WT and Miro1K® astrocytes
(Figure 2A and B). Colocalisation of YFP-Parkin and MtDsRed signal
increased with valinomycin treatment time irrespective of the expression of
Mirol (Figure 2B). In addition, there was no change in mitochondrial area at
early valinomycin treatment timepoints following the loss of Miro1l in astrocytes
suggesting that damage-induced mitochondrial remodelling occurs
independently of Mirol in astrocytes (Figure 2C). Importantly, there was also
no difference in the amount of mitochondrial clearance seen after 5 hours of
valinomycin treatment in WT and Miro1K® astrocytes indicating that the

mitophagic process in astrocytes is not Mirol-dependent (Figure 2C).
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Figure 2: Parkin translocation to depolarised mitochondria in astrocytes is
unaffected by the loss of Mirol. A. Representative confocal images of WT and
Miro1X© GFAP-positive astrocytes present in astrocyte-neuron mixed cultures
expressing YFP-Parkin and MtDsRed treated with 1uM valinomycin. (Scale bars =
10pm) B. Quantification of Parkin recruitment to mitochondria (Integrated YFP-Parkin
signal overlapping MtDsRed signal normalised to t=0) in WT and Miro1X° astrocytes
following 1uM valinomycin treatment (two-way ANOVA, n215 cells all conditions over
4 different preparations). D. Quantification of mitochondrial occupancy (Area of
MtDsRed signal in GFAP area of cell) in WT and Miro1K® astrocytes following 1uM
valinomycin treatment (two-way ANOVA, n215 cells all conditions over 4 different
preparations). Error bars represent s.e.m.
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4.2.2 Mitophagy in astrocytes occurs independently of Mirol under

endogenous conditions.

Following this, to validate the findings in Parkin-overexpressing astrocytes,
western analysis of astrocyte lysates expressing endogenous levels of Parkin
was performed (Figure 3). Therefore, pure astrocyte cultures were generated
from WT and Miro1X°© embryos and treated with valinomycin, as previously
described, prior to lysis and western blot. The samples were probed with
antibodies specific to Mirol, alongside s65-phospho-Ub and Mfnl as specific
readouts of PINK1/Parkin-dependent mitophagy (Figure 3A). Importantly, the
loss of Mirol expression was confirmed with a complete loss of Mirol
immunoreactivity in Miro1X© astrocytes (Figure 3B). Once again, no significant
differences in mitophagy readouts between WT and Miro1X® astrocytes were
observed (Figure 3C and D). S65-phospho-ubiquitin signal appeared following
valinomycin treatment and the levels increased with treatment time in both WT
and MirolX© astrocytes (Figure 3C). Accordingly, Mfnl was rapidly
ubiquitinated and later degraded following valinomycin treatment in astrocytes
irrespective of Mirol expression (Figure 3D). Therefore, taken together, these
findings indicate that PINK1/Parkin-mediated mitophagy in astrocytes is not

dependent on Mirol expression.

150



A B =

01X°
| WT Astrocytes I Miro1%© Astrocytes 159 Miro1
I +Valinomycin I +Valinomycin *kkk
00512 350051235 1.0
Miro1 [ " sss « = l_70
0.5
— 250

Valinomycin time (hours)

.0‘ . 0.0
u" ) Q Qcp N v 5 O

L ™
8

s65 : ‘
phospho-Ub v C
501 pUb
40
|
- G - & 304
35
20 1
Mfn1
S e e GG e —— 70 i i
. O N v 2 o
Actin I — — e G = D S G —— — — — I 48 D Valinomycin time (hours)
1.5

Mfn1

S N v > 6

Valinomycin time (hours)

Q

Figure 3: Western blot mitophagy readouts are unchanged in Miro1K°
astrocytes. A. Representative western blot images of lysates from WT and Miro1X°
astrocyte cultures treated with 1uM valinomycin probed with the primary antibodies
stated. B. Quantification of Miro1 band intensity (normalised to actin and WT timepoint
0Oh) (two-way ANOVA, n=4 all conditions and genotypes) C. Quantification of s65-
phospho-ubiquitin band intensity (normalised to WT timepoint Oh) (two-way ANOVA,
n=4 all conditions and genotypes) D. Quantification of Mfnl band intensity
(normalised to WT timepoint 0Oh) (two-way ANOVA, n=4 all conditions and
genotypes). Error bars represent s.e.m. Significance: ****p<0.0001.
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4.2.3 Mirol is critically important to recruit Parkin to mitochondria to

trigger mitophagy in neurons.

As clear differences between the spatiotemporal regulation of mitophagy in
astrocytes and neurons had already been established, it was examined if
Mirol played a role in the mitophagic process in neurons. Firstly, the rate of
Parkin recruitment to depolarised mitochondria was quantified in
YFPParkin/MtDsRed-expressing neurons in astrocyte-neuron cultures.
Remarkably, unlike in astrocytes, a dramatic delay in Parkin translocation to
mitochondria in Miro1X° neurons (Figure 4A and D) compared to WT neurons
was observed. This could also be seen by reduced overlap between Parkin
and the mitochondrial marker MtDsRed in fluorescent linescans (Figure 4B
and C). Moreover, this was accompanied by a reduction in somatic
mitochondrial clearance in the absence of Mirol in neurons. Due to previous
observations, changes in mitochondrial area up to 3 hours of valinomycin
treatment were defined as mitochondrial remodelling and changes post 3
hours as mitochondrial clearance. Additionally, as it had already been shown
that mitophagy in neurons principally takes place proximally, only the somatic
mitochondrial signal was used for this analysis. In Mirol%° neurons,
mitochondria became fragmented following valinomycin treatment, similarly to
those in WT neurons. Yet, there was no further decrease in somatic
mitochondrial content in Miro1X® neurons following 3 hours of treatment
compared to a 30% reduction in WT neurons indicating that the mitophagic

process in neurons is dependent on the presence of Mirol (Figure 4E and F).
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Figure 4: Loss of Mirol delays Parkin recruitment to depolarised mitochondria
in neurons. A. Representative confocal images of the soma of WT and Miro1X°
neurons expressing YFP-Parkin and MtDsRed after 1uM valinomycin treatment
(Scale bars = 5uM). B-C. Fluorescent linescans of YFP-Parkin and MtDsRed signal
in (B) WT and (C) Miro1k° neurons after 5 hours of valinomycin treatment (Lines
shown in A). D. Quantification of Parkin recruitment to mitochondria (Integrated YFP-
Parkin signal overlapping MtDsred signal normalised to t=0) in WT and Miro1X®
neurons following valinomycin treatment (two-way ANOVA, n=15 cells all conditions).
E. Quantification of mitochondrial occupancy (Area of MtDsRed signal in soma /
Entire area of soma) in the soma of WT and Miro1%° neurons following valinomycin
treatment. F. Percentage change in mitochondrial occupancy in the soma of WT and
Miro1X° neurons between 3 and 5 hours of valinomycin treatment (Unpaired t-test).
Error bars represent s.e.m. Significance: *p<0.05 and **p<0.01.
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4.2.4 Mirol is critically important to the damage-induced formation of

phospho-ubiquitin in neurons.

Next, to validate the delay in Parkin recruitment to neuronal mitochondria in
the absence of Mirol, valinomycin-treated WT and Miro1X® neurons were
immunostained with antibodies specific to pS65-Ub without exogenous
expression of fluorescently tagged Parkin that could alter mitophagy kinetics.
The neuronal specificity of phospho-ub signal was established by MAP2
staining. In WT neurons, pS65-Ub appeared in somatodendritic clusters
following valinomycin treatment and increased in number with longer
treatment time. In contrast, the appearance of pS65-Ub puncta in Miro1K°
neurons was severely delayed and pS65-Ub puncta were sparse even after 5
hours of valinomycin treatment. It is worth noting that unlike in PINK1KO
neurons, there was not a complete absence of pS65-Ub signal, rather there
was significant delay in the formation of pS65-Ub following valinomycin
treatment in Miro1X° neurons (Figure 5A and B). Thus, unlike in astrocytes
(Figure 5C), Mirol appears to be critically important for the stabilisation of
Parkin on the OMM and for the formation of pS65-Ub chains upon
mitochondrial damage in neurons, which are critical steps for damage-induced

mitochondrial clearance.
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Figure 5: Damage-induced s65-phospho-ubiquitin puncta formation is delayed
in Miro1X© neurons. A. Representative confocal images of WT, Miro1%° and PINK1X°
neurons immunostained with MAP2 (blue) and s65-phospho-ubiquitin (green) after
1uM valinomycin treatment (Scale bars = 20um). B. Quantification of s65-phospho-
ubiquitin signal intensity within MAP2 signal (normalised to MAP2 area and t=0) in
Miro1"T, Miro1%® and PINK1X® neurons following 1uM valinomycin treatment (two-
way ANOVA, n= 3, 4 and 3 embryos from WT, Miro1%° and PINK1K® embryos,
respectively, 6 ROIs per condition). C. Confocal image of a Miro1X° astrocyte-neuron
mixed culture immunostained for GFAP (red), MAP2 (blue) and s65-phospho-
ubiquitin (green) after 2h valinomycin treatment. Neuron (arrow), astrocyte
(arrowhead). (Scale bars = 10um) Error bars represent s.e.m. Significance: **p<0.01
and ***p<0.001.
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4.2.5 Mirol is promiscuously ubiquitinated by Parkin.

To further investigate the mechanisms underlying the role of Mirol in the
mitophagic process in neurons, rescue experiments were performed in
Miro1X© neurons by expressing human WT or mutant forms of Mirol.
Alongside WT Mirol, Mirol mutants that are less- or non-ubiquitinated by
Parkin following mitochondrial damage, Miro1%R, Miro1A'R and Miro12EF were
expressed (Figure 6A). Several lysine residues have been identified as
potential sites for Miro1 ubiquitination, both from in vitro studies (Kazlauskaite,
Kelly et al., 2014) and from unbiased mass spectrometric approaches (Table

4).
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Lysine Lysine Steady State Mitochondrial Other

(Human) | (Mouse) Damage
K92 K105 | (Akimov et al., 2018)
K107 K120 (Boeing et
al., 2016)2
K153 K166 | (Wagner et al., (Sarraf et al., 2013,
2012, Wagner et al., | Kazlauskaite et al.,
2011) 2014)
K182 K195 | (Wagneretal.,
Mirol 2012, Akimov et al.,
2018)
K187 K200 | (Udeshietal., 2013, | (Ordureau et al., 2015, | (Boeing et
Wagner et al., 2011, | Ordureau et al., al.,
Wagner et al., 2012, | 2014b, Ordureau et 2016)3
Mertins et al., 2013, | al., 2018) (Wu et al.,
Akimov et al., 2018) 2015)b;
(Povlsen
etal.,
2012)2
K194 K207 | (Wagner et al., (Sarraf et al., 2013)
2012, Akimov et al.,
2018)
K230 K243 (Akimov et al., 2018) | (Kazlauskaite et al.,
2014)

K235 K248 (Akimov et al., 2018) | (Kazlauskaite et al.,
2014, Sarraf et al.,

2013)
K249 (Kto R) (Ordureau et al.,
2014b)
K330 K343 (Akimov et al., 2018) | (Kazlauskaite et al.,
2014)
K427 K440 | (Akimov et al., 2018)
K512 K525 | (Wagner et al., (Ordureau et al., 2018)
2012, Udeshi et al.,
2013)
K535 K548 (Akimov et al., 2018)
K572 K585 (Kazlauskaite et al.,

2014, Sarraf et al.,
2013, Ordureau et al.,
2014b, Ordureau et
al., 2018)

Table 4: Lysine residues identified as potential sites for ubiquitination.

Miro1°R contains a compound mutation in which five key potential sites were
replaced by arginine. K153, K187 and K572 were chosen because they were
identified in several studies as being ubiquitinated upon mitochondrial

damage, and K182 and K194 due to their close proximity to K187, likely a
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critical ubiquitination target. Miro1A'R is a Mirol mutant construct in which all
lysine residues (except K612 and K616 to avoid mistargeted localisation) were
replaced by arginine. Previous work in the lab tested the ability of these
constructs to be ubiquitinated by inducing mitochondrial damage in non-
neuronal cell lines (Figure 6B). The Miro1°R construct led to a significant (but
only partial) decrease in the levels of damage-induced Miro ubiquitination
suggesting that multiple lysine residues may serve as substrates for Mirol
ubiquitination. Only by mutating all potential Mirol ubiquitination sites
(Miro1A'R) could the damage-induced ubiquitination of Mirol be blocked.
Therefore, Parkin exhibits significant promiscuity in targeting lysine residues
on Mirol for ubiquitination. Lysine 572 (K572) was previously demonstrated to
be a key site for Parkin dependent ubiquitination (Kazlauskaite et al., 2014,
Klosowiak et al., 2016, Safiulina et al., 2019). Yet, reintroduction of this residue
on the Miro12'R backbone (Miro1R%72K) was unable to rescue damage-induced
ubiquitination of Mirol. A Mirol construct with mutations (E208K and E328K)
in both EF-hand motifs (Miro12EF), which abolish Ca?* binding and renders
Mirol insensitive to calcium (Fransson et al., 2006) and that was recently
shown to be poorly ubiquitinated and unable to recruit Parkin to mitochondria

was also included (Safiulina et al., 2019) (Figure 6A).
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Figure 6: Mirol ubiquitin mutants. A. Schematic representation of human WT and
mutant Mirol sequences highlighting domains and lysine residues (Lys) in its
sequence. Key lysine residues reported to be ubiquitinated upon mitochondrial
damage and mutated to generate the ™°Miro1°® mutant construct are highlighted.
Lines indicate all lysine residues that are mutated in the ™°Miro1A"® mutant. B.
Ubiquitination assay showing that Mirol lysine mutants have reduced ubiquitination
upon FCCP treatment (1h, 10 uM) in F@Parkin overexpressing SH-SY5Y cells (Taken
from (Lopez-Domenech et al., 2021)).
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4.2.6 Expression of Miro1°R but not Miro1A'R rescues mitochondrial

distribution in Miro1X° neurons.

Firstly, to identify any confounding variables, it was established whether the
introduction of these mutations had any effect on the intrinsic properties of
Mirol to regulate the trafficking and distribution of mitochondria in neurons. To
do this the Mirol constructs described above were expressed alongside GFP
and MtDsRed in MirolX° neurons and mitochondrial sholl analysis was
performed (Figure 7). As previously reported, the loss of Mirol dramatically
reduced the distribution of mitochondria in neurons. The defect in distribution
was rescued by the expression of WT Mirol and Miro15®R but not Miro1A'R or
Miro125F (Figure 7A and B). Mirol regulates mitochondrial trafficking in a Ca?*
-dependent manner through its Ca?*-sensing EF hands, hence why the
reintroduction of Miro125F does not rescue mitochondrial distribution in the
absence of Mirol. In addition, this could also explain why mitochondrial
distribution is not rescued upon expression of Miro1A'R, Miro1A'R contains
mutations in both EF-hand domains which may affect the Ca?*-sensing

properties of Mirol.
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Figure 7: Miro15® but not Miro1A'® rescues mitochondrial distribution in Miro1X°
neurons. A. Representative confocal images of WT and Miro1X°© neurons expressing
WT and mutant forms of Mirol alongside GFP (magenta) and MtDsRed (cyan). (Scale
bars = 50um) B. Quantification of mean distance from the soma that 60% of MtDsRed
signal is situated (unpaired t test, n=12 cells over 3 different preparations). Error bars
represent s.e.m. Significance: **p<0.01, p<0.001, ***p<0.0001.
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4.2.7 Mirol recruits Parkin to polarised mitochondria in neurons.

Next, it was determined whether expression of any of the Mirol constructs
could rescue the defects in Parkin translocation to depolarised mitochondria
in Miro1X© neurons. To do this Miro1%°© neurons were transfected with myc-
tagged WT Mirol, Miro15R, Miro1AR or Mirol 25F alongside YFPParkin and
MtDsRed and treated with valinomycin for 2 and 5 hours (Figure 8).
Intriguingly, when performing untreated control experiments, it was observed
that exogenous expression of WT Mirol in Miro1X® neurons induced Parkin
recruitment to mitochondria even in the absence of valinomycin treatment
(Figure 8A and B). In these experiments, Parkin was enriched onto tubular,
elongated and reticular mitochondria unlike the rings of Parkin surrounding
fragmented mitochondria after valinomycin-induced damage (Figure 8A and
B). Similar to WT Mirol, expression of Miro1°R also induced a near to 3-fold
enrichment of Parkin onto polarised mitochondria, suggesting that the
ubiquitination defect introduced in Miro1°R does not block the ability of Mirol
to bind Parkin on healthy mitochondria (Figure 8B). The Mirol-dependent
recruitment of Parkin to polarised mitochondria was recently shown to be
dependent on the ability Ca?*-sensing EF hands of Mirol in non-neuronal cell
lines (Safiulina et al., 2019). Accordingly, the expression of Miro12EF did not
induce the translocation of Parkin to polarised mitochondria in neurons (Figure
8B). This was also the case for the expression of Miro1A'R, which again could

be the result of mutations in the EF-hand domains.
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4.2.8 Parkin recruitment to depolarised mitochondria in neurons is

dependent on Mirol ubiquitination.

During valinomycin treatment, only expression of WT Mirol, but not Miro1°R,
in Miro1K© neurons significantly increased Parkin translocation to mitochondria
after 2 and 5 hours (Figure 8A and C) indicating that the correct ubiquitination
of Mirol is critical to efficiently recruit Parkin to depolarised mitochondria in
neurons. Interestingly, it was also observed that the expression of Miro1A'R
delayed the damage-induced translocation of Parkin to a greater extent than
the absence of Mirol after 5 hours of valinomycin treatment, suggesting that
Mirol not only acts as a receptor for Parkin translocation but may interfere with
the normal progression of mitophagy by additional means when not
ubiquitinated, effectively blocking Parkin translocation (Figure 8A and C).
Thus, Mirol can bind and enrich Parkin on mitochondria in the absence of
mitochondrial damage and independently of the activation of the mitophagic
process in neurons, while during mitophagy activation, the ubiquitination of
Mirol is paramount for the enrichment of Parkin onto depolarised mitochondria
(Figure 8). Therefore, the presence of Mirol and its correct ubiquitination
appear to be equally important for ensuring the recruitment and stabilisation
of Parkin on the mitochondrial membrane during mitochondrial damage in

neurons.
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Figure 8: Exogenous expression of Mirol recruits Parkin to polarised
mitochondria and Mirol ubiquitination is required for damage-induced Parkin
recruitment in neurons. A. Representative confocal images of the soma of Miro1<°
neurons expressing Miro1"T and mutant forms of Miro1, YFPParkin and MtDsRed with
and without 5h valinomycin treatment (Scale bars=10um). B. Quantification of Parkin
colocalization with MtDsRed (YFPParkin signal overlapping MtDsRed signal —
intensity-adjusted) in the soma of WT and Miro1¥° neurons without valinomycin
treatment (one-way ANOVA, n=12 cells all conditions per genotype over 3 different
preparations). C. Quantification of Parkin recruitment to mitochondria (Normalised to
t=0) in WT and Miro1° neurons following valinomycin treatment (two-way ANOVA,
n=12 cells all conditions per genotype over 3 preparations). Error bars represent
s.e.m. Significance: *p<0.05 (increase), #p<0.05 (decrease), **p<0.01 and
***n<0.001.
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4.2.9 Overexpression of Mirol recruits Parkin to polarised
mitochondria in the absence of PINK1 but does not compensate for

the loss of PINK1 in damage-induced mitophagy in neurons.

To establish whether Mirol-dependent Parkin recruitment to polarised and
depolarised mitochondria is dependent on PINK1, WT and mutant forms of
Mirol were expressed in YFPParkin/MtDsRed-expressing PINK1X® neurons
and treated with valinomycin for 2 and 5 hours, as previously described.
Importantly, it was found that Parkin recruitment to polarised mitochondria was
not dependent on PINK1 as both Miro1"T and Miro1°R were still able to recruit
Parkin to polarised mitochondria in PINK1K® neurons (Figure 9A and B),
indicating that Parkin recruitment by overexpression of Mirol occurs
independently to PINK1 stabilisation, Parkin’s activation and the induction of
mitophagy. However, following valinomycin treatment, any further recruitment
of Parkin to mitochondria was occluded in PINK1K® neurons overexpressing
either WT or mutant forms of Mirol (Figure 9A and C). This indicates that
under mitochondrial damage, Parkin recruitment by Mirol is dependent on
PINK1 stabilisation, the activation of mitophagy and requires Mirol to be

ubiquitinated (Figure 8 and 9).

Altogether, our findings provide new insights into the requirement of Mirol for
mitophagy following mitochondrial damage in astrocytes and neurons. This
data identifies a redundancy in the requirement of Mirol for the mitophagic

process in astrocytes yet highlight its importance for neuronal mitophagy. It is
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shown that neuronal expression of Mirol is capable recruiting Parkin in the
absence of mitochondrial damage and that the correct ubiquitination of Mirol

by Parkin is paramount for damage-induced mitophagy in neurons.

166



| PINK1¥°
Untransfected PINK1*e
+ 5R-myc
+Val +Val
PINK1x© PINK1K©
+ Miro1-myc +AllIR-myc
+Val +Val

PINK1xe A
+DEF-myc P& s

+Val

Bl PINK1 KO
B [ PINK1 KO + Miro1-myc C
Il PINK1 KO + DEF-Miro1-myc
[ PINK1 KO + 5R-Miro1-myc
[ PINK1 KO + AlIR-Miro1-myc

80 Basal
3 8 s
E%so *xx *k¥ E%.‘OL”' NS
s 2 g2 e
T = ® =T
2 E 40 £ = g 104
g = R
s saE
O o 20 O o S 054
w Tz
> >
o 0.04
Q L “

Valinomycin time (hours)

Figure 9: Exogenous expression of Mirol recruits Parkin to polarised
mitochondria in the absence of PINK1 but PINK1 is required for damage-
induced Parkin recruitment in neurons. A. Representative confocal images of the
soma of PINK1X° neurons expressing Miro1"" and mutant forms of Miro1, Y*"Parkin
and MtDsRed with and without 5h valinomycin treatment (Scale bars=10um). B.
Quantification of Parkin colocalization with MtDsRed (YFPParkin signal overlapping
MtDsRed signal — intensity-adjusted) in the soma of WT and PINK1X° neurons without
valinomycin treatment (one-way ANOVA, n=12 cells all conditions per genotype over
3 different preparations). C. Quantification of Parkin recruitment to mitochondria
(Normalised to t=0) in WT and PINK1X° neurons following valinomycin treatment (two-
way ANOVA, n=212 cells all conditions per genotype over 3 preparations). Error bars
represent s.e.m. Significance: ***p<0.001, NS = not significant.
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4.3 Discussion

Defects in mitophagy are a key part of the aetiology of neurodegenerative
diseases, for example, mutations in PINK1 and Parkin are associated with
early onset familial Parkinson’s disease (PD). Recently, loss of function
mutations in Mirol have also been identified in PD patients (Grossmann et al.,
2019, Berenguer-Escuder et al., 2019, Grossmann et al., 2020) and it has
been previously shown that Mirol promotes the recruitment and stabilisation
of Parkin onto depolarised mitochondria (Birsa et al., 2014, Safiulina et al.,
2019, Shlevkov et al., 2016). This would suggest that Parkin binding by Miro1,
in conjunction with Parkin activation by PINK1 phosphorylation, could act
together to stabilize Parkin on the OMM, providing a mechanism to tune Parkin

levels on the OMM.

With the use of a knockout mouse model, the role of Mirol in PINK1/Parkin
dependent mitophagy in astrocytes and neurons was investigated.
Surprisingly, it was found that the mitophagic process in astrocytes is
unaffected by the loss of Mirol. On the other hand, Mirol was found to be
critically important for mitophagy in neurons which further outlines the cell type
heterogeneity in the mitophagic pathway in astrocytes and neurons. Miro1X°
neurons exhibited dramatically reduced Parkin translocation onto
mitochondria compared to wild type neurons and a considerable delay in the
appearance of s65-phospho-Ub clusters following damage. This also

correlated with reduced mitochondrial clearance at later time points. Thus,
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these results, supported by previous proposals in cell lines, demonstrate that
Mirol forms part of a Parkin receptor complex on the OMM, important for

tuning Parkin-mediated mitochondrial quality control in neurons.

Disruption of mitochondrial trafficking may also contribute to the defects in
mitophagy in Miro1K° neurons. The findings in the previous chapter and the
work of others have shown that neuronal mitophagy is, in the main, restricted
to the somatic region (Cai et al., 2012, Zheng et al., 2019, Evans and Holzbaur,
2020). In agreement with this, it has been shown that neuronal mitophagy
relies on axonal retrograde transport of mitochondria to the soma prior to
degradation following mitochondrial damage (Zheng et al., 2019). It is likely
that Mirol is involved in this process as the loss of Mirol in neurons reduces
axonal retrograde transport of mitochondria (Nguyen et al., 2014). Although it
has been shown that mitochondria can undergo mitophagy in the distal axon
following localised damage (Ashrafi et al., 2014), inhibition of mitochondrial
motility post-damage, by overexpression of the mitochondrial anchor, SNPH,
completely blocks the clearance of mitochondria (Zheng et al., 2019). Thus,
Miro1’s role in neuronal mitophagy may be particularly important as it could
link retrograde mitochondrial trafficking to Parkin-mediated clearance of

mitochondria in neuronal somas.

This could also serve to explain why the loss of Mirol does not affect
mitophagy rates in astrocytes. Data presented in the previous chapter has

shown that mitophagy is not spatially restricted in astrocytes and thus,
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astrocytic mitochondria may be less reliant on Mirol-dependent retrograde
trafficking to facilitate their clearance. On top of this, although transcriptomic
studies suggest that Mirol gene expression levels are similar between
neurons and astrocytes (Zhang et al., 2014, Zhang et al., 2016), a recent
proteomic study using the MitoTag mouse line, which enables mitochondrial
profiling in vivo, indicates that astrocytic mitochondria express relatively low
amounts of Mirol compared to neuronal mitochondria in the cerebellum
(Fecher et al., 2019). Consequently, this could explain the redundancy of
Mirol for astrocytic mitophagy and may suggest the presence of distinct

mitochondrial Parkin receptors in astrocytes.

Moreover, rescue experiments outline that the damage-induced Parkin
recruitment to mitochondria and progression of mitophagy in neurons is
dependent on the ubiquitination of Mirol. These findings indicate that Mirol
ubiquitination may directly act as a rapid signal on the OMM for the mitophagic
process in neurons. It has been suggested that the rapid ubiquitination of
certain Parkin substrates can facilitate the release of dysfunctional
mitochondria from the ER in a p97-dependent manner which acts as a gating
mechanism to allow widespread Parkin ubiquitination of other mitochondrial
substrates and facilitate the progression of mitophagy (McLelland et al., 2018).
In support of this view, neuronal expression of PTPIP51, an ER/Mitochondrial
anchoring protein, results in the suppression of Parkin-mediated mitophagy,

highlighting the role of the Mitochondria-ER contact sites (MERCS) in the
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regulation of mitophagy progression in neurons (Puri et al., 2019). Recently, it
has been shown that Mirol is present at MERCS (Modi et al., 2019) and
alongside Mfn2, is one of two mitochondrial targets of p97 (Ordureau et al.,
2020). Thus, it could be that the ubiquitination and subsequent degradation of
Mirol is required to release damaged mitochondria from the ER to facilitate
their clearance in neurons; a process that cannot occur when the non-
ubiquitinable form of Miro1, Miro1A'R, is present on mitochondria. Intriguingly,
defects in damage-induced Mirol degradation have been identified in cells
derived from PD patients and reducing Mirol levels has been suggested as a

potential therapeutic strategy (Hsieh et al., 2016, Hsieh et al., 2019).

Interestingly, when performing the rescue experiments, it was found that
Parkin is recruited to polarised mitochondria when Mirol is exogenously
expressed in MirolX® neurons, consistent with previous findings in non-
neuronal cells (Safiulina et al., 2019). As this Parkin recruitment was still
observed in the absence of PINK1 (in PINK1X® neurons), this is unlikely to
result in degradation of mitochondria as Parkin’s E3-ligase activity is
dependent on its phosphorylation by PINK1. However, Parkin is not recruited
when the Ca?*-insensitive mutant, Miro12EF is expressed. This is consistent
with previous findings in non-neuronal cells (Safiulina et al., 2019) and
suggests Mirol, through its EF-hand domains, interacts with a small pool of
Parkin at the OMM prior to damage, priming neuronal mitochondria for

mitophagy. Further Parkin can then be recruited upon damage-induced
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stabilisation of PINK1 on the OMM and ubiquitination of Miro1, thus facilitating
mass-ubiquitination of Parkin substrates and the clearance of neuronal

mitochondria.
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Chapter 5 — The role of Mirol in the regulation of

neuronal mitochondrial homeostasis in vivo

5.1 Introduction

Although embryonic cultures provide a powerful and amenable system to
investigate the mitophagy pathway in neurons they are unable to develop over
the extended timescales that are associated with neurodegenerative disease.
Inadequate mitophagy can lead to neuronal death through bioenergetic
deficiencies, imbalanced intracellular Ca?* homeostasis and oxidative stress
as a result of mitochondrial dysfunction and the accumulation of mtDNA

mutations that build up over time (Lin and Beal, 2006).

In addition, long term mitophagic dysfunction in vivo can lead to the age-
dependent accumulation of key PINK1/Parkin substrates due to inefficient
targeting by the ubiquitin/proteosomal system (Sarraf et al., 2013). This can
result in the pathological reconfiguration of the mitochondrial network due to
the dysregulation and accumulation of proteins involved in regulating
mitochondrial dynamics (Celardo et al., 2016, Yamada et al., 2018). This has
previously been observed for the mitochondrial proteins VDAC1, Mirol and
Mfn1/2 in both sporadic and genetic PD postmortem brains and PINK1 and
Parkin mutant models (Hsieh et al., 2016, Shaltouki et al., 2018, Hsieh et al.,
2019, Celardo et al.,, 2016). In PINK1 and Parkin mutant drosophila,

neurodegeneration is triggered by the upregulation of Mfn (orthologue of
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Mfn1/2) which causes the pathological reconfiguration of the mitochondrial
network due to an altered balance of the fission/fusion dynamics and disrupted
MERCS (Celardo et al., 2016). On the other hand, due to the vast bioenergetic
needs of neurons, excessive neuronal mitophagy could also lead to
neurodegeneration through bioenergetic deficiencies if degraded
mitochondria are not replaced (Doxaki and Palikaras, 2020). Therefore, there
needs to be a balance between maintaining mitochondrial health and
mitophagy, which is likely the final resort once other mitochondrial quality

control mechanisms have failed in neurons.

Thus, to provide an accurate representation of age-dependent mitochondrial
dysfunction that is associated with neurodegenerative disease, biochemical
postmortem experiments can be performed on tissue acquired from aged
animals. However, the loss of Mirol is lethal perinatally (Lopez-Domenech et
al., 2016, Nguyen et al., 2014) meaning that global Miro1X® mice are an
unviable model to study progressive neurodegeneration. To bypass the
requirement of Mirol for normal development, a conditional knockout model
has previously been developed that exhibits the loss of Mirol expression
exclusively in the principal neurons of the hippocampus and cortex (Miro1°K°)
(Lopez-Domenech et al., 2016). Previous work with the Miro1°© model has
shown that the loss of Mirol in principal neurons leads to progressive dendritic
and neuronal degeneration, although how and why degeneration occurs is not

entirely clear (Lopez-Domenech et al., 2016).
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Therefore, given the defects in mitophagy caused upon loss of Mirol in
neurons in vitro, this chapter aimed to identify any signs of aberrant
mitochondrial quality control/homeostasis in the brains of Miro1<° mice in
vivo. Additionally, by crossing Mirol®€® mice with mice expressing a
fluorescent mitochondrial reporter, MitoDendra, the impact of Mirol loss on
neuronal mitochondrial morphology will be explored and any pathological

hallmarks will be identified.
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5.2 Results

5.2.1 Conditional knockout of Mirol in forebrain neurons.

The loss of Mirol is lethal in the late embryonic stage (Lopez-Domenech et
al., 2016, Nguyen et al., 2014). Therefore, to bypass the requirement of Mirol
for normal development and study the impact of Mirol deletion in
mitochondrial homeostasis in mature neurons in vivo a conditional Mirol
knockout model crossed with a mouse line expressing the Cre recombinase
under the control of the CaMKlIla promoter (Miro1°%° from hereon) was utilised
(Lopez-Domenech et al., 2016) (Figure 1A and C-F). CaMKlIla is abundantly
expressed in the excitatory neurons of the forebrain meaning that Miro1°K©
mice exhibit a significant reduction in expression of Mirol in lysates from the
hippocampus and cortex but not the cerebellum (Figure 1D). In addition, to
determine the Miro subtype specificity of any effects, the impact of knocking
out Miro2 was analyzed, which can also be a substrate for damage-induced
Parkin ubiquitination (Mertins et al., 2013, Sarraf et al., 2013, Udeshi et al.,
2013). A global Miro2X® mouse model was used as, unlike Miro1X°, Miro2X°
mice are viable (Figure 1B and F). Miro2X® mice display no serious signs of
pathology, although a slightly decreased body weight has been reported

(Smith and Eppig, 2012).
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Figure 1: Conditional Mirol knockout and global Miro2 knockout models A.
Genetic allele map of a WT, Tmlc Mirol and CAMKIlla-driven Cre alleles. B. Genetic
allele map of a WT and Tm1 Miro2 alleles. C. Schematic representation of breeding
schedule to develop Miro1°€© mice D. Western blot image of cortical, hippocampal
and cerebellar lysates taken from 1-month-old WT and Miro1“° mouse brains probed
with anti-Miro, Miro2 and actin antibodies. E. Western blot image of lysates taken
from 1, 4, 8 and 12-month-old WT and Miro1%° mouse brains probed with anti-Miro,
B-tubulin antibodies. F. Western blot image of lysates taken from 4-month-old WT
Miro1¢© and Miro2X° mouse brains probed with anti-Miro, Miro2 and actin antibodies.
D-F taken from (Lopez-Domenech et al., 2016).
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5.2.2 Deletion of Mirol leads to an upregulation of mitofusins and the
mitophagic machinery in vivo.
Defects in mitophagy can lead to an age-dependent accumulation of
mitochondrial dysfunction due to aberrant mitochondrial homeostasis; a
phenomenon that underpins neurodegenerative disease. To investigate
whether altered mitophagy induced by the loss of Mirol affects mitochondrial
homeostasis under more physiological conditions in vivo, the expression
levels of key mitophagy substrates in mouse brain were investigated, where
neurons can develop on an extended timescale compared to primary cells.
Hippocampal lysates were generated from 4- and 12-month-old WT, Miro1K©
and Miro2K® animals and western analysis was performed with antibodies
specific to PINK1, Parkin, Mfn1, Mfn2 and VDACL1 (Figure 2). At 4 months of
age, no difference in Parkin and PINK1 levels were observed between WT,
Miro1KO and Miro2K° animals (Figure 2A and B), however, western blot
analysis at 12 months of age revealed that there was a significant increase in
PINK1 levels and the appearance of an upper band of Parkin, indicative of
Parkin auto-ubiquitination (Chaugule et al., 2011, Wauer and Komander,
2013) (Figure 2C and D). This could indicate that Miro1°¢® neurons sustain a
compensatory over-activation of the mitophagic pathway in an effort to
counteract accumulated mitochondrial damage. To further establish
differences in neuronal Parkin-dependent mitophagy following the loss of
Mirol in vivo, the levels of Mfnl, Mfn2 and VDAC1 - well characterized Parkin

substrates - were also probed (Chen and Dorn, 2013, Gegg et al., 2010,
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Geisler et al., 2010, Sarraf et al., 2013). Interestingly, at 4 months, an increase
in Mfn1 was observed in Miro1¢KC in comparison to WT animals, though no
increase in VDAC1 and DRP1 was observed (Figure 2A and B). Strikingly, the
levels of both Mfnl and Mfn2 in the Miro1%%© at 12 months were substantially
and consistently increased around 2- and 5-fold, respectively, in comparison
to WT hippocampal lysates; an effect that was not observed in the Miro2K°

mice (Figure 2C and D).
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Figure 2: Age-dependent upregulation of mitophagy related proteins in
Miro1°K©, but not Miro2X°, hippocampal lysates by western blot. A.
Representative blots of 4 months old hippocampal lysates from WT, Miro1¢¢° and
Miro2X© brains probed with the stated antibodies. B. Quantification of protein levels in
4-month lysates (normalised to actin and WT) (unpaired t test, n=3
animals/genotype). C. Representative blots of 12 months old hippocampal lysates
from control, Miro1%°© and Miro2%° brains. D. Quantification of protein levels in 12-
month lysates (unpaired t test, n=4 animals/genotype). Error bars represent s.e.m.
Significance: *p<0.05 and ***p<0.001. Data obtained in collaboration with Christian
Covill-Cooke.
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5.2.3 The upregulation of mitofusins in Miro1K0 brains is the result of

dysfunctional ubiquitination not transcriptional changes.

Next, it was investigated whether the upregulation of the mitofusins was
indeed due to aberrant mitochondrial quality control mechanisms and not the
result of transcriptional changes following the loss of Mirol. To assess this,
first a ubiquitination assay was performed in Miro1X® neurons in vitro. Mature
neurons (DIV14) cultured from Mirol%® embryos and litter matched WT
controls were treated with MG-132, a proteasomal inhibitor, for 4 hours to
prevent the clearance of ubiquitinated substrates via the proteasome.
Immunoprecipitation of Mfn2 followed by western blotting for ubiquitin revealed
that Mfn2 is significantly less ubiquitinated in Miro1X° neurons compared to
WT controls (Figure 3A and B). On top of this, Mfn1 and Mfn2 gene expression
levels in WT and Miro1® bprain samples were determined by reverse
transcription quantitative PCR (RT-gPCR). Importantly, expression levels of
the mitofusins were unchanged between WT and Miro1KC brains. Thus, the
upregulation of Mfn1 and Mfn2 was not due to increased transcription (Figure
3C and D) suggesting that their upregulation is a response to inefficient
maintenance by the PINK1/Parkin pathway. Therefore, in summary, in vivo
disruption of PINK1/Parkin-dependent mitophagy as a result of neuronal Mirol
deletion in leads to an upregulation of the mitofusins in an age-dependent

manner.
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Figure 3: Ubiquitination of Mfn2 is reduced in Miro1%° neurons and Mfn1 and
Mfn2 transcription levels are unchanged in Miro1°K° brains. A. Representative
western blot images of lysates from WT and Mirol%° cortical neurons
immunoprecipitated with an anti-Mfn2 antibody and immunoblotted with the
antibodies stated. (D) Quantification of ubiquitin band intensity (60-250 kDa)
normalised to Mfn2 band intensity from WT and Miro1X° cortical neurons (unpaired t-
test, n=2 WT and n=4 Miro1X® preparations;). C-D. Quantification of Mitofusinl and
Mitofusin2 mRNA levels in 12-month-old WT and Miro1%° hippocampus using
GAPDH (C) or HPRT (D) as housekeeping genes. (unpaired t test, n=4 animals per
genotype). Error bars represent s.e.m. Significance: *p<0.05. gPCR performed by
William Andrews.
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5.2.4 Loss of Mirol in principal neurons induces the appearance of

hyperfused megamitochondria.

The dramatic upregulation in Mfnl and Mfn2 in Miro1¢K® principal neurons
suggests a pathological re-configuration of the mitochondrial network due to
an altered balance of the fission/fusion dynamics caused by disruption of
PINK1/Parkin-mediated mitophagy. To further address this in vivo the Miro1°K®
mouse was crossed with a mouse line that allows conditional Cre-
recombinase-dependent expression of the fluorescent mitochondrial reporter
mitoDendra (Figure 4). Crossing the mitoDendra line with Cre recombinase
led to robust expression of mitoDendra in CamKlla-driven Cre expressing
cells. This approach allowed visualisation of the mitochondrial network,
specifically in principal neurons of cortex and hippocampus from aged animals

(Figure 4B).
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Figure 4: Miro1%°-MitoDendra model. A. Schematic representation of breeding
schedule to develop Control and Mirolk°-MitoDendra mice. B. Representative
confocal images of cortical regions from control and Mirol%° crossed with
MitoDendra animals immunostained with MAP2. (Scale bars = 100um).
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In control mice (heterozygous for the Mirol conditional allele - Miro1(A/+))
mitoDendra labelled mitochondria appeared as an elongated network of
various sized mitochondrial elements (Figure 5A). In stark contrast,
mitoDendra labelled mitochondria in Miro1°KO cells at 1 year exhibited a
dramatic remodelling of somatic mitochondria revealing large mitochondrial
units that were absent in cell somas of control neurons (Figure 5A).
Importantly, immunostaining with an antibody specific to the OMM protein,
Tomm20, confirmed that these units are in fact mitochondria (Figure 5B). The
mitochondrial phenotype induced by Mirol deletion is similar to previous
reports of accumulated and hyperfused “megamitochondria” identified in a
number of models where either mitochondrial fission / fusion proteins or
mitophagy have been altered (Chen et al., 2007, El Fissi et al., 2018,

Kageyama et al., 2012, Kageyama et al., 2014, Yamada et al., 2018).
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Figure 5: Loss of Mirol in principal neurons induces the appearance of
hyperfused megamitochondria. A. Representative confocal images of cortical
regions from control and Miro1K° crossed with MitoDendra mice immunostained with
MAP2 (cyan). (Scale bars = 20um; Zoom = 5um) B. Representative confocal images
of cortical regions from Miro1°K° crossed with MitoDendra mice immunostained with

Tomm20 (magenta). (Scale bars = 5um). This data is purely qualitative and has not
been quantified.
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Following this, immunohistochemistry was performed to confirm the
upregulation of the mitofusins in Miro1k® brains in Miro1°K°-MitoDendra
neurons (Figure 6). Expression of MitoDendra enabled visualization of only the
Cre-expressing cells. Immunostaining of coronal brain slices from 12 months
old animals showed a large increase in both Mfnl and Mfn2 levels on the
mitochondria of principal neurons from the Miro1€° brains when compared to
control neurons (Figure 6A-D) with an enrichment of signal on
megamitochondria. This confirms that increased mitofusin levels are specific
to the Mirol knockout neurons and are not due to a dysregulation of tissue
homeostasis. Taken together, the dysregulation of mitofusin levels and the
severe mitochondrial remodelling observed in Miro1%%® neurons in vivo
suggests that mitochondrial homeostasis is compromised by the loss of Mirol

in mature neurons.

187



= Control
m Miro1°K°
§ Mfn1
] 120007 p=0.0543
[e]
®) 10000
>
8000
>
Z 6000
2 [0}
S 2 4000
o <
o
= 2000
=
0

Control

Miro1¢Ke

Figure 6: The mitofusins are enriched in Miro1°k°-MitoDendra brains. A.
Representative confocal images of Mfnl (magenta) immunostaining in cortical
sections from 12-month control and Miro1*°-MitoDendra mice (Scale bars = 10um)
B. Quantification of Mfnl signal intensity in 12-month control and Miro1%€°-
MitoDendra cortical sections (unpaired t-test, n=4 animals per genotype, 12 ROIs per
animal). C. Representative confocal images of Mfn2 (magenta) immunostaining in
cortical slices from 12-month control and Miro1€°-MitoDendra mice (Scale bars =
10um) D. Quantification of Mfn2 signal intensity in 12-month control and Miro1°K°-
MitoDendra cortical sections (unpaired t-test, n=4 animals per genotype, 12 ROIs per
animal). Error bars represent s.e.m. Significance: *p<0.05. Data collected in
collaboration with Guillermo Lopez-Domenech.
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5.2.5 S65-Phospho-ubiquitin colocalises with a proportion of

megamitochondria in Miro1¢KO prains.

The pathological relevance of the formation of megamitochondria in Miro1¢K°
neurons in vivo was then investigated. S65-Phospho-Ubiquitin formation can
serve as a biomarker for mitochondrial damage in aging and disease (Hou et
al., 2018). Therefore, coronal brain slices from control-and Miro1%K°-
MitoDendra expressing mice were immunostained (Figure 7). Although no
significant change in the total levels of p-S65-Ubiquitin was identified (Figure
6B), interestingly, it was observed that a proportion of Mirol%<° cells
presenting giant mitochondria showed an accumulation of p-S65-Ubiquitin
surrounding the aberrant mitochondrial particles (Figure 7A and B). This is
similar to previous findings in aged or Lewy Body Disease post-mortem brains
(Hou et al., 2018) and suggests that the formation of megamitochondria in

Miro1°%© neurons could be triggering a disease-like phenotype.
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Figure 7: S65-Phospho-ubiquitin colocalises with a proportion of
megamitochondria in Miro1°%© brains. A. Representative confocal images of s65-
phospho-ubiquitin immunostaining in cortical sections from 12-month control and
Miro1K® crossed with Mitodendra mice (Arrow indicates colocalization between
megamitochondria and s65-p-Ub, arrowhead indicates non-colocalization) (Scale
bars = 10um) B. Quantification of s65-phospho-ubiqutin signal intensity in 12-month
WT and Miro1°K° cortical sections (unpaired t-test, n=4 animals per genotype, 12
ROls per animal). Error bars represent s.e.m
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5.2.6 Long-term loss of Mirol in vivo leads to the initiation of the

integrated stress response.

Animal models in which either mitochondrial fission and fusion or mitophagy
have been altered have been shown to induce the integrated stress response
(ISR), a protective pathway that leads to a reduction in global protein synthesis
rates (Smith and Mallucci, 2016, Costa-Mattioli and Walter, 2020). However,
sustained activation of this pathway leading to a chronic reduction in the
translation of vital proteins can lead to neuronal death (Celardo et al., 2016,
Munoz et al., 2013, Restelli et al., 2018). Activation of the ISR is mediated by
the activity of 4 discrete kinases (PERK, HRI, PKR and GCN2) which all
converge onto one phosphorylation site at serine 51 of the Eukaryotic Initiation
Factor 2 alpha (elF2a) (Wek, 2018). Therefore, antibodies specific to pS51-
elF2a can be used as a measure of activation of the ISR. Strikingly, the levels
of pS51-elF2a in 4-month-old Miro1°K© hippocampal lysates were substantially
and consistently increased in comparison to WT hippocampal lysates; an
effect that was not observed in the Miro2X® mice (Figure 8A and B). The
increase in pS51-elF2a was further exacerbated in 12-month-old Miro1°K©
hippocampal lysates which correlates with the age-dependent increase in
mitofusin levels (Figure 8C and D). Total levels of elF2a were unchanged
between all 3 genotypes allowing us to conclude that the increase of pS51-
elF2a seen in Miro1K° brains is due to an increase in phosphorylation of elF2a

(Figure 8).
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Figure 8: Loss of Mirol, but not Miro2, in principal neurons induces the
activation of the integrated stress response. A. Representative western blot
images of brain lysates from 4-month WT, Miro1%° and Miro2%° mice immunoblotted
with the antibodies stated. (B) Quantification of elF2a and P-elF2a band intensity
(normalised to actin and WT) from 4-month WT, Miro1°° and Miro2X° brain lysates.
Phosphorylation of elF2a is defined as P-elF2a/elF2a (unpaired t-test, n=3 mice per
genotype). (A) Representative western blot images of brain lysates from 12-month
WT, Mirol%° and Miro2%° mice immunoblotted with the antibodies stated. (B)
Quantification of elF2a and P-elF2a band intensity (normalised to actin band
intensity) from 12-month WT, Miro1°€° and Miro2K®° brain lysates. Phosphorylation of
elF2a is defined as P-elF2a/elF2a (unpaired t-test, n=4 mice per genotype). Error
bars represent s.e.m. Significance: **p<0.01, **p<0.001.
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To confirm the western blot data, coronal brain slices from 12-month-old
control and Miro1%€° MitoDendra-expressing mice were immunostained with
pS51-elF2a (Figure 9). In agreement with the previous data, there was a large
and consistent increase in pS51-elF2a staining in the soma of MitoDendra-
and MAP2-expressing neurons in the cortex of Miro1°® mice compared with

control mice (Figure 9A and B).
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Figure 9: Loss of Mirol in principal neurons increases pS51-elF2a staining in
neuronal somas. A. Representative confocal images of cortical regions of 12-month
mitoDendra-crossed control and Miro1®° mice stained with MAP2 and P-elF2a.
(Scale bars = 100um) B. Quantification of P-elF2a signal intensity from cortical
regions of 12-month mitoDendra-crossed control and Miro1K° mice (unpaired t-test,
n=4 mice per genotype). Error bars represent s.e.m. Significance: **p<0.01.
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5.2.7 The initiation of the integrated stress response correlates with

the formation of megamitochondria in Miro1°K© neurons in vivo.

In order to establish whether initiation of the ISR in Miro1K° brains correlates
with the formation of megamitochondria in neurons, two populations of
neurons  within  Mirol°k® brains were established: those with
megamitochondria and those without (Figure 10). Using MitoDendra signal,
megamitochondria were defined as mitochondria with an area greater than
2.5um?, consistent with previous reports (Yamada et al., 2018). Strikingly,
there was a significant increase in pS51-elF2a staining in neuronal soma
containing megamitochondria compared to those without (Figure 10B and C)
suggesting that activation of the ISR in Miro1%° brains is dependent on the
formation of hyperfused megamitochondria in neurons. Collectively, this data
indicates that long-term disruption of mitochondrial homeostasis in vivo by
Mirol deletion, leads to increased levels of mitofusins, formation of

megamitochondria and ISR activation.
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Figure 10: The initiation of the integrated stress response correlates with the
formation of megamitochondria in Miro1°%° neurons. A. Representative confocal
images (63x) of cortical regions of 12-month control and Miro1°K°-MitoDendra mice
stained with MAP2 and P-elF2a. Arrows indicate the presence of megamitochondria
(>2.5 um?), stars indicate neuronal somas without megamitochondria. (Scale bars =
20um) B. Example zoom images of neuronal somas with and without
megamitochondria from cortical regions of 12-month Miro1%“°-mitoDendra mice
stained with P-elF2a. (Scale bars = 5um) C. Quantification P-elF2a signal intensity
(a.u.) from neuronal somas with and without megamitochondria from cortical regions
of 12-month Miro1°-MitoDendra (paired t-test, n=16 sections from 4 mice). Error
bars represent s.e.m. Significance: p<0.001.
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5.3 Discussion

The late onset of many neurodegenerative diseases suggests that damage
can accumulate with time because of long-term defects in cellular processes.
Given the defects in mitophagy caused upon loss of Mirol in neurons, the in
vivo consequences of the loss of neuronal Mirol in aged animals were studied.
Importantly, this study identified hallmarks of altered neuronal mitochondrial
quality control in vivo. For example, a significant increase in PINK1 levels and
the appearance of an upper band of Parkin, suspected of being an auto-
ubiquitinated form of Parkin was observed in 12-month-old Miro1£° mice
(Chaugule et al., 2011, Wauer and Komander, 2013). Parkin auto-
ubiquitination leads to the activation of Parkin E3-ligase activity, with sustained
auto-ubiquitination being proposed to be indicative of a pathological state of
Parkin activation (Chaugule et al., 2011). Moreover, overexpression of PINK1
is known to cause mitochondrial dysfunction (Yang et al., 2008). Alongside the
changes in PINK1 and Parkin in 12-month-old Miro1%%® mice, a dramatic
increase in the expression levels of Mfnl and Mfn2 were also revealed.
Furthermore, it was found that Mfn1l and Mfn2 gene expression are unaltered
in Miro1°K0 prains and that ubiquitination of Mfn2 is significantly decreased
when Mirol is knocked out in cortical neurons in vitro. Therefore, the
upregulation of the mitofusins in Miro1K© brains is likely a consequence of
reduced Parkin E3-ligase activity in Miro1X© neurons due to delayed Parkin

recruitment to mitochondria. It is worth noting that the mitofusins are also
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ubiquitination targets of another mitochondrial E3 ligase, Mull (Yun et al.,

2014), so alterations Mull activity in Miro1X° neurons may also contribute.

Interestingly, alterations in Mfnl and Mfn2 have been observed in several
models of mitophagic dysfunction and neurodegeneration (Chen and Dorn,
2013, Gong et al., 2015, Rocha et al., 2018, Wang et al., 2015). Additionally,
overexpression and reduced ubiquitination of Mfn2 repress mitophagy
(McLelland et al., 2018), perhaps further exacerbating the defects in
mitophagy in Miro1%%© animals. Therefore, these findings indicate that the
long-term loss of Mirol in neurons leads to profound changes in mitophagy

and consequently, the mitochondrial fusion machinery.

Upregulation of the mitochondrial fusion machinery and in particular gain of
function mutations of Mfn2 associated with Charcot Marie Tooth-2 (CMT2)
pathology lead to mitochondrial remodelling and the accumulation of
hyperfused “megamitochondria” in neuronal somas (El Fissi et al., 2018,
Santel and Fuller, 2001). Interestingly, studying mitochondrial morphology in
aged Miro1¢KC-MitoDendra neurons in vivo revealed a dramatic hyperfusion of
the mitochondrial network and large mitochondrial structures located in
neuronal somas. This is similar to previous reports of mitochondrial structures
identified in a number of models where either mitochondrial fission / fusion
proteins or mitophagy have been altered (Chen and Dorn, 2013, El Fissi et al.,
2018, Kageyama et al., 2012, Kageyama et al., 2014, Yamada et al., 2018).

Intriguingly, a proportion of the megamitochondria associated with phospho-
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S65-Ubiquitin that surrounded the aberrant mitochondrial particles. Phospho-
S65-Ubiquitin formation can serve as a biomarker for mitochondrial damage
in aging and disease (Hou et al., 2018). However, it is not definitively known
whether the megamitochondria present within Miro1°K® neurons are indeed

damaged.

Mouse models with disrupted mitochondrial dynamics in neurons can present
sustained levels of cellular stress that lead to the activation of the integrated
stress response (ISR) (Restelli et al., 2018, Celardo et al., 2016, Mick et al.,
2020). Alterations in Mfns either directly, in Mfn2 ablated MEFs, or as a
consequence of dysfunctional mitophagy, in PD mutant flies, are known to
induce the ISR, a protective pathway that leads to a reduction in global protein
synthesis rates upon detection of cellular stress (Celardo et al., 2016, Munoz
et al., 2013). The ISR is implicated in the pathology of numerous
neurodegenerative diseases where the chronic reduction in translation of vital
proteins leads to neuronal death (Halliday and Mallucci, 2015). Intriguingly, it
was found that the formation of hyperfused megamitochondria in Miro1¢K®
brains correlated with the initiation of the ISR in vivo, providing further links
between the loss of Mirol and neurodegeneration. The induction of the ISR is
mediated by the activity of four discrete kinases, PERK, HRI, PKR and GCN2,
all of which converge onto a single phosphorylation site of elF2a at Serine 51
(Wek, 2018, Costa-Mattioli and Walter, 2020); however, it is currently unclear

which of these kinases is responsible for the increase observed in Miro1¢K°
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neurons. Recent studies have shown that HRI and GCN2 can act as sensors
for mitochondrial stress (Fessler et al., 2020, Guo et al., 2020, Mick et al.,
2020), however the majority of ISR activation seen in models of
neurodegenerative disease is dependent on PERK (Smith and Mallucci,
2016). Interestingly, this includes mutant PINK1 and Parkin drosophila models
of genetic Parkinson’s Disease (Celardo et al., 2016). In these models, PERK
is activated via the upregulation of Mfn and formation of Mfn bridges between
damaged mitochondria and the ER. Inhibiting PERK activity or knocking down
Mfn prevented ISR activation and was neuroprotective, irrespective of the
mitochondrial dysfunction that remained (Celardo et al., 2016). In Miro1¢K®
brains, P-elF2a expression is significantly higher in neurons containing
megamitochondria compared to those without. Additionally, it was observed
that Mfn expression is enriched on megamitochondria. Therefore, it may be
that the ISR is activated via a similar Mfn- and PERK-dependent mechanism
in the brains of Miro1°€°© mice Taken together, these findings further implicate
Mirol dysfunction in the pathogenesis of neurodegenerative diseases,
including Parkinson’s Disease, and provides additional evidence of a
pathological activation of the ISR as a result of dysfunctional mitochondrial

homeostasis underlying this pathology.
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Chapter 6- Discussion

6.1 Summary

By studying PINK1/Parkin-mediated mitophagy in astrocytes and neurons, the
work contained in this thesis identified new insights into mitochondrial quality
control in the central nervous system (CNS). Firstly, with the use of mixed and
single cell culture systems, the PINK1/Parkin-mediated mitophagy pathway
was further characterised in primary astrocytes and neurons. Intriguingly, this
work identified clear differences between the spatial and temporal regulation
of the mitophagy pathway in astrocytes and neurons showing that mitophagy
occurs quicker, more readily and is less spatially restricted in astrocytes
compared to neurons. Furthermore, it was identified that astrocytic
PINK1/Parkin-mediated mitophagy is dependent on glucose metabolism and
the glycolytic capacity of astrocytes. Next, with the use of a constitutive
knockout mouse line, this thesis investigated the role of the mitochondrial Rho
GTPase, Mirol, in the mitophagic process in astrocytes and neurons.
Interestingly, this work identified that the loss of Mirol did not affect mitophagy
rates in astrocytes yet outlined a cell type-specific role for Mirol and its
ubiquitination in the regulation of PINK1/Parkin-mediated mitophagy in
neurons. Finally, with the use of a conditional knockout mouse line, this thesis
investigated the long-term impact of loss of neuronal Mirol on mitochondrial
homeostasis in vivo and revealed a dramatic hyperfusion of somatic

mitochondria as a result of dysregulation of the mitochondrial fusion
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machinery. Importantly, this work found that disrupted neuronal mitochondrial
homeostasis in vivo triggered the activation of the neurodegeneration-
associated integrated stress response (ISR) pathway that correlated with the
formation of “megamitochondria” in Mirol conditional knockout brains. Taken
together, this thesis provides important new insights into the cell type-specific
regulation of mitochondrial quality control in astrocytes and neurons and
outlines how disrupted mitochondrial homeostasis in the CNS can lead to

neurodegenerative pathology.

6.2 Astrocytes: A hub of mitophagy in the CNS?

The first results chapter focussed on characterising the PINK1/Parkin-
dependent mitophagy pathway in astrocytes and comparing that to the same
pathway in neurons. Previous work had compared mitophagy in astrocyte and
neuronal monocultures, however this may not provide a physiologically
accurate model of both astrocytic and neuronal biology (Enright et al., 2020,
Hasel et al., 2017). Therefore, with the use of fluorescently tagged Parkin and
antibodies specific to s65-phospho-ubiquitin, which mitigates the need for
overexpression of Parkin, PINK1/Parkin-dependent mitophagy was shown to
occur quicker, more readily and was less spatially restricted in astrocytes
compared to neurons present within the same culture system. Furthermore, it
was shown that astrocytic damage-induced mitophagy is dependent on PINK1

and the glycolytic capacity of astrocytes. These findings backed up by previous
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evidence (Barodia et al., 2019, O'Donnell et al., 2016), establish astrocytes as

a principal site of mitophagy in the CNS.

Recently, it has been shown that damaged neuronal mitochondria can be
transferred to astrocytes to facilitate their clearance (Gao et al., 2019, Davis
et al., 2014, Morales et al., 2020) and that healthy mitochondria can be sent
from astrocytes to neurons to support neuronal viability (Hayakawa et al.,
2016, English et al., 2020, Gao et al., 2019). The concept of “transmitophagy”
IS an intriguing one, however, until now, it wasn’t known why this happened
and how astrocytes went about performing this role. The findings in this thesis
show that due to their glycolytic capacity, astrocytes are able to rapidly and
robustly perform mitophagy. Additionally, the lack of spatial constraints to
astrocytic mitophagy means that mitochondria taken up by astrocytes can
readily be turned over irrespective of their subcellular localisation. Therefore,
these findings outline why astrocytes could be the perfect candidate to act as

a hub of mitophagy in the CNS.

Neuron-astrocyte transmitophagy has previously been explored in the context
of ischemic insult but could also be a key process in the constant regulation of
synaptic function. Synaptic transmission and plasticity rely heavily on the
presence of healthy mitochondria at pre- and post-synapses (Devine and
Kittler, 2018, Seager et al.,, 2020). On the other hand, the presence of
dysfunctional synaptic mitochondria can result in aberrant synaptic function

through inadequate ATP production, Ca?* buffering and the production of
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harmful reactive oxygen species and have been heavily implicated in
neurological disease (Lin and Beal, 2006). Therefore, damaged synaptic
mitochondria need to be removed via quality control mechanisms. However,
the findings in this thesis and work by others indicate that neuronal mitophagy
IS, in the main, spatially confined to the proximal somatodendritic regions
where the majority of degradative lysosomes are situated (Evans and
Holzbaur, 2020, Cai et al.,, 2012, Zheng et al., 2019). Yet synapses are
positioned throughout neuronal processes including the most distal regions.
Consequently, the cell autonomous turnover of distal neuronal mitochondria
could require mitochondria to be transported over extremely long distances to
facilitate their clearance. Whereas the uptake of neuronal mitochondria by
perisynaptic astrocytic processes and consequent rapid turnover could
expedite the process of removing dysfunctional mitochondria from synapses

to confer neuronal protection.

On top of facilitating the turnover of neuronal mitochondria, the robust
mitophagy pathway in astrocytes would allow for the constant maintenance of
the astrocytic mitochondrial network. Astrocytes heavily rely on mitochondria
to buffer Ca?*, to modulate intracellular Ca?* homeostasis, and provide ATP
for glutamate uptake, a process key to preventing excitotoxicity and
maintaining synaptic function (Jackson and Robinson, 2018). Thus, it is vitally

important that astrocytes are able to maintain a healthy mitochondrial network
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as astrocytic mitochondrial dysfunction in astrocytes could impact both

astrocyte and neuronal function.

On the other hand, dysfunctional astrocytic mitophagy could have serious
implications in the pathogenesis of neurodegenerative disease. Previous
evidence has shown that mitochondrial dysfunction in astrocytes leads to the
propagation of disease to neurons through the release of inflammatory
cytokines (Joshi et al., 2019). Accordingly, Parkin dysfunction has been shown
to impair astrocyte mitochondrial function and contribute to the pathogenesis
of PD through astrocytic, but not neuronal, upregulation of the unfolded protein
response (Ledesma et al., 2002). Intriguingly, recent evidence suggests that
mitophagy does not occur within DA neurons of the SNc in vivo (Katayama et
al., 2020) which could explain the selective susceptibility of DA neurons in PD
pathology. Therefore, the support of neighbouring astrocytes in the SN and
the striatum may take on increased importance and the failure of maintaining
both neuronal and astrocytic mitochondria in these cells could accelerate PD

progression.

The work in this thesis establishes astrocytes as the prime candidate to act as
a hub of mitophagy in the CNS. Consequently, dysfunctional astrocytic
mitophagy could have implications for astrocytes and neurons but also for the
health of the entire CNS. Therefore, specifically targeting mitophagy in
astrocytes provides a novel therapeutic avenue in the treatment of CNS

disease.
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Notwithstanding, the work in the later chapters outlined the importance of cell

autonomous mitochondrial quality control in neurons.

6.3 Mirol: The missing link between mitochondrial trafficking and

mitophagy in neurons?

The second results chapter focussed on defining the role of the mitochondrial
Rho GTPase, Mirol, in the PINK1/Parkin-dependent mitophagy pathway in
astrocytes and neurons. Mirol has well established roles in the regulation of
mitochondrial trafficking in both neurons and astrocytes yet, until now, its role
in the regulation of PINK1/Parkin-mediated mitophagy in these cells was

unclear.

Under mitochondrial damage Mirol is ubiquitinated and degraded by a
PINK1/Parkin-dependent mechanism (Birsa et al., 2014, Ordureau et al.,
2018, Liu et al., 2012, Wang et al., 2011b) that may serve to dissociate
damaged mitochondria from the microtubule and actin transport pathways
(Lopez-Domenech et al., 2018, Wang et al., 2011b). Additionally, it has been
shown that Mirol promotes the recruitment and stabilisation of Parkin onto
depolarised mitochondria in cell lines (Birsa et al., 2014, Safiulina et al., 2019,
Shlevkov et al., 2016) and recently, loss of function mutations in Mirol have
also been identified in PD patients (Grossmann et al., 2019, Berenguer-

Escuder et al., 2019, Grossmann et al., 2020).

Surprisingly, this thesis revealed a cell-type specific role of Mirol in mitophagy

in astrocytes and neurons. Despite Miro1’s previously reported role in the
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regulation of astrocytic mitochondrial trafficking (Stephen et al., 2015), the loss
of Mirol had minimal effect on the PINK1/Parkin-dependent mitophagy
pathway in astrocytes. In stark contrast, Mirol loss severely delayed Parkin
recruitment to depolarised mitochondria, the formation of s65-phospho-
ubiqutin clusters and mitophagy progression in neurons. These findings further
underline the differences between the mitophagy pathway in astrocytes and

neurons that were set out in chapter 3.

Moreover, this thesis went on to show that Mirol interacts with a small
proportion of Parkin on healthy neuronal mitochondria and that Parkin
recruitment to depolarised mitochondria in neurons is dependent on the
ubiquitination of Mirol. This suggests that Mirol could prime neuronal
mitochondria for mitophagy prior to further Parkin being recruited upon
damage-induced stabilisation of PINK1 on the OMM and ubiquitination of
Mirol, thus facilitating mass-ubiquitination of Parkin substrates and the

clearance of neuronal mitochondria.

These findings also further implicate the involvement of mitochondrial
trafficking in neuronal mitophagy. Previous evidence, backed up by work in
this thesis, suggests that depolarised neuronal mitochondria are, in the main,
retrogradely trafficked to the soma, where the majority of lysosomes are
present (Becker et al., 1960, Yap et al., 2018, Peters, 1991, Cai et al., 2012),
to facilitate their clearance (Zheng et al., 2019, Cai et al., 2012). A previous

study has shown that Mirol remains present on damaged axonal mitochondria
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following the release of syntaphilin and subsequent retrograde movement,
only later to be degraded (Lin et al., 2017). Thus, this could indicate that Mirol
Is required to facilitate the trafficking of depolarised mitochondria to neuronal
somas and may also explain the redundancy of Miro1l for astrocytic mitophagy

which appears to be spatially unrestricted.

Consequently, it could be that Mirol plays two essential roles in neuronal
mitophagy. First to retrogradely transport depolarised mitochondria to somas
where the majority of lysosomes are present. Once in the soma, Parkin-
dependent ubiquitination of Mirol facilitates the feedforward mass-
ubiquitination of OMM substrates and the subsequent clearance of
mitochondria. The importance of the second step is highlighted by work in this
thesis showing that expression of the Mirol ubiquitination mutant, Miro1°R,
which rescues defects in mitochondrial distribution, does not rescue damage-

induced Parkin recruitment to mitochondria in Miro1X° neurons.

Therefore, this thesis establishes Mirol as a critical molecular player in the
mitophagy pathway in neurons that could provide the missing link between
damage-induced retrograde mitochondrial trafficking of neuronal mitochondria

and Parkin-mediated clearance of mitochondria in neuronal somas.
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6.4 The loss of neuronal Mirol in vivo disrupts mitochondrial
homeostasis and triggers the integrated stress response: implications

for neurodegenerative disease.

Given the defects in mitophagy caused upon loss of Mirol in neurons in vitro,
the third results chapter aimed to identify signs of aberrant dysfunctional
mitochondrial quality control in the brains of mice lacking neuronal Mirol in
vivo. Many studies have explored neuronal mitochondrial dynamics and
quality control mechanisms in vitro, but the majority lack translation to
neurodegenerative pathology in vivo. Importantly, this thesis identified
hallmarks of altered neuronal mitochondrial homeostasis in Miro1€© brains in
vivo including the age-dependent upregulation of PINK1 and the mitofusins,
the formation of hyperfused megamitochondria in neuronal somas and

activation of the ISR.

The mitofusins are important targets of PINK1/Parkin ubiquitination and their
upregulation has been observed in several models of mitophagic dysfunction
and neurodegeneration (Chen and Dorn, 2013, Gong et al., 2015, Rocha et
al., 2018, Wang et al., 2015) including PINK1 and Parkin models of PD
(Celardo et al., 2016, Ziviani et al., 2010). Accordingly, Mfn2 ubiquitination was
found to be reduced in Miro1X® neurons and Mfnl and 2 gene expression
levels unaltered in Miro1%%© brains indicating that the Mfns are ineffectively
targeted by the PINK1/Parkin pathway in the absence of Mirol in neurons in

vivo. Interestingly, by crossing Miro1°k® mice with mice expressing a
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fluorescent mitochondrial reporter, MitoDendra, revealed that the
dysregulation of the Mfns was associated with remodelling of the mitochondrial
network and the formation of hyperfused megamitochondria in neuronal
somas. Mitochondrial hyperfusion is associated with neurodegenerative
disease (El Fissi et al., 2018, Yamada et al., 2018, Santel and Fuller, 2001,
Kageyama et al., 2012, Kageyama et al., 2014). Loss of function mutations in
DRP1 are associated with ADOA (Gerber et al., 2017) and gain of function
mutations in Mfn2 are associated with CMT2A (El Fissi et al., 2018), both of
which result in the hyper-fusion of neuronal mitochondria although how this

results in neuronal death is less clear.

Hallmarks of neurodegeneration including significant neuronal loss and severe
astrogliosis have previously been identified in Miro1¢K® brains but until now the
underlying cause of neurodegeneration remained unknown (Lopez-
Domenech et al., 2016). Intriguingly, the formation of megamitochondria in
Miro1°© brains correlated with activation of the ISR, a protective pathway that
leads to a reduction in global protein synthesis rates. However, sustained
activation of this pathway can lead to neuronal death due to a chronic
reduction in the translation of vital proteins; a phenomenon that has been
implicated in the pathology of various neurodegenerative diseases including

PD (Halliday and Mallucci, 2015, Smith and Mallucci, 2016).

In drosophila models of PD, ISR activation is triggered by the upregulation of

Mfn (the drosophila orthologue of Mfn1/2) and the activation of the ER stressor
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sensor kinase, PERK (Celardo et al., 2016). In these models, PERK is
activated via the upregulation of Mfn and formation of Mfn bridges between
damaged mitochondria and the ER. Accordingly, Mfn2 has been shown to be
a regulator of PERK in mammalian cells (Munoz et al., 2013). Thus, it may be
that the ISR is activated via a similar Mfn- and PERK-dependent mechanism
in the brains of Miro1¢K© mice. However, loss of Mirol in forebrain neurons
may induce a wide spectrum of stress conditions. Conditional knockout of Drp1
in the adult mouse forebrain, which ablates mitochondrial fission, induces the
ISR through the activity of HRI and GCN2, which are sensors for mitochondrial
dysfunction and amino acid deprivation, respectively, as well as PERK
(Restelli et al., 2018). Therefore, going forward it will be important to establish
which of these kinases mediates the activation of the ISR in Miro1°%© neurons
and what impact blockade of this pathway has on the neurodegeneration

previously described in this model (Lopez-Domenech et al., 2016).

Defects in damage-induced Mirol degradation have been linked to PD
pathology and pharmacologically reducing Mirol levels has been suggested
as a therapeutic strategy (Hsieh et al., 2016, Hsieh et al., 2019). However, the
findings here indicate the importance of the presence of Mirol for functional
mitochondrial homeostasis and that the loss of Mirol is detrimental to neuronal
health. Thus, caution needs to be exercised when altering Mirol expression

levels.
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Taken together, this thesis provides new insights into the requirement of Mirol
for mitophagy following mitochondrial damage in astrocytes and neurons. This
data identifies a redundancy in the requirement of Mirol for the mitophagic
process in astrocytes yet highlights its importance for neuronal mitochondrial
homeostasis in vitro and in vivo. Moreover, a role for Mirol as part of the Parkin
receptor complex on the OMM and its potential role in priming neuronal
mitochondria for Parkin-mediated mitochondrial quality was uncovered. Long-
term disruption of mitochondrial quality control in mature neurons lacking
Mirol in vivo leads to upregulation of Mfn1/2, remodelling of the mitochondrial
network and induction of the integrated stress response. These findings further
implicate Mirol dysfunction in the pathogenesis of neurodegenerative
diseases, including PD, and provides additional evidence of a pathological
activation of the ISR as a common theme in neurodegenerative pathology.
Going forward, this may open new strategies to target mitochondrial
dysfunction in PD pathogenesis and other related diseases with alterations in

the clearance of dysfunctional mitochondria.

6.5 Future Directions

The work in this thesis outlined the mitophagy pathway in astrocytes present
within mixed glial and neuronal cultures. Astrocytes in co-culture are more
complex than their counterparts present in monocultures however, a single
astrocyte can contact up to 2 million synapses in the human brain in vivo

(Oberheim et al.,, 2009). Therefore, going forward it will be important to
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characterise the mitophagy pathway in astrocytes in vivo to answer the
following questions: Does mitophagy occur rapidly in astrocytes in vivo? And

does mitophagy occur even in the finest of perisynaptic PAPs in vivo?

The redundancy of Mirol for mitophagy in astrocytes suggests the
involvement of other molecular players in the PINK1/Parkin-dependent
mitophagy pathway in astrocytes. One possible candidate is hexokinase Il
(HK2). 2DG blocks glycolytic flux via inhibition of the hexokinases that
phosphorylate glucose in the first step of glycolysis. HK2 is an OMM-residing
enzyme that is exclusively expressed in glia but not in neurons (Zhang et al.,
2014, Zhang et al., 2016). Intriguingly, recent evidence suggests that HK2
could also play a key role in the PINK1/Parkin-mediated mitophagy pathway
(McCoy et al., 2014, Heo et al., 2019). In cell lines, HK2, but not HK1, that is
expressed in neurons, promotes the stabilisation of PINK1 on the OMM
following mitochondrial damage and its loss delays the accumulation of 65-
phospho-ubiquitin on depolarised mitochondria (Heo et al., 2019). Therefore,
going forward it will be important to establish what role, if any, HK2 plays in
the mitophagic process in astrocytes. Could HK2 link astrocytic metabolism to
the PINK1/Parkin mitophagy pathway? Could the presence of HK2 on

astrocytic mitochondria explain the redundancy of Mirol for mitophagy?

This thesis has shown the impact of dysfunctional mitophagy in neurons in
vivo but what is not known is what happens when mitochondrial homeostasis

is specifically disrupted in astrocytes in vivo. Intriguing recent evidence has
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shown that activating the ISR specifically in astrocytes induces a specific
reactivity state that causes non-cell-autonomous neurodegeneration through
secretome alterations (Smith et al., 2020). Therefore, it will be important to
know if disrupting astrocytic mitochondrial quality control in vivo triggers a

similar phenotype.

What role does Mirol play in the retrograde transport of depolarised neuronal
mitochondria back to soma? Although the involvement of Mirol in this
phenomenon is yet to be elucidated, the multifaceted roles of Mirol offer
various intriguing hypotheses. Firstly, Mirol could potentially sense energetic
stress (ie. inadequate ATP production/cristae alterations) through its
interaction with the MICOS complex on the IMM (Modi et al., 2019). This could
facilitate disengagement from the actin cytoskeleton (Lopez-Domenech et al.,
2018) to increase retrograde microtubular transport to the soma. Once in
soma, ubiquitination and degradation of Mirol could enable mitochondria to
disengage from the microtubular trafficking machinery and gate wholesale
mitochondrial ubiquitination and facilitate clearance, potentially through p97

mediated release from the ER (Ordureau et al., 2020).

The findings in chapter 4 show that mitophagy is disrupted in Miro1X° neurons
in vitro and the findings in chapter 5 indicate that aberrant mitochondrial quality
control mechanisms contribute to the mitochondrial hyperfusion and
consequent activation of the ISR seen in Miro1° brains. However, it is not

definitive that there is reduced levels of mitophagy in Miro1°€© neurons in vivo.
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Therefore, through the expression of mitophagy reporters (ie. Mito-Keima,
Mito-QC, Mito-SRAI) the rates of mitophagy in Miro1°%© neurons in vivo should
be established, both basally and following stress (ie. exhaustive exercise
(Sliter et al., 2018)). These reporters have been widely used in vivo however,
there is controversy when it comes to which are true readouts of mitophagy
(Katayama et al., 2020, Ganley et al., 2021, Liu et al., 2021) so this will need

to be considered.

As the loss of Mirol-dependent anterograde mitochondrial trafficking could
also contribute to the somatic accumulation of mitochondria in Miro1<°
neurons it will be important to separate these effects from dysfunctional
mitochondrial quality control. To do this, Miro1°R could be expressed in the
brains of Miro1®® mice in vivo (eg. by viral transduction or in utero
electroporation) as this version of Miro rescues defects in mitochondrial

distribution but is less ubiquitinated by Parkin upon mitochondrial damage.

Additionally, it will be important to further elucidate the mechanism of ISR
activation in Miro1°K® brains — is it indeed PERK dependent as a result of Mfn
upregulation and mitochondrial hyperfusion causing ER stress? Can
knockdown of the Mfns or PERK inhibition reverse ISR activation? And/or is
there a role for the other ISR stressor kinases? The HRI-DELE1 axis has been
specifically linked to mitochondrial dysfunction (Fessler et al., 2020, Guo et al.,
2020) and GCN2 activity is increased upon electron transport chain inhibition

(Mick et al., 2020). Are these also activated in Miro1°© prains?
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Finally, what happens when you inhibit the ISR pathway in Miro1€° brains?
Either through pharmacological or genetic inhibition of the specific stressor
kinases or via application of ISRIB, that suppresses the entire pathway

(Rabouw et al., 2019). Is it possible to reverse neurodegeneration?
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