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Abstract
Correct dendritic development is important for the formation of neuronal circuits. Dendritic arbors form an extensive, complex network with spatially distinct compartments
that cannot be sustained by diﬀusion of energy from the soma alone. Mitochondria are
highly dynamic organelles, important for providing energy, buﬀering intracellular calcium and playing a role in apoptosis. These organelles must be actively transported and
localised throughout the neuron to match their energy and calcium buﬀering requirements. Miro (mitochondrial Rho) GTPases have been identified as central regulators of
mitochondrial traﬃcking, important for the activity dependent transport and distribution of these organelles within the neuron. However the role of mitochondrial traﬃcking
for correct neuronal development, maintenance and survival is poorly understood.
This thesis describes the development and characterisation of novel genetic strategies,
including multi-cistronic vectors and viral probes, to investigate mitochondrial dynamics
within dissociated neurons and in the cells of an intact system, such as organotypic
brain slices. This has been combined with the use of mouse genetics to investigate the
roles played by Miro proteins in both developing and mature neurons. Miro1 deletion
caused the depletion of mitochondria from distal dendrites but not axons, accompanied
by a marked reduction in dendritic complexity. Postnatal deletion of Miro1 led to a
progressive loss of dendrites, initially aﬀecting the most distal dendrites and eventually
resulting in compromised neuronal survival. These eﬀects were greatly enhanced upon
double deletion of both Miro1 and Miro2, highlighting their necessary and co-operative
roles for dendritic maintenance. Surprisingly, even though Miro1 knock-out neurons
showed an aberrant dendritic morphology there were no alterations in spine density
compared to wild-type neurons. Conversely, loss of Miro2 increased the spine density of
cultured neurons, in vitro, and hippocampal pyramidal CA1 neurons, in vivo, revealing
an important role of Miro2 in the regulation of spines. Together this work demonstrates
that the Miro proteins are essential for correct neuronal structure and connectivity.
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Chapter 1

Introduction
The brain is the centre of the nervous system, made up of several diﬀerent cell types
including neurons. Neurons are electrically excitable allowing them to process and transmit information. The position and growth of neurons within the brain results in an
intricate neuronal network that is essential for brain function, as the main information
processing centre of the body. The neuron can carry out its role of integrating and
relaying signals across a network due to its specialised architecture. The neuron is made
up of 3 key compartments; a dendritic tree, which receives signals at postsynaptic terminals, a cell body that contains the nucleus and a long, thin axon, which transmits
the outgoing signal after it has been propagated along its length to presynaptic terminals (Alberts et al., 2007). Complex mechanisms that are spatially and temporally
co-ordinated exist within the neuron in order for it to develop and function correctly.
Neurons are energetically demanding cells. Energy is mainly consumed when restoring
ion gradients required for synaptic transmission and action potential signalling (Harris
et al., 2012). The majority of neuronal energy is generated by mitochondria in the form
of cellular ATP. Mitochondria are also important for buﬀering cytoplasmic calcium and
playing a role in apoptotic signalling. Within the neuron specialised mechanisms transport mitochondria and anchor them at diﬀerent regions, where there are energy and
calcium buﬀering requirements (Macaskill and Kittler, 2010). Defects in mitochondrial
traﬃcking have been implicated in many neurological diseases. Understanding how mitochondria, the main energy source of the neuron, play a role in neuronal development
and maintenance is an important part of a complex puzzle.
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CHAPTER 1. INTRODUCTION
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Neuronal Development and Maintenance
Neuronal Morphogenesis
The neuron develops from a simple spheroid shape into a complex structure. Ramon y
Cajal, through the use of the Golgi staining technique (Golgi, 1989), was able to document the diverse and complex neuronal structures found throughout the brain (Cajal
et al., 1995). From his studies, Ramon y Cajal established the <vneuron doctrine>v, that
neurons are independent entities. They are highly polarised cells with structurally and
functionally distinct compartments that contain a divers array of proteins and organelles.
The axon, is typically long and thin, with a uniform width, along which there are many
synapses. The synapse contain synaptic vesicles from which neurotransmitters are released in response to electrical signals from the cell body. Dendrites, are relatively short
by comparison to the axon, and have a tapered structure. The dendrites emerge from
the cell body and are thick becoming thinner with increased distance. The dendrites
undergo branching to form the intricate structure of the dendritic tree. The dendrites
contain neurotransmitter receptors allowing it to act as the receptive surface of the neuron. Often the complexity of the dendritic tree reflects the number of connections the
neuron receives.
Originally it was thought, due to studies with fixed tissue images, that neurons grew
steadily, in fact, as revealed by live-cell imaging, neuronal morphogenesis occurs through
a net growth of highly dynamic neurites that extend and retract many times (Dailey
and Smith, 1996). Imaging of in vitro neuronal cultures has revealed the dynamic
nature of neuronal growth and has allowed for the investigation of the cell biology
involved in neuronal polarity and neuronal morphogenesis (Dotti et al., 1988). As a
reference for neuronal growth, the development of pyramidal neurons in culture has
been divided into 5 stages and can be applied to most cell types (summarised in Figure
1.1). Following dissociation from embryonic rat brains and attachment to the dish,
hippocampal neurons begin to extend lemellipodia and thin filopodia protrusions (Stage
1, 0-6 hours (h)). Neurites then begin to extend from the cell body (Stage 2, 6-24 h).
At this stage all neurites are indistinguishable from each other and undergo repeated,
random growth and retraction. Eventually one neurite, that has a large and dynamic
growth cone, elongates faster than the other neurites and becomes the axon (Stage 3, 2472 h). The other neurites continue to undergo brief spurts of growth and retraction until
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they ultimately become mature dendrites (Stage 4, 2-7 days). Gradually the dendrites
branch and become thicker than the axon. Dendritic compartments and premature
dendritic spines begin to be constructed (Stage 5, 7-14 days). Eventually a more mature,
stable structure is formed where the neuron has formed functional synaptic connections
with other neurons.
The dendritic spines, that form as small protrusion on the dendrites are formed in the
final steps of the acquisition of the mature neuronal morphology. They are found opposite axon terminals, and is where receptors are localised within a postsynaptic density
(PSD). The postsynaptic density contains numerous receptors, structural proteins and
signaling molecules that form the functional synapse, necessary for synaptic transmission and plasticity. The asymmetric synapse found at the end of dendritic spines harbors
the majority of excitatory synapses and contains receptors within its PSD that are activated by the neurotransmitter glutamate (see excitatory synapse insert in Figure 1.1)
(Alberts et al., 2007). Alternatively synapses can be found on the dendritic shaft, these
are considered symmetric synapses as their PSD, contains the scaﬀold protein Gephyrin
(Tretter and Moss, 2008), is much thinner and matches the density of the presynaptic
terminal. These inhibitory synapses use the neurotransmitter GABA (g- aminobutyric
acid) and glycine (see inhibitory synapse insert in Figure 1.1) (Alberts et al., 2007).
Most neurons receive inputs from inhibitory and excitatory synapses which influences
neuronal communication.
The relationship between the structure and function of the neuron is still being discovered. The pattern of dendritic arborisation along with its synaptic specialisations
are related to the neurons connectivity with additional functions relating to neuronal
computation and learning.

Establishing Neuronal Polarity in vitro and in vivo
Understanding how the neuron establishes its polarity is a fundamental issue. Work with
primary neuronal cultures has allowed for the examination of the mechanisms involved
in neuronal polarisation, and the identification of many of the molecules important in
polarisation. As already described, 24-72 hr after seeding, neurons begin to show a
polarised morphology. Previous to this mechanisms exist that result in many neurites
extending and retracting continuously (Andersen and Bi, 2000). These mechanisms
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Figure 1.1: Schematic of neuronal development in vitro and the excitatory and inhibitory
synapse
Shortly after plating the neurons form small protrusions (stage 1). The lamellipodial
and filopodial protrusion activity eventually leads to the emergence of short neurites
(stage 2) which have growth cones at their tips. Neuronal symmetry is broken and one
neurite grows rapidly to become the axon (stage 3). The remaining neurites acquire
the characteristics of dendrites (stage 4). Eventually dendritic spines and synaptic connections form (stage 5). Inset shows excitatory (bottom left) and inhibitory (bottom
right) synapses. The main excitatory neurotransmitter is glutamate, which binds to and
activates the glutamate ligand-gated ion channel receptors, such as NMDA (N-methyl-Daspartate receptor) and AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid)
receptors, that are permeable to sodium and calcium. The main inhibitory neurotransmitter is GABA, which binds to and activates GABAA receptors which are permeable
to chloride ions.
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regulate the dynamics of the actin filaments and microtubules and can influence the
direction of cargo transport (Andersen and Bi, 2000). The extension of neurites is
driven by, an increase in plasma membrane (vesicle recruitment and fusion), an increase
in the local concentration and activation of signaling molecules (phosphatidylinositol
3-kinase, PI3K, and Rho GTPases), an increase in the dynamics of actin filaments and
enhancement of microtubule formation (Bradke and Dotti, 1997; Futerman and Banker,
1996). Less is known about the inhibitory signals that lead to the retraction of neurites,
however, the collapse of microtubules, a decrease in the dynamics of actin filaments
and enhanced endocytosis of the plasma membrane is thought to occur (Ménager et al.,
2004). This extension-retraction cycle is perfectly balanced until a positive cue leads to
a self-activation system within one neurite that breaks the cell symmetry, resulting in
the formation of an axon (Arimura and Kaibuchi, 2007).
Robust mechanisms that guarantees the generation of one and only one axon must exist. For example, the spatial regulation of specific proteins, such as the protein kinase
Akt and the ubiquitin ligase Smurf2, which have been shown to be selectively degraded
within certain neurites leaving them enriched in a single process results in axon specification (Yan et al., 2006; Schwamborn et al., 2007; Arimura and Kaibuchi, 2007). Localised actin-depolymerisation along with microtubule stability promotes axonal identity
(Polleux and Snider, 2010). As dissociated hippocampal neurons can become polarised,
within an in-vitro system, it is thought that cell-autonomous signaling mechanisms that
lead to axon specification are intrinsic to neuronal polarisation. However, in vivo, extracellular signals also exist within the system and play a role in axon generation and
guidance (Barnes and Polleux, 2009).
The main diﬀerence to consider when understanding how neuronal polarisation occurs in
vivo, is that post mitotic neurons, normally migrate over a long distance before reaching
their final destination. The axon-dendrite polarisation normally occurs during migration.
For example, the pyramidal neurons of the cerebral cortex are generated from radial glial
cells of the ventricular zone (Miyata et al., 2001). The newly generated neurons initially
extend multiple neurites forming multipolar cells (Hatanaka and Yamauchi, 2013; Namba
et al., 2014). The migrating multipolar cells generate a tangential trailing process, that
ultimately develops into the axon, and a leading process that later develops into dendrites
(Hatanaka and Yamauchi, 2013; Namba et al., 2014), thus becoming bipolar cells. The
now bipolar cells continue to migrate towards the cortical plate and develop into mature
pyramidal neurons (Hatanaka and Yamauchi, 2013; Namba et al., 2014, 2015). As the
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leading edge formation is essential for neuronal migration towards the neurons proper
destination, a relationships must exist between the molecular mechanisms of polarised
migration and axon-dendrite polarity (Nadarajah, 2003; Namba et al., 2015).
The neurons surrounding environment in vivo creates micro-environments containing
specific extrinsic factors. The cellular processes of migration and proliferation are precisely regulated by environmental cues such as secreted factors, the extracellular matrix and neighboring cells (Raper and Mason, 2010; Namba et al., 2015). Secreted
factors including neurotrophins and transforming growth factor-b (TGF-b) have been
shown to regulate neuronal polarisation in vivo (Nakamuta et al., 2011; Yi et al., 2010).
Other signaling proteins, such as brain-derived neurotrophic factor (BDNF), laminin and
semaphorin have also been identified as extracellular cues for directing the emergence of
an axon in vivo (Barnes and Polleux, 2009; Polleux and Snider, 2010). Radial glial cells
provide a scaﬀold and allow cell-to-cell interactions along which a leading process can be
formed (Jossin and Cooper, 2011). The N-cadherin-mediated adherent junctions have
been shown to be important for the radial glial cell-to-neuron interaction as inhibition
of N-cadherin expression impairs the bipolar neuronal formation (Gärtner et al., 2012).
Understanding how extracellular cues communicate with cell intrinsic mechanisms to
initiate neuronal polaristion in vivo remains complicated.
After neurons are polarised they must maintain their polarity in order to function properly. Experimental manipulation can alter axon-dendrite polarity (Dotti and Banker,
1987; Gomis-Rüth et al., 2008; Goslin and Banker, 1989). When an axon is damaged in
its distal region it can undergo regrowth, whilst when transection occurs in the proximal part, of the axon, a new axon is formed from one of the minor neurites (Dotti and
Banker, 1987; Goslin and Banker, 1989). This regeneration can occur within completely
polarised neurons (Gomis-Rüth et al., 2008). An axon initial segment (AIS) is localised
to the most proximal part of the axon in polarised cells. The AIS has been shown
to be important for maintaining neuronal polarity. The AIS is important for regulating action potentials and selecting axon specific cargo (Szu-Yu Ho and Rasband, 2011;
Namba et al., 2015). The AIS is composed of the scaﬀold protein ankyrinG, bIV spectrin, actin filaments, cell adhesion molecules and ion channels (Szu-Yu Ho and Rasband,
2011). When ankyrinG has been knocked down in neurons the AIS is disrupted and the
axon acquires characteristics similar to dendrites, such as the formation of spines and
synapses (Hedstrom et al., 2008; Sobotzik et al., 2009), thereby showing its importance
for maintaining neuronal polarity. However understanding how the axon preserves its
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neuronal polarity still needs further investigation.

The Dendritic Tree
The correct formation of the dendritic tree is crucial for the neurons function. The
dendrites are specialised for receiving and processing synaptic inputs. The branching
structure of the dendrites allows the neuron to cover a large surface area over which it
can receive multiple inputs from other cells (Figure 1.2A). Dendrites have been shown
to grow towards the axon growth cone in order to generate the correct connections
to form a neuronal network. The resulting dendritic arbors are thought to be small
compartments capable of local computation of incoming stimuli (London et al., 2010).
Thus the shape, size and complexity of the dendritic tree, including its spines, aﬀects
the input and integration of signals that arrive to the neuron (Stuart and Häusser, 2007;
Branco and Häusser, 2011). Changes in dendritic structure would lead to modifications
in the neurons connections and its input processing capacity. There is a large variety of
dendritic structures found within the brain, from the unipolar, single branched structure
of dorsal root ganglion cells, to the elaborate branching of the Purkinji cells, and the
multipolar pyramidal neurons of the hippocampus and cortex with both apical and basal
dendrites (Figure 1.2A, example of the dendritic structure of a pyramidal neuron from
the mouse cortex). The dendrites often ramify characteristic spatial domains where they
receive specific inputs (Jan and Jan, 2010). Therefore understanding the formation of the
dendritic tree and how it is maintained throughout adulthood is essential, particularly as
defects in dendritic complexity have been reported in a number of neurodegenerative and
neuropsychiatric disorders (Penzes et al., 2011; Ramocki and Zoghbi, 2008; Grutzendler
et al., 2007; Kabaso et al., 2009; Kulkarni and Firestein, 2012).
Most of the CA1 pyramidal neurons of the hippocampus have a characterisitc morphology with a distinct large thick apical dendrite and several minor dendrites. The apical
and basal dendrites are orientated in opposite directions and occupy diﬀerent layers of
the hippocampus (Figure 1.2B). The apical dendrites extend towards the hippocampal fissure through the stratum radiatum and stratum locunosum-moleculare, whilst
the basal dendrites extend in the opposite direction through the stratum oriens. The
branching patterns of the apical and basal dendrites are believed to be coincident with
their functional roles and recieve distinct synaptic inputs from diﬀerent sources (Spruston, 2008). For example, the apical tuft dendrites of the CA1 hippocampal neurons
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recieves inputs from the entorhinal cortex, whilst dendrites in the stratum locunosummoleculare and the basal dendrites receive their input from CA3 hippocampal neurons
(Figure 1.2B).
Historically it was believed that dendritic growth and branching was a passive element
with dendritic structure intrinsically determined. In fact the growth of dendrites is highly
dynamic. Long term imaging of zebra fish tectal neurons show that filopodia (structural
predecessors to dendritic branches) form over a period of ⇠20 mins and retract within

⇠1 hr (Niell et al., 2004). In some instances the mobile filopodia are stabilised and

form a synaptic connection. These filopodia eventually become mature stable dendritic
branches. Therefore the complex arbor develops gradually as a result of concurrent and
iterative branch addition, stabilisation and extension (Stuart and Häusser, 2007; Hua
and Smith, 2004). However the mechanisms that regulate this process are unknown.
Dynamic filopodia are associated with the rapid assembly and disassembly of actin filaments with the extension and stabilisation of branches occurring following microtubule
invasion. As has been explained with axonal polarisation, it is important to remember that the emergence of the dendritic structure in vivo occurs in the context of a
developing functional nervous system. Therefore, the interactions between intracellular
signaling pathways and inputs from the environment, such as growth factors, synaptic
inputs and signaling with other cells must be considered.
Generation of dendritic arbors
Transcriptional regulators: Specific transcription factors are involved in specifying neuronal type. As some types of neurons in culture seem to preserve part of their morphological characteristics (Montague and Friedlander, 1991), it is thought that these
transcription factors are cell autonomous components of dendrite diﬀerentiation. For
example, the basic-helix-loop-helix (bHLH) transcription factor for Neurogenin2 defines
the unipolar dendritic morphology of pyramidal neurons, within the rodent cortex (Hand
et al., 2005). Whilst the bHLH transcription factor NeuroD promotes the generation and
maintenance of cerebellar granule neuron dendrites, a morphology that is maintained in
culture and in organotypic cerebellar slices (Gaudillière et al., 2004). It is likely that the
translation of these transcription factors regulate the branching and dynamic properties
of each neuronal type due to influences on the cytoskeletal organisation, membrane traf-
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Figure 1.2: Morphology of the neuron and the hippocampus
(A) Drawing by Ramon y Cajal of a pyramidal cell from the mouse cerebral cortex (modified from (Cajal, 1911)). (B) Schematic diagram of the intra-hippocampal connections.
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ficking to sites of growth and expression and localisation of molecules that can respond
to environmental cues.
Cell surface receptors: The developing dendrites respond to extrinsic signals that can
stimulate or inhibit outgrowth and act as directional cues. The dendrites of cortical neurons extend preferentially towards the pial layer guided by the molecule semaphorin 3A
(Sema3A), which promotes dendrite branching and spine morphogenesis (Polleux et al.,
2000). Sema3A can diﬀerentially regulate the extension and branching of the apical and
basal dendrites of hippocampal neurons (Häusser et al., 2000; Arikkath, 2012). Loss of
Sema3A increases the bifurcation of dendrites within the stratum pyramidale (Nakamura
et al., 2009), whilst in the basal dendrites Sema3A promotes dendritic complexity (Tran
et al., 2009). The Robo receptor and its ligand, Slit, which is a secreted protein promotes dendrite formation and branching and can influence dendrite guidance, revealed
by experiments in Drosophila that utilised mutants lacking the Robo receptor (Whitford
et al., 2002; Dimitrova et al., 2008). Secreted neurotrophins, such as neurotrophin 3,
BDNF and nerve growth factor (NGF), that exert their eﬀects through binding to the
TrK family receptors, can regulate the patterns of dendrite branching (McAllister et al.,
1995). Interestingly, the same neurotrophic factor can either inhibit or enhance dendrite
outgrowth in diﬀerent cortical layers, suggesting that there are specific intrinsic signaling
patterns that respond to specific extracellular cues (McAllister et al., 1995). Application
of BDNF can increase the number of dendrites of pyramidal neurons (McAllister et al.,
1995). BDNF binds to diﬀerent isoforms of the TrkB receptor and this can activate
various signaling pathways (Arikkath, 2012). Interestingly, BDNF elective activation of
TrkB receptors can diﬀerentially shape the dendritic arbors in an area specific mannar
(Baj et al., 2011), suggesting that distinct mechanisms within specific regions of the cell
are involved in shaping dendrite complexity. These are examples of how diﬀusible and
membrane-associated ligands can influence dendrite morphogenesis.
Cell-to-cell interactions: Dendro-dendritic interactions are also relevant for the shaping
of the dendritic tree (Jan and Jan, 2010). Dendrites of certain types of neurons can avoid
one another, a mechanism known as tiling. Tiling involves the homotypic repulsion of
dendrite-dendrite interactions of the same type of neurons resulting in adjacent but nonoverlapping dendritic structures. However the signals that mediate dendritic turning or
retraction, following dendrite neighboring encounters, remain largely unknown (Perry
and Linden, 1982).
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Activity driven growth and modulation:
It has been known for a while that neuronal activity can regulate dendritic growth and
patterning during development. Experiments where the levels of neuronal activity are
changed shows alterations in dendritic arborisation (Jan and Jan, 2010). Deprivation of
sensory inputs during dendritic development can lead to the reorganisation of dendrites
in certain areas. For example, when mice or rats are reared in the dark, there is not only a
reduction in the number of spines on the pyramidal neurons of the primary visual cortex
but also a shift in the distribution of the dendritic branches (Borges and Berry, 1978).
Conversely young rats that are exposed to an enriched environment, following weaning,
have increased complexity of dendritic structures in several cortical regions, particularly
the visual cortex (Volkmar and Greenough, 1972). Therefore, it appears that diﬀerent
environmental influences can contribute to the structure of the diﬀerentiating dendritic
tree. However the mechanisms by which these eﬀects result in alterations in dendritic
development are unclear.
Dendrites grow by sprouting filopodia that are highly dynamic, constantly growing and
retracting. Occasionally some filopodia mature into stable dendritic branches that bear
synapses (Heiman and Shaham, 2010). How these filopodial processes are stabilised is
an important determinant of the direction of growth and the branching pattern that is
formed. Niell et al. (2004), by using time-lapse imaging of the arborizing dendrites of the
optic tectum neurons of live zebrafish larvae, found that the formation of stable synaptic
puncta on the dynamic processes correlated with a stabilisation of that filopodia. These
stabilised filopodia matured into dendritic branches and iterations of this process resulted
in the growth and branching of the dendritic arbors. Thus supporting a “synaptotropic
model” whereby synapse formation can direct dendrite arborization. However it is not
known if synaptic transmission occurs at this early stage of development, therefore it is
thought that the simple formation of an adhesive contact, between axon and dendrite,
is enough to cause stabilisation (Ye and Jan, 2005; Heiman and Shaham, 2010). In fact,
when N-cadherin function was interfered with in cultured hippocampal neurons there
was an increase in the number of elongated dendritic spines, due to a failure to stabilise
dendritic filopodia (Ye and Jan, 2005). Interestingly, an in vitro study, investigating the
role of synapses in the development of dendritic architecture in hippocampal neurons,
showed that the formation of dendritic branches was independent of neuronal activity
or the activation of glutamate receptors (Kossel et al., 1997). Interestingly a mouse
model that had disrupted synaptic SNARE function, resulting in depletion of synaptic
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vesicles and the degeneration of nerve termianls, had morphological defects restricted
to the nerve terminals (Liu et al., 2015). Conversely, in vivo two-photon time-lapse
imaging of fluorescently labeled neurons in the optic tectum of Xenopus laevis tadpoles,
showed that newly extended dendritic branches and emerging filopodia contain a high
density of immature synapses followed by dendritic stabilisation leading to more sparse
but maturer synaptic contacts (Li et al., 2011). This study showed that the activity
of the excitatory glutamate NMDA was required for the elimination and maturation of
synapses causing dendritic stabilisation (Li et al., 2011). In agreement visual stimulation
of tadpoles causing an increase in the number of new dendritic branches, required NMDA
receptor and activation of Rho GTPase’s (Sin et al., 2002). Extensive in vivo studies
on Xenopus tectal neurons have shown that the blockage of NMDA receptors leads to
stunted dendrites (Rajan and Cline, 1998) or altered patterns of dendritic branching
(Lee et al., 2006). Experiments that utilise genetic techniques to cause NMDA receptor
misexpression (Lee et al., 2005; Ewald et al., 2008; Ster et al., 2014) or influence the
activity of AMPA (Haas et al., 2006; Zhang et al., 2015b) or GABA receptors (Shen et al.,
2009) result in dendritic remodeling. Therefore, activity-driven synaptic maturation and
neurotransmitter activity are thought to be important in sculpting dendrite growth.
A model whereby the presence of functional contacts defines which arbor will stay and
which one will retract has begun to emerge. However this mechanism requires the temporal co-ordination of dendrite diﬀerentiation and synapse establishment. In some cases,
such as the dendritic arborization of Drosophila second order olfactory neurons, dendrite
diﬀerentiation occurs before synapse establishment (Jeﬀeris et al., 2004). Therefore different mechanisms of branch selection and stabilisation must exist for diﬀerent neuronal
types.
Moreover, how input activity translates into changes in dendritic morphology is largely
unknown. Synaptic inputs can increase the Ca2+ influx rapidly and locally. The modulation of Ca2+ transients within filopodia has been shown to be a key process for stabilisation (Lohmann and Wong, 2005). Following receptor activation the Ca2+ concentration within dendrites increases, due to the direct influx through voltage gated calcium
channels (VGCC) and through its release from intracellular stores aﬀecting filopodia
motility. When a high frequency of calcium transients is reached filopodia stop growing
(Lohmann et al., 2005). Accordingly, the uncaging of Ca2+ in the dendritic segments,
triggering Ca2+ release from internal stores, reduced filopodial motility (Lohmann et al.,
2005). Therefore, it is suggested that low levels of Ca2+ transients facilitate filopodial
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outgrowth, with high levels stabilizing newly formed ones. Interestingly, later work has
shown that the local dendritic Ca2+ transients are independent of glutamate activity and
occur within seconds of axonal contact and before a functional synapse is established
(Lohmann and Bonhoeﬀer, 2008). Supporting the idea that filopodia are capable of
target recognition and selection well before a mature synapse is established. As well as
this, a Ca2+ rise with slow temporal dynamics can result in signaling at the nucleus that
leads to gene transcription resulting in the activity-driven upregulation of genes that
can have profound eﬀects on dendrite morphology (Jan and Jan, 2010). Waves of Ca2+
transients have been seen spreading through the developing hippocampus and cortex,
which may be important for the initial formation of neuronal circuits (Blankenship and
Feller, 2010).
Dendritic maintenance and remodeling during adult life
Time-lapse analysis of mouse cortical neurons over a long period of time has shown that
following the initial plasticity of developing neurons dendrites become stable with most
neurons conserving their dendritic fields for the remainder of their lifespan (Xu et al.,
2007; Grutzendler et al., 2002). However little is known about the mechanisms that are
responsible for dendritic maintenanceTherefore, specific mechanisms probably exist to
stabilise existing branches and suppress the formation of additional branches in matured
neurons. Even so, neurons maintain the capacity to respond to their environment with
plastic modifications (Butz et al., 2009). For example, dendritic structure of cortical
neurons can undergo significant remodeling in response to peripheral denervation (Tailby
et al., 2005). Also, an in vivo imaging study over a period of several weeks has shown
that the dendritic arbors of GABAergic neurons in the adult cortex are plastic (Lee
et al., 2006). Interestingly, under some pathological conditions some dendrites appear
to be able to restart their growth (Chow et al., 2009; Ruan et al., 2006; Spigelman et al.,
1998). For example, following deletion of the tumor suppressor gene Pten, mTOR kinase
activity is increased resulting in increased cell growth (Chow et al., 2009), whilst CA1
pyramidal neurons have alterations in their dendritic arborisation following transient
cerebral ischemia (Ruan et al., 2006).
Long-term synapse and dendrite maintenance is mediated by constant stabilisation of
the existing branches (Emoto, 2012). For example, afadin, a component of N-cadherin·bcatenin·a-N-catenin adhesion complexes, has been shown to be required for the main-
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tenance of dendritic structure and excitatory tone due to its role in the surface stabilisation of AMPA receptors (Srivastava et al., 2012). Also, studies in many model
systems suggest that Ca2+ signaling through multiple downstream targets, including
CaMKs (Ca2+ /calmodulin-dependent protein kinase) and Rho family GTPase’s, mediates activity-dependent dendrite maintenance (Emoto, 2012). For example, CaMKII
interaction with the MAP kinase (mitogen-activated protein kinase) pathway enhances
interactions between microtubules and their associated proteins, increasing microtubule
stability in dendrites (Vaillant et al., 2002). Whilst genetic studies have shown that
RhoA activation can limit neurite outgrowth (Billuart et al., 2001), continued exposure
to neurotrophic factors is also important for dendrite maintenance in the adult brain.
When secretion of BDNF is ablated, in mature pyramidal neurons, a progressive loss of
dendritic branches occurs (Gorski et al., 2003).

Spines and Plasticity
The point of connectivity between an axon and dendrite is a specialised site known as a
synapse. Synapses are made on either the surface of a dendrite, known as shaft synapses,
but many lie on specialised enlargements or protrusions from the dendrites, known as
dendritic spines. These spines often protrude no more than 2 mm from the dendritic shaft,
contain a bulbous head and attach to the dendrite by a narrow neck. The hippocampal
CA1 pyramidal neuron is considered a spiny neuron and contains on average about 1.4
spines/mm and 2.4 spines/mm on its apical and basal dendrites respectively (Bannister
and Larkman, 1995). Pyramidal cells of the visual cortex have far less spines with
a maximum density of 1.5 spines/mm (Larkman, 1991) whilst the purkinje cells of the
cerebellum are considered the spiniest neuron in the brain reaching densities as high as 15
spines/mm (Harris and Stevens, 1988). The formation of spines contribute substantially
to the surface area of the cell. The spines on CA1 pyramidal neurons contribute nearly
half of its dendritic surface area allowing for the generation of many functional synapses.
Also spines are electrical compartments that modify synaptic potentials and biochemical
compartments that implement input specific synaptic plasticity (Yuste, 2011). Therefor
they are an essential part of building the neuronal circuit.
The dendritic spine is the major site for excitatory synaptic transmission (Sheng and
Hoogenraad, 2007). They are usually contacted by en passant presynaptic terminals
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Figure 1.3: Morphology of the diﬀerent spine types
The small protrusions along the dendrites, called spines, have a variety of diﬀerent
morphologies. Anatomical studies of the spines have classified them into 4 major types;
filopodia spines, are thin and hairlike and often observed in the early stages of dendritic
development; stubby spines, do not exhibit a substantial neck constriction; mushroom
spines, have a thin neck and a large head; thin spines, have a thin neck and a small
head.
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and are surrounded by astrocytic processes. Dendritic spines show a high variability
in their morphology and composition, varying in volume, length, shape and content of
organelles such as ribosomes, endosomes and spine apparatus, which is a specialised form
of ER found in a subset of dendritic spines. This high degree of variability is thought
to be important for the functional properties of the excitatory synapses (Bourne and
Harris, 2008). Spines have traditionally been classified on the basis of their morphology
(Figure 1.3); (1) Thin spines, attach to the dendrite through a thin neck and have
a small head, (2) Mushroom spines, also attach to the dendrite through a thin neck
but have a large head that exceeds 0.6 mm in diameter (Bourne and Harris, 2008),
whilst (3) Stubby spines, do not exhibit a substantial neck constriction with the length
of the spine often being equal to its width (Harris and Stevens, 1988). These diﬀerent
morphologies may provide diﬀerent functional properties for the synapse, as the presence
of a constricted neck allows the spine head to be isolated and act as a molecular signaling
microcompartment (Nimchinsky et al., 2002). However understanding the functional
correlates due to the great heterogeneity in spine morphologies is an ongoing area of
research (Sala and Segal, 2014).
Time-lapse microscopy has shown that, like dendrites, spines are not static structures,
they display a high degree of functional and structural plasticity (Hill and Zito, 2013;
Sala and Segal, 2014). During development there is a rapid turnover of spines which
gradually stabilise as the animal matures (Alvarez and Sabatini, 2007; Matsuzaki et al.,
2004). Spines remain structurally plastic in the adult system constantly undergoing morphological changes in an activity-dependent manner (Bourne and Harris, 2007; Bourne
et al., 2007). Two-photon microscopy in the CA1 area of hippocampal mice showed
that spines on the basal dendrites of pyramidal neurons had an average lifetime of 1-2
weeks and NMDA receptor blockade increased the rate of spine loss within this region
(Attardo et al., 2015). Mushroom spines are considered to be relatively stable and are
more prominent in a mature system. They have a more complex PSD, a higher density of glutamate receptors (Nicholson et al., 2006), are more likely to have smooth
endoplasmic reticulum (SER), polyribosomes and endosomal compartments (Harris and
Stevens, 1988; Bourne et al., 2007; Bourne and Harris, 2008). These features suggest
that mushroom spines will have a strong glutamate response, regulate intracellular calcium, endosomal recycling and protein translation. Thin spines are considered “learning
spines”, they are flexible, rapidly enlarging and shrinking in response to activation and
only create weak synaptic connections (Bourne and Harris, 2007, 2008). A Gogli-based
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morphological study determining the spine density and proportion of the diﬀerent spine
types during a motor training paradigm showed that there was an increase in the proportion of thin spines during the initial phase of learning (González-Tapia et al., 2016).
The nature of spines, being the plastic locus of the neuron, means they are the point
where changes in synaptic strength are converted into long-lasting memories.
Neuronal activity can cause changes in synaptic strength aﬀecting both synapse composition and spine morphology. Plasticity events, due to diﬀerent stimuli, include long-term
potentiation (LTP) (enhancement), whereby the number and shape of spines increase
(Bourne et al., 2007; Bourne and Harris, 2008), and long-term depression (LTD) (reduction) which can cause a decrease in spine number and size (Zhou et al., 2004). Even
though there is still no clear link between diﬀerent plasticity processes within the brain
and spine morphology, it is thought that diﬀerent types of memories obey diﬀerent electrophysiological rules and leave diﬀerent morphological fingerprints on the brain (Sala
and Segal, 2014).
Molecular Composition of Dendritic Spines
Since the late 1990s several hundreds of proteins, hormones and growth factors have been
identified as being important for spine function and morphology. The most important
include the actin cytoskeleton and its regulators and proteins associated with the PSD
(Sala and Segal, 2014; Kerr and Blanpied, 2012).
The cytoskeleton within dendritic spines is formed mainly of filamentous actin (F- actin).
It forms organised bundles in the spine neck and a branched network in the spine head.
Along with the signaling eﬀects of Ca2+ , the cytoskeleton is important for regulating
spine formation and function (Zito et al., 2004). A dynamic pool of actin is believed
to be located below the spine surface and is responsive to changes in synaptic activity. A number of actin binding proteins play a role in the stabilisation, polymerisation, contractility, branching and capping activity of the dynamic actin pool (Bellot
et al., 2014). Common actin binding proteins include, cortactin, whose localisation in
spines is regulated by NMDA receptor activation and is therefore a regulator of activitydependent spine morphogenesis (Hering and Sheng, 2003), the multifunctional actinbinding protein vasodilator-stimulated phosphoprotein (VASP), which regulates actin
polymerisation (Lin et al., 2010), and the WAVE (Wiskott-Aldrich syndrome protein
family Verprolin homologous proteins) family of proteins, which are key regulators of
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actin polymerisation through their ability to activate the actin-related protein Arp2/3
complex (a seven-subunit protein complex that plays a major role in the regulation of
the actin cytoskeleton) (Kim et al., 2006, 2013). The ubiquitous actin binding protein
cofilin causes severing of F- actin inducing actin reorganisation in the dendritic spine
(Rust, 2015). Phosphorylation of cofilin, following NMDA activity, terminates its severing activity leading to the stabilisation of the actin cytoskeleton (Chen et al., 2007a;
Rex et al., 2009). Signalling by the small GTPase’s of the Rho family also regulates
actin assembly and mutations in these genes are commonly associated with mental retardation (Govek et al., 2004). The most common Rho GTPase’s important for spine
morphology include RhoA, Rac1 and Cdc42 (Sala and Segal, 2014; Bongmba et al., 2011;
Newey et al., 2005; Tan et al., 2011; Vadodaria et al., 2013). RhoA is commonly known
for inhibiting actin polymerisation, whereas Rac and Cdc42 promote the growth and
stability of dendritic spines. Importantly, the actin cytoskeleton has relevant roles at
the postsynapse in organising the PSD, stablising postsynaptic receptors and localising
the translation machinery (Hotulainen and Hoogenraad, 2010).
The PSD of the excitatory synapse, found within the spine head, is an electron-dense
structure that is apposed to the presynaptic active zone and is specialised for postsynaptic signaling and plasticity. A proteomic study of the PSD from human neocortex identified 1461 proteins in the human PSD (hPSD) (Bayés et al., 2011). Mutations in 199 hPSD genes (only 14% of the total hPSD genes) caused 133 neurological
and psychiatric disorders, highlighting there importance within the brain. Included
within the PSD are receptors, such as NMDA, AMPA (a-amino-3-hydroxy-5-methyl-4isoxazolepropionic acid) and metabotropic glutamate receptors (mGluRs), scaﬀolding
proteins such as PSD-95, Homer and Shank, and cytoplasmic signaling proteins such as
CaMKII(Okabe, 2007). Three-dimensional reconstructions of seriallysectioned electron
microscopy (EM) samples, showed that typically the PSD has a disc-like structure with
a diameter of 200-500 nm and a thickness of 30-60 nm (Spacek and Harris, 1998). The
area of the PSD within spines of the CA1 adult hippocampus can vary from 0.008 to
0.54 mm2 (Sorra and Harris, 2000). More recently, super resolution studies have shown
that the PSD is made up of distinctive ensembles containing clusters of AMPA receptors
that can undergo striking changes over time (MacGillavry et al., 2013), this is thought
to have significant consequences on excitatory neurotransmission (Nair et al., 2013).
The scaﬀolding proteins, which contain multiple protein interaction motifs provide the
structural framework of the PSD through which membrane proteins and cytoplasmic
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proteins can interact. Several scaﬀolding proteins are enriched in the PSD. PSD-95
was the first scaﬀolding protein to be identified and is part of the membrane associated
guanylate kinase (MAGUK) proteins (Kistner et al., 1993). MAGUK proteins contain
three PDZ domains at their N-terminus, followed by an SH3 domain and a guanylate
kinase-like domain. The PDZ domain of the MAGUK proteins is thought to interact
with the GluN2 subunit of NMDA receptors, stabilising NMDA receptors at the postsynapse (Kornau et al., 1995). Other important binding partners of the MAGUK proteins
include the cell adhesion molecule, neuroligin (Okabe, 2007; Chin et al., 2005; Prange
et al., 2004), and the TARPs (proteins involved in AMPA receptor synaptic targeting) (Chen et al., 2000). PSD-95 plays important roles in the regulation of dendritic
spine morphology and glutamate receptor signaling. Overexpression of PSD-95 in cultured hippocampal neurons enhances synaptic AMPA receptor currents (Ehrlich and
Malinow, 2004) and also increases the number and size of dendritic spines (El-Husseini
et al., 2000). PSD-95 can also interact with postsynaptic signaling molecules, such as
ErbB4, synGAP, SPAR, and Kalirin-7 (Okabe, 2007). More recent work has shown the
importance of the MAGUK proteins for making functional synapses after initial spine
formation (Levy et al., 2015).
Other scaﬀolding proteins found in the PSD, include the Homer and Shank family of proteins, which have also been shown to be major regulators of dendritic spine morphology.
The Homer proteins are structurally formed of an N-terminal Ena/VASP Homology 1
(EVH1) domain and a C-terminal coiled-coil (CC) domain (Hayashi et al., 2009). Homer
localises at the cytoplasmic interface of the PSD structure and its main binding partners
include, mGluRs (Xiao et al., 1998), IP3 receptor dynamin III (Gray et al., 2003) and the
Shank family proteins (Tu et al., 1999). The Shank family of scaﬀold proteins contain
an ankyrin repeat at the N’ terminal, followed by an SH3 domain, a long proline-rich
region, and a sterile alpha motif domain at the C’ terminal (Sheng and Kim, 2000).
The protein-protein domains present in Shank are important for linking the NMDA/
PSD-95 complex to the mGluRs/Homer complex. Importantly, Shank1 and Homer1b
in the PSD form a matrix structure upon which other synaptic proteins that contribute
to the enlargement of the dendritic spines (Hayashi et al., 2009). Accordingly, when
Shank1 and Homer1b are overexpressed in hippocampal neurons maturation of spines
is induced (Sala et al., 2001; Hayashi et al., 2009). The overexpression of the PICK1
synaptic scaﬀold protein in hippocampal neurons causes a reduction in spine size. PICK1
can directly bind to and inhibit the Arp2/3 complex activity and therefore destabilise
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the actin network (Nakamura et al., 2011). PICK1 also binds to the AMPA receptor
subunits GluA2/3 and is required for their internalisation (Rocca et al., 2008). Therefore, through their interactions with diﬀerent binding partners, the scaﬀolding proteins
potentially function as cross-linkers between receptor clustering and stabilisation, formation of the synaptic junction, postsynaptic signaling transductions and regulators of
the actin cytoskeleton.
Calcium handling in the spine
Neuronal activity causes a rise in the concentration of intracellular calcium, [Ca2+ ]i,
within the spine. Under basal conditions the intracellular concentration is maintained
at a low level (50-100 nM) but this can rise several orders of magnitude upon synaptic
stimulation. This rise is critical for regulating spine size and density because several
cascades of kinases and phosphatases are Ca2+ dependent (Sala and Segal, 2014). The
dendritic spine is endowed with several species of VGCC (Bloodgood and Sabatini,
2005) and ligand-gated channels (AMPA, NMDA), that allow the entry of Ca2+ into the
spine (Bloodgood and Sabatini, 2007; Sabatini et al., 2002), and mGluRs that following
ligand binding causes the activation of phospholipase C followed by release of Ca2+
from internal stores (Fernández de Sevilla and Buño, 2010; Goto and Mikoshiba, 2011).
Once [Ca2+ ]i, rises within the dendritic spine it must be removed rapidly from the
cytoplasm. Several routes exist including extrusion by the Ca2+ - ATPase pump and
Na2+ - Ca2+ exchanger, as well as pumps that allow entry of Ca2+ into the intracellular
stores of the ER (Burette et al., 2010). As mitochondria are absent in the spine head,
they do not provide a sink for the accumulation of Ca2+ . However the presence of
mitochondria in the dendrites is important for the correct formation, maturation and
plasticity of dendritic spines (Macaskill and Kittler, 2010; Sheng and Cai, 2012)(evidence
for which will be discussed later). Importantly, the spine neck allows for the regulation
of synaptically evoked Ca2+ transients within the spine head and allows it be seperated
from the dendritic shaft (Sala and Segal, 2014). Therefore the spine head can act as
a microcompartment for Ca2+ handling. Both LTP and LTD protocols involve a rise
in [Ca2+ ]i in the spine but probably to diﬀerent magnitudes and durations in order to
activate the respective signaling pathways (Sala and Segal, 2014).
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Spine development and plasticity
In the young brain there are few spines and many filopodia which disappear in the
mature neuron (Fiala et al., 1998; Sorra and Harris, 2000). These filopodia are sensitive
to basal activity and become more motile when synaptic activity is blocked (PorteraCailliau et al., 2003). Therefore it is thought that filopodia play a role in the formation
of connections between neurons by seeking out glutamate release from the axon (Sala
and Segal, 2014). However, intriguingly it has been shown that most synapses in the
young brain reside on the dendritic shaft (Reilly et al., 2011). Therefore two theories are
beginning to develop for spine formation, either through stabilisation of motile filopodia
or forming from the existing shaft synapse (Sala and Segal, 2014). A recently published
paper using focused ion beam/scanning electron microscopy (FIB/SEM) generating 3D
reconstructions of spines within granule cells of the hippocampus revealed two diﬀerent
stages of dendritic spine development whereby filopodial, thin and mushroom spines
appear to play a role in young adult-generated granule cells, whilst stubby spines and a
larger proportion of branched spines were also observed in mature granule cells (Bosch
et al., 2015). This suggest that stubby and branched spines may contribute specifically
to the physiological properties of mature granule cells. This technique also revealed
some unexpected features of synapse formation, including vacant and branched dendritic
spines and presynaptic terminals establishing synapses with up to 10 dendritic spines
(Bosch et al., 2015).
Time-lapse imaging of dendrites has shown that LTP- inducing protocols leads to the
expansion of existing spines and the formation of new spines (Engert and Bonhoeﬀer,
1999). In a slice, new spines have been detected about 30 mins after the induction
of LTP (Shi et al., 1999). An increase in spine density is thought to correlate with
an increase in synapses. A study in dissociated hippocampal neurons has shown that
new spines are found to be associated with synaptophysin-containing terminals (Goldin
et al., 2001; Ovtscharoﬀ et al., 2008). However, it is unclear when dendritic spines
form functional synapses. Through combined confocal microscopy and EM studies of
cultured hippocampal slices, physical contact of the spine with a presynapse occurs
through the adhesion fibers within tens of minutes of the activation protocol with only
the functional synapse being formed 15-19 hrs after the plasticity-evoking stimulation
(Nägerl et al., 2007), or, as has been seen in vivo in the neocortex, 4 days after the
initial formation of the dendritic spine (Knott et al., 2006). However, more recent work
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in acute cortical slices of young (P8-12) mice, found that the new functional spines, in
the sense that they responded to presynaptic stimulation, formed within 2 mins following
glutamate uncaging (Kwon and Sabatini, 2011). Even though the temporal relationship
between spine formation and functional synapse is unclear, it is generally agreed that
the stabilisation of dendritic spines is dependent on NMDA receptor activation and is
linked to CaMKII activity (Shi et al., 1999; Hill and Zito, 2013; Arellano et al., 2007).
LTD is considered the opposite process to LTP, however there is less information on
the possible reduction in dendritic spine density or spine head volume. Early studies in
organotypic slices showed that spines retracted in an NMDA dependent manner following
the LTD stimulation protocol (Nägerl et al., 2004). However it appears that the ability to
retract spines massively reduces with age of the culture. In fact another study found that
LTD led to synapse loss only and that this was only achieved following three exposures
to an LTD generating protocol (Kamikubo et al., 2006). Even more strikingly Becker
et al. (2008) showed that an LTD induction protocol in cultured hippocampal slices
lead to a significant retraction of presynaptic boutons followed eventually by a decrease
in the number of spines on the CA1 pyramidal neuron (Becker et al., 2008). This
indicates a substantial presynaptic contribution to activity-dependent morphological
plasticity. However the fate of spines and synapses due to diﬀerent stimuli requires
further exploration.

Disrupted dendrite and spine morphology and disease
In the aging human brain synapse and dendritic spine loss as well as dendritic atrophy
has been observed (Uylings, 2000), although the extent and specificity of these changes
is unclear. Alterations in dendritic spine morphology, synapse number and arbor size is
associated with intellectual disability (ID), including autism spectrum disorder (ASD),
psychiatric illnesses, such as schizophrenia and major depressive disorder (MDD), as
well as neurodegenerative diseases, such as Alzheimer’s disease (AD) (Kasai et al., 2010;
Penzes et al., 2011; Kulkarni and Firestein, 2012). These neurological disorders are
characterised by alterations in cognition, emotion and memory loss which are believed
to occur because of reductions in synaptic connectivity.
ID and ASD are severe neurodevelopmental disorders. Many mutated genes for synaptic
proteins, important for regulating dendritic spine formation and plasticity have been
associated with these disorders (Verpelli and Sala, 2012; Bernardinelli et al., 2014).
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It is now commonly considered that there is a strong link between dendritic pathology
and mental retardation with these disorders often characterised by decreases in dendritic
length, branching patterns and spine number, with the remaining spines often being long
and thin (Fiala et al., 2002; Hutsler and Zhang, 2010). Schizophrenia is a psychiatric
disorder, that often emerges in late adolescence or early adulthood. This disorder has
been associated with grey matter loss and altered spine density and dendritic structure
in specific regions of the brain (Black et al., 2004; Sala and Segal, 2014). Reduced
spine density is observed within postmortem human brain tissue from schizophrenia
patients (Konopaske et al., 2014). In particular a reduction in hippocampal volume
associated with reduced spine density on CA3 dendrites has been found (Kolomeets
et al., 2005). From studies on patients aﬀected by schizophrenia it has been proposed
that there is a strong correlation between loss of grey matter, reduced spine density and
functional hypoactivity in specific brain regions (Kolluri et al., 2005). Neuronal death
in AD is thought to be preceded by synapse and dendritic spine dysfunction as well
as abnormal dendritic morphology (Marcello et al., 2012; Falke et al., 2003; Scheﬀ and
Price, 2003; Sala and Segal, 2014). Postmortem tissue samples from patients with AD
shows prominent spine and dendrite loss in the hippocampus and cortex, the main areas
aﬀected by AD-related pathology (Knobloch and Mansuy, 2008; Sala and Segal, 2014).
Therefore given the importance of neuronal structure and synaptic stability for human brain health it is important to understand how the neuron correctly develops and
maintains long-term synaptic contacts. Elucidating these mechanisms is an essential
prerequisite to developing therapies to prevent dendrite and synapse loss in aging and
disease.

Neuronal traﬃcking mechanisms and importance for dendritic morphology
It has long been recognised that the distribution and composition of organelles and proteins within the dendritic and axonal compartments of the neuron are strikingly diﬀerent
(Bartlett and Banker, 1984; Lasek and Black, 1988). EM has revealed that dendrites contain cellular organelles, such as ribosomes, ER, Golgi complexes and neurotransmitter
receptors that are not seen in axons (Craig and Banker, 1994). The functionally diverse
properties of the dendrites and axons relies on the correct partitioning and targeting of
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Figure 1.4: The neuronal cytoskeleton and motor proteins
(A) Microtubule orientation in the neuron. Within the axon and distal dendrites the
microtubules are orientated with their plus ends pointing away from the cell body, whilst
the microtubules in the proximal dendrites are of mixed polarity. The actin cytoskeleton
exists within the axon growth cones, dendritic spines and the AIS. (B) Kinesin and
Dynein motors move along the microtubule tracks. The dynein motor is composed
of many subunits and requires the dynactin complex to functionally transport cargo
towards the minus end of microtubules. The kinesin 1 motor, of the kinesin superfamily,
consists of two kinesin heavy chains and two kinesin light chains, it requires a large
array of adaptor proteins for attaching to cargo. Kinesin motors are directed towards
the plus ends of microtubules. (C) Myosin motors provide short range tranport along
actin filaments. Myosin V, of the myosin superfamily, consists of two heavy chains,
calmodulin light chains, which connects to the neck domain, and two cargo binding
domains.
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proteins, mRNA, membrane lipids and organelles. Therefore complex traﬃcking mechanisms exist within the neuron in order for the axon and dendrites to acquire their correct
complement and distribution of organelles and cellular machinery important for neuronal
morphogenesis, synapse modification and plasticity (Kennedy and Ehlers, 2006).
In order to achieve the delivery and removal of the diﬀerent components of the neuron
to its diﬀerent regions the neuron makes use of active transport systems (Figure 1.4).
This transport network consists of multiple motor and adaptor proteins that move over
microtubule and actin filaments. The complex transport network provides spatial and
temporal control over protein and organelle traﬃcking and allows for their correct localisation within the neuron. This network is important for the transport of mitochondria,
synaptic proteins, mRNA, endosomes and many more important organelles and proteins
found throughout the neuron. Interestingly within dendrites, a more complexed scenario
of dendritic traﬃcking has emerged, due to the discrete distribution of local secretory
organelles, including local sorting stations, throughout the dendritic tree (Horton and
Ehlers, 2003). This secretory pathway contributes to the polarised protein distribution
within the neuron and is important for the diﬀerentiation of dendrites and axons and
for dendritic growth (Horton et al., 2005). Therefore multiple traﬃcking mechanisms
exist within the neuron to accommodate for its specialised morphological demands.
Three families of molecular motors have been identified for the intracellular transport
of cargo; kinesin, dynein and myosin motors (Figure 1.4B-C)(Vale, 2003; Hirokawa and
Takemura, 2005; Hirokawa and Tanaka, 2015). These motors move directionally along
the cytoskeletal tracks transporting cargo to diﬀerent locations. Myosin motors move
along actin filaments, which are enriched at pre-synaptic terminals and post-synaptic
spines. The myosin motors tend to orchestrate short-range transport and play significant roles in membrane traﬃcking and signal transduction within these regions. Kinesins
and dyneins drive long-range transport by using the microtubule tracks throughout the
axon and dendrites. Directionality of transport depends on the polarity of the microtubule tracks. In general the majority of kinesin motors travel towards the microtubule
plus ends whilst the multi-subunit dynein complex travels towards microtubule minus
ends. Within the axon and the distal dendrites the microtubule arrays are uniformly
orientated, with their plus ends facing outwards. Within the proximal dendrites the microtubules are orientated in both directions creating a region of mixed polarity and can
lead to one motor driving bidirectional transport within this region (Figure 1.4A)(Baas
et al., 1988; Jaworski et al., 2009; Hoogenraad and Bradke, 2009). A recent study pro-
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posed that the inherent microtubule polarity provides the fundamental sorting routes
of polarised cargo with axonal targeting being achieved by plus-end directed microtubule motors and dendritic targeting achieved by minus-end directed motors (Kapitein
et al., 2010). However, an understanding of how targeted transport by motor proteins
is achieved and regulated and how the microtubule structure, stability and dynamics
influence neuronal development are only beginning to be understood (Jaworski et al.,
2009).

Cytoskeletal Structure and Dynamics
The complex axonal and dendritic architecture of the neuron and its synaptic organisation is dependent on its cytoskeleton. The cytoskeletal organisation in the neuron
is highly specialised and varies in orientation, binding proteins and post-translational
modifications within the axon and dendrites. The cytoskeletal network is essential for
supporting fundamental cellular functions such as cell morphology, cell migration, cell
division, and intracellular transport (Kreutz and Sala, 2012).
Microtubules make up the majority of the intracellular transport pathways. They are
the main “highways” of the neuron allowing organisation of molecular complexes and
organelles within the cytoplasm by long distance transport out into neurites. Microtubules are formed of polymers of a- and b- tubulin heterodimers that assemble to form
a cylindrical microtubule lattice that is about 25 nm in diameter (Howard and Hyman,
2009). The asymmetry of the tubulin isoforms and their self assembly dynamics leads
to intrinsically polar structures, with “plus ends” (+) favored for assembly/disassembly
and “minus ends” (-) which are less dynamic. The microtubule (-)- end is capped by
g-tubulin ring complexes which prevent this end from elongating. In non-neuronal cells,
the (-)- end attaches to the centrosome where it is nucleated (occurs at the nucleus).
During development of hippocampal neurons the centrosome loses its function as the
microtubule-organising centre (Stiess et al., 2010). Actin filaments, which are enriched
in the AIS, the axon growth cone and dendritic spines, are assembled from monomeric
actin subunits. These monomers polymerise to form 8 nm fiber structures (Pollard and
Cooper, 2009), arranged into two twisted strands. Like microtubules the actin filaments
are intrinsically polar and have fast growing “barbed” and slow growing “pointed” ends.
Recent advances in superresolution microscopy have provided valuable structural and
dynamic information on actin. Long actin filaments have been observed in dendrites
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largely running along the long axes of dendrites and occassionally crossing it. Within
the axon a drastically diﬀerent organisation of actin has been observed. Actin filaments
appear to form into rings that wrap around the axon at regular intervals forming a latice
like structure (Xu et al., 2013). It is thought that this structure provides long range
order on the axon cytoskeleton despite the diﬀerences in molecular composition between
the AIS and the distal axon (Xu et al., 2013). The actin cytoskeleton plays a critical
role in neurite outgrowth, branching, neurite regeneration and synapse function (Schevzov et al., 2012). The microtubules and actin filaments have a vast array of accessory
proteins. These include, nucleators, filament crosslinkers, promoters and inhibitors of
microtubule and actin assembly all of which are important for regulating the organisation and dynamic nature of the cytoskeleton. The microtubules and actin filaments
are highly dynamic, alternating between bouts of growth and shrinkage (Mitchison and
Kirschner, 1984). They can also undergo a process known as treadmilling, a phenomenon
in which filament length remains approximately constant, where by monomers add at
the (+)- end and dissociate from the (-)- end at the same rate (Kueh and Mitchison,
2009). Importantly, regulation of the microtubule and actin dynamics is essential for
neuronal development and synaptic plasticity (Conde and Cáceres, 2009; Hotulainen and
Hoogenraad, 2010).
Microtubules do not extend along the entire length of the neuronal processes, instead
they are fragments cross-linked by microtubule-associated proteins (MAPs) (Brandt,
2001). The most abundant MAPs found in the neuron are tau and MAP2 whose distributions are polarised between the axon and dendrites (Dehmelt and Halpain, 2005).
MAP2 is exclusively located in dendrites, its mRNA is specifically transported into the
dendrites and translated locally. Tau, though present in both axons and dendrites, is
enriched in the distal axon. These MAPs are involved in the proper spatial organisation
of the microtubules (Conde and Cáceres, 2009). MAP2 has also been shown to have a
role in dendritic remodeling and synaptic plasticity (Fanara et al., 2010). As the MAPs
create a diﬀerent structural organisation of microtubules in the respective regions of
the neuron, it is thought that this can influence polarised cargo traﬃcking (Verhey and
Hammond, 2009). In fact, axonal tau has been shown to interfere with the kinesin-1
motor anterograde transport dynamics (Ebneth et al., 1998).
The microtubules within the axons and dendrites of mature neurons form dense bundles. Axonal microtubules are generally long and uniformly orientated, with their (+)
ends towards the axon tips. Dendritic microtubules are orientated in both directions,
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with their (+) ends facing either the cell body or the dendritic tips. These observations
have come from in vitro studies where fluorescently tagged microtubule (+)- end binding proteins, such as EB3-GFP, has been used as a marker for visualising microtubule
growth in neurons (Stepanova et al., 2003; Jaworski et al., 2009). This technique showed
that the emergence of (-)- end distal microtubules in dendrites occurs during development, when the dendrites begin to specialise and branch (stage 4). This is the first time
point at which selective targeting of dendritic proteins is required. By the time synaptic connections are being formed (stage 5), both microtubule orientations are equally
abundant in proximal dendrites with (+)- end out microtubules alone dominating in the
distal dendrites (Stepanova et al., 2003). Second-harmonic generation microscopy on
dissociated neurons and dissociated slices has confirmed the orientation of microtubules
within axons and dendrites (Dombeck et al., 2003). An interesting observation in vivo,
within the apical dendrites of hippocampal CA1 neurons and cortical pyramidal neurons. Multi-photon microscopy revealed that within these neurons, even though there
were microtubules of mixed polarity at early stages of development, they appeared to
change their orientation, becoming mostly unidirectional in the later stages of development (Kwan et al., 2008). A hypothesis for this microtubule modification that occurs
during development, is that it may regulate the transit time of diﬀerent cargo’s particularly those important for synaptic plasticity of the mature neuron. However further
investigation into the neuronal microtubule network in vivo is required. These distinct
patterns of microtubule orientation are thought to be important for the asymmetry of
the neuronal compartments by directing specific motor protein transport into axons or
dendrites (Zheng et al., 2008; Kapitein et al., 2010; Maeder et al., 2014).
A variety of post-translational modifications (PTMs) can also generate diversity across
the cytoskeleton (Conde and Cáceres, 2009). Stable microtubules can accumulate a
variety of PTMs such as, acetylation, detyrosination and glutamylation all of which can
influence the neuronal transport processes (Westermann and Weber, 2003; Janke and
Kneussel, 2010; Maas et al., 2009; Dompierre et al., 2007; Ikegami et al., 2007). It
has been shown that axons have an abundance of acetylated microtubules compared to
dendrites (Kollins et al., 2009). In fact, following specification of neuronal polarity the
axon is composed of relatively stable microtubules, whereas dendrites maintain a greater
pool of dynamic microtubules (Kollins et al., 2009). This is thought to be important for
establishing the diﬀerent compartments distinct physiologies as they may have diﬀerent
requirements for microtubule stability. As kinesin-1 has increased aﬃnity for modified
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microtubules (Cai et al., 2009), this is thought to help the selective motility of kinesin-1
motors and its cargo into axons specifically. It has also been shown that interference
with PTMs associated with microtubule stability can have significant eﬀects on axon
branching and aberrant outgrowth (Creppe et al., 2009; Erck et al., 2005).

Motor Proteins
As previously stated cargo are transported long distances over the microtubule network
followed by localised transport along the actin cytoskeleton. The motor proteins that
use the microtubule tracks are kinesin and dynein motors (Figure 1.4B), whereas myosin
motors move along actin filaments (Figure 1.4C)(Hirokawa and Takemura, 2005). A
common feature of the motor proteins is that they utilise ATP hydrolysis to generate
the force required to move their cargo (Kardon and Vale, 2009; Woolner and Bement,
2009; Schliwa and Woehlke, 2003). Though the basic structure and function of the
motor proteins have been clarified (Hirokawa et al., 2010; Hirokawa and Tanaka, 2015),
understanding how they achieve their specificity for transporting specific cargo and the
directionality of this transport to their site of action is only beginning to be understood.
Kinesin Motors
A total of 45 kinesin (KIF) genes have been identified within the mammalian genome
however alternative mRNA splicing can lead to the expression of many more KIF proteins
as multiple isoforms can be generated. The necessity for this large number of KIF
proteins is thought to be due to the complex and sophisticated intracellular transport
system that is required by the neuron. The neuronal cell uses a variety of KIF proteins
to regulate the direction, destination and velocity of various molecules (Hirokawa et al.,
2009, 2010; Hirokawa and Tanaka, 2015).
The KIFs can be broadly grouped into three types, depending on the position of the
highly conserved motor domain within the protein: N-KIFs, constitute the majority
of the kinesin superfamily, have an N-terminal motor domain and drive microtubule
plus end directed transport, M-KIFs, 3 have been identified (Kif2a, Kif2b, and Kif2c),
have a middle motor domain and are thought to depolymerise microtubules in an ATP
dependent manner, whilst the C-KIFs, which constitute the kinesin 14 class (Kifc1,
Kifc2 and Kifc3), contain a C-terminal motor domain and move towards the minus end
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of microtubules (Miki et al., 2001; Dagenbach and Endow, 2004; Lawrence et al., 2004;
Hirokawa and Noda, 2008).
The N- and C- KIFs share the structural characteristics of a motor domain, a stalk domain and a tail region. The, highly conserved, motor domain is responsible for the KIFs
movement due to its ability to bind to microtubules in an ATP-hydrolysing dependent
manner. Most kinesins form a homodimer resulting in a structure where two motor domains work in unison, moving in a hand-over-hand mechanism, to generate long distance
movement along the microtubules (Yildiz et al., 2004). Each KIF protein moves with a
characteristic velocity which varies from 0.2 mms-1 to 1.5 mms-1 (Hirokawa et al., 1998).
The stalk domain and the tail region of the KIFs show significant divergence in their
amino acid structure, this results in diﬀerences in their protein interactions and allows
them to recruit many diﬀerent types of cargo to the traﬃcking pathway (Lawrence et al.,
2004; Hirokawa and Noda, 2008; Hirokawa et al., 2010).
For mitochondrial transport the motor proteins that have been identified, so far, include
KIF5 and KIF1B motor of the kinesin-3 family. KIF5 is one of the most common kinesins, it forms a dimer, due to its coiled-coil domain, and interacts with two kinesin
light chains (KLC) at the end of its stalk domain, creating a fan like structure (Diefenbach et al., 1998). The KLC’s have a role in regulating the attachment of cargo to the
KIF5 motor (Diefenbach et al., 1998; Hirokawa et al., 2009) though this tends to be more
important for the transport of axonal cargo as dendritic cargo appear to bind to the Cterminal tail of the KIF5 motor either directly or through an adaptor protein (generally
scaﬀold proteins) (Setou et al., 2002; Kanai et al., 2004). Interestingly the KIF1A and
KIF1B (alternatively spliced forms KIF1Ba and KIF1Bb) kinesins are monomeric they
are thought to glide along the microtubules and often move with the fastest velocity of
the kinesins ranging from 0.9-1.5 mms-1 (Nangaku et al., 1994; Okada et al., 1995).
The functional specificity and the large diversity of kinesin motors that are within the
neuron still need to be elucidated. This is particularly diﬃcult as the kinesin motors
are diﬀerentially regulated during development and show a large range of structures and
binding partners.
Dynein Motors
The dynein motors move towards the minus end of the microtubule tracks (Kardon and
Vale, 2009). They are essential in neurons as they transport signals and organelles to
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the cell body from distal sites (Schiavo et al., 2013). More than 15 dynein encoding
genes have been identified forming two major groups; cytoplasmic dynein and axonemal dyneins; the latter are involved in non-transport actions but drive flagellar beatings
(Kardon and Vale, 2009). Only one cytoplasmic dynein motor has been identified and
is responsible for the bulk of the minus-end-directed transport (Pfister et al., 2006).
Cytoplasmic dynein is a large and complex motor made up of several diﬀerent elements.
At the core of the motor complex is the dynein heavy chain (Dyn1h1), a polypeptide
of over 500 kDa, which is essential for the motor activity. It consists of three diﬀerent
domains; the stalk, motor and tail domains. The motor domain consists of six ATPase
domains arranged in a ring (Kardon and Vale, 2009). The small, globular microtubule
binding domain is separated from the motor domain by a ⇠15 nm stalk. This stalk is

a coiled-coil structure that extends directly from the motor domain and is thought to
function as a lever (Carter et al., 2008; Houdusse and Carter, 2009; Kardon and Vale,
2009). The tail domain mediates dimerisation and interacts with additional dynein subunits, including intermediate chains, light intermediate chains and light chains. These
subunits are encoded by multiple genes and provide functional specificity for cargo binding, cellular localisation and influences dynein processivity (Kardon and Vale, 2009). In
almost all cases, the dynactin accessory complex is required for eﬃcient function of cytoplasmic dynein (Kardon and Vale, 2009), important for enhancing the eﬃciency of
the dynein motor protein and regulating its interaction with cargo (King and Schroer,
2000). Dynactin is a large complex containing 11 diﬀerent subunits. EM studies have
shown that these subunits form a structure containing a rod domain and an arm domain
projecting from the rod (Schroer, 2004). The notable parts of the dynactin complex include the short filaments of the actin-related protein 1 (ARP1), which may link dynein
to cargo through its interaction with spectrin (known to coat the cytoplasmic face of
several organelles) and a dimer of p150 (also known as p150Glued ), which forms the 24 nm
sidearm of dynactin and contains an N-terminal microtubule-binding domain (Kardon
and Vale, 2009). p150 provides the only documented interaction between dynactin and
dynein (through the dynein intermediate chain) (Dixit et al., 2008) and also interacts
with kinesin 2 and kinesin 5 (not to be con- fused with the kinesin 1 motors KIF5A-C)
(Deacon et al., 2003). Cytoplasmic dynein has been shown to transport mitochondria
retrogradely (towards the soma) in the axon (Hollenbeck and Saxton, 2005).
More recent papers have shown that the processivity of the dynein-dynactin complex
is enhanced by binding to the cargo adaptors BicD2 (couples dynein to Rab6 contain-
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ing endosomes) and HOOK (early endosomes) (McKenney et al., 2014; Schlager et al.,
2014). Infact removal of BicD2 resulted in a loss of the motors processive motility and
dissociation of dynein from dynactin (McKenney et al., 2014; Schlager et al., 2014).
This highlights the crucial role of the cargo adaptor, coupled with dynactin, for dynein
activation and shows a mechanisms similar to some kinesin family proteins, which are
in an inactive state when not bound to cargo.
Myosin Motors
The myosin superfamily is classified into 18 groups (Foth et al., 2006). ATP hydrolysis allows the motor domain to bind to and move along actin filaments (Sweeney and
Houdusse, 2010b). Myosin Va, myosin Vb and myosin VI are the primary motors involved in cargo transport along actin filaments within the neuron. Myosin V moves
towards the plus end of the actin filaments, whilst myosin VI moves towards the minus end (Woolner and Bement, 2009; Sweeney and Houdusse, 2010a). They have been
implicated in short range transport particularly in regions like dendritic spines and
presynaptic terminals. For example, these myosin motors are involved in regulating the
mobility of recycling endosomes containing AMPA receptors in dendritic spines (Schnell
and Nicoll, 2001; Osterweil et al., 2005; Lisé et al., 2006).
Interestingly, the myosin motors can regulate microtubule-based cargo transport. Some
KIFs and myosins can interact with each other either enhancing each others processivity
(Ali et al., 2008) or inhibiting it (Hackney and Stock, 2000; Li et al., 2008). The tail
domain of the KIF is able to interact with the myosin motor domain inhibiting the
motor activity. The tail-inhibition of myosin Va motility is regulated by the Ca2+ flux.
An increase in Ca2+ concentration at dendritic spines during LTP causes myosin Va to
be activated (Correia et al., 2008), resulting in increased traﬃcking of AMPA receptors
at dendritic spines, thus playing a role in synaptic plasticity. Alternatively, myosin and
kinesin motors can interact to co-operate in the transition between, and regulation of,
actin and microtubule- based transport (Gross et al., 2007). The myosin motors can act
as docking proteins inhibiting microtubule based transport. Myosin docking has been
shown to be important for the docking of axonally moving mitochondria (Pathak et al.,
2010). More recently, the mitochondrial associated Myosin XIX (Quintero et al., 2009)
has been shown to be important for plus-end directed mitochondrial movement along
actin filaments in an ATPase dependent manner (Lu et al., 2014).
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Targeted transport mechanisms of proteins and organelles
Which way to go?
Understanding how the motor proteins drive compartment specific molecular traﬃcking
is important. Polarised traﬃcking of proteins, mRNA, membrane lipids and organelles
is essential for neuronal morphogenesis and function. Most studies have investigated
the role of the kinesin family members and their involvement in polarised transport, for
which two models have been proposed (Huang and Banker, 2012; Jenkins et al., 2012;
Hirokawa and Tanaka, 2015). The first hypothesis suggests that kinesins act as “smart
motors” where by they can distinguish between the structural diﬀerences of the axon
and dendritic microtubules (Burack et al., 2000; Henthorn et al., 2011; Jenkins et al.,
2012). For example, the KIF17 motor, a member of the kinesin-2 family, localises mainly
in the cell body and dendrites of neurons (Setou et al., 2000; Miki et al., 2001), thus
guaranteeing the dendritic localisation of NMDA receptors (Setou et al., 2000). However, expression of the KIF17 motor domain alone results in it being distributed equally
throughout axons and dendrites, suggesting that the motor domain does not posses a
particular bias for the axon or dendrite (Hirokawa and Takemura, 2005). The alternative
hypothesis, is a “cargo steering” mechanism, whereby the directed transport of the motor is dependent on whether the cargo is an axon or dendritic protein/organelle (Setou
et al., 2002; Jenkins et al., 2012). In support of this hypothesis, the KIF5 motor which
preferentially moves into the axon and accumulates at the axonal tip and has been shown
to be important for the transport of axon targeted proteins, such as VAMP2 (Nakata
and Hirokawa, 2003), is also important for the transport of dendritically polarised glutamate receptors and GABAA Rs (Setou et al., 2002; Twelvetrees et al., 2010). Studies
have tried to investigate whether it is the cargo binding, either directly or indirectly,
to the motor protein that is suﬃcient to drive its targeting to the diﬀerent neuronal
compartments (Song et al., 2009; Jenkins et al., 2012). By swapping the motor domain
and tail domains of particular motor proteins it was possible to investigate the targeting mechanisms of selective motors. Interestingly, neurons transfected with the KIF5B
motor harboring the KIF17 tail domain resulted in the transport of GluN2B receptors
(normally a dendritically targeted protein) to both the axon and somatodendritic regions
and when VAMP2 (normally an axonal specific synaptic vesicle protein) was attached
to the KIF17 motor domain, VAMP2 became largely absent in the axon where it would
normally accumulate (Song et al., 2009). Therefore it seems unlikely that neither the
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cargo or kinesin motor alone can determine the selectivity of targeting and that it is
a combination of cargo and motor interactions that drive compartment specific protein
localisation along with possible other regulatory factors.
The role of actin and actin-based transport is also thought to play a part in at least the
maintenance if not the segregation of axonal and somatodendritic cargo. An ankyrinG and F-actin dependent cytoplasmic filter has been identified within the AIS of the
neuron, emerging 2 days after axon/dendrite diﬀerentiation occurs (Song et al., 2009;
Watanabe et al., 2012). This vesicle/organelle filter allows the entry of VAMP2 into
the axon but not GluN2B or GluA2 containing vesicles (Edwards et al., 2013). Those
vesicles containing a dendritic protein or organelle halt at the AIS and are transported
in the reverse direction in an actin- and myosin Va- dependent manner (Al-Bassam
et al., 2012). A more recent study using light microscopy and EM shows that a small
network of parallel actin filaments, with their plus ends towards the soma, creates the
semipermeable barrier within the AIS (Watanabe et al., 2012). The eﬃciency of the
KIF-cargo complexes over this region varies, with the kinesin-1/KIF5 motor moving
twofold faster over this region than the kinesin-2/KIF17 motor, this reduced eﬃciency
could be the reason for KIF17 and its cargo being targeted to dendrites (Song et al.,
2009). These mechanisms may explain why motors may be excluded from the axon but
does not explain how dendritic targeting occurs.
As the microtubules in the proximal dendrites have a mixed orientation it is thought
that this influences dendrite selective targeting. Minus end directed motors, such as
dynein or KIFC2, could ensure selective transport from cell body to dendrite. Indeed
dynein has been implicated in cargo driven transport into dendrites of both Drosophila
and mammalian neurons (Zheng et al., 2008; Kapitein et al., 2010). Following dynein
inhibition the dendritic selective localisation of AMPA receptors was disrupted (Kapitein
et al., 2010). This supports a model whereby dynein activity establishes the initial cargo
sorting and entry into the dendrites, followed by selective retention mechanisms at target
sites or additional regulated microtubule-dependent transport by motors such as KIF17
or KIF5 to obtain correct localisation.
Traﬃcking and dendritic morphogenesis
As the KIF and dynein motors are important for the traﬃcking and localisation of many
diﬀerent cargo, important for neuronal development and function, it is not surprising
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that when traﬃcking mechanisms are disrupted several dendritic defects have been observed.
The postsynaptic delivery of NMDA receptors is dependent on the KIF17 motor (Setou
et al., 2000; Wong-Riley and Besharse, 2012; Tindi et al., 2015). KIF17 transports vesicles containing the GluN2B subunit of the NMDA receptors through binding with the
c-terminal PDZ domain of the adaptor protein LIN10 (also known as Mint1) scaﬀold
protein complex, that also includes LIN2 and LIN7 proteins (Wong-Riley and Besharse,
2012). Activation of CaMKII phosphorylates the Ser1029 site in the tail domain of
KIF17, disrupting the binding of KIF17 to LIN10. This leads to the dissociation of
KIF17 from GluN2B carrying vesicles, in an activity-dependent manner (Guillaud et al.,
2008). Alterations in the expression of this traﬃcking complex have been implicated in
neuronal dysfunction, such as during the disease states of schizophrenia (Kristiansen
et al., 2010) and Down’s syndrome (Roberson et al., 2008). Interestingly, during development the switch from GluN2B to GluN2A subunit containing receptors at the synaptic
level is dependent on calsyntenin-1, a docking protein, that couples GluN2A containing
vesicles to the kinesin-1 motor for fast microtubule transport (Ster et al., 2014). This
mechanism has been shown to be required for maintenance of the dendritic tree and
spine stabilisation (Ster et al., 2014).
The dendritically targeted AMPA receptor subunits GluA2 and GluA3 are transported
by the KIF5 motor protein (Setou et al., 2002). This interaction is through a direct
binding of the KIF5 motor protein with the adaptor protein Glutamate Receptor Interacting Protein (GRIP), a multiple PDZ containing scaﬀolding protein that has a somatodendritic expression pattern (Setou et al., 2002; Geiger et al., 2014). The interaction of
GRIP with the KIF5 motor is regulated by 14-3-3 protein binding to the Thr956 site in
GRIP1, in a phosphorylation dependent manner. Disruption of this interaction causes
a loss of dendrites (Geiger et al., 2014). Also, as GRIP contains multiple PDZ domains
it can interact with several other proteins including EphB receptors, disruption of this
interaction impairs dendritic growth (Hoogenraad et al., 2005). More recently, GRIP
and KIF5C have been shown to interact with N-Cadherin, an adhesion molecule that
controls excitatory synaptic function and stabilises dendritic spine structure (Heisler
et al., 2014). Altogether this shows the importance of the GRIP-KIF5 complex and its
diﬀerent interactors for neuronal development.
Rab containing early and late endosomes have been shown to be dynamically trans-
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ported along the dendritic branches of the neuron and are important for dendritic growth
(Loubéry et al., 2008; Satoh et al., 2008; Zajac et al., 2013; Farkhondeh et al., 2015).
They have been shown to associate with both kinesin and dynein motors. For example, Rab5-positive early endosomes generally move with an inward bias (Driskell et al.,
2007) exhibiting dynein-driven directed runs (Flores-Rodriguez et al., 2011). Mutations
in the dynein light chain gene, in dendritic arborization (da) neurons of Drosophila
melanogaster, disrupts its interaction with the Rab5 early endosome resulting in an accumulation of early endosomes within the cell soma and altered dendritic morphology as
the dendrites become shorter with the terminal branches almost totally deleted (Satoh
et al., 2008). The regulated traﬃcking of Rab11A-positive endosomes aﬀects dendrite
growth and branching due to its role in membrane supply at growth cones (Takano
et al., 2014). Also, Rab11-dependent traﬃcking, along with its eﬀector myosin Vb, are
an important part of the transport machinery for TrkB receptors (the BDNF receptor)
and regulates the BDNF/TrkB-induced dendritic branching in rat hippocampal neurons
(Lazo et al., 2013).
The somatic Golgi in the neuron is polarised towards the primary dendrite important
for ensuring the neurons asymmetric morphology (Horton et al., 2005). Golgi Outposts (GOPs) are formed following tubule elongation and fragmentation from the somatic Golgi Apparatus and are found throughout the dendritic tree (Quassollo et al.,
2015). The GOPs are important for the directed post-Golgi membrane traﬃcking towards longer dendrites and depletion of these Golgi structures impacts on dendritic
architecture (Horton et al., 2005). As the GOPs are dispersed into dendrites by the
minus-end directed microtubule transport pathway, disruption of the dynein/dynactin
adaptor Lava-lamp or dynein mutations in Drosphila sensory neurons resulted in a reduced number of GOPs within the principal dendrites and reduced dendritic branch
points (Zheng et al., 2008; Jan and Jan, 2010). Also, as the GOPs have been identified as the sites of microtubule nucleation in dendrites, changes in GOPs dynamics and
organisation might lead to an increase in microtubule dynamics (Ori-McKenney et al.,
2012). This may be another mechanism underlying the Golgi associated disruption in
dendritic morphology.
Altogether this shows how important the microtubule transport pathway is for neuronal
development.
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Mitochondria
Mitochondria Energy Supply
Mitochondria were established within the cell through a symbiotic relationship between
aerobic bacteria and primordial eukaryotic cells more than 1 billion years ago (Dyall
et al., 2004). Maintenance and refinement of this relationship, during the evolution of
complex multi-cellular organisms, has resulted in an organelle that is highly eﬃcient at
producing cellular energy in the form of ATP (Wallace, 2005). In fact mitochondria are
15 times more eﬃcient at metabolising sugars and producing ATP than glycolysis, the
energy process cells would be dependent on without the incorporation of mitochondria
(Alberts et al., 2007).
Mitochondria are double-membraned organelles. However, the membranes are diﬀerent
in structure and function creating distinct compartments within this organelle, including a protein rich internal matrix and an intermembrane space (Figure 1.5). The outer
mitochondrial membrane (OMM) is made of a phospholipid bilayer containing the transport protein porin, this makes the membrane permeable to many small proteins (< 5
kDa), allowing them to enter into the intermembrane space. The structure of the inner
membrane is more complex. It forms a dense lipid bilayer (high proportion of the phospholipid cardiolipin) and contains the respiratory complexes of the electron transport
system (complex I-IV) and the ATP synthase (complex V). The inner membrane folds
into the matrix, creating cristae, increasing the area of the inner membrane, making the
mitochondria more eﬃcient at ATP production (Mattson et al., 2008). Within the inner matrix are many of the enzymes required for the mitochondrial respiratory process.
The integrity of the membranes also ensure the compartmentalisation of cytochrome C,
which once diﬀused into the cytosol can initiate the apoptotic cascade (Martinou et al.,
2000).
Mitochondria are special organelles, because they not only contain proteins that are
encoded by the nuclear genome (about 900) and imported into the mitochondria, but
they have a genome of their own that is essential for their respiratory function (Wallace,
2005). Mitochondria DNA (mtDNA) contains 37 genes, which encode for some of the
protein subunits of the respiratory complexes I, III, IV and V. It is interesting to note
that complex II is solely formed of proteins encoded by the nucleus. Mutations in
mtDNA often lead to disruptions in the mitochondrial respiratory function (Dimauro and
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Davidzon, 2005; Wallace, 2005), despite the simple structure of mtDNA the occurrence
of mutations is poorly understood.
In order to produce ATP mitochondria utilise pyruvate and fatty acid. These substrates
are transported across the inner mitochondrial membrane and converted to acetyl CoA
by enzymes within the matrix. Acetyl CoA is oxidised by the citric acid cycle, producing
CO2 , which is released from the cell as waste, and high energy electrons (e- ), due to
the oxidation of NADH and FADH2 . The e- are passed along the electron transport
chain with each complex having a greater aﬃnity for e- until it is finally transferred
to oxygen. This is an energetically favorable mechanism which is carried out in small
steps in order to store as much energy as possible. The transfer of e- results in the
pumping of H+ across the membrane resulting in a voltage gradient (DY). In general
mitochondria have a negative potential compared to the cytoplasm, which is estimated at
about -180 mV. The potential energy stored in the proton gradient is used to drive ATP
synthesis. The F1 F0 -ATP synthase (otherwise known as complex V, highly conserved
across cells and species), allows H+ to flow down the electrochemical gradient driving
the energetically unfavorable reaction between ADP and Pi (phosphate) to make ATP
(Figure 1.5). The ATP synthase is able to produce more than 100 molecules of ATP per
second (Jonckheere et al., 2012). This proton gradient is also necessary for the import of
metabolic substrates and phosphates and the export of ATP, by the adenine-nucleotide
translocator (Macaskill and Kittler, 2010; Jonckheere et al., 2012).

Mitochondria and Calcium
As well as being the “powerhouse of the cell”, mitochondria are also versatile at handling
Ca2+ ions. The ability of mitochondria to move Ca2+ ions is important as it controls
numerous mitochondrial functions, as well as regulating cytosolic Ca2+ levels which is
important for fundamental cellular mechanisms. The rate of mitochondrial uptake and
release of Ca2+ ions by mitochondria can alter the activity of Ca2+ dependent proteins,
initiate neuronal signaling cascades, activate or deactivate plasma membrane channels
and relay Ca2+ signals within the cell. Interestingly mitochondria can act as a barrier
restricting Ca2+ signals to specific cellular domains. Upon excessive increases in mitochondrial Ca2+ , often associated with oxidative stress, cytochrome c is released from the
mitochondria triggering apoptotic mechanisms. Therefore the ability of mitochondria
to decode and regulate Ca2+ signals is important for both the life and death of the cell.
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Figure 1.5: Mitochondria and the oxidative phosphorylation chain
The protein complexes involved in oxidative phosphorylation chain, or electron transfer
chain, are located within the inner membrane cristae. NADH and FADH2 are produced
from carbon substrates via glycolysis and the tricarboxylic acid cycle in the matrix
and their oxidation leads to high energy electrons (e-) being transfered across the protein complexes. This mechanism leads to the pumping of H+ into the intermembrane
space, creating the proton gradient that drives the F1 F0 -ATP synthase to produce ATP.
Schematic adapted from Macaskill and Kittler (2010).
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The outer mitochondrial membrane is permeable to Ca2+ , however Ca2+ is only able to
cross the inner mitochondrial membrane through a uniporter (mitochondria calcium uniporter, MCU (Kirichok et al., 2004)). The MCU is part of a large complex (around 500
kDa (De Stefani and Rizzuto, 2014)), including channel subunits (Rizzuto et al., 2012)
and regulators (Raﬀaello et al., 2013). The MCU is mostly in the mitochondrial matrix
with only a short loop protruding into the intermembrane space (De Stefani and Rizzuto,
2014). It is thought that calcium sensing proteins, MICU1 and MICU2 (Plovanich et al.,
2013), are located within the intermembrane space which can inhibit or activate the pore
opening of the MCU. The process of Ca2+ influx into the matrix is tightly coupled with
the electrochemical potential gradient, created during ATP production, and a low resting intramitochondrial Ca2+ concentration [Ca2+ ]m . This low concentration of [Ca2+ ]m
is maintained due to the extrusion of Ca2+ through a Na+ /Ca2+ exchanger which is also
coupled to the proton gradient through a Na+ /H+ exchanger. Mitochondrial Ca2+ can
also be buﬀered by its conversion to an insoluble salt (Ca)x (PO4 )y (OH)z , due to its reaction with PO4 3- supplied by the Pi carrier. Thus an increase in cytosolic Ca2+ leads to
MICU1 activation which in turn prompts rapid mitochondrial Ca2+ accumulation, which
stimulates aerobic metabolism and increases ATP production (De Stefani and Rizzuto,
2014).
During neuronal signaling, mitochondria’s shuﬄing of Ca2+ ions means that the amplitude of Ca2+ signals during synaptic activity can be altered. By removing Ca2+ ions
from the cytosol, the peak in the Ca2+ elevation can be blunted, followed by a delayed
release, back into the cytosol of Ca2+ that has been buﬀered, resulting in a delayed Ca2+
signal. This means that mitochondria can play a role in altering calcium signaling as
it can turn high-amplitude Ca2+ transients into long, low amplitude Ca2+ elevations.
This mechanism plays an important role in shaping the confined Ca2+ dynamics at presynaptic terminals (David et al., 1998). The spatial arrangement of mitochondria can
determine whether Ca2+ signals are propagated, as revealed in oocytes (Jouaville et al.,
1995), or confined, as shown in astrocytes (Boitier et al., 1999), thus influencing the cells
activity.
Mitochondria are found to be located next the the endoplasmic reticulum (ER), another
organelle that maintains a large intracellular Ca2+ store. Mechanisms exist which allow
eﬃcient transmission of Ca2+ from the ER to mitochondria through IP3 receptors (Inositol triphosphate receptor, a Ca2+ channel found on the ER membrane) this helps to
further modulate Ca2+ signaling and dynamics (Rizzuto et al., 2009).
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Mitochondria Dynamics
Fission and Fusion
Mitochondria are highly dynamic organelles constantly undergoing fission and fusion
events and redistribution to diﬀerent subcellular locations. It was first revealed that
mitochondria formed a dynamic network, rather than a static one, about 100 years
ago through the use of light microscopy (Lewis and Lewis, 1914). The mitochondrial
network is constantly undergoing remodelling events, resulting in mitochondria having
a large variety of shapes from long tubules to small spheres. Fission and fusion are well
balanced processes important for the number and size of mitochondria as well as allowing
for the transfer of mtDNA and metabolites from one mitochondrion to the other. These
mechanisms result in the maintenance of a healthy mitochondrial network.
The main mitochondrial fission and fusion proteins are large dynamin-related GTPase
proteins, which have been highly conserved through evolution. Small GTPases are a
family of hydrolase enzymes that can bind and hydrolyse guanosine triphosphate (GTP).
Their alternation between GTP and GDP (guanosine diphosphate) bound forms plays
a central role in cell dynamics. The GDP-bound form is generally considered inactive
whilst the GTP-bound form generally switches on downstream pathways by binding
to eﬀectors. Commonly GDP is tightly bound whilst GTP hydrolysis occurs slowly
therefore the switching from GTP to GDP of the small GTPases requires the helping
hand of GEFs (guanine nucleotide exchange factors) that facilitate GDP dissociation
and GAPs (GTPase activating proteins) that stimulate GTP hydrolysis (Cherfils and
Zeghouf, 2013).
Mitofusins (Fzo in yeast, Mfn1 and Mfn2 in mammals) mediate mitochondrial outer
membrane fusion (Song et al., 2009). They are located on the outer mitochondrial
membrane with both the C- and N- terminal regions protruding into the cytosol (Rojo
et al 2002). The N-terminal of the mitofusins contains a GTPase domain followed by a
hydrophobic heptad repeat region (hHR). A second hHR region is found at the C-tail
of these proteins, it is likely that these hHR regions play an important role in the fusion
reaction (Koshiba et al., 2004). OPA1, which was first identified as the gene mutated in
autosomal dominant optic atrophy (DOA), is a dynamin-related protein located in the
intermembrane space and mediates mitochondrial inner membrane fusion (Song et al.,
2009). RNA interference (RNAi) knocking-down OPA1 in HeLa cells leads to mito-
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hondrial fragmentation, it also leads to severe aberrations in cristae structure (Griparic
et al., 2004; Chen et al., 2007), suggesting that OPA1 is also important for maintaining the inner membrane structure. The structure of OPA1 includes a transmembrane
domain and a C-terminal coiled-coil domain. OPA1 gene produces 8 diﬀerent mRNA
isoforms, due to alternative splicing, which are expressed in variable amounts in diﬀerent
tissues and diﬀerent organelles (Delettre et al., 2001).
Outer and inner membrane fusion are almost always co-ordinated. Initially, dimerisation of mitofusins results in the tethering of the outer membranes of adjoining mitochondria, which are then pulled togetherby a SNARE-like mechanism (Macaskill and Kittler,
2010). Fusion of the outer membranes require GTP but inner membrane fusion also requires membrane potential (Meeusen et al., 2006), therefore metabolically compromised
mitochondria are fusion incompetent.
Fission is regulated by the Drp1 protein which cycles on and oﬀ the outer mitochondrial membrane. Like the fusion proteins, Drp1 contains a large GTPase domain and
a GTPase eﬀector domain. It is proposed that Drp1 is recruited to the mitochondrial
membrane by adaptor proteins such as hFis1 (Mozdy et al., 2000). Fis1 is localised to
the outer mitochondrial membrane, having two hydrophobic tetratricopeptide repeats
which creates a helical bundle in the cytosol and provides a point at which Drp1 can
anchor (Suzuki et al., 2003). Following this, Drp1 assembles into large multimeric spirals
wrapping around the mitochondria. GTPase activity then causes a constriction of the
mitochondria, however the steps that ultimately lead to mitochondrial fission remain
unclear (van der Bliek et al., 2013). Disruption of the mitochondrial fission and fusion
machinery aﬀects other neuronal mechanisms. Expression of a dominant-negative mutant of Drp1, Drp1K38A resulted in a loss of mitochondria at dendritic spines resulting
in a reduction in synapse number (Li et al., 2004). Loss of Mfn2 results in profound
disruption of axonal mitochondrial transport (Misko et al., 2010), which is not replicated
with the loss of OPA1, suggesting that Mfn2 also plays an integral role in mitochondrial
transport.
Mitochondrial Traﬃcking
As the neuron is a large polarised cell with many energy and Ca2+ buﬀering requirements,
mitochondria must be actively transported and localised at diﬀerent regions within the
cell. Indeed, mitochondria are enriched at axon growth cones, nodes of Ranvier and
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at the base of dendritic spines (Macaskill and Kittler, 2010; Sheng, 2014). Synapses
are constantly undergoing remodeling during neuronal development and in response to
synaptic activity. Therefore the position of mitochondria within neurons must be constantly regulated on a rapid timescale in order to meet the neurons changing demands.
Live cell imaging experiments, using mitochondrial targeted dyes (mito-tracker) and
genetic probes (MtdsRed), have shown that about 20-30 % of mitochondria are undergoing rapid bi-directional transport (Jiménez-Mateos et al., 2006; Macaskill et al., 2009;
Wang and Schwarz, 2009). Mitochondria appear to stop, start and change direction.
Mitochondria’s complex motility patterns means that the reported average velocities
for mitochondrial transport is quite variable, ranging from 0.3-1.0 mm/s. Diﬀerences
may be due to, diﬀerent methods of analysis, direction of transport analysed, cellular
compartment (axon vs dendrite), or the type of marker used (extensively reviewed in
Macaskill and Kittler 2010). Importantly, an in vivo study of mitochondrial dynamics
has reported comparable velocities (1 mm/s) for microtubule based traﬃcking within the
mouse sciatic nerve (Misgeld et al., 2007). More recently, in vivo confocal imaging of
mitochondrial traﬃcking along the saphenous nerve, in anaesthetised mice, showed mobile mitochondria to have an average velocity of 0.3 mm/s, which more than doubled to
0.7 mm/s following high frequency stimulation, of 50 Hz, of the axon (within physiological range) (Sajic et al., 2013). Interestingly, anterogradely moving mitochondria moved
significantly faster than those transported retrogradely during the stimulation. Further
more, in vivo imaging of mitochondrial dynamics within the axons of retinal ganglion
cells showed that mitochondria have a transport velocity of ⇠ 0.2 mms-1 . This did not

alter with the onset of glaucoma, in this mouse model, though the mitochondrial transport duration shortened highlighting the vulnerability of axonal mitochondrial transport
to glaucomatous insults (Takihara et al., 2015).
The majority of long range mitochondrial transport out into axons and dendrites is
along microtubule tracks, through the coupling of mitochondria to kinesin and dynein
motor proteins. Mitochondria tend to associate with the motor proteins through adaptor
proteins (Figure 1.6B). These adaptor proteins allow precise regulation of mitochondria’s
motility. The actin cytoskeleton is more important for short-range transport and the
anchoring of mitochondria.
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Figure 1.6: The machinery of mitochondrial transport
(A) Schematic representation of Miro, which contains an OMM transmembrane targeting sequence (TM) at its C-terminal, two GTPase domains flanking two EF Ca2+ binding domains. (B) Representation of the mitochondrial traﬃcking complex. Miro
binds the kinesin motors and the TRAK adaptor molecules directly, whereas dyneindependent transport is mediated by the interaction between the dynactin and TRAK.
The TRAK adaptors also bind OGT (O-linked b-N-acetylglucosamine transferase).
Schematic adapted from Birsa et al. (2013).
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Transport machinery for mitochondria
Mitochondrial kinesin motors
Mitochondrial transport is mediated mainly by KIF5 motors. Three diﬀerent KIF5 isoforms exist (KIF5A, KIF5B and KIF5C), KIF5B is found in most cell types, whereas
KIF5A and KIF5C are found in neurons (Hirokawa and Takemura, 2005). Pilling et al.
(2006) showed that when KIF5B was mutated anterograde transport of mitochondria
along the axon was severely disrupted in Drosophila neurons. In rat primary hippocampal neurons, expression of a dominant negative KIF5 construct disrupts axonal mitochondrial traﬃcking (Cai et al., 2005), whilst functional-blocking of KIF5 using antibodies, blocks bi-directional traﬃcking of mitochondria within dendrites (Macaskill et al.,
2009). Other kinesins that have been identified as motors for driving mitochondrial
transport include KIF1B, which has been seen to colocalise with axonal mitochondria
in vivo (Nangaku et al., 1994) and the Klp6 motor, which when mutated inhibited
anterograde mitochondrial transport in the axon (Tanaka et al., 2011).
Adaptors for kinesin motors
A variety of adaptor proteins have been identified for mitochondrial linkage to the
traﬃcking network. The most notable motor adaptor proteins are the Miro proteins
(Mitochondrial Rho-GTPase’s)(Figure 1.6A). Two related Rho GTPase’s, Miro1 and
Miro2, were identified by the Aspenstrom lab, by searching in the public genomic DNA
sequence database (Fransson et al., 2003), and were shown to colocalise with mitochondria in NIH3T3 cells. The amino acid sequence of Miro1 and Miro2 revealed a C-terminal
transmembrane domain, targeting the outer mitochondria membrane, two GTPase domains flanking two EF hand calcium binding motifs (Fransson et al., 2003). This domain
organisation has given rise to the idea that Miro is a good candidate for synaptic signaling regulation of mitochondrial traﬃcking, which will be discussed in more detail in
a later section. Initial proof of Miro’s importance for mitochondrial traﬃcking came
from a study, where mutations in Drosophila Miro (dMiro, orthologue to human Miro)
resulted in the accumulation of mitochondria within the soma and caused the depletion
of mitochondria at presynaptic terminals (Guo et al., 2005).
As previously explained, small GTPases are pivotal intermediates in many cell signalling
pathways functioning as signalling switches due to their ability to cycle between active,

CHAPTER 1. INTRODUCTION

61

GTP-bound states, and inactive, GDP-bound states. This cycling is often regulated
by GEFs and GAPs, however Miro, though containing Rho GTPase domains, has not
been demonstrated to hydrolyze GTP and any potential GEFs and GAPs and downstram eﬀectors within the neuron have not been identified. Intriguingly a recent report
studying Vibrio cholerae infectivity, identified that this organism secreated a protein
that localises to mitochondria, during infection, and acted as a specific Miro N-terminal
GTPase activator. This interaction disrupted Miro’s ability to modulate Ca2+ triggered
mitochondrial traﬃcking and infact suppressed the innate immune response (Suzuki
et al., 2014), however there is no evidence of this mechanism in neurons.
Another protein that has been identified as an important kinesin adaptor protein includes Milton and its mammalian orthologues TRAK1 and TRAK2 (also known as
OIP106 and OIP98/Grif-1). Initially identified from a genetic screen in Drosophila, Milton was shown to be associated with KIF5. It is crucial for the anterograde transport of
mitochondria along axons in flies (Stowers et al., 2002). As Milton and the TRAKs have
no mitochondrial binding domain they are thought to link indirectly to mitochondria
through Miro and are important for the regulation of kinesin-dependent mitochondrial
traﬃcking (Figure 1.6B)(Cai and Sheng, 2009; Wang and Schwarz, 2009; van Spronsen
et al., 2013).
TRAK1 and TRAK2 also interact with b-N -acetylglucosamine (O-Glc-Nac) transferase
(OGT)(Iyer et al., 2003). OGT is an enzyme which catalyses O-linked glycosylation (of
serine and threonine residues) causing post-translational modifications, similar to phosphorylation. A recent report by Pekkurnaz et al. (2014), in Drosophila melanogaster
(Drosophila), show a molecular mechanism for OGT regulation of mitochondrial trafficking, whereby an increases in extracellular glucose causes modifications in Milton, due
to OGT activity, and this alters the mitochondrial dynamics. This suggests that regulating Milton glycosylation, regulates mitochondrial traﬃcking dependent on nutrient
availability.
Syntabulin is another prominent KIF5 motor adaptor for mitochondria (Cai et al., 2005).
Syntabulin targets to mitochondria through its carboxyl-terminal tail, colocalising and
co-migrating with mitochondria along neuronal processes. RNAi knockdown of syntabulin reduced anterograde movement of mitochondria and in turn reduced mitochondrial
density within the axon (Cai et al., 2005). Interestingly syntabulin is also known to
transport components of the active zone through a syntaxin-1-syntabulin-KIF5B com-

CHAPTER 1. INTRODUCTION

62

plex (Cai et al., 2007), important for presynaptic assembly during neuronal development.
Therefore, it would be interesting if syntabulin played a role in the co-ordinated traﬃcking of both mitochondria and presynaptic cargo in the axon in order to regulate synaptic
plasticity.
Other proteins that have been proposed to be adaptors that link KIF5 motors to mitochondria include fasciculation and elongation protein- z1 (FEZ1) and RAN-binding protein 2 (RanBP2)(Fujita et al., 2007; Cho et al., 2007). FEZ1 has been shown by immunoprecipitation to interact with KIF5 and transport mitochondria into NGF-stimulated
extending neurites of PC12 cells (Fujita et al., 2007). It is proposed that mitochondrial
traﬃcking by FEZ1 is important for neuronal polarity, as RNAi knockdown of FEZ1 repressed the formation of axons in rat embryo hippocampal neurons (Ikuta et al., 2007).
RanBP2 appears to selectively interact with the kinesins KIF5B and KIF5C (but not
KIF5A) motors specifically in brain and retina. Selective inhibition of this interaction
in cell lines caused a perinuclear clustering of mitochondria and deficits in mitochondrial membrane potential (Cho et al., 2007), however the role this protein may play in
neuronal mitochondrial transport remains unclear. There is still no knowledge as to
whether syntabulin, FEZ1 or RanBP2 bind directly to the OMM or are recruited via
interactions with proteins that are located on the OMM, such as Miro. Elucidation of
possible interactions with Miro would be interesting as it may alter Miro’s activity and
regulate mitochondrial traﬃcking.
It is unclear why KIF5 would require multiple adaptor proteins to mediate mitochondrial
transport. The diﬀerent adaptor complexes may allow neurons to regulate mitochondrial transport through a variety of mechanisms in response to diﬀerent physiological
conditions (Sheng and Cai, 2012). Understanding how these adaptors, and possibly new
candidates, may finely regulate mitochondrial distribution in response to ATP/ADP and
Ca2+ fluxes is important.
Dynein motors and retrograde mitochondrial transport
Pilling et al., 2006 have shown through a study in Drosophila that mutations in the
dynein motor leads to a decrease in axonal mitochondrial retrograde transport, velocity
and run length. It is unclear how mitochondria are linked to the dynein motor complex,
however the accessory protein dynactin has been associated with mitochondria (Pilling
et al., 2006)(Figure 1.6B).
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Surprisingly the kinesin heavy chain interacting protein APLIP1, expressed in Drosophila
and its mammalian homologue JIP-1 (a scaﬀolding protein), has been shown to be important for retrograde transport of mitochondria, as mutations in APLIP1 caused a decrease
in retrograde transport only (Horiuchi et al., 2005). This suggests that APLIP1 could be
a regulator of mitochondrial transport by the two opposing motors by possibly forming
a motor-cargo linkage complex between both kinesin-1 and dynein. In fact, dynein has
been localised on both anterogradely and retrogradely moving mitochondria (Hirokawa
et al., 1990; Babic et al., 2015). Interestingly, inhibition of kinesin-1 motor has been
shown to reduce both the anterograde and retrograde transport of mitochondria, suggesting that kinesin-1 is also required for dynein-driven mitochondrial transport (Pilling
et al., 2006). From this, it has been suggested that there are large complexes on the
mitochondria coupling both kinesin and dynein motors, with Miro suggested to couple
this interaction. In fact, mutations in Miro have been shown to disrupt both anterograde
and retrograde axonal mitochondrial transport (Russo et al., 2009; Babic et al., 2015).
However a direct interaction between Miro and dynein has not been found.
Static motors
The majority of mitochondria within the neuron are stationary for long periods of time.
Approximately 70% of mitochondria are stationary at any one time. The docking of
mitochondria at areas of high energy requirements has been shown to be critical for
neuronal development and synaptic function. For example, synaptic transmission is
regulated by local mitochondrial immobilisation at presynaptic terminals (Sun et al.,
2013), whilst mitochondria anchoring has been demonstrated to be required for axonal
branching (Courchet et al., 2013).
There is growing evidence that tethering mechanisms exist that anchor mitochondria
at specific locations. Syntaphilin has been identified as a <vstatic anchor’ for axonal mitochondria (Kang et al., 2008). This neuronal specific protein binds to mitochondria
through its C-terminal domain and directly to axonal microtubules via its N-terminal
domain. Over expression of syntaphilin lead to an increase in <vdocked’ mitochondria.
Conversely, deletion of syntaphilin results in an increase in the number of mobile mitochondria, whilst reducing the density in the axon (Kang et al., 2008; Macaskill and
Kittler, 2010). It has been demonstrated that the activity-dependent arrest of mobile
axonal mitochondria is mediated by an interaction between syntaphilin and the KIF5
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motor (Figure 1.7A) (Chen and Sheng, 2013). It is interesting to note that syntaphilin
knock-out neurons show an enhanced short-term synaptic facilitation during prolonged
stimulation (Kang et al., 2008). More recently, it has been shown that mitochondria
passing through axonal boutons can dynamically influence synaptic vesicle release by
altering ATP homeostasis. Thus showing their importance for being localised at presynaptic sites (Sun et al., 2013). Syntaphilin also binds to the dynein light chain LC8 and
this interaction appears to stabilise the syntaphilin microtubule interaction.
Mitochondria and the actin cytoskeleton
As well asmicrotubule-dependent long range transport of mitochondria, mitochondrial
short range movement in nerve terminals and growth cones has been identified. This
traﬃcking is likely to be mediated by myosin motors along actin filaments. A newly
identified Myosin XIX motor has been associated with mitochondria and shown to be
involved in actin-based mitochondrial dynamics (Quintero et al., 2009) in an ATP dependent manner (Lu et al., 2014).
Disruption of the actin cytoskeleton results in more and faster moving mitochondria
(Morris and Hollenbeck, 1995). Secreted NGF can influence the interaction between
mitochondria and actin in the axon. Disruption of F-actin by latrunculin B treatment
results in a disruption of the NGF-dependent local recruitment of mitochondria to specific axonal regions (Chada and Hollenbeck, 2004). In dendrites mitochondria are found
at the base of dendritic spines and can send small protrusions into the base of the spine
(Li et al., 2004), dependent on actin and the actin eﬀector WAVE1, which regulates
actin polymerisation (Sung et al., 2008). Therefore it seems that actin is required for
the localisation of mitochondria along the axon and at the base of dendritic spines.
EM has revealed that mitochondria are tethered to neurofilaments and neuron-specific
intermediate filaments (Hirokawa, 1982). Neurofilaments bind to mitochondria through
the neurofilament heavy chain, an interaction that is dependent on mitochondrial membrane potential (Wagner et al., 2003). Mitochondria that have a high membrane potential are more likely to be bound to neurofilaments whilst depolarization leads to the
uncoupling of neurofilaments from the mitochondria. This provides a potential mechanism whereby active, healthy mitochondria are stabilised at a specific location, whilst
damaged mitochondria can be transported back to the soma.
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Regulation of mitochondrial traﬃcking in neurons
Several signaling pathways regulate mitochondrial traﬃcking in neurons, in particular
synaptic activity. It is well established that mitochondria are enriched at synaptic terminals, post synaptic dendritic spines, nodes of Ranvier and growth cones (Macaskill
and Kittler, 2010). It has been shown that activation of glutamate receptors leads to
the inhibition of mitochondrial transport (Rintoul et al., 2003; Li et al., 2004; Macaskill
et al., 2009; Wang and Schwarz, 2009). Two-photon imaging of mitochondrial traﬃcking in hippocampal slices coupled with high-frequency stimulation, showed that synaptic
activity regulates mitochondrial motility and morphology in dendrites and importantly
recruits mitochondria to the base of dendritic spines (Li et al., 2004). Two key intracellular signals, ATP and Ca2+ , are important for controlling the local and transient changes
in mitochondrial velocity and recruitment into the stationary pool. High-frequency
stimulation of synapses (100 Hz for 1 s) has been shown to causes a local and transient
stopping of mitochondria at synaptic sites dependent on Ca2+ influx through NMDA receptors (Macaskill et al., 2009), showing that mitochondria movement is tightly coupled
to cytosolic Ca2+ levels (IC50 of 0.4 mm in non-neuronal cells (Yi et al., 2004)). Also,
mitochondrial velocity increases in regions with high ATP levels and decreases when
close to regions of depleted ATP, such as at synapses (Mironov, 2007). For example,
the application of 1 mM glutamate to media of cultured respiratory neurons, neurons
dissected from the brainstem and show persistent rythmic activty, resulting in the local production of ADP, lead to the recruitment of mitochondria to activated synapses
(Mironov, 2007). Therefore it is important to understand the mechanisms by which
mobile mitochondria are recruited to the stationary pool at synapses.
Miro
Three key studies identified Miro as the Ca2+ sensor for Ca2+ - dependent mitochondrial
stopping, in both axons and dendrites (Saotome et al., 2008; Macaskill et al., 2009; Wang
and Schwarz, 2009). As previously described, Miro is a mitochondrial outer membrane
protein with two EF hand Ca2+ - binding regions and two GTPase like- domains (Fransson et al., 2003). These studies showed that a KIF5-Milton-Miro (Wang and Schwarz,
2009), or a KIF5-Miro (Macaskill et al., 2009) (Figure 1.6B) complex allowed for the
traﬃcking of mitochondria along axons and dendrites, or along microtubules in the heart
cell line H9c2 (Saotome et al., 2008). Elevated cytosolic Ca2+ levels inhibited this mi-
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tochondrial mobility. Interestingly, mutations in the EF hands of Miro1, preventing
Ca2+ -binding, blocked the Ca2+ - induced arrest of mitochondria (Wang and Schwarz,
2009; Macaskill et al., 2009). This shows the importance of the EF hand domains for mitochondrial stopping. Although there is general agreement that Miro is a key sensor for
Ca2+ - dependent mitochondrial stopping, the molecular mechanisms that result in the
localisation of mitochondria due to the uncoupling of mitochondria from the microtubule
transport pathway vary. Wang and Schwarz (2009), propose a model where under low
Ca2+ conditions Miro1 interacts with KIF5 via the adaptor protein Milton. Following
an increase in Ca2+ and binding of Ca2+ to the EF hands of Miro, a conformational
change in Miro occurs resulting in the direct interaction of the motor domain of KIF5
with Miro, thus preventing the KIF5- microtubule interaction (Figure 1.7C) (Wang and
Schwarz, 2009). Conversely Macaskill et al., 2009 proposed a mechanism whereby Miro
interacts directly with KIF5, to mediate mitochondrial transport, and Ca2+ binding to
the EF hands inhibits this interaction (Figure 1.7B). This group, determined the IC50
at which free Ca2+ disrupts the Miro1-KIF5 interaction in brain lysates to be 1 mM,
though this is substantially higher than the free [Ca2+ ]i baseline in neurons (⇠50 nM),
this level of Ca2+ can be reached under the dendritic spines when NMDA receptors are
activated (Noguchi et al., 2005). Even though both of these models show that Miro
is important for the temporal regulation of mitochondrial stopping at regions of high
Ca2+ concentration, the mechanism by which KIF5 is recruited to mitochondria remains
unknown. It is possible that other proteins play a role in regulating the Miro1-KIF5
interaction. Importantly, a recent paper has shown the the role of Miro1 is essential for
the development and maintenance of upper motor neurons (Nguyen et al., 2014).
Miro has been shown to interact with the adaptor proteins TRAK1 and TRAK2 (otherwise known as OIP106 and Grif-1). Macaskill et al., 2009 reported that TRAK2 can
bind to Miro1 through Miro’s first GTPase binding domain, resulting in the enhanced
transport of mitochondria towards the tips of neuronal processes. Expression of a constitutively active V13 GTPase1 Miro1 mutant (equivalent to GTP-bound Miro1) prevented
the recruitment of TRAK2 to Miro1 and in addition altered mitochondrial distribution
and shape along neuronal processes. This is an interesting report as it suggests that
Miro1’s function can be modulated by its GTPase domains.
In Drosophila the loss of function mutations within the GTPase domains of dMiro,
dMiroT25N and dMiroT460N, resulted in altered mitochondrial distribution (Babic
et al., 2015). Expression of dMiroT25N prevented both kinesin-dependent and dynein-
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dependent distribution of mitochondria into both axons and dendrites, whilst dMiroT460N
reduced axonal mitochondrial retrograde transport only(Babic et al., 2015). Therefore
it is likely the Miro’s GTPase domains are important for promoting the transition from
stationary to a mobile state and for regulating the direction of transport.
Recent reports have shown that the TRAK proteins are important for the distribution
of mitochondria into the diﬀerent compartments of the neuron (van Spronsen et al.,
2013; Loss and Stephenson, 2015). These reports showed that TRAK1 was more prominent in axons and TRAK2 in dendrites. These diﬀerences are reportedly due to their
conformational diﬀerences, with TRAK2 preferentially adopting a folded conformation
which inhibited its binding to KIF5B, preventing axonal transport, whilst interacting
with dynein/dynactin allowing for dendritic targeting of mitochondria. These findings
provide evidence of additional molecular proteins required for the regulation of mitochondrial axonal and dendritic traﬃcking.
Miro2 is 60% homologous to Miro1 and shows a similar expression pattern in tissue
(Fransson et al., 2003). Loss of Miro2 in sensory neurons resulted in a disruption of
axonal mitochondrial motility (Misko et al., 2010). Miro2 has been shown to interact
with Mfn2 and TRAK1 (Misko et al., 2010) and more recently immunoprecipitation
and mass-spectrometry has identified that Miro1 and Miro2 form a complex with each
other (Kanfer et al., 2015). However an understanding of Miro2’s role in regulating
mitochondrial traﬃcking upon synaptic activity has not been elucidated.
A newly reported protein, Alex3, unique to Eutherian mammals, has been shown to
regulate mitochondrial traﬃcking in neurons by interacting with the KIF5-Miro-TRAK
complex in a Ca2+ dependent manner (Lopez-Domenech et al., 2012). Although the
underlying mechanisms of this interaction is unknown, this study highlights the complexity of the mechanism required for regulating mitochondrial transport and localistion,
appearing to be even more complexed in higher order organisms.
Other regulators of mitochondrial transport
Several other mechanisms link neuronal activity and regulation of mitochondrial trafficking. NGF signaling has been shown to cause an accumulation of axonal mitochondria close to the external source of NGF stimulation within dorsal root ganglion neurons
(Morris and Hollenbeck, 1995). It is thought that activation of phosphoinositide-3-kinase
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Figure 1.7: Mechanisms of mitochondrial stopping
Several molecular mechanisms have been proposed, that will inhbit mitochondrial movement following synaptic activity. (A&B) An increase in intracellular Ca2+ results in mitochondria stopping, via calcium binding to the EF hands of Miro. (A) Ca2+ binding has
been shown to inhibit the direct interaction between Miro and kinesin motors, resulting
in the uncoupling of mitochondria from the transport machinery (Macaskill et al., 2009).
(B) Under basal conditions Miro has been shown to bind to kinesin indirectly via the
Drosophila adaptor Milton (TRAK). A high level of Ca2+ causes the motor domain of
kinesin to bind to Miro directly, uncoupling mitochondria from the transport pathway.
(C) The axonal specific anchoring protein, syntaphilin, binds to both mitochondria and
the axonal microtubules, synaptic activity induces an interaction between syntaphilin
and the KIF5 motor resulting in mitochondrial arrest (Chen and Sheng, 2013).
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(PI3K) results in the recruitment of mitochondria to NGF stimulated regions. Stimulation of the serotonin receptor, 5-HT1A, and the dopamine receptor, D1, through increasing the activity of the protein kinase Akt, has been shown to promote axonal mitochondrial transport (Chen et al., 2007b), interestingly dopamine acting on the D2 dopamine
receptor inhibits mitochondrial transport through the same Akt pathway (Chen et al.,
2008). This implies that the distribution of mitochondria occurs through a conserved
pathway. Alterations in the level of nitric oxide (NO) can also regulate mitochondrial
motility, NO can inhibit mitochondrial respiration and ATP synthesis causing a stopping
in mitochondrial transport (Rintoul et al., 2006).
The microtubule-associated proteins, such as tau and MAP1B, have been shown to
influence the kinesin and dynein dependent motor protein traﬃcking of mitochondria
(Sang et al., 2001; Scales et al., 2009). Increased binding of tau to microtubules inhibits
mitochondrial transport along axons (Sang et al., 2001).
Understanding the diﬀerent signaling pathways and how they may converge in regulating mitochondrial transport will help us improve our knowledge of the spatiotemporal
regulation of mitochondrial traﬃcking in both healthy and degenerating neurons.

Mitochondria and Neuroplasticity
The neuron is an adaptive cell constantly undergoing structural and functional changes in
response to physiological or pathological stimulations. These changes, known as neuroplasticity, include the growth of axons and dendrites, synapse formation, the remodeling
of synapses in response to neuronal activity and neurogenesis. In order for neuroplasticity to occur, a diverse range of cellular and molecular mechanisms exist, such as
cytoskeletal remodeling, membrane traﬃcking, gene transcription, protein synthesis and
proteolysis (Shepherd and Huganir, 2007; Bramham, 2008; Greer and Greenberg, 2008).
Interestingly mitochondria, by acting as an energy source and signaling platform have
been shown to be important in the formation and plasticity of neuronal circuits.
The understanding that mitochondria participate in neuroplasticity is not new. Sotelo
and Palay (1968), who used EM to study the fine structures of neurons, observed:
“The distal segments of some dendrites display broad expansions packed with slender mitochondria and glycogen particles. These distinctive formations are interpreted as
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being growing tips of dendrites, and the suggestion is advanced that they are manifestations of architectonic plasticity in the mature central nervous system.”
Since this report, imaging and molecular biology techniques have revealed some of the
properties and functions of mitochondria for neuroplasticity. Mitochondria are mobile,
constantly moving between diﬀerent subcellular compartments (Zinsmaier et al., 2009),
undergoing fission and fusion (Liesa et al., 2009), responding to electrical activity, activation by neurotransmitters and growth factors (Macaskill and Kittler, 2010), and
they can function as signaling outposts containing kinases, deacetylases and other signal
transduction enzymes (Stowe and Camara, 2009), making them ideal players in neuroplastic mechanisms. Therefore understanding the dynamic nature of mitochondria
and how they play a role in neuroplasticity is important, particularly as disruption of
mitochondrial function has been implicated in several neurological diseases.
Mitochondria and neurogenesis and neurite outgrowth
The generation of neurons from stem cell, known as neurogenesis, occurs globally during
development. This can also occur in some specific regions of the adult brain, such as the
olfactory bulb (Menini et al., 2010) and the dentate gyrus region of the hippocampus
(Kuhn et al., 1996), believed to be important for brain plasticity and repair. Initially
stem cells undergo proliferation, at this point cells have been shown to have low oxygen consumption and high levels of glycolytic activity (Kondoh et al., 2007). Following
diﬀerentiation of neural progenitors into postmitotic neurons, mitochondrial mass per
cell increases (Vayssière et al., 1992). By inhibiting mitochondrial translation, by using chloramphenicol (Richter et al., 2013), diﬀerentiation is prevented indicating that
an increase in mitochondrial protein synthesis is important for neuronal diﬀerentiation
(Vayssière et al., 1992). The increase in mitochondrial mass during diﬀerentiation allows
for an increase in ATP production, important for neurite outgrowth.
The role of mitochondria in neuronal polarity is not completely understood. Mattson
and Partin (1999) reported that mitochondria congregate at the base of the neurite which
eventually becomes the axon. This congregation is thought to lower the cytosolic free
Ca2+ , thus enhancing microtubule polymerisation leading to rapid growth and diﬀerentiation of the axon (Mattson and Partin, 1999). However Ruthel and Hollenbeck (2003)
showed that the clustering a mitochondria was not required for axon determination but
observed that mitochondrial density increased during periods of axon elongation and
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reduced during retraction, with an accumulation of mitochondria in the distal regions
of the growing axon (Ruthel and Hollenbeck, 2003).
Many studies support a link between mitochondrial function and neuronal development
(Ishihara et al., 2009; Kimura and Murakami, 2014; van Spronsen et al., 2013; Nguyen
et al., 2014; Fukumitsu et al., 2015). Disruption of mitochondrial fission and fusion dynamics inhibits dendrite morphogenesis and spine formation (Li et al., 2004; Chen et al.,
2007; Ishihara et al., 2009). Also, disruption of mitochondrial traﬃcking aﬀects neurite
outgrowth (Nguyen et al., 2014; van Spronsen et al., 2013; Fukumitsu et al., 2015). A
recent study has shown that in Miro1 deficient neurons, disrupting mitochondrial axonal traﬃcking dynamics, causes defects in axonal length, leading to neurological defects
similar to motor neuron disease (Nguyen et al., 2014). Whilst, loss of mitochondria into
dendrites severely aﬀects dendritic development (Kimura and Murakami, 2014; Fukumitsu et al., 2015). Disruption of TRAK protein expression, important for polarised
mitochondrial transport, aﬀects neuronal morphology (Loss and Stephenson, 2015; van
Spronsen et al., 2013). Loss of TRAK1 led to the depletion of axons and vice versa the
loss of TRAK2 led to the depletion of dendrites.
Recent studies, have shown that ATP supply from stationary mitochondria is important for generating and maintaining axonal branching (Courchet et al., 2013; Tao et al.,
2014b). An increase in axonal mitochondria motility, by suppressing syntaphilin expression, results in a decrease in axon branching (Courchet et al., 2013), due to a lack of
ATP supply. Altogether these studies show how mitochondrial function and localisation
is important for supporting correct neuronal growth.
Mitochondria and synaptic plasticity
The proper distribution of mitochondria is important for synaptic integrity. As previously insinuated, synapses are sites of high energy demand and extensive calcium
fluctuations. Synaptic mitochondria are vital for maintenance of synaptic function and
mitochondrial dysfunction can cause disruption of synapses, and can trigger cell death.
In the axon, mitochondria are commonly found at the presynaptic terminal (Shepherd
and Harris, 1998), where they power neurotransmission by supplying ATP (Sun et al.,
2013). In dendrites mitochondria are found at the base of dendritic spines and have
been shown to influence synapse density and plasticity (Li et al., 2004).
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At the presynaptic bouton, mitochondrial ATP is important for (1) establishing the proton gradient necessary for neurotransmitter loading, (2) removing Ca2+ from synaptic
terminals, and (3) driving synaptic vesicle transport from the reserve pool to release
sites. Synaptic transmission has been shown to be impaired following reduced mitochondrial traﬃcking in mutant Milton Drosophila neurons (Stowers et al., 2002). Also
reduction in the synaptic localisation of mitochondria, through mutations in Drp1, results in a faster depletion of synaptic vesicles during prolonged stimulation (Verstreken
et al., 2005). This shows the importance of mitochondrial positioning for presynaptic
activity. Interestingly the strength of synaptic transmission is variable, this is believed to
be important for signal processing in flexible systems (Murthy et al., 1997). A recent report has shown the importance of motile axonal mitochondria in regulating presynaptic
strength (Sun et al., 2013). By taking advantage of imaging and electrophysiology techniques in syntaphilin knockout neurons, they have shown that enhanced mitochondrial
motility in the axon results in an increase in the variability of EPSC amplitudes. Immobilising mitochondria diminishes this variability in synaptic transmission. Microscopy
showed that movement of mitochondria into and out of boutons influenced synaptic
vesicle release due to fluctuations in synaptic ATP levels. This study has revealed that
the dynamic movement of mitochondria is a primary mechanism underlying presynaptic
variability (Sun et al., 2013).
Dendritic mitochondria tend to be longer than axonal mitochondria and therefore occupy a greater fraction of dendritic process length compared to the axon (Chang et al.,
2006). Mitochondria are significantly more likely to be localised at post-synaptic sites
within dendrites than pre-synaptic sites within the axon, however less is known about
the role of mitochondria in regulating post-synaptic function. Molecularly manipulating
the dynamin-like GTPases Drp1 and OPA1, resulting in reduced dendritic mitochondrial
content, led to a loss of synapses and dendritic spines (Li et al., 2004). Conversely an
increase in dendritic mitochondria increased the number and plasticity of spines. This
work showed that the dendritic distribution of mitochondria is important for supporting
synapses (Li et al., 2004). Focal synaptic stimulation in hippocampal slices leads to mitochondria invading enlarged spines in an NMDA recpetor-dependent manner, this may
be due to the greater need of the growing spine for ATP and Ca2+ uptake, similar to the
accumulation of mitochondria in active growth cones of axons (Morris and Hollenbeck,
1993), however the functional significance of mitochondria at dendritic spines remains
to be determined.
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NMDA-receptor dependent long term depression (LTD) has been shown to require the
activation of caspase-3 via mitochondria (Li et al., 2010). Though the caspases have
a well established function in apoptosis, they have also been detected in non-apoptotic
cells. There is evidence that caspases can be activated in dendrites, synaptosomes and
growth cones (Campbell and Holt, 2003; Gilman and Mattson, 2002). Caspases have
been shown to play a role in the dendritic pruning of neurons within Drosophila during development (Kuo et al., 2006). Li et al. (2010) showed that caspase-3 can be
transiently activated following cytochrome c release from mitochondria. Jiao and Li
(2011) contributed to this mechanism, by showing that moderate and transient activation of BAD and BAX proteins, also members of the apoptotic signaling cascade, leads
to cytochrome c release from mitochondria and moderate activation of caspase-3. This
transient activation of caspase-3, via mitochondria and dependent on NMDA activity,
resulted in GluR2 receptor internalisation (Li et al., 2010) and elimination of dendritic
spines and dendritic retraction (Ertürk et al., 2014). As mitochondria can take up Ca2+
after synaptic stimulation (Pivovarova et al., 2002), promoting the release of proapoptotic factors from mitochondria (Pacher and Hajnóczky, 2001), and as their motility can
be regulated by synaptic activity it is possible to infer from these results that mitochondria may be key organelles for restricting caspase activity to the vicinity of stimulated
synpases to ensure synapse-specific LTD.
Impaired mitochondrial traﬃcking, Miro and neurodegeneration
Disruptions in mitochondrial dynamics within neurons lead to severe physiological defects. Impaired neuronal mitochondrial traﬃcking, along with disturbances to the fusion and fission dynamics has been associated with several neurodegenerative disorders,
such as AD, Parkinson’s disease (PD), Huntington’s disease (HD) and amyotrophic lateral sclerosis (ALS). The protein huntingtin (HTT) strongly interacts with the motor
system for mitochondrial transport, phosphorylation of WT HTT acts as a molecular
switch from anterograde to retrograde transport (Orr et al., 2008). This switch no
longer occurs when mutant polyglutaminylated HTT is expressed, the mutant found
in HD patients, thus inhibiting the binding of kinesin and dynein-dynactin motors to
the OMM via the HTT-associated protein 1 therefore disrupting the transport of mitochondria (Orr et al., 2008; Song et al., 2011). Fast axonal transport of mitochondria,
via the KIF5 motor, appears to be inhibited in ALS patients due to the expression of

CHAPTER 1. INTRODUCTION

74

mutant superoxide dismutse 1 (Bosco et al., 2010). In AD build up of amyloid-b and
tau (microtubule-associated protein) proteins impair mitochondrial traﬃcking and enhance ROS production (Stokin and Goldstein, 2006). In hippocampal neuronal cultures,
amyloid-b peptides inhibit mitochondrial axonal transport (Rui et al., 2006). Interestingly the loss of tau in mutant neurons prevented the amyloid-b-mediated defects on
mitochondrial transport (Vossel et al., 2010).
In particular, disruption of Miro’s function has been linked to neurodegenerative diseases. Miro1 knock-out embryoes die shortly after birth (Nguyen et al., 2014) however
a specific link between Miro depletion and neurodegeneration was identified with conditional neuronally-targeted Miro1 knockout animals. A specific enolase 2 promoter
(expressed in cortex, hippocampus and spinal cord) driven knock-out of Miro1 resulted
in neurons with defects in retrograde axonal mitochondrial transport and ultimately degeneration of the motor neuron axons (Nguyen et al., 2014). Interestingly, mitochondrial
respiratory function and Ca2+ buﬀering were unperturbed, highlighting the importance
of mitochondrial motility for neuronal mainternance.
Miro Ca2+ sensing abilities has also been proposed to play a role in ALS (De Vos et al.,
2012). Disruption of the interaction between Miro, kinesin and tubulin, causing disruption in mitochondrial traﬃcking and Ca2+ homeostasis, was found following over expression of the ALS associated mutation of VAPB (VAP-associated protein B;VAPB56S)
(De Vos et al., 2012). Interestingly, spinal cord tissue of ALS patients has reduced Miro
protein levels (Zhang et al., 2015a), whilst Miro1 expression levels were found to be significantly reduced in spinal cord motor neurons following excessive glutamate challenge,
a pathological mechanism thought to occur in ALS (Zhang et al., 2015a).
Miro1 and Miro2 have been shown to interact with HUMMUR (hypoxia up-regulated
mitochondrial movement regulator), a mitochondrial protein expressed in neurons and
that biases mitochondrial transport in the anterograde direction following induction of
hypoxia and interaction with HIF-1a (hypoxia-inducible factor 1a) (Li et al., 2009).
Knockdown of HUMMR or HIF- 1a depletes axons of mitochondria in neurons exposed
to hypoxia (Li et al., 2009).
Knock-down of Miro or Milton in Drosophila enhances tau induced neurodegeneration
(Iijima-Ando et al., 2012). Following knock-down of either Miro or Milton, an increase
in tau phosphorylation at Ser262, via an increase in the kinase activity of PAR-1, was
identified resulting in the detachment of tau from microtubules and a key step in the
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AD pathological cascade (Iijima-Ando et al., 2012).
Damaged mitochondria, within the cell, are often selectively isolated by a mitochondrial
quality-control system and cleared by mitophagy. Miro has been found to interact with
the main players of this pathway, PINK and Parkin, and be ubiquitinated upon mitochondrial damage (Liu et al., 2012). Loss-of-function mutations in parkin and PINK1
are associated with rare recessive forms of PD (Hardy, 2010), highlighting the importance of mitophagy in maintaining neuronal health. Following mitochondrial damage
rapid (within minutes) and persistent ubiquitination of Miro1 on the OMM has been
shown to be triggered, a process which is dependent on Parkin phosphorylation at Ser65
by PINK1 (Birsa et al., 2014). Degradation of Miro1, via the proteasome, then occurs
over several hours (Birsa et al., 2014). Interestingly, fibroblasts from PD patients show
alterations in the Miro1 turnover rate (Birsa et al., 2014), whilst Parkin-disease associated mutations, in substrate-based assays, disrupted Miro1 ubiquitination (Kazlauskaite
et al., 2014), highlighting the involvement of Miro in PD pathogenesis. It is thought
that the regulation of Miro stability and turnover by PINK1 and parkin is important in
the process of isolating damaged organelles and promote their transport to the cell for
degradation (Liu et al., 2012).

Thesis aims
Correct neuronal function is dependent on the transport of mitochondria to areas with
higher energy and Ca2+ buﬀering requirements. Miro proteins have been identified as
central regulators of mitochondrial traﬃcking dynamics within the neuron. They act
as molecular adaptor proteins, sensitive to changes in the [Ca2+ ]i flux, mediating mitochondrial attachment to the motor proteins. In mammals two Miro orthologues have
been detected however very little is know about the individual roles they may play in
regulating mitochondrial traﬃcking and localisation. Also, a relationship between mitochondrial distribution and neuronal development and maintenance is poorly understood.
Therefore the aims of this thesis are:
• To use mouse genetics to investigate the roles of Miro1 and Miro2 for mitochondrial
traﬃcking and distribution.
• Look at how disrupted mitochondrial distribution aﬀects neuronal morphogenesis
and maintenance of complex neuronal architectures.
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• How dendritic distribution of mitochondria supports synapse and spine density.
• Develop an adenovirus that will allow for the fluorescent imaging of mitochondrial
dynamics within an intact system.

Chapter 2

Materials and Methods
Antibodies
The following primary antibodies were used: anti-Miro1 (catalogue no. (#) HPA010687,
recognising Miro1 and 2, rabbit, 1:250) was from Atlas; anti-Miro2 (clone N384/63, #
75-365, mouse, 1:1000) was from NeuroMab; Apo-TrackTM Cytochrome c Apoptosis
WB Antibody Cocktail (CValpha, PDH E1alpha, cytochrome c, GAPDH, # ab110415,
mouse, 1:1000) was from Abcam; anti-Actin (# A2066, rabbit, 1:2000) was from Sigma;
anti-Tom20 (# FL-145, rabbit, 1:500) and anti-c-Myc (A-14) (# sc789, rabbit, 1:100)
were from Santa Cruz Biotechnology; vGlut1 (# 135304, guinea pig, 1:1000), Homer
(# 160002, rabbit, 1:500), vGAT (# 131003, rabbit, 1:1000), Gephyrin (# 147011,
mouse, 1:500) were from Synaptic Systems; anti-GFAP (# Z0334, rabbit, 1:1000) was
from Dako; anti-MAP2 was from Synaptic Systems (# 188004, guinea pig, 1:500) or
Sigma (# M1406, mouse, 1:1000); anti-NeuN (# MAB377, mouse, 1:300) was from
Chemicon International; anti-Olig2 (# AB9610, rabbit, 1:1000) was from Millipore;
anti-V5 (# 46-0705, mouse, 1:2000) was from Life Technologies; anti-GFP antibody was
from NeuroMab (clone N86/8, # 73-131, mouse, 1:100) or Nacalai tesque (# GF090R,
rat, 1:2000).
Secondary horse radish peroxidase (HRP) conjugated antibodies were purchased from
Rockland and used at 1:10,000. Secondary antibodies Alexa-488, Alexa-564 and Alexa633 or Alexa-647 were purchased from Invitrogen and used at 1:1000. Dylight-405 was
from Jackson ImmunoResearch and used at 1:500.
77
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Animals
The Rhot1 (MBTN_EPD0066_2_F01; Allele: Rhot1tm1a(EUCOMM)Wtsi ) and Rhot2
(MCSF_ EPD0389_5_A05; Rhot2tm1(KOMP)Wtsi ) transgenic mouse lines were obtained
from the Wellcome Trust Sanger Institute as part of the International Knockout Mouse
Consortium (IKMC) (Skarnes et al., 2011). The Rhot1 transgenic mouse line was generated using the “Knock-out” strategy on C57BL/6J-TyrcBrd and subsequently backcrossed
in C57BL/6N Taconic Denmark strain resulting in a L1L2_gt1_Cassette (containing a
LacZ reporter tag) being inserted between the first and second exon of the allele. The
Rhot2 transgenic line was generated as a reporter-tagged deletion on C57BL/6N Taconic
USA background. The CaMKIIa-CRE strain has been described previously (Dragatsis
and Zeitlin, 2000; Mantamadiotis et al., 2002). Animals were kept under controlled
housing conditions (temperature 20 ± 2 °C, 12 hr light-dark cycle) with food and water
provided ad libitum. All experimental procedures were carried out in accordance with
institutional animal welfare guidelines and the UK Home Oﬃce in accordance with the
animals Scientific Procedures Act 1986.

Genotyping
DNA was extracted from ear biopsies or embryonic tail tissue and DNA was extracted
for genotyping. A small sample of tissue was dissolved in 65 ml of alkaline buﬀer (0.2
mM ethylenediaminetetracetic acid (EDTA) and 25 mM NaOH) at 94 °C for 45 minutes (mins). The solution was neutralised with 65 ml of a 40 mM tris(hydroxymethyl)
aminomethane (Tris)- HCl solution.
Polymerase chain reactions (PCR) were performed, using the primers in Table 2.1, to test
for the presence or absence of the relevant DNA bands. To test for CRE recombination
specific primers were designed flanking the loxP sites (Table 2.1). Each PCR was set up
as shown in Table 2.2, with an annealing temperature of 58 °C and an extension time of
45 s.
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Name
Rhot1_16_F
Rhot1_16_R
CAS_R1_Term
Rhot2_WT_F3
Rhot2_WT_R3
Rhot2_mut_F4
LacZ_2_small_F
LacZ_2_small_R
Primers for Cre recombination
Rhot1_Ex2G_F
Rhot1_Ex2G_R
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Primer (5’ to 3’)
TTAGGATTTGTACTTTGCCCCTG
AAAACCCTTCCTGCATCACC
TCGTGGTATCGTTATGCGCC
GGCGTTAGCTCCAGTGAGTC
AGGATGTGAAGAGGGTGGTG
GGGTTGAAGGAGAGGGTTG
ATCACGACGCGCTGTATC
ACATCGGGCAAATAATATCG
Primer (5’ to 3’)
GGAGTAGAGAAGTCAGATTCCAG
GAAGGCGTCAGATCACATTG

Table 2.1: PCR primers for genotyping

Genotyping PCR reaction
DNA extracted lysate
1 ml
Primers
0.5 ml of each
MyTaq Buﬀer
4 ml
MyTaq Enzyme
0.125 ml
ddH2 O
upto 20 ml
Table 2.2: Genotyping PCR reaction composition

Molecular Biology
Constructs
cDNA constructs encoding the mitochondrially targeted dsRed fluorescent protein (MtdsRed2), GFP,

myc Miro1

and

myc Miro1-DEF

have been described previously (Macaskill

et al., 2009; Fransson et al., 2003, 2006). pCAG-ires-GFP was a gift from Jon Hanley
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whilst the sequence 2A-MtdsRed-2A-GFP-2A (Chapter 3) was designed in the lab using ApE (A Plasmid Editor) and then generated by Invitrogen in the backbone vector
pMK-RK (Invitrogen, ID Construct: 12AB2KLP). pCAG-Cre:GFP [plasmid # 13776]
and pCAG-Cre [plasmid # 13775] were from Addgene (Matsuda and Cepko, 2007).
pENTR™ 4 Dual [# A10462] and pAd/PL-DEST [# V494-20] vectors were part of the
Gateway® vector system from Invitrogen.

cDNA cloning
Solutions for Molecular Biology
High-Fidelity Phusion DNA polymerase, restriction enzymes and T4 ligase came from
New England Bio labs (NEB), InFusion enzyme and its relevant buﬀers came from
Clontech® Laboratories, and all chemicals were from Melford (Suﬀolk, UK) or Sigma
(Cambridge, UK).
Luria Bertani Broth (LB)

LB Agar

Ampicillin
Kanamycin
Chloramphenicol
TBE

Loading dye (6x)

10 g NaCl
10 g tryptone
5 g yeast extract
H2 O upto 1 L
10 g NaCl
10 g tryptone
5 g yeast extract
10 g agar
H2 O upto 1 L
100 mg/ mL
30 mg/ mL
30 mg/ mL
89 mM Tris
89 mM boric acid pH 8.3
2 mM Na2 EDTA
40% sucrose
0.25% bromophenol blue
H2 O

Table 2.3: Bacterial Culture and Molecular Biology solutions
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Polymerase Chain Reaction (PCR), DNA digestion and Purification
In order to amplify the relevant DNA sequences, PCR was performed using High-Fidelity
Phusion DNA polymerase. The annealing temperature of the synthetic oligos (Sigma,
stock concentration 100 pmol/ ml) was calculated using the Finnzymes Tm tool. The
cycling program for DNA amplification was performed using a GeneAmp PCR system
2700 and followed the NEB protocol (Figure 2.1). The PCR reaction was assembled as
shown in Table 2.4.

Figure 2.1: PCR protocol
PCR Reaction
5x HF- Buﬀer
Forward primer
Reverse primer
dNTPs mix
Template DNA (50 ng/ ml)
milliQ water
Phusion enzyme

Final Concentration
1x
0.5 mM
0.5 mM
200 mM each
1 ng/ ml
upto final volume 50 ml
0.02 U/ ml

Table 2.4: PCR reaction composition
5 ml of the PCR product was ran on a 1% agarose gel (agarose dissolved in 1x TBE
with 1 ml of ethidium bromide for DNA visualisation under a UV light) at 90-100V for
1 hr. DNA fragments were compared to a DNA ladder of known sizes (Hyperladder I,
Bioline). If only one band was present on the agarose gel the PCR was purified using
a PCR purification kit (Qiagen) following the manufacturers instructions. If the PCR
did not produce a clean amplification of the intended product, the remaining amount of
the PCR product was ran on a gel, the correct band extracted and purified with a Gel
extraction kit (Qiagen) following the manufacturers instructions.
For digestions, 1 mg of plasmid DNA or 10 ml of PCR product were digested with 1 ml
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of each selected restriction enzyme, for 1 hr at 37 °C, in 2 ml of the appropriate buﬀer
supplemented with 1 ml of 20x BSA in a total volume of 20 ml (made up with milliQ
H2 O). Digests were ran on a 1% agarose gel, as previously, and the relevant bands were
excised and purified using the Gel extraction kit (Qiagen).
Ligation reactions were incubated overnight at 4 °C with 2 ml 10x T4 ligase buﬀer and 1
ml of T4 DNA ligase enzyme. The amount of vector and insert DNA used in the ligation
was determined from the fluorescence of the relevant bands on the agarose gel (generally
1:3 ratio was used; vector:insert).
InFusion® Cloning
Due to a limitation in the available restriction enzymes within the insert fragment or vector DNA sequence, InFusion Cloning was used as an alternative approach, an overview
of this protocol is shown in Figure 2.2.
Designing PCR oligos: In addition to the design of the PCR primers to amplify the
relevant DNA, 15 bp sequences, which were homologous to the insertion points within
the vector, were added to the 5’ end of the primers.
Linearised vector: The backbone vector was linearised by restriction digest as previously
described.
InFusion cloning reaction: The InFusion reaction was set up as shown in Table 2.5 and
incubated for 15 mins at 50 °C. Following this the DNA is transformed following the
transformation protocol.
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Figure 2.2: InFusion protocol overview
Component
Purified PCR fragment
Linearised vector
5 X InFusion HD Enzyme Premix
milliQ H2 O

Concentration
10-200 ng
50-200 ng
2 ml
upto 10 ml

Negative Control
1 ml
2 ml
upto 10 ml

Table 2.5: InFusion reaction composition
Production of chemically competent cells
Chemically competent TOP10 E. coli were produced in the lab using the TfBI method.
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Transformation
Plasmid DNA or ligation samples were transformed into TOP10 chemically competent
E. coli by a heat shock protocol. For the transformation, 50 ml of competent cells were
placed in a round bottom polypropylene tube (Falcon) along with 2.5 ml of ligation (or
10 pg of maxi-prep DNA) and left on ice for 30 mins. Cells were heat shocked at 45 °C
for 45 seconds (s) and placed back on ice for 2 mins. Cells were then recovered with
200 ml of SOC media (LB media supplemented with 20 mM Glucose) and incubated for
1 hr at 37 °C with shaking. The cells were then plated on LB agar plates containing
the correct antibiotic and left to grow at 37 °C overnight. For InFusion cloning, Stellar
competent cells were used according to the manufacturer’s protocol.
Mini-prep and Maxi-prep preparation of plasmid DNA
Mini-preps: 5 ml of LB with the relevant antibiotic was inoculated and left overnight (37
°C, 230 rpm). The GenElute Mini-prep (Sigma) kit was used to elute DNA according
to the manufacturer’s instructions.
Maxi-prep: 300 ml of LB with the relevant antibiotic was inoculated and left overnight
(37 °C, 230 rpm). The bacteria were pelleted at 4000 rpm for 20 mins and the PureYield
Promega Maxi-prep kit was used to extract the DNA from the pelleted bacteria, following
manufacturer’s instructions.
DNA concentrations were quantified using a Nanodrop2000 (ThermoScientific). The
Sanger sequencing service by Source Bioscience confirmed the correct DNA sequences.

CHAPTER 2. MATERIALS AND METHODS

85

Cell Culture
Cell Culture Media and Transfection solutions
The cell culture media was bought from GIBCO-Life technologies and salts were from
Sigma or Melfords.
PBS

Trypsin Solution

Dissection Media
Attachment Media

Maintenance Media

Complete DMEM

WT-EM

INB

137 mM NaCl
2.7 mM KCl
10 mM Na2 HPO4
2 mM KH2 PO4
137 mM NaCl
2.7 mM KCl
8 mM Na2 HPO4
1.5 mM KH2 PO4
2.5 g/L trypsin
200 mg/L EDTA
HBSS
10 mM HEPES
MEM
10% Horse Serum (HRS)
1 mM sodium pyruvate
33 mM Glucose
Neurobasal
2% B27 supplement
1% Glutamax
1% Penicillin/Streptomycin
DMEM
10% heat inactivated Fetal Bovine Serum (FBS)
1% Penicillin/Streptomycin
15 mM NaH2 PO4
35 mM Na2 HPO4
5 mM KCl
10 mM MgCl2
11 mM Glucose
100 mM NaCl
20 mM Hepes pH 7.5
135 mM KCL
0.2 mM CaCl2
2 mM MgCl2
10 mM Hepes pH 7.3
5 mM EGTA

Table 2.6: Cell culture and transfection solutions
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Rat E18 neuronal cultures
The hippocampus and cortex of E18 Sprague-Dawley rats were dissected in ice cold HBSS
(Hepes-buﬀered Hank’s Balanced Salt Solution). The tissue was incubated in HBSS
containing 0.125% trypsin for 12 min at 37 °C to allow for dissociation of the neurons.
The cells were then washed carefully three times with HBSS to stop trypsin enzymatic
activity and then gently triturated into a single-cell solution in attachment medium
(Minimum Essential Medium supplemented with 10% HRS, 1 mM sodium pyruvate
and 33 mM glucose). Neurons were counted in a Neubauer Haemocytometer using
erythrosine B dye to label dead cells. Neurons were plated on poly-L-lysine coated
coverslips or plates (500 mg/ml for hippocampal cultures or 50 mg/ml for cortical cultures
prepared the day before and washed with ddH2 O). Hippocampal neurons were plated in
attachment media at a density of 30,000 cells/cm2 and cortical neurons were plated at a
density of 250,000 cells/cm2 . The following day the media was changed to maintenance
media (Neurobasal supplemented with 2% B27, 1% glutamax and 33 mM glucose).
Cultures were kept in 5% CO2 at 37 °C in a humidified incubator.
Transgenic mouse E16 neuronal cultures
Hippocampal cultures were obtained from E16 mouse brains from crosses of heterozygous
Miro1 (or Miro2) animals. The protocol for obtaining hippocampal neuronal primary
cultures was as described above for E18 rat cultures, however a sample of tail from
each dissected embryo was used for genotyping and the hippocampi of each embryo
was identifiable at all times. Hippocampal neurons were seeded at a density of 50,000
cells/cm2 . DNAse was added to the attachment media at a concentration of 5000 units/
ml to aid trituration of the cells and formation of a single cell suspension.
For the generation of double knock-out neuronal cultures (i.e. depleted of both Miro1
and Miro2), neuronal cultures were made from embryos of crossed Miro1lox/lox ;Miro2+/animals. 25% of the embryos produced are expected to be Miro1lox/lox ;Miro2+/+ , 25%
Miro1lox/lox Miro2-/- and 50% Miro1lox/lox Miro2+/- (not used in the experiments). Cortical cells were pooled among all the embryos and seeded at a density of 40,000 cells/cm2
to serve as a supporting culture. Trypsinized hippocampal cells from individual brains
were then split into two diﬀerent tubes and nucleofected with GFP, MtdsRed and
with or without Cre-GFP using the AMAXA system (AMAXA Biotechnology) following manufacturer instructions. Nucleofected hippocampal neurons were then seeded
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at a density of 10,000 cells/cm2 over the supporting cortical culture. Cultures from
embryos Miro1lox/lox Miro2+/+ are considered wild-type (WT) neurons and the Cretransfected neurons were considered Miro1CKO .
Miro1lox/lox Miro2-/-

produced

sidered double knockout

Miro2KO

Conversely, cultures from embryos

neurons and the Cre-transfected cells were con-

(Miro1/2DKO ).

Culturing immortal cell lines
Immortal cell lines of HEK293 and COS7 cells were maintained in complete DMEM
solution (DMEM, supplemented with 10% FBS and penicillin/ streptomycin). Cells
were incubated at 37 °C, in a humidified 5% CO2 atmosphere. When the cells reached
80-100% confluency they were passaged. First the culture media was removed and the
cells washed with PBS solution. The cells were incubated with trypsin at 37 °C to lift
the cells oﬀ the plate. When it was visible that the cells were lifting the trypsin was
quenched in 3 ml of complete DMEM suspending the cells. The cells were transferred
to a 15 ml falcon tube and spun down at 1000 rpm for 2 mins after which the cells were
resuspended in cell culture media and an appropriate volume was plated into a fresh
culture dish.
Organotypic hippocampal slice cultures
Organotypic hippocampal slice cultures were made following the Stoppini interface
method (Stoppini et al., 1991). Cultured slices were maintained on membrane inserts.
All steps for making slices were carried out in a laminar flow cabinet under aseptic
techniques.
Slicing Media
Organotypic Maintenance
Media

EBSS
25 mM Hepes
MEM + Glutamax-1
25% EBSS
25% HRS
0.65% Glucose
1% Penicillin/Streptomycin
0.06% Nystatin
50 mM Hepes pH 7.5

Table 2.7: Organotypic Hippocampal culture solutions
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Membranes were sterilized by washing in 70% ethanol (EtOH) and 100% EtOH and
then left to dry in a sterile Petri dish in the flow cabinet. 1.2 ml of organotypic maintenance media was added to each well of a 6 well plate. A plastic ring (custom made
Industrial Plastic Fabrications Ltd) was placed in each well, upon which a 25 mm membrane (Millipore, #JHWP01300) sits on top followed by a 13 mm membrane (Millipore,
#JHWP02500), the tissue is placed on top of this as the membrane allows for the easy
movement of tissue for experimentation. The plates with media were put in the 37°C
incubator with 5% CO2 , prior to plating the tissue in order for the media to be buﬀered
and pH’d correctly.
P7-10 Sprague-Dawley rats or mice were killed in accordance with Schedule 1 method
(Home Oﬃce Scientific Procedures Act). The brain was removed and placed in a petri
dish containing ice-cold slicing media. To make sagittal slices the cerebellum was removed, the brain cut in half along the midline and then each hemisphere stuck using
cyanoacrylate glue (Loctite) midline down onto the slicing stage. 300 mm slices were
made on a vibratome (Leica) and the hippocampus dissected out of each slice using
syringes with 21 gauge needles. For coronal slices, the cerebellum was removed and the
brain stuck down on the slicing stage with the forebrain up. Slices were collected in a
petri dish containing ice cold slicing media.
Using the wide end of a modified glass pipette the slices were taken individually from
the Petri dish and placed on the smaller membrane, that is on top of the plastic inserts
and lies above the maintenance media. Excess liquid was removed to ensure the slice
attaches to the membrane, after 2-3 days of culturing the slices become fused with the
membrane and can be easily moved for immunostaining and live imaging experiments.
The slices were maintained at 37 °C, with 5% CO2 in humidified conditions. The day
after slicing the maintenance media was completely changed for fresh maintenance media
following this half the media was changed once a week.

Transfection
Nucleofection of COS7 cells and neurons
COS7 cells were transfected by Nucleofector® technology (Amaxa) using the setting
W-001 (ATCC). A dish of cells that was about 70% confluent was trypsinised and lifted
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of the plate, as described previously. Following pelleting cells were resuspended in 100
ml WT-EM solution per transfection (a 10 cm dish of cells will give 4 transfected 3
cm dishes). For immunofluorescence experiments, 1-2 mg of DNA was mixed with the
cells in an eppendorf following which cells and DNA were transferred to a cuvette and
nucleofected. 1 ml of cell culture media was added to the cuvette. The cells were platted
in a dish and DNA was allowed to express for 24-48 hr before fixing.
Neurons were nucleofected using either the rat or mouse hippocampal program (O-003
rat, O-005 mouse). After dissection and trituration of neurons, they were spun down
at 2000 rpm for 2 mins to form a pellet and any attachment media was removed. For
plating on a 6 cm dish, 1x 106 cells were used per transfection. Pelleted cells were
resuspended in 100 ml INB solution per transfection. The resuspended cells were mixed
with 1-2 mg of DNA and transferred to a cuvette for nucleofection. 1 ml of attachment
media was added to the cuvette following which the suspended cells were plated.
Lipofectamine transfection
Neurons were transfected using Lipofectamine2000 (L2K, Invitrogen) and plasmids were
allowed to express for at least 48 hr before experimentation. The represented volumes
were for transfecting 2 coverslips in a 24 well plate.
Firstly in 2 eppendorfs the following was prepared:
• A: 100 ml unsupplemented Neurobasal with 0.5-2 mg DNA.
• B: 100 ml unsupplemented Neurobasal with 1-2.5 ml of L2K.
This was left for 5 mins at room temperature (RT). Tube B was added to tube A dropwise to make a DNA:L2K mix, and left for 20 mins at RT. 300 ml of Neurobasal +
0.6% glucose was added to the DNA:L2K mix and then 250 ml of the transfection media
was added to each coverslip. The transfection media was left on the cells for 1-2 hrs
depending on the DNA construct and age of the cells after which the media was removed
and replaced with conditioned culture media.

Biochemistry
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Biochemistry buﬀers and reagents
3x Laemmli sample buﬀer

10% resolving gel

stacking gel

10x Running buﬀer

10x Transfer buﬀer

Ponceau stain
Membrane blocking solution

Stripping buﬀer

150 mM Tris pH 8.0
6% SDS
300 mM dithiothreitol (DTT)
30% Glycerol
0.3% bromophenol blue
10% Protogel (acrylamide solution)
375 mM Tris pH 8.8
1% SDS
1% ammonium persulphate (APS)
0.04% TEMED
5% Protogel (acrylamide solution)
125 mM Tris pH 6.8
1% SDS
1% APS
0.1% TEMED
250 mM Tris
1.92 M Glycine
1% SDS
250 mM Tris
1.92 M Glycine
20% methanol
0.35% SDS
5% acetic acid
0.1% Ponceau S
4% non fat milk
0.05% Tween-20
in 1x PBS
6.25 mM Tris pH 6.8
2% SDS
0.7% mercapto-ethanol
in 1x PBS

Table 2.8: Cell lysis, SDS-PAGE and western blotting buﬀers and solutions
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Cell Lysis
For protein analysis cells were lysed in 1x Laemmli lysis solution, transferred to eppendorf tubes and genomic DNA was broken down by homogenisation with a 1 ml syringe
with a 25 gauge needle prior to protein denaturation for 5 mins at 95 °C.
SDS-Polyacrylamide Gel Electrophoresis (PAGE)
Polyacrylamide gels were made using 10% separating gels and 5% stacking gels in Novex
1.5 mm cassettes. In a Novex XCell SureLock Mini-Cell system gels were submerged in
running buﬀer. The samples that had been suspended in Laemmli sample buﬀer and
denatured were loaded on the gel and ran at 130 V until the dye front reached the end
of the cassette.
Western Blotting
The separated proteins within the gel were transferred onto a Hybond-ECL nitrocellulose membrane (GE Healthcare), using the Novex system. The gel and membrane were
sandwiched between transfer buﬀer soaked sponges. The system was ran at 30 V for
2 hrs. Membranes were probed with Ponceau staining and then blocked for 1 hr with
4% milk in PBS-T (PBS with 0.05% Tween-20). Following blocking, membranes were
incubated overnight at 4 °C in primary antibody diluted in blocking solution. The membranes were washed (3x 5 mins) prior to a 1 hr incubation with secondary antibodies.
Further washes with 4% milk PBS-T (3x 10 mins) and a final wash with PBS-T occurred prior to protein band exposure. The membranes were incubated with Luminata
Crescendo (Millipore) for 1 min and bands were detected using an ImageQuant LAS
4000 CCD camera system (GE healthcare).
Stripping
To probe the membranes with other antibodies, the membranes were first washed 2x
with PBS-T for 10 mins and then incubated in pre-warmed (37 °C) stripping buﬀer for
20 mins. Membranes were then further washed 3x PBS-T for 10 mins prior to blocking
in 4% milk PBS-T for 1 hr and incubation with the primary antibody overnight.
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Immunocytochemistry and Image Analysis
Immunocytochemistry
For fixed imaging of cells grown on coverslips, they were fixed when required in 4%
paraformaldehyde (PFA) solution (4% PFA, 4% sucrose in 1x PBS, pH 7.0) for 10 mins
at RT and rinsed several times in PBS. The cells were permeabilised with 0.2% Triton X100 in blocking solution (0.5% bovine serum albumin (BSA), 10% HRS in 1x PBS) for 10
mins and then incubated for 1 hr with primary antibodies, diluted in blocking solution.
Coverslips were then washed several times and incubated with secondary antibodies,
diluted in blocking solution, for 1 hr at RT. Coverslips were mounted with Mowiol
(Invitrogen) mounting media, sealed with nail varnish and kept in the dark at 4 °C until
imaged.
For fixed imaging of organotypic slices, the small confetti membrane and slice were
transferred to a well of a 24 well plate. The slices were fixed with 4% PFA for 15 mins at
RT. Following fixation the slices were permeabilised with 0.2% Triton X-100 in blocking
solution for 2 hrs followed by incubation with primary antibodies overnight at 4 °C.
After several washes the slices were incubated with secondary antibodies for either 3 hrs
at RT or overnight at 4 °C. The slices were washed several times before being mounted
onto slides with Dako fluorescent mounting media and secured with a glass coverslip on
top.
Image Acquisition and analysis
Confocal images were acquired on a Zeiss LSM710 upright confocal microscope (Carl
Zeiss, Welwyn Garden City, UK) using a 5x air (NA: 0.16), 10x air (NA: 0.3), 20x water
(NA: 1.0) immersion objective or 63x oil (NA: 1.4) immersion objective. Images were
digitally captured using ZEN 2010 software.
Analysis of dendrites and spines: In order to visualise the whole dendritic arbor of
the neuron, the dendrites of cells transfected with cytosolic EGFP were imaged using
laser settings that ensured the finer processes of the dendritic tree could be seen. The
settings were adjusted for each cell as protein expression levels could vary. With the 63x
oil immersion objective and a 0.5x optical zoom, several z-stacks at 1 mm intervals were
taken. Each frame contained 512 x 512 pixels, creating a pixel size of 0.397 mm, and
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the captured image was an average of 4 scans. The high resolution images were stitched
together using Vias (CNIC software tools), this software maintains the information in the
z-axis, to allow the whole dendritic arbor of the neuron to be visualised. Dendrites were
traced using Neuronstudio (Wearne et al., 2005) and the total dendritic length, number
of branch points and Sholl analysis at 10 mm intervals were automatically calculated.
For analysis of spine density and morphology, for Miro1KO experiments 2 images in the
proximal (within 75 mm from the cell soma) and distal (within 75 mm from the dendritic
tips) regions of the neurons or for Miro2KO experiments 3 images from diﬀerent regions
per cell, were taken. Small z-stacks were taken, using the recommended software interval
settings, with a 63x oil immersion objective, 1x optical zoom and 1024 x 1024 frame size.
Captured images were an average of 4 scans. Laser settings were adjusted for each image
to ensure that thin necks and thin spines could be captured, this sometimes meant the
fluorescence within the dendritic shaft was saturated. Spines were analysed using Imaris
software (Bitplane) which maintained the information in the z-axis. Protrusions were
considered a spine if they had a head size bigger than 0.4 mm and were shorter than 5
mm (Pathania et al., 2014).Matlab (Mathworks) was used to classify the spines using the
parameters described in Table 2.9
Spine classification
Stubby
Mushroom
Thin
Filopodia

Parameter
length(spine) < 0.8 and
min_width(spine) > 0.1
3 * max_width(head) > length(spine) and
length(spine) > 0.8 and min_width(spine) > 0.1
length(spine) >= 1.20 * max_width(head) and
length(spine) < 3.5 and min_width(spine) > 0.1
length(spine) > 3.5 and min_width(spine) > 0.1

Table 2.9: Parameters used in matlab for characterisation of spines
Analysis of the mitochondrial distribution within neurons: High resoultion images, captured with the 63x oil immersion objective, of the MtdsRed signal throughout the neuron
were stitched together using the program Vias. A plug-in in ImageJ, designed within
the lab that was based on a “Sholl” analysis, was used to quantify the amount of MtdsRed fluorescent pixels within concentric shells radiating out from the soma at 1 pixel
intervals.
Analysis of synaptic cluster : Immunofluorescence images of synaptic proteins, labeled
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with the relevant antibodies, were captured using the 63x objective. A minimum of 3
images were taken per a cell with a 3x optical zoom (approximately 30 mm of dendrite
were captured per frame). The same laser power and gain settings were used throughout
an experiment. Metamorph (Universal Imaging Corporation) was used to analyse the
number and area of synaptic clusters. When blinded to the genotypes of the images, a
suitable threshold was selected for each data set which was then applied to each image.
The cell fill, GFP image, was used to outline the processes and define the region of
interest, within which clusters above the defined threshold were analysed. A minimum
of 3 regions (dendrites of 30 mm) were imaged for each neuron, data from which were
averaged to calculate the average cluster area and number per cell. A minimum of 4
cells per genotype for each data set were analysed.
Live cell imaging
For imaging of mitochondria dynamics within glial cells, organotypic slices were infected
with adenovirus at 10 DIV and imaged at 14 DIV under continuous perfusion with
imaging media (Table 2.10) warmed to 37 °C and with a flow rate of 1-2 mL/min. For
acquisition, fluorescence was captured using the Zeiss LSM710 upright confocal microscope with the 20x water (NA: 1.0) immersion objective, laser settings were altered for
each image, as the flourescence intensity of MtdsRed could vary. Images were acquired
at 1 frame every 5 s for a total of 5 mins.
aCSF
Imaging solution
in 1 L ddH2 O

126 mM NaCl
24 mM NaHCO3
10 mM NaH2 PO4
2 mM CaCl2
1 mM MgCl2
2.5 mM KCl
10 mM D-glucose
buﬀered in 95% O2 / CO2

Table 2.10: aCSF imaging solution
Mitochondrial movement was analysed using the “manual tracking” plug-in provided
in ImageJ. The instantaneous velocity was calculated from mitochondria that moved a
minimum of 0.6 mm in one direction. Kymographs represent the variability in mitochondrial dynamics over time. Kymographs are a 2D representation of the movie showing
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mitochondrial traﬃcking. The x axis represents the fluorescent intensity along a linescan taken through a dendrite and the y axis is a projection of the fluorescent intensity
across time. Straight vertical lines represent stationary mitochondria whilst diagonal
lines represent moving mitochondria. In ImageJ curved processes were straightened using the “straighten” plug-in and kymographs created by using the “multiple kymograph”
plug-in.

X-gal staining of sliced intact tissue
Adult brains were dissected and briefly fixed in 4% PFA for 15 mins providing some
rigidity to the tissue prior to slicing. The edge of one hemisphere was removed to create a
flat surface for sticking the brain onto the slicing stage. Sagittal brain sections were made
with a thickness of 300 mm. Slices were post fixed for 1 hr at RT with 0.2% glutaraldehyde
(made from 25% stock, Sigma) diluted in PBS supplemented with 2 mM MgCl2 and 5
mM EGTA (ethylene glycol tetraacetic acid). Sections were then washed several times
with PBS, as residual fixative can inhibit enzyme activity, prior to X-gal staining. Slices
were incubated in 1 mg/ml X-gal (Fermentas, stock 50 mg/ml in dimethylformamide,
stored at -20°C in the dark) in a reaction buﬀer of 5 mM potassium ferrocyanide (Sigma),
5 mM potassium ferricyanide (Sigma), 2 mM MgCl2 in PBS overnight at 37 °C. Slices
were washed at least 5 times with PBS, until the solution no longer turned yellow. At
this point the slices could be kept free-floating in PBS at 4 °C. To clear and mount the
slices for imaging the slices were serially dehydrated with EtOH over several washes from
a concentration of 50% to 100% with a final wash in 100% EtOH overnight at 4 °C. The
slices were cleared for 10 mins at RT in a 1:1 mix of benzyl benzoate to benzyl alcohol
(Sigma), this was followed by another 100% EtOH wash. Slices were mounted on glass
slides with Neo-Mount (Merck, an anhydrous fixative) and stored at 4 °C in the dark.

Golgi Staining
Neurons in intact brains were Golgi stained using the Rapid Golgi Stain Kit (FD NeuroTechnologies) following the manufactures protocol with a few modifications. Briefly,
animals were sacrificed by cervical dislocation according to home oﬃce procedure and
the brains rapidly dissected. The impregnation time was adjusted due to the diﬀerent
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size of the brains in order to achieve a sparse staining of neurons so that individual
cells could be identified; E18 brains were left in solution for 5 days; half an adult brain
was left in solution for 8 days; a whole adult brain was left as advised in the protocol for 2 weeks. 100 mm brain slices were made on a vibratone (Leica) and placed on
gelatin coated slides (0.3% gelatin type B (Sigma), 0.05% chromium potassium sulfate
(Acros Organics) in dH2 O). To stain the neurons the microscope slides with the sliced
brain sections were dipped into a working solution (provided in kit, leads to a reaction
forming silver chromate in a sparse array of neurons allowing for their morphology to
be visualised in the intact tissue). The slices were dehydrated gradually with EtOH
and cleared with Xylene and mounted with Permount (Fischer Scientific) to preserve
the slices on the slides which were stored at RT in the dark. Neurons were imaged,
traced and analysed using NeuroLucida software (MBF Bioscience). An upright light
widefield microscope with a motorised stage attached to a computer allowed for “live”
tracing of spines and the dendritic processes. In E18 brains neurons from just below the
cortical plate were traced with a 60x objective (NA: 1.33, oil, Olympus), a minimum
of 10 cells were traced per animal. In adult brains the CA1 hippocampal pyramidal
neurons were traced using a 20x objective (NA: 0.45, air, Olympus). Spines were traced
using a 100x objective (NA: 1.25, oil, Olympus). The entire dendritic tree was traced
and analysed, with a minimum of three cells traced per animal. For spine analysis, two
proximal dendrites and two distal dendrites (for Miro1CKO animals) or two apical and
two basal dendrites (for Miro2KO ) were quantified per cell.

Histology
Hemibrains were fixed by immersion in 4% PFA overnight, cryoprotected in 30% sucrosePBS for 24-48 hrs and stored at -80°C. Tissue was serially cryosected in a Bright OTF-AS
Cryostat (Bright Instrument, Co. Ltd.) with 30 mm thickness and stored in cryoprotective solution (30% PEG, 30% glycerol in PBS) at -20 °C until used. FluoroNissl (NeuroTrace 520/525) was purchased from Mollecular Probes and staining was performed
following manufacturer instructions. Immunohistochemistry staining was performed on
free-floating sections. Briefly, tissue was washed 3-5 times in PBS over 30 mins and
permeabilized in PBS-0.5% Triton-X100 for 30 mins. Sections were then blocked (3%
BSA, 10% FBS and 0.2 M glycine in PBS 0.5% Triton-X100) at RT for 3-4 hrs. If an
antibody raised in mouse was to be used a further blocking step, with purified goat
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anti-mouse Fab-fragment (50 mg/ml, Jackson Immunoresearch), was performed at 4 °C
in blocking solution overnight, to reduce endogenous background staining. Sections were
then further washed and incubated overnight at 4 °C in primary antibodies prepared in
blocking solution. After thorough washing in PBS, plus 0.5% Triton-X100, secondary
antibodies were applied in blocking solution and incubated at RT for 3-4 hrs. Sections
were mounted on glass slides using Mowiol mounting media and stored at 4 °C in the
dark.

Statistical Analysis
All data were obtained using cells from at least 3 diﬀerent preparations. The n. number
for calculating the significance of data is shown in the text of figure legends. GraphPad Prism (GraphPad Software, Inc) was used to analyze the data. Student T-test or
Mann-Whitney test were used to test diﬀerences between two conditions. Statistical
diﬀerences between multiple conditions of non-parametric data were calculated using
Kruskal-Wallis test followed by post hoc Dunn’s correction. Comparison of multiple
conditions with normally distributed data was performed by one-way ANOVA followed
by post hoc Newman-Keuls test. For comparison of diﬀerent groups, such as spine type,
two-way ANOVA followed by post hoc Bonferroni post-tests were performed. Statistical
significance was fixed at p< 0.05, represented as *p< 0.05; **p< 0.01 and ***p< 0.001.
All values in text are given as average ± s.e.m (standard error of the mean). Error bars
are s.e.m.

Adenovirus
Viruses were generated by using the pAd/PL-DEST™ vector (Invitrogen). This is a
destination vector adapted for use with the Gateway® Technology and allows for a high
level, transient expression of recombinant fusion proteins in dividing and non-dividing
mammalian cells. The replication deficient pAd/PL-DEST vector contains:
; The human adenovirus type 5 sequence (Ad 1-458 and 3513-35935) encoding early and
late genes (lacking the E1 and E3 genes to ensure it is replication defective) and elements (Left and Right Inverted Terminal Repeats (ITRs), encapsidation signal sequence)
required for proper packaging and production of the adenovirus (Russell, 2000).
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; Two recombination sites, attR1 and attR2 for recombinational cloning from an entry
clone, of the DNA sequence of interest.
; Chloramphenicol resistance gene (CmR ) located between the two attR sites for counterselection.
; ccdB gene located between the two attR sites for negative selection
; Ampicillin resistance gene for selection in E. coli
; pUC origin for high-copy replication and maintenance of the plasmid in E. coli
Several steps were required to produce the adenovirus containing the sequence of interest.
Generating an Entry Clone
The entry clone, pENTR 4 Dual selection vector (Invitrogen) was selected due to the
restriction enzymes within its open-reading frame, which allowed for the insertion of
MtdsRed-IRES-GFP with several diﬀerent promoters. This entry vector contains attL1
and attL2 sites for site-specific recombination of the entry clone into the pAd/PL-DEST
vector and kanamycin resistance gene for selection in E. coli. For eﬃcient packaging of
the DNA sequence into the adenovirus the DNA sequence construct could not exceed
7.5 kb and had to contain, a promoter, the sequence of interest and a polyadenylation
signal sequence (pAd) for proper transcription termination. By using PCR, restriction
enzyme digest and ligation techniques, described previously, the following entry clones
were made:
; pENTR-attL1-CAG-MtdsRed-IRES-GFP-WPRE-pAd-attL2
; pENTR-attL1-ESYN1-MtdsRed-IRES-GFP-WPRE-pAd-attL2
; pENTR-attL1-EF1a-LoxP-Lox2722-(revMtdsRed-IRES-GFP)-LoxP-Lox2722-WPREpAd-attL2
Following generation of the entry clone the vectors were transformed (using the method
described previously) into competent recA, endA TOP10 E. coli (Invitrogen) and selected on LB plates containing kanamycin. To check for successful cloning the entry
clone was sequenced using the following primers to confirm the presence and orientation
of the insert.
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Sequence
5’- TTTTTCCTACAGCTCCTGGG -3’
5’- GTAACATCAGAGATTTTGAGACAC-3’

Table 2.11: List of primer sequences for confirmation of pENTR vector cloning
Creating an Expression Clone
An LR recombination reaction was required for transferring the sequence of interest
from the pENTR vector to the pAd/PL-DEST vector. This reaction takes advantage of
Gateway® technology (Invitrogen) for the site-specific recombination between the att
sites (Landy, 1989) found within the pENTR and pAd/PL-DEST vectors. The in-vitro
site-specific recombination is catalysed by the enzyme LR Clonase™ II. A schematic of
the recombination reaction is shown in Figure 2.3.
Following successful recombination the following adenovirus vectors were generated:
· pAd-CAG-MtdsRed-IRES-GFP-WPRE (pAd-CAG)
· pAd-ESYN1-MtdsRed-IRES-GFP-WPRE (pAd-ESYN)
· pAd-EF1a-LoxP-Lox2722-(revMtdsRed-IRES-GFP)-LoxP-Lox2722-WPRE (pAd-LoxCre)
LR Recombination Reaction:
1. The following components were added to a 1.5 ml eppendorf tube at RT

Component
Entry Clone, pENTR (50-150 ng/ reaction)
Destination Vector, pAd/PL-DEST (300 ng/ reaction)
TE Buﬀer, pH 8.0

Sample
1-7 ml
2 ml
upto 8 ml

Table 2.12: Components of an LR Clonase reaction

2. To each sample, 2 ml of LR Clonase™ II enzyme mix was added.
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Figure 2.3: Schematic of the LR clonase reaction.
Transfer of the sequence of interest, CAG-MtdsRed-IRES-GFP, from the the entry clone
to the pAd/PL-DEST vector achieved through site-specific recombination catalysed by
LR Clonase™ II.
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3. The reaction was incubated at RT overnight.
4. To stop the reaction, the sample was incubated with 1 ml of Proteinase K solution,
10 min at 37 °C.
Following this, successful site-specific recombination should result in the pAd/PL-DEST
vector containing the sequence of interest.
Transformation:
1. 2- 3 ml of the reaction mixture was transformed into One-Shot TOP10 E. coli (following transformation protocol described previously).
2. E. coli were plated on ampicillin plates
3. To test the expression clone, colonies were tested for growth in LB containing ampicillin or chloramphenicol (-ve control) resistance. Colonies that only grow in the presence
of ampicillin were processed further.
4. Confirmation that the sequence of interest had been inserted into the pAd/PL-DEST
vector was by restriction enzyme digest and analysis of the cut bands. Examples of the
cut bands observed on a DNA gel and how this compares to the empty pAd/PL-DEST
vector, following restriction digest with the enzymes EcoRI/ NotI, is shown in Figure
2.4.
Expression and Amplification of Virus
To generate the adenovirus from the purified pAd/PL-DEST DNA containing the sequence of interest, the DNA must be PacI digested and then transfected into HEK293
cells to produce the adenoviral stock.
PacI digest to expose the left and right viral ITRs to allow proper viral packaging and
replication:
1. 5 mg of purified plasmid DNA was digested with PacI (NEB) for 1 hr at 37 °C. This
reaction follows the normal restriction digest protocol but as only low concentrations of
DNA can be acquired it was carried out in 50 ml total volume.
2. The digested plasmid DNA was purified using phenol/chloroform extraction followed
by EtOH precipitation. Briefly, to the digested reaction mixture an equal amount of
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Figure 2.4: Cut DNA bands observed on a DNA gel following restriction digest with
EcoRI/NotI enzymes
Comparison of the cut bands, following EcoRI/NotI restriction digest, that would be observed on a DNA gel for the successfully cloned adenovirus expression clones, pAd-CAG,
pAd-ESYN and pAd-Lox-Cre. The coloured lines and boxes represent the additional or
missing bands that would be created for each successfully cloned adenovirus vector compared to the empty pAd/PL-DEST vector.
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phenol was added to the eppendorf (tube 1), shook vigorously and spun for 1 min,
13000 x g. Two fractions of media appear, the upper layer was removed and put in a
new eppendorf (tube 2). Any remaining DNA left in the initial eppendorf (tube 1) was
purified by back extraction, whereby an equal volume of TE pH 8.0 was added to the first
eppendorf, shook vigorously and spun 1 min, 13,000 x g. The top layer was removed and
added to the previously phenol purified DNA (tube 2). An equal volume of chloroform
was added (to tube 2), shook vigorously and spun 1 min, 13,000 x g. Two fractions form
and the top layer was removed and placed in a new eppendorf (tube 3). The chloroform
step was repeated on the chloroform purified DNA in tube 3 and the new supernatant
placed in a new eppendorf (tube 4). For the EtOH precipitation, sodium acetate was
added to the purified DNA to a final concentration of 0.3 M, pH 5.2 and 2.5 x volume of
100% EtOH. This was left on ice to allow the DNA to precipitate for 15 mins, and then
spun down for 10 min, 13,000 x g, at 4 °C. A small pellet of precipitated DNA collects at
the bottom of the eppendorf, this was washed once with 70% EtOH then left to dry for
15 mins. The pelleted DNA was resuspended in 2 ml of ddH2 O, producing a linearised,
purified and concentrated DNA that was ready to be transfected onto HEK293 cells.
Transfection of linearised DNA onto HEK293 cells:
1. The day before transfection, HEK293 cells were split and plated on 2 x 10 cm2 dishes
so as to be 60-75% confluent on the day of transfection.
2. The DNA:Lipofectamine mixture for transfection was prepared by adding 200 ml
of Optimem to the 2 ml of purified DNA and in another eppendorf mixing 200 ml of
Optimem with 8 ml of L2K. This was left at RT for 20 mins. The L2K:Optimem mix
was added to the DNA:Optimem mix in a drop-wise manner and then left to incubate
at RT for another 20 mins.
3. The media on the HEK293 cells was removed and replaced with 2 ml (enough to
cover the cells) of fresh cell culture media.
4. The complexed DNA:L2K was added drop-wise to the HEK293 cells and left overnight,
following which the media was replaced with 10 ml of fresh culture media.
Harvesting transfected cells to obtain virus:
The cells were left to grow until they showed cytopathic eﬀects (CPE), this can take
upto 7 days. For the pAd-CAG-MtdsRed-IRES-GFP virus, which contains fluorescent
tags under a universal promoter, the quantity of infected cells could be easily monitored.
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For other viruses the cell morphology was monitored for CPE. When the majority of
cells appeared to be swollen then the virus was harvested by squirting cells oﬀ the plate
and transferring them to a falcon tube. The cells were then spun down for 2 mins,
1,000 x g, and resuspended in 2 ml of cold sterile 1x PBS buﬀer and aliquoted into
eppendorfs. To release the virus from the cells, the eppendorfs were vortexed and the
media freeze-thawed 3 times (cycle of: -80 °C for 30 mins then 37 °C for 15 mins and
then vortexed). The media became more viscous as the virus was released from the cells.
Finally the debris was pelleted by centrifugation for 10 mins, 7000 x g. The supernatant
was removed and stored at -80 °C.
Amplification of viral stocks:
In order to increase the concentration of the adenovirus stock the harvested virus was
used to infect more HEK293 cells. Before the day of infection, HEK293 cells were split
and plated on 5 x 150 cm2 plates so as to be at a confluency of 60-75% on the day
of infection. Each plate was infected with 300 ml of virus stock collected from the first
harvest. Again the cells were monitored for CPE. This time CPE was reached much
quicker as more cells were infected on the first day of viral infection. When the majority
of cells show CPE the cells were harvested as previously.
Purification:
Purification of adenovirus was carried out using Adenopure® purification kit (Puresyn,
Inc) following the manufacturers protocol. Briefly, after harvesting the virus, the cell
suspension was processed through 3 freeze-thaw cycles as previously and the cell debris
pelleted by centrifugation for 5 mins, 2,000 x g. The suspension was then filtered and
50 ml of 25 U/ml Benzonase was mixed into the solution. This was then incubated for 30
mins at 37 °C before the adenovirus was passed through the provided filtration system
and purified.
Determining the titre of the adenoviral stock
The biological titre of the purified adenovirus was quantified using a plaque assay.
1. HEK293 cells were seeded onto a 6-well tissue culture plate at a cell density of 5.0 x
105 cells per well the day before the plaque assay.
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Figure 2.5: Adenovirus Plaque Assay
(A) 10-fold serial dilution of adenovirus with pre-warmed infection media, 500 ml of the
10-fold serially diluted virus was placed on the wells containing 500 ml of infection media
resulting in the corresponding dilution. (B) One well of a 6-well plate showing plaque
formation. (C) Formula for calculating the biological titre of the adenovirus sample.
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2. 10-fold serial dilutions of the adenovirus were made in 1 ml of pre-warmed infection
media (2% FBS, 25 mM Hepes in DMEM), as shown in Figure 2.5A. This was left to
incubate for 5 mins, 37 °C, 5% CO2 .
3. The growth media was removed from each well containing the HEK293 cells and
500 ml of each 10-fold serially diluted virus was added to the well, as shown in Figure
2.5A. The plate was swirled to distribute the diluted adenovirus evenly over the cell
monolayer. The plate was returned to the incubator and left to infect the cells for 60
mins.
4. After 60 mins the virus was removed from each well of the plate, with aspiration
of media starting from the well containing the most diluted to the most concentrated
adenovirus. 2 ml of overlay media (1:1 uniform mixture of 2 x DMEM without phenol
red and melted 2% SeaPlaque Agarose) prewarmed to 37 °C was added to each well.
The 6-well tissue culture plate was kept on a level surface at RT until the overlay media
had solidified, then it was transferred back to the incubator.
5. After 4 days of incubation 2 ml of warmed neutral red overlay media (1:1 uniform
mixture of 2 x DMEM without phenol red and melted 2% SeaPlaque Agarose and
supplemented with 1.4% of Neutral red from a 3.333 g/litre stock) was added to each
well. Before returning the 6-well plate back to the incubator it was left on a level surface
at RT until the neutral red overlay media solidified.
6. Plaque formation was then assessed on a daily basis. The plaques appeared as small
groups of cells that were more rounded than the surrounding monolayer, this created
small circles in the agarose overlay (Figure 2.5B). When no new plaques were apparent
then the number of plaques were counted within the dilution well that contains between
5 to 100 plaques. Following this the biological titre (PFU/ml) of the adenovirus sample
could be calculated, using the formula shown in Figure 2.5C.

Virus
pAd-CAG
pAd-ESYN
pAd-Lox-Cre

Titre (PFU/ml)
2.6 x 1016
1.4 x 1012
1.2 x 1014

Table 2.13: Biological titre calculated for each virus
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Transduction
In order to achieve transduction of virus into cells several diﬀerent approaches were used.
Drop Method:
• Infection of cells in primary culture on coverslips in a 6 cm dish; before addition of
adenovirus, the culture media was removed and replaced with 1-1.5 ml of fresh culture
media (just enough to cover the cell layer), the virus was diluted to a concentration of
109 PFU/ml in 1 ml of culture media and added drop wise to the dish, to give a final
infection concentration of 108 PFU/ml. The dish was put back in the incubator for 3
hrs to allow for infection, following which the media was removed and replaced with 6
ml of a 1:1 mixture of conditioned and fresh culture media.
• Infection of cells within organotypic hippocampal slices; the virus was diluted to a
concentration of 109 PFU/ml, 30 ml of the diluted virus was dropped on top of the
organotypic slice which was then placed back in the incubator for 3 hrs. The culture
media below the slice was then aspirated from the well and replaced with 1.6 ml of fresh
organotypic culture media.
Incubation method:
• For single cell analysis of cells within an organotypic hippocampal slice; on the day of
slicing and before plating of the hippocampal slices, each slice was placed in an eppendorf
tube containing 1 ml of slicing media and virus at a concentration of 107 PFU/ml. This
was incubated at 4 °C for 1 hr. The slice was then removed from the eppendorf, washed
once with slicing media before been placed on the membrane inserts and cultured for
several weeks.

Chapter 3

Development and Characterisation
of Genetic Probes
Introduction
Defects in mitochondrial transport are one of the major pathological changes which
have been implicated in neurodegenerative diseases (Sheng and Cai, 2012). In vitro live
imaging of primary neurons, though an important tool for studying the mechanisms that
regulate mitochondrial transport (Macaskill and Kittler, 2010), has limitations for investigating mitochondrial dynamics within a mature synaptic system and mitochondrial
defects caused in adult-onset disease mechanisms.
Organotypic brain slices, have become an ideal platform for studying the molecular
pathways that underly neuronal plasticity and events involved in neuronal dysfunction.
They have the advantage of largely preserving the architecture of the brain region they
originate from, maintaining neuronal activity within a local synaptic circuit and are
viable for long periods of time, up to 20 weeks. Utilisation of the membrane interface
organotypic method for the preparation of slice cultures (Stoppini et al., 1991), provides
easy access to cells within the slice culture, for microscopy and electrophysiology. Therefore this system, along with fluorescent probes, are attractive as they allow the study
of mitochondrial dynamics along with changes in neuronal plasticity within a mature
intact system.
The principle of this method is to maintain slices on a porous membrane filter which
108
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acts as an interface between the nutritional medium and a humidified atmosphere. The
organotypic slice is generated from postnatal day 7-10 brains. At this age the tissue
shows a high degree of resistance to the trauma of dissection allowing viable, healthy
slices to be obtained. Basic synaptic connections have been established, particular within
the CA1 region of the hippocampus, but mature synapses will not develop until at least
2-3 weeks in vivo. De Simoni et al. (2003) have shown that the development of the
organotypic slice over the first 3 weeks ex vivo is equivalent to brain development in vivo,
seen by comparison of neuronal structure within organotypic slices compared to acute
brain slices taken from 14, 17 or 21 day old rats. In addition to structural development,
organotypic brain slices adopt similar patterns of gene regulation, protein expression
and synaptic activity to the adult hippocampus (Bahr, 1995; De Simoni et al., 2003).
Electrophysiological recordings have shown no diﬀerence between organotypic and agematched acute slices in the frequency of action potentials, total miniature synaptic
activity and GABAergic miniature currents (De Simoni et al., 2003), confirming that
the organotypic slice maintains its in vivo signaling properties.
Labelling of neurons within an organotypic slice, in order to study neuronal architecture and plasticity, is diﬃcult to achieve because they are postmitotic cells, existing
as discrete cell types with a range of structures and functions, and are surrounded by
a variety of diﬀerent cell types. Fluorescent labelling of neurons has been achieved
through the use of flourescently targeted transgenic mouse lines, DiOlistic or biolistic
labelling, antibody staining and intracellular dye injections. However these approaches
do not always generate a high enough eﬃciency of transfection or allow for live imaging
approaches. The use of viral vectors, such as adenovirus (Ad) (Le Gal La Salle et al.,
1993), adeno-associated virus (AAV) (Peel and Klein, 2000), lentivirus (Naldini et al.,
1996) and herpes simplex virus (Latchman, 2001), has helped to overcome some of these
diﬃculties. They have the ability to introduce genetic probes into cells at relatively high
eﬃciencies and provide stable, long-lasting expression.
The work presented in this chapter used the adenovirus for introducing fluorescent probes
into cells within an organotypic hippocampal slice. The most common adenoviral vectors, for molecular biology and gene transfer, have been derived from the human adenovirus serotypes 2 and 5 (this work has used the adenovirus 5 serotype). These adenoviruses have been manipulated to become replication-defective viral vectors and are
appealing for gene transfer because high-titers of adenovirus can be easily prepared and
high levels of transgene expression in a broad range of host cells and tissue, including
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non-dividing cells, such as neurons can be obtained. The replication-deficient adenovirus
is relatively safe to handle, unlike the lentivirus, as it does not integrate into the host
cell genome but remains as autonomous DNA.
The adenovirus is a non-enveloped (without an outer lipid) virus. The viral capsid is
shaped like an icosahedral and contains the 36 kb double stranded linear DNA with
inverted terminal repeat (ITR) sequences at each end. The adenovirus enters a cell
by first binding one of its fibers to the coxsackievirus and adenovirus receptors (CAR)
expressed on the cell membrane, the capsid then interacts with integrin proteins av b3 and
av b5 , leading to endocytosis. Following endocytosis and release of the adenovirus from
endosomes, the adenovirus is translocated to the nucleus where viral transcription and
replication begins. The structure of the adenovirus and its life cycle is shown in Figure
3.1. The viral transcription vector contains early (E1a, E1b, E2, E3 and E4) and late
(L1-L5) transcription units. Products from the early gene transcription results in further
viral gene transcription, DNA replication, host immune suppression and inhibition of
host cell apoptosis, the late gene products are required for the virion assembly (Shen
and Shenk, 1995). The virus will trigger cell death and release of a progeny virus leading
to infection of more cells (Luo et al., 2007). The replication-defective adenovirus used
within the lab has the E1 and E3 genes deleted and thus no longer triggers cell death.
These deletions allow for the accommodation of foreign DNA (up to 7.5 kb) this is a
much larger packaging capacity compared to other viruses, such as the adeno-associated
virus (only accommodates 4.5 kb). The mutated adenovirus has reduced cytotoxic eﬀects
and causes a relatively small to no immune response from the host cell.
The investigation of mitochondrial dynamics within the neurons of an organotypic slice
would be facilitated by the delivery of genes exclusively to the neuronal cell population.
The adenovirus has a promiscuous tropism, due to the widespread distribution of the
CAR receptor on many diﬀerent cell types (Bergelson et al., 1997), resulting in high
transduction eﬃciency but expression of all targeted genes in many diﬀerent cell types.
Diﬀerent genetic and non-genetic techiques are being utilised to change the viral tropism
and achieve specific cell targeting. Non-genetic approaches typically utilise antibodies
that inhibit the binding of the virus to the CAR receptors whilst providing a new cell
binding capacity (Yoon et al., 2000; Nettelbeck et al., 2001). Genetic approaches result
in the engineering of the viral capsid to express foreign ligands that target selective receptors (Nicklin et al., 2001; Biermann et al., 2001). These are complex, time demanding
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Figure 3.1: Schematic of the replication-deficient adenovirus and its cellular life-cycle
The replication-deficient adenovirus 5, has the E1 and E3 genes deleted, allowing upto
7.5 kb of foreign DNA to be accomodated within the vector. Transduction of adenovirus
into cells occurs due to one of the fibers of the virus binding to the CAR receptor
expressed on the cell membrane. Interaction with integrins results in endocytosis of the
virus. Once internalised the virus is released from endosomes and translocated to the
nucleus of the cell where viral transcription begins.
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strategies for achieving specific cell type targeting. These strategies have been shown
to work for a range of cell types, such as endothelial cells (Nettelbeck et al., 2001) and
cancer cells (Yoon et al., 2000).
Another way of achieving a specific cell targeting strategy is through the use of specific
promoters that drive expression within specific cell populations. The 495-bp human
synapsin1 promoter, SYN1, has been shown to drive neuron-specific expression (Kügler
et al., 2001; ?). SYN1 has a binding motif that acts as a negative-acting regulatory
element that prevents the expression of genes in non-neuronal cell types (Schoenherr and
Anderson, 1995). This cell specific promoter attains a lower level of expression compared
to viral promoters, such as cytomegalovirus (CMV), though papers have shown the use
of the SYN1 promoter in adenoviral-mediated, neuron-specific regulatable expression
(Ralph et al., 2000; Glover et al., 2002).
Another technology used to ensure cell specific targeting is a Cre-Lox mechanism. Cre
recombinase, discovered in the P1 bacteriophage normal viral life cycle (Sternberg and
Hamilton, 1981), can catalyze recombination between two consensus, 34 base pair (bp),
recognition sites (loxP sites). The result of DNA recombination mediated by Cre recombinase depends upon the orientation of the loxP sites. When the loxP sites are
in the same direction, excision of DNA occurs, for example excision of a stop codon
upon Cre recombination will result in transgene expression. When the loxP sites are
orientated in opposite directions, Cre recombinase will mediate inversion of the floxed
segment, following which transcription will either be initiated or inhibited (Nagy, 2000).
These recombination mechanisms can occur when Cre is transiently expressed rather
than transfected (Nagy et al., 1998), such as with the use of Cre expressing transgenic
mouse strains, where Cre is expressed under a cell specific promoter. Upon interaction
with a loxP containing vector, Cre recombinase can result in transgene expression within
the desired cell type.
The ability to express multiple genes within a cell upon transduction of an adenovirus
is desirable. Transduction of cells by several adenoviruses, to achieve co-expression of
multiple genes, can cause cytotoxic eﬀects. It can also be ineﬃcient as expression of one
construct can lead to the silencing of the other. Therefore the use of a single vector is preferred. Translation of two unrelated genes from a single mRNA can be achieved through
the use of an internal ribosomal entry sequence (IRES). This sequence was first identified
in poliovirus (Pelletier et al., 1988) and encephalomyocarditic (Jang et al., 1988) virus
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and results in the co-expression of the transgenes. Within a vector, the IRES element is
included in the untranslated region between two open reading frames (ORFs). Initiation
of translation of the first ORF occurs through a cap-dependent mechanism whilst translation of the downstream second ORF occurs via a cap-independent mechanism mediated
by the IRES element (Figure 3.2). Cap-dependent translation involves the recognition of
a 5’ -terminal m7 GppN cap structure by the eukaryotic initiation factor eIF4F (subunits
eIF4E, eIF4A, eIF4B and eIF4G) leading to the recruitment of the ribosomal complex
and initiation of translation (Hellen and Sarnow, 2001). Conversely, the IRES encoded
RNA sequence is thought to make a complex secondary structure which forms contacts
with the eIF4A and eIF4G subunits of eIF4F, leading to ribosomal recruitment at the
AUG site, the authentic initiation codon of the downstream coding sequence (Lomakin
et al., 2000). Therefore the IRES element enables the successful transcription of the
second gene within the vector. However an IRES sequence has two major limitations
for use in molecular biology. First, its large size (⇠ 500 bp or more) makes it diﬃcult
to use within viral vectors where the packaging capacity is limited. Second, the yielding
amounts of protein of the gene placed after the IRES is always much lower than the
gene placed before the IRES sequence. The strength of internal translation appears to
be dependent on the upstream gene and the cell type (Hutson et al., 2014).
Another popular strategy employed for co-expression of multiple genes from a single
vector is the use of 2A oligopeptide sequences (cis-acting hydrolase elements). The 2A
peptide was first identified within the foot-and-mouth virus (FMDV) (Ryan et al., 1991)
and later in picornavirus, insect viruses and type C rotavirus (Szymczak and Vignali,
2005). All the 2A peptides identified contain a conserved motif -DxExNPG↓P- (↓ cleavage site) important for the self-cleavage function of the peptide (Donnelly et al., 2001).
The 2A peptide ‘self-cleaves’ by a ribosomal ‘skipping’ mechanism which involves the
inhibition of the peptide bond being formed between the glycine (G) and the proline (P)
residue within the 2A peptide (Figure 3.5A). The 2A peptide is inserted in-frame between the diﬀerent coding sequences. Following translation and the ‘skip’ the upstream
protein has the inert 2A peptide fused to it and continued ribosomal translation leads to
discrete expression of the downstream protein with a proline residue on its N-terminal.
The 2A peptide oﬀers two advantages over an IRES sequence, firstly, it is short in length
(only 66 bp) and secondly it leads to equal amounts of translation of multiple genes.
However there can be ineﬃciencies in the cleavage ability of the 2A peptide and therefore
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Figure 3.2: Schematic showing the diﬀerence between Cap-dependent and Capindependent translation, adapted from Hellen and Sarnow (2001)
(A) Construct containing the IRES element between 2 ORFs, where MtdsRed and GFP
have been inserted. (B) Cap-dependent translation, the ribosomal complex is recruited
to the initiation factor, eIF4F. (C) Cap-independent translation, IRES RNA forms a
secondary structure forming contacts with the eIF4A and eIF4G subunits of the initiation factor leading to ribosomal formation at the AUG site of the downstream coding
sequence.
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initially the eﬀectiveness of the ‘skipping’ mechanism must be tested.
This chapter shows the generation of vector plasmids that express two or more transgenes
through the incorporation of IRES and 2A elements. The generation of an adenovirus,
that contains both the green fluorescent protein (GFP) and the red mitochondrial targeting protein (MtdsRed) and its eﬃciency of transduction within the cells of an organotypic
hippocampal slice. Finally genetic modification of the adenovirus so that it contains either a neuronal specific promoter or loxP sites, in order for expression of the transgenes
to occur in neuronal specific cells or a Cre- recombinase manner, were generated and
eﬃciency of transduction assesed to see if neuronal specificity could be achieved.

Results
Translation of two unrelated cDNAs through the use of an IRES element
The eﬃciency of expression of multiple genes within the same cell can vary when cotransfecting two or more plasmids. By taking advantage of an IRES element to allow
for the coordinated co-expression of two genes from one vector it was possible to obtain
eﬃcient expression of both MtdsRed and GFP within one cell.
Initially MtdsRed was inserted 5’ to the IRES sequence of pCAG-IRES-GFP (gift from
J. Hanley), using the enzymes EcoRI/ SalI. To check the expression, the newly made
construct, pCAG-MtdsRed-IRES-GFP, and the original vector, pCAG-IRES-GFP, were
transfected into COS cells and left to express for 48 hr. Confocal microscopy showed that
cells transfected with the pCAG-MtdsRed-IRES-GFP construct always co-expressed
both cDNAs within the cell (Figure 3.3A). As the downstream gene, GFP, is expressed
less eﬃciently than the upstream gene, a construct in which the order of cDNAs were
reversed was generated. GFP was removed and MtdsRed inserted, by InFusion cloning,
into pCAG-IRES-GFP, making pCAG-IRES-MtdsRed. GFP was inserted 5’ to the IRES
site using the restriction sites NheI/ SalI. Now the plasmid pCAG-GFP-IRES-MtdsRed
and its control plasmid were transfected into COS cells to check that expression of both
MtdsRed and GFP occurred within the same cell (Figure 3.3B).
In order to achieve enhanced expression it is possible to use post-transcriptional enhancer
elements. It has been found that the woodchuck post-transcriptional regulatory element
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(WPRE) is a powerful enhancer element particularly in a neuronal background (Brun
et al., 2003). The WPRE (⇡600 bp in size) is found in the untranslated part of the
coding sequence and is thought to increase transgene expression by modifying posttranscriptional processing such as RNA export and RNA translation (Zuﬀerey et al.,
1999). Glover et al. (2002) have shown that the WPRE increases both CMV and SYN1
promoter-mediated expression in hippocampal neurons. As multiple genes are being
translated from one promoter and as these constructs are to be used within viral vectors
for the transfection of “hard to transfect” cells, a WPRE element has been cloned 3’ to
the stop codon and 5’ to a poly(A) sequence. A WPRE sequence has been introduced
into all plasmids constructed.
To study the eﬃciency of co-expression by these constructs, the fluorescence intensity of
transfected neurons with and with-out an a-GFP antibody immunocytochemistry stain,
to enhance GFP fluorescence, was assessed using confocal microscopy. It was observed
that when GFP was in the second position (downstream of the IRES) its fluorescence
intensity was much lower compared to when it was in the first position (upstream of
the IRES). Figure 3.4Ai shows that the GFP fluorescence from cells transfected with
pCAG-MtdsRed-IRES-GFP, without any additional staining, was undetectable within
the processes of the cell. When the same laser settings (488 laser: 1%, gain 700) were
used to excit GFP fluorescence, from cells transfected with pCAG-GFP-IRES-MtdsRed,
the neuronal processes could be seen (Figure 3.4Bi). The only possible way to detect
GFP expression when it is transcribed from the IRES element is when the laser power
was increased to 2.8% or when an a-GFP antibody is used to enhance the GFP signal
(Figure 3.4Aii,Aiii). Interestingly when the MtdsRed gene was positioned in either the
first or second position of the bi-cistronic vector the fluorescence intensity of MtdsRed
does not seem to vary. The 555 laser setting of 2% (gain 700) caused similar detection of
MtdsRed fluorescence throughout the processes and was not dependent on its position
within the IRES vector. From these observations it appeared that the order of the GFP
and MtdsRed constructs could influence the IRES-mediated translation having a more
significant eﬀect on GFP protein expression.
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Figure 3.3: Dual expression plasmids containing the IRES element.
HEK cells nucleofected with (Ai) pCAG-IRES-GFP, (Aii) pCAG-MtdsRed-IRES-GFP,
(Bi) pCAG-IRES-MtdsRed and (Bii) pCAG-GFP-IRES-MtdsRed. Where appropriate
co-expression of the two plasmids can be observed (scale bar= 10 mm).
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Figure 3.4: Fluorescence intensity of GFP within the IRES containing vectors varies
depending on its position.
Neurons were transfected at 12 DIV, by L2K, with either (A) pCAG-MtdsRed-IRESGFP or (B) pCAG-GFP-IRES-MtdsRed and imaged 2 days later. The amount of GFP
fluorescence intensity (obtained with the 488 laser), but not MtdsRed (obtained with
the 555 laser), varies depending on the position of the gene in the IRES construct. When
GFP is in the second position, after the IRES sequence (A), fluorescence can only be
seen throughout the processes when a higher laser power and gain or an a-GFP stain
is used compared to when GFP is in the first position, before the IRES sequence (B)
(Scale bar= 30 mm).
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Co-expression of multiple cDNAs with a 2A peptide sequence
As an alternative to the IRES element, constructs were made with the emerging alternative the 2A peptide. There are no commercially available vectors harboring a ubiquitous
promoter and the 2A sequence flanked by multiple cloning sites therefore a vector containing 2A-MtdsRed-2A-GFP-2A-V5, along with unique restriction enzyme sites for future cloning, was designed and then constructed by Invitrogen (in the background vector
from Invitrogen: pMK-RK). As the 2A peptide derived from porcine teschovirus-1 (p2A)
has been shown to have the best cleavage eﬃciency, compared to all known 2A peptides
(Kim et al., 2011), this 2A sequence was used in the design of the construct. The pCAGMtdsRed-2A-GFP vector, with WPRE 3’ to this sequence, was generated by restriction
digest cloning of MtdsRed-2A-GFP into the vector pCAG-MtdsRed-IRES-GFP-WPRE
using the EcoRI/ XhoI restriction enzyme sites (Figure 3.5). Initially to test that the 2A
sequence properly leads to the separate expression of GFP and MtdsRed, neurons were
transfected with the construct at 7 DIV and the cleavage eﬃciency was qualitatively
analysed by confocal microscopy 2 days later. Imaging confirmed successful cleavage as
cells expressed both MtdsRed, targeted to the mitochondria, and cytosolic GFP (Figure
3.5C). Interestingly, GFP fluorescence intensity was observed throughout the processes
when a laser setting of only 2% (gain 700). This was stronger than the GFP fluorescence intensity from cells transfected with the pCAG-MtdsRed-IRES-GFP construct.
This showed that eﬃcient, stable translation and expression of the diﬀerent proteins
within the 2A vector occurred.
To achieve more than 2 genes expressed from one vector several 2A sequences can be used
in conjunction with each other. The triple gene construct containing MtdsRed, GFP
and the human WTMiro1 construct was generated by cloning MtdsRed-2A-GFP-2A-V5
(from the Invitrogen generated construct) into the pCAG vector using EcoRI/ XhoI restriction enzyme sites, followed by the insertion of WTMiro1 after the V5 sequence using
InFusion cloning and the XhoI enzyme site. This resulted in the generation of the construct pCAG-MtdsRed-2A-GFP-2A-V5-Miro1 (Figure 3.6A). Neurons were transfected
with this vector and fluorescence imaging showed successful 2A cleavage (Figure 3.6B)
as GFP showed cytosolic expression and MtdsRed was correctly localised at the mitochondria. An a-V5 immunofluorescence stain showed that the Miro1 protein is expressed
and as expected targeted to the mitochondria (Macaskill et al., 2009)(Figure 3.6Bii).
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Figure 3.5: The 2A peptide is used to generate a multiple expression plasmid.
(A) Sequence of the 2A peptide and the point at which ‘ribosomal skipping’ occurs.
(B) Schematic of the pCAG-MtdsRed-2A-GFP vector. (C) Neurons transfected at 7
DIV, with pCAG-MtDsRed-2A-GFP, and imaged 2 days later show expression of both
plasmids within the same cell, detected with the laser settings shown (scale bar= 30
mm).
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Figure 3.6: Triple cDNA constructs using multiple 2A vectors.
(A) Schematic of the pCAG-MtdsRed-2A-GFP-2A-V5-Miro1 construct and (C) pCAGCREmyc-2A-MtdsRed-2A-GFP construct. (B and D) Neurons transfected at 7 DIV
and imaged 2 days later show successful cleavage and expression of the diﬀerent cDNAs.
(Bii) High resolution image shows the correct targeting of Miro to the mitochondria,
detected using an a-V5 antibody. (D) Expression of CRE within the transfected neuron
is detected using an a-myc antibody. (Dii and iii) TOM20 staining shows correct mitochondrial localisation of MtdsRed. (Div) Merge of the MtdsRed expression and TOM20
immunostain showing that dsRed is correctly targeted to the mitochondria.
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Another triple construct vector containing CRE, MtdsRed and GFP was also generated.
This time the 2A-MtdsRed-2A-GFP sequence was taken from the original Invitrogen vector and cloned into the pCAG containing construct using the restriction enzymes MfeI/
XhoI. Cre-myc was inserted 5’ to the first 2A peptide using EcoRI/ MfeI restriction
enzyme sites (Figure 3.6C). Neurons were transfected with the pCAG-CREmyc-2AMtdsRed-2A-GFP construct and imaging showed that successful ‘ribosomal skipping’
occurred (Figure 3.6D). As this construct has MtdsRed following a 2A peptide sequence
it was important to check that the targeting sequence was not disrupted as the mitochondrial targeting sequence is at the N-terminal of MtdsRed. MtdsRed fluorescence
colocalised with TOM20 antibody staining confirming correct mitochondrial targeting
(Figure 3.6Dii, Diii).
To confirm successful cleavage and protein expression cortical neurons were nucleofected
with the diﬀerent bi-cistronic constructs, that have been created, and allowed to express
until 10 DIV. The cells were lysed and probed by western blot to reveal the molecular
weight of the expected proteins and whether any fusion was occurring due to insuﬃcient
‘ribosomal skipping>v by the 2A peptide. (Figure 3.7). Firstly, probing the blot using
an a-GFP antibody showed successful cleavage, of GFP from all vectors, and expression
of GFP (Figure 3.7A). The diﬀerence in the weights of the GFP bands, arising from
cells transfected with the 2A plasmids compared to the IRES containing construct is
likely due to the additional amino acids linked to the GFP following the 2A cleaving
mechanism. Probing with antibodies to label the myc (Figure 3.7B) and V5 (Figure
3.7C) tagged proteins showed successful cleavage and expression of Cre, WTMiro1 and
DEFMiro1 (mutant Miro) proteins respectively.
This data shows that the 2A peptide can be used to successfully express two or more
proteins from a single vector. Western blot analysis revealed undetectable levels of any
fused protein that could have been generated from the full length 2A containing plasmids. Importantly, the intensity of fluorescence of the diﬀerent constructs was greater
or comparable to when the IRES sequence was used.

Adenovirus Characterisation
Adenoviral vectors were constructed containing the double expression vector MtdsRedIRES-GFP driven by either a CAG promoter (pAd-CAG), a fused human SYN1 pro-
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Figure 3.7: Western blot showing successful cleavage and expression of the diﬀerent
proteins found within the multiple expression constructs containing the 2A and IRES
elements.
Cortical neurons were nucleofected with the 2A and IRES multi cDNA containing plasmids and allowed to express for 10 DIV. Cells were lysed and samples were resolved by
SDS-PAGE and Western blotted. Membranes were probed with a-GFP (A), a-myc (B)
and a-V5 (C) antibodies to reveal the relevant protein weights.
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moter (ESYN1, pAd-ESYN1), or within a double LoxP/Cre expression system (pAdCre-Lox) and their neuronal specificity was assessed.
Adenovirus expression under the ubiquitous CAG promoter: pAd-CAG
First the cell specificity and eﬃciency of transduction by the adenovirus containing
the ubiquitous promoter, CAG, to drive expression of MtdsRed and GFP was tested.
Cultured hippocampal neurons that had been maintained for 10 DIV were infected by
the pAd-CAG virus (using the drop method as described in the materials and methods
section). Cultures were fixed and examined at least 3 days after transduction as MtdsRed
and GFP expression was generally not observed before this time point (likely due to the
life cycle of the adenovirus). As shown in Figure 3.8B both MtdsRed and GFP expression
was detected in cells by microscopy. Immunofluorescence staining allowed assessment
of the cell type transduced by the virus. By manually counting and quantifying the
number of expressing cells that colocalised with either the glial fibrillary acidic protein
antibody (GFAP) or the neuronal specific marker MAP2 it was found that out of 100 cells
counted 79% of cells the with MtdsRed and GFP expression colocalised with the GFAP
antibody, whilst only 8% colocalised with the MAP2 antibody and 13% of transduced
cells colocalised with neither marker (Figure 3.8C).
As the adenoviruses’ intended use is to transduce cells within an organotypic slice,
the viruses eﬃciency of infection was assessed on 7 DIV organotypic hippocampal slice
cultures. The slices were infected with virus using the drop method (materials and
methods) and allowed to express for 3 days. The low magnification microscopy images
(5x) shows that many cells can be eﬃciently transduced by the virus using this protocol
(Figure 3.9A). With the use of immunostaining it was possible to assess the type of cells
transduced by the virus (Figure 3.9B). Quantification of the amount of colocalisation of
MtdsRed and GFP fluorescence with GFAP or MAP2 antibody staining showed that the
majority of cells transduced by the virus, within an organotypic slice, were astrocytes
(astroglia 73% ± 1.39%, neuron 8.88% ± 1.69%, Other 17.8% ± 2.10%, Figure 3.9C).
The adenvorius was generated to a high titer of 2.6 x 1016 PFU/ml. The concentration
required to achieve transduction of cells for single cell analysis by the virus is around
107 PFU/ml this means that only a small quantity of virus is required and therefore
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Figure 3.8: pAd-CAG adenovirus infects mainly astrocytic cells within a primary hippocampal cell culture
(A) A schematic of the pAd-CAG adenovirus vector. (B) Representative image of an
astrocyte, within a primary hippocampal cell culture, transduced by the virus, confirmed
by immunofluorescence labelling with GFAP and MAP2 antibodies (scale bar= 30 mm).
(C) A count of the type of cells expressing the genetic probes shows that the majority
of cells transduced by the virus were astrocytes (n= 100 cells counted pulled from 3
diﬀerent preps).
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Figure 3.9: Infection of organotypic slices by the adenovirus pAd-CAG.
(A) Low magnification (5x) image showing the eﬃciency of transfection by the adenovirus (scale bar= 200 mm). (B) Representative images of an immunostained organotypic
slice with GFAP and MAP2, allowing quantification of the type of cells transduced by
the pAd-CAG virus (scale bar= 30 mm). (C) Quantification shows that the majority of
cells infected by the virus are astrocytes (n= 6, no. of slices, ANOVA post-hoc Bonferroni
comparison test, ***p<0.001).
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inflammatory response from the host cells can ideally be avoided (Wood et al., 1996).
In order to assess that viral transduction does not cause any cytotoxic eﬀects within
cells, the mitochondrial dynamics within astrocytes was examined. Firstly the viral
transfection technique needed to be modified in order for a transduction that would
allow for single cell analysis. On the day of slicing, hippocampal slices were incubated
for 1 hr at 4°C in slicing media with a viral concentration of 107 PFU/ml, after which
they were washed, plated on the membrane and cultured for 7-10 days (see materials
and methods). Following this, it was possible to examine the mitochondrial mobility
within the astrocytic processes (Figure 3.10).
Astrocytes maintain their highly branched structure within a slice making it possible to
quantify the mitochondrial dynamics within the astrocytic processes (Figure 3.10A). As
the mitochondria appear as distinct organelles within the processes, unlike in the cell
body where they appear as a continuous structure, it was possible to manually track
mobile mitochondria using time lapse confocal microscopy and the tracking plug-in in
ImageJ. The majority of mitochondria (approximately 85%) were stationary during the
5 mins imaging (movie: 1 frame every 5 s). This is similar to a recent report, that
calculated that ⇠ 20% of mitochondria were mobile in astrocytes (Jackson et al., 2014).

Interestingly, this is significantly less than the percentage of mobile mitochondria that
has been seen in dendrites (Macaskill et al., 2009). The movement of mitochondria
within the astrocytes was very variable, as can be seen from the representative kymographs (2D projection of mitochondria movement during the 5 mins movie) in Figure
3.10. Imaging showed that mitochondria could undergo bidirectional transport, stopping and starting, as well as oscillating on the spot, something which appears unique
to astrocytes. As many mitochondrial movements contained brief pauses and changes
in direction, the instantaneous velocity was quantified for moving mitochondria only
(moved more than 0.6 mm in one direction). By using the tracking plugin in ImageJ it
was possible to quantify the maximal velocity of the mitochondria. Within astrocytes
the mean instantaneous velocity for mobile mitochondria was 0.18 ± 0.01 mm/s (Figure
3.10). This value is similar to that reported by Jackson et al. (2014), though less compared to the mitochondrial velocity reported in neurons (Macaskill and Kittler, 2010).
This is interesting as it suggests that the movement of mitochondria in astrocytes might
be regulated by a diﬀerent transport pathway compared neurons. The rate of movement observed in astrocytes correlates with the short range mitochondrial movement
along actin filaments (Morris and Hollenbeck, 1995), suggesting that actin dependent
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traﬃcking mechanisms may play an important role within astrocytes.
Together this data shows that the adenovirus, pAd-CAG, is eﬃcient at introducing fluorescent probes into the cells of an organotypic slice, without causing inflammatory or
neurotoxic eﬀects. The mitochondria within the infected cells showed expected traﬃcking dynamics. However the adenovirus pAd-CAG appears to infect primarily astrocytes.
Even when diﬀerent concentrations, time points and techniques (i.e. drop method, collagen drop method (not shown) and incubation method)(Miyaguchi et al., 2000), was
used to introduce the virus into cells, the high proportion of astrocytes transduced by
the virus persisted.
Adenovirus expression under the enhanced neuronal specific ESYN1 promoter: pAd-ESYN
The adenovirus enters a cell by binding to CAR receptors, which has a wide-spread
distribution meaning the virus can infect many diﬀerent cell types. The lack of neuronal
infection makes it diﬃcult for use in the study of mitochondrial function within the
neurons of a slice. Therefore to improve the specificity of the virus the promoter was
altered to one that would allow neuron-specific expression.
An adenoviral vector containing a human SYN1 promoter fused with CMV to drive
transcription of the double expression vector, MtdsRed-IRES-GFP, was generated (pAdESYN). Previous papers have shown the restricted expression pattern of the SYN1
promoter within an adenovirus vector (Glover et al., 2002). However the transcriptional
activity of this promoter is much weaker than the traditional viral promoters, such as
CMV and CAG. As the virus being generated will result in the expression of two cDNAs
from one vector, an enhanced promoter fragment that can drive transcription to produce
strong expression of two cDNAs was required. By cloning SYN1 promoter into the CAG
promoter using the restriction enzyme sites NdeI/ EcoRI, a hybrid promoter which was
a combination of CMV enhancer and neuron-specific promoter, SYN1 (ESYN1) was
created. This has been used previously within a lentivirus transgene expression system
(Hioki et al., 2007). This report showed that the hybrid promoter, ESYN1, maintained
to a high degree the neuronal specificity of SYN1 alone, whilst generating a larger
amount of transgene expression. Importantly this transcriptional activity and neuronal
specificity of ESYN1 was sustained for up to 8 weeks (Hioki et al., 2007). A schematic
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Figure 3.10: Mitochondria move slower in astrocytes than in neurons
(A) Representative image at time= 0 of mitochondria positioned within astrocytes (20x
objective, scale bar = 30 mm). The dashed yellow lines correspond to the kymographs
shown in (B). (B) The fixed image shows mitochondrial positioning at time= 0, below
which are kymographs representing mitochondrial motility over a 5 min period (time
increases down the plot, interval 5 s, scale bar= 5 mm). (C) Quantification of the
instantaneous mitochondrial velocity of all the mitochondria tracked. The line marks
the average velocity (n= 60 mitochondria).
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of the plasmid constructed is shown in Figure 3.11A.
It is interesting to note that during the packaging and amplification of the pAd-ESYN
adenovirus, there was a low level of GFP fluorescence expression in some HEK293 cells.
This was unexpected and suggests the the pAd-ESYN promoter was not as specific for
neuronal transduction as intended.
To characterise the neuronal-specificity of transduction by the pAd-ESYN adenovirus
the type of cells transduced by the virus was quantified. As previously, rat neuronal hippocampal E18 cultures were infected with the pAd-ESYN virus at 10 DIV and quantified
3 days post-transduction. Cultures were co-stained with MAP2 and GFAP antibodies
in order to allow for quantification of the types of cells transduced by the virus (Figure
3.11B). By manually counting the types of cells, that colocalised with either of these
antibodies it was found that approximately 50% of neurons and astrocytes were each
transduced by the pAd-ESYN virus (Figure 3.11C). Therefore, it appears that the addition of the SYN1 promoter enhanced the amount of neuronal transduction achieved
by the adenovirus.
Following this, analysis of the amount of neuronal transduction within the cells of an
organotypic hippocampal slice was assessed. Slices were infected at 7 DIV with the
pAd-ESYN virus, via the drop method. 3 days post-infection the type of cells transduced by the virus was noted by seeing whether the cells expressing MtdsRed and GFP
colocalised with antibody staining for NeuN, Oligo2 (oligodendrocyte specific) or GFAP
(Figure 3.11D). Observations from confocal images showed that indeed neurons were infected by the pAd-ESYN virus, however there was also a large amount of non-neuronal
cells infected, such as oligodendrocytes and astrocytes. Within a dissociated culture
it is easy to distinguish between an astrocyte and a neuron due to their distinct morphological diﬀerences, however this is not as easy to achieve within a slice, particularly
when performing live-imaging experiments and without the help of antibody staining.
Even when lower concentrations of the pAd-ESYN virus was used, there was no obvious
change in the tropism of this virus, therefore a diﬀerent technique to achieve cell-specific
infection was utilised.
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Figure 3.11: Tropism of the pAd-ESYN adenovirus.
(A) Schematic of the pAd-ESYN adenovirus used to infect cell. (B) Antibody staining,
in dissociated culture, shows co-localisation of a cell transduced by the pAd-ESYN virus
with MAP2 and not GFAP, confirming that the virus can infect neurons (scale bar= 30
mm). (C) Quantification of the type of cells transduced by the virus (n= 100 cells pulled
from across 3 preps). (D) An organotypic slice, infected with the pAd-ESYN virus and
immunostained with NeuN and Oligo2 antibodies shows that neurons are infected. Filled
triangles shows transduced neurons, open triangles shows transduced oligodendrocytes
(scale bar= 20 mm).
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Figure 3.12: Design of a FLEX switch construct for MtdsRed-IRES-GFP.
(A) A single FLEX switch recombination system, leads to reversible inversion of the DNA
coding sequence. (B) A double FLEX switch recombination system containing loxP and
lox2272 orthogonal recombination sites, leads to stable inversion of the sequence, which
is achieved in two steps: (1) inversion followed by (2) excision.
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Adenovirus expression using a FLEX switch target system: pAd-Cre-Lox
In order to generate a system where gene expression occurs in specific cell types, a Cremediated inversion system of the MtdsRed-IRES-GFP coding sequence was generated.
In this approach, the coding sequence is inverted, between two antiparallel LoxP sites.
Initially the sequence is in the wrong direction for transcription until Cre causes inversion, following which transcription of MtdsRed-IRES-GFP would be achieved (Figure
3.12A). As Cre-recombination is reversible, inversion of the DNA sequence would not
be stable and would lead to a mixture of forward and reverse configurations, reducing
the amount of MtdsRed-IRES-GFP expression (Atasoy et al., 2008). To achieve stable
transgene expression, a double FLEX switch system was taken advantage of, which uses
two pairs of loxP spacer regions (Lee and Saito, 1998). As described in the schematic
in Figure 3.12B, upon Cre-recombination the vector first undergoes an inversion of the
coding sequence, leading to 2 recombination sites being parallel, which means that upon
further Cre-recombination excision of DNA sequence, containing a loxP site, occurs.
The final DNA sequence contains two recombination sites, oppositely orientated and
incapable of further recombination. The pAd-Cre-Lox virus, which takes advantage of
this double Flex system was generated by inserting the MtdsRed-IRES-GFP sequence in
the reverse direction between the Lox sites using the restriction enzymes AscI/ BsiWI.
First the specificity of the pAd-Cre-Lox expression vector in Cre expressing neurons
within primary cultures was analysed. On the day of dissection, dissociated neurons
from E18 rat embryos were nucleofected with or without Cremyc plasmid. As a neuronspecific program was used for nucleofection, only neuronal cells within the culture should
be expressing Cre. At 7 DIV the cultures were infected with pAd-Cre-Lox virus (drop
method) which was left to express for 3 days. To quantify the type of cells infected, the
cultures were immunostained with MAP2 and GFAP antibodies. The pAd-Cre-Lox virus
strongly expressed in the presence but not in the absence of Cre (Figure 3.13A). A count
of the type of cells that the MtdsRed and GFP fluorescent probes were colocalising with,
showed that expression was specifically in neurons (Figure 3.13). Next organotypic slices
generated from an Olig2-Cre transgenic mouse line, which has the Olig2 (oligodendrocyte
transcription factor 2) locus driving expression of Cre in Olig2 expressing cells only,
was infected with the pAd-Cre-Lox virus (incubation method). Qualitative analysis of
the viral transduction within these slices showed that MtdsRed and GFP expression
colocalised exclusively with Olig2 antibody immunostained cells (Figure 3.13C).
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Therefore with this system it was thought that specific neuronal expression, of the cDNAs, could be achieved when the pAd-Cre-Lox virus was used in conjunction with a
neuronal specific Cre expressing mouse line. Slices were generated from a CamKIIaCre transgenic mouse line and infected with the pAd-Cre-Lox adenovirus as previously
(incubation method). These slices have Cre expression under the calcium/calmodulindependent protein kinase II alpha promoter which is highly expressed in neurons of the
hippocampus and the cortex (Dragatsis and Zeitlin, 2000). Unfortunately, following
viral transduction no fluorescent expression was observed when the slices were imaged,
14 DIV, using confocal microscopy. CamKIIa-Cre is not expressed early in development, expression begins within the second postnatal week and then increases until P90.
Therefore as the cultured age was equivalent to P21 at which point CamKIIa driven
Cre expression would still have been low, neuronal expression of the virus could not
be achieved. Therefore to obtain neuronal expression with organotypic cultures, early
expressing neuronal Cre lines should be used, such as KA-Cre (Cre expression under the
Grik4 promoter).
Altogether this data shows that Cre-recombination along with a Lox containing virus will
result in expression of probes in a specific subset of cells. However early Cre expression
in a neuron specific line is required for use with the pAd-Cre-Lox adenovirus to achieve
neuronal specific expressionin organotypic slices.

Discussion
The use of an IRES or a 2A peptide sequence to introduce multiple genes into a cell
from one vector plasmid is increasingly becoming the norm particularly to avoid plasmid
competition and in viral vectors. In this chapter, it has been shown that the use of both
IRES and 2A containing vectors will result in the successful co-expression of two or
more plasmids within the same cell. Comparison of the expression levels and cleavage
eﬃciency helped to determine the best construction of multi- plasmid containing vectors.
As transfection of plasmids into organotypic cultures is diﬃcult and will often damage
the tissue an adenoviral transduction system was implemented. Infection of slices by
the adenovirus resulted in a high eﬃciency of cells transduced. The vector; pCAGMtdsRed-IRES-GFP was successfully cloned into an adenovirus resulting in a probe
that can eﬃciently transduce astrocytes. In order to achieve neuronal specificity an
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Figure 3.13: pAd-Cre-Lox infects Cre-expressing cells specifically.
(A) Nucleofected neurons with (i) and without (ii) Cre shows that viral transduction
occurs in the Cre expressing cells only (scale bar = 30 mm). (B) Quantification of the
type of cells, within a primary culture, infected with the pAd-CAG, pAd-ESYN and pAdCre-Lox viruses, showing that pAd-Cre-Lox gives the greatest specificity (n = 100 cells).
(C) pAd-Cre-Lox viral transduction of Olig2-Cre organotypic slices, shows expression of
the virus in oligodendrocytes (scale bar = 20 mm).
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enhanced SYN1 promoter containing vector was created which exhibited higher but
not absolute selectivity for neuronal cells. A Cre-loxP system allowed for exclusive
expression of a loxP containing plasmid within Cre expressing cells and was eﬀective
when used with an Olig2-Cre transgenic mouse line, whereby oligodendrocytes within
an organotypic slice showed specific expression of the cDNAs contained within the viral
vector. However neuronal specific expression was not achieved when the adenovirus was
used with organotypic slices generated from a neuron specific Cre transgenic mouse.
Therefore a system where by an adenovirus can introduce genetic probes into neuronal
cells within an organotypic slice must be explored further.
Generation of multi-cistronic vectors
Use of an IRES element resulted in consistent expression of two plasmids. However
qualitative analysis showed that that when using the IRES construct the amount of GFP
fluorescence was much lower when it was downstream to the IRES sequence compared
to when it was upstream to the IRES sequence. The IRES does tend to produce lower
amounts of the downstream protein in relation to the upstream protein. However this
dramatic diﬀerence in expression levels was not observed for MtdsRed when its position
was altered. This concurs with work by Hennecke et al. (2001) who has studied the
eﬀects of diﬀerent gene arrangements on IRES-driven translation and has found that
certain coding sequences can exert negative eﬀects on IRES-mediated translation. With
this in mind, systematic engineering of multi-plasmid containing IRES constructs is
required, particularly when it contains a plasmid encoding GFP.
The development of the 2A peptide and its application within multi-cistronic vectors
is gaining popularity. Here it has been shown that the 2A peptide can be used for
the eﬃcient transfection of two or more constructs. The 2A peptide maintains a more
reliable expression level of the downstream plasmid compared to that translated by an
IRES element. Previous reports have shown that GFP can cause inhibitory eﬀects on the
skipping mechanism of the 2A peptide (Chan et al., 2011), however this was not observed
here as the constructs containing the Miro1 plasmid downstream of GFP showed eﬃcient
cleavage and expression of the protein. The highest cleavage eﬃciency 2A peptide which
has been used within the constructs is derived from the porcine teschovirus-1 (p2A)
(Kim et al., 2011). However each time a new construct is made the possibility of fused
protein, due to ineﬃcient ribosomal skipping, must not be overlooked. Cleavage must be
assessed for every protein within every vector. Even so, for future work, the 2A peptide
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containing vectors provide an ideal strategy for co-expressing multiple genes.
Adenoviral targeting of transgenes to a neuronal cell population within an organotypic
slice
An adenoviral vector harboring an IRES gene flanked by the MtdsRed and GFP genes,
was used to simultaneously express these genes within mammalian cells. Adenoviral
vectors are excellent tools for studying gene function in the brain, although a limitation
was the ability to eﬀectively target transgene expression to specific neuronal populations
due to its broad tropism. Diﬀerent adenovirus vectors containing diﬀerent promoters
or a loxP flanking system were characterised for their neuronal transduction eﬃciency.
Only the loxP flanking system provided the potential of exclusively targeting the genetic
probes to neurons.
The adenovirus driven by the CAG promoter, which is an enhanced version of the CMV
promoter, infected mainly astrocytes. This concurs with results seen by many studies
that have assessed the widespread use of the CMV promoter to drive adenoviral-mediated
neuronal gene expression both in vitro and in vivo. These studies found that despite
the high infection eﬃciency of the CMV driven adenovirus only weak to moderate CMV
promoter activity in neurons and very strong activity in astrocytes were observed (Kügler
et al., 2001; Pi et al., 2004; Schmidt et al., 2005; Ebert et al., 2005; Boulos et al., 2006;
Candolfi et al., 2007). This suggests that the use of the CMV promoter, and in turn
its enhanced version CAG, has a limited eﬃciency for transduction of a high number of
neurons.
Use of a SYN1 promoter fused with CMV within the adenoviral vector was hoped
to achieve increased neuronal specificity. The SYN1 promoter alone is highly specific
though it produces relatively weak transgene expression (Hedegaard et al., 2013). As
high levels of transgene expression is often what is strived for, the use of a fused (CMV
and SYN1) ESYN1 promoter was necessary for use within a viral vector system for the
transcription of a multi-cistronic plasmid. Indeed, previous reports have confirmed that
a hybrid approach is an eﬀective improvement(Wang et al., 2005; Liu et al., 2004; Li
et al., 2005; Hioki et al., 2007; Kumar et al., 2015). The adenovirus containing the
ESYN1 promoter mediated greater transgene expression of GFP and MtdsRed within
neurons compared to the pAd-CAG virus. However neuronal specificity was not achieved
at the levels known for SYN1 alone. As approximately only 50% of cells transduced by
the virus were neurons, this was not to a level that would allow distinct recognition of

CHAPTER 3. GENETIC PROBES

138

neuronal cells within an organotypic slice live cell imaging assay. Enhanced neuronal
specific promoters have previously been shown to not maintain their specificity for neurons, showing varied activity and specificity in vivo (Hirai, 2008; Takayama et al., 2008;
Goenawan and Hirai, 2012). However, Hioki et al. (2007) showed that the neuronal
specificity of the ESYN promoter was comparatively high and provided expression levels
equal to CMV promoter driven expression (Hioki et al., 2007). This hybrid promoter
was used within a lentivirus system, derived from the HIV-1 virus and contains the G
glycoprotein gene from Vesicular Stomatitis Virus (VSV-G) as a pseudo-typing envelope
(Blömer et al., 1997), this in theory has a broad tropism over a range of cells, therefore
requiring promoter driven expression like the adenovirus. However when used within
the central nervous system it has been shown that the lentivirus (without a neuronal
promoter) can eﬃciently targets neuron (Kittler et al., 2006), unlike the adenovirus.
This could explain why there is increased neuronal specificity with the ESYN promoter
within the lentivirus system compared to its use within the adenovirus system. Therefore
designing an adenovirus neuronal hybrid promoter that would overcome the problems
of nonspecific, weak expression patterns was not achieved.
An alternative approach for achieving cell specific transgene expression with adenoviruses, was to use a FLEX switch adenovirus system that would exclusively allow
GFP and MtdsRed expression in Cre expressing cells. Exclusive expression was observed
within the Cre expressing cells of primary cultured neurons and Olig2-Cre promoter
driven cells of an organotypic slice. Unfortunately use of the FLEX adenovirus along
with slices generated from a CaMKIIa driven Cre-recombinase transgenic mouse line
did not achieve specific neuronal targeting. Interestingly, neuronal targeting has been
demonstrated, in vivo, with a Cre-recombinase- dependent FLEX switch viral vector system containing ChR2mCherry (Channelrhodopsin-2) (Atasoy et al., 2008). Expression
of the gene was spatially restricted to a subset of molecularly defined neurons within the
hypothalamus. This specificity was achieved through the use of POMC-Cre (Balthasar
et al., 2004) and AGRP-Cre (Kaelin et al., 2004) transgenic mouse lines. POMC and
agouti- related proteins (AGRP) define a specific neuron population and are expressed
embryonically. Conversely the time course of expression of CaMKIIa driven Cre- recombinase is too late for use within an organotypic slice and adenovirus infection, though
this system may have potential for cDNA expression in vivo postnatally. Therefore, an
alternative Cre- recombinase transgenic mouse line must be used in order to achieve
neuronal specificity of transgene expression with the FLEX adenovirus in organotypic
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slices.
Alternative approaches for achieving neuronal transfection in organotypic slice
Even though adenoviruses can infect their target cells with a high eﬃciency, allowing
persistent expression of the introduced probes for weeks and months, its main disadvantage is that it is very ineﬃcient at targeting neurons as their preferential infection
of glial cells means that their is limited transduction of neurons within a slice. However alternative viral vectors can be used for gene delivery into neurons in vivo and in
vitro. Other viruses have distinct tropisms that make them more eﬃcient for introducing
genetic probes into neurons.
Adeno-associated viruses (AAV) have emerged as powerful tools for gene delivery into
neurons. Diﬀerent AAV serotypes express distinct capsid proteins that use diﬀerent cell
surface receptors for entry into a cell (Büning et al., 2008). AAV-2 is the most commonly
used serotype which can infect neurons with high eﬃciency and low toxicity (Royo et al.,
2008). However, AAV’s have a significantly smaller insert size (⇠ 5 kb) compared to
adenoviruses, limiting the amount of genetic information that can be carried by the virus,
and a later onset of transgene expression (⇠ 2 weeks after infection), hampering the time
frame of experiments. The increased availability of the 2A sequence that allows eﬃcient
expression of two genes from a single promoter, rather than using an IRES sequence
which is much larger, means it is now more feasible to have two or more DNA sequences
packaged into an AAV virus (Hutson et al., 2014). More recently AAV vectors have
been optimised to accommodate large open reading frames making them more useful
for delivering and expressing large transgenes in neuron specific cells (Holehonnur et al.,
2015). However the packaging size is still not equivalent to that of an adenovirus.
Alternatively, lentiviruses provide a large packaging capacity and have a high transduction eﬃciency and low toxicity. Though previously known to integrate into the host
genome, carrying the risk of inserting mutations, the development of self-inactivating and
replication defective vectors has made them eﬃcient carriers for genetic sequences into
mammalian cells (Rahim et al., 2009). However, the lentivirus has a broad tropism, like
the adenovirus, and selective expression can only be achieved by changing the tropism
of the virus or by using specific cell promoters, as described previously (Hioki et al.,
2007). This latter approach requires broad cell infection by the lentivirus which might
have deleterious eﬀects (Sawada et al., 2010).
As viruses are time consuming and expensive to generate, as well as requiring biosafety
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facilities for their use, alternative approaches for introducing genetic probes into neurons
of an organotypic slice include microinjection and biolistics.
Adenovirus use for analysis of mitochondrial dynamics within astrocytes
As virus infection would normally induce an innate immune response in neurons, it
was important to assess that viral transduction did not aﬀect the physiology of the cells
infected. As transduction of cells by the adenovirus pAd-CAG introduced the mitochondrially targeted probe into astrocytes, it was possible to assess mitochondrial dynamics
within astrocytes. Interestingly, the rate of movement of astrocytic mitochondria is
slower than that purported for neuronal mitochondria (Macaskill et al., 2009), however
similar to the mitochondrial instanteous velocities reported by Jackson et al. (2014) recently. As the mitochodrial dynamics are in physiological range this provides evidence
that the adenovirus has little immunoreactivity eﬀects, within the slice, upon infection.
The mitochondria within astrocytes had a diverse array of dynamic movements with
the rate of movement closely correlating that of mitochondrial movement along actin
filaments (Morris and Hollenbeck, 1995), suggesting that alternative mitochondrial trafficking mechanisms may exist within astrocytes compared to neurons.
Therefore, the eﬃcient transduction of the adenovirus, containing diﬀerent genetic probes
or genes, into astrocytes would allow for the mitochondrial traﬃcking mechanisms within
astrocytes to be investigated further.

Chapter 4

Miro1 and Miro2- dependent
mitochondrial traﬃcking is
important for neuronal
development.
Introduction
During brain development, neurons grow extensively in order to achieve their complex
neuronal morphologies that are essential for the formation of neuronal circuits and for
propagating information throughout the brain (Jan and Jan, 2010; Branco and Häusser,
2010). Following diﬀerentiation, extensive dendritic growth results in neurons that can
be morphologically characterised by the architecture of their dendritic branches. Correct
formation of the dendritic tree is important for the neurons integrative properties, its
connectivity, signaling and response to changes during synaptic plasticity (Spruston,
2008; Jan and Jan, 2010). Therefore an understanding of how the dendritic tree is
correctly formed is an important goal.
The neuron is an energy demanding cell. Many mechanisms within the neuron require
cellular energy in the form of ATP. The reversal of ion influxes underlying synaptic
and action potential signaling, the pumping of transmitters into vesicles and signal
transduction and traﬃcking events during synaptic plasticity, are all mechanisms that
141

CHAPTER 4. THE IMPORTANCE OF MIRO IN NEURON DEVELOPMENT 142
demand ATP production (Harris et al., 2012; Rangaraju et al., 2014; Sheng and Cai,
2012). As well as this, during brain development robust mechanisms must exist to ensure
the growth of dendrites and these are likely to require large amounts of energy (Kuzawa
et al., 2014). In fact, during development the brains energy costs can rise to as much
as 50% of the total bodies resting energy usage (Kuzawa et al., 2014), substantially
more than the energy costs of the fully grown adult brain, which uses 20% of the bodies
resting energy (Harris et al., 2012). However, very little is known about how ATP
production and neuronal development are linked and whether it is important for the
regulated development of the dendritic tree.
The most eﬃcient production of ATP within the neuron is by mitochondria which utilse
oxygen and glucose to produce ATP. As well as producing ATP, mitochondria are also
important for buﬀering Ca2+ and regulating apoptotic signaling (Macaskill and Kittler,
2010; Sheng and Cai, 2012). Thereby mitochondria play an essential role in regulating
the local ATP supply and calcium dynamics that control neuronal signaling and synaptic
strength. Mitochondria are highly dynamic organelles, they undergo long-range bidirectional transport along axons and dendrites as well as constantly undergoing fission and
fusion events (Saxton and Hollenbeck, 2012; Sheng and Cai, 2012). Interestingly, within
the neuron, high densities of mitochondria are found, at presynaptic terminals and at
the base of dendritic spines (Li et al., 2004; Verstreken et al., 2005), regions of high
activity with high energy demands. This implies that mitochondrial targeting is correlated to regions with local energy and calcium buﬀering requirements. However the role
of mitochondria and the importance of their positioning during neuronal development
remains unclear.
The proper localisation of mitochondria within the axon has been shown to be critical
for its growth and branching (Courchet et al., 2013; Spillane et al., 2013; Tao et al.,
2014b). The significance of mitochondrial targeting within the dendrites, particularly
during development, is less well understood. It has been noted that a high density of
mitochondria are often accumulated at dendritic branch points (Fukumitsu et al., 2015).
Manipulation of the fission and fusion machinery results in altered mitochondrial density with the mistargeting of mitochondria resulting in the disruption of correct dendritic
development and dendritic spine formation (Li et al., 2004; Chen et al., 2007; Ishihara
et al., 2009). However, the fission/fusion balance aﬀects the function of mitochondria
making it diﬃcult to separate results due to mitochondrial dysfunction from that of
mitochondria mislocalisation during dendritic development. As the sites of dendritic
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growth are often large distances from the soma, precluding the diﬀusion of ATP as
being an eﬃcient energy source for maintaining growth, an understanding of the mechanisms involved in the correct distribution of mitochondria and how this impacts on
dendritic development is important. This is particularly crucial as defects in mitochondrial dynamics has been shown to compromise synaptic function (Macaskill and Kittler,
2010; Sheng and Cai, 2012) and defective mitochondrial traﬃcking has been related to
neurological and neurodegenerative diseases (Mattson et al., 2008; Sheng and Cai, 2012).
The most well studied aspect of the mitochondrial regulatory transport pathways has
been the calcium dependent control of mitochondrial mobility by the mitochondrial outer
membrane protein Miro1 (Liu and Hajnóczky, 2009; Saotome et al., 2008; Macaskill
et al., 2009; Wang and Schwarz, 2009). Reports have identified Miro as being a key
regulator of mitochondrial traﬃcking within axons and dendrites (Wang and Schwarz,
2009; Macaskill et al., 2009; Fransson et al., 2003), due to its association with the
kinesin transport motor, KIF5. Miro’s two EF hand Ca2+ binding domains, allows Miro
to detect changes in the intracellular Ca2+ concentration resulting in the uncoupling
of mitochondria from the transport pathway. Two diﬀerent orthologues of Miro exist
in mammals, Miro1 and Miro2. They are 60% identical though virtually nothing is
known regarding the individual roles these proteins may play in mitochondrial traﬃcking
and distribution within axons and dendrites (Fransson et al., 2003). Whether they act
in a redundant or cooperative manner and how their roles may impact on neuronal
development is unclear.
In this chapter, the role of Miro1 and Miro2 in regulating correct dendritic mitochondrial distribution and neuronal development has been investigated by utilising mouse
genetic models. Fixed cell fluorescent imaging has revealed that Miro1 is the main regulator of mitochondrial dynamics and that loss of Miro1 results in an altered dendritic
morphology. However removal of both Miro1 and Miro2 provides compelling evidence
that Miro2 is not redundant as an enhanced defect on mitochondrial distribution and
neuronal morphology is observed.
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Results
Miro1 and Miro2 have diﬀerent roles for animal viability
In order to investigate the eﬀects of Miro on mitochondrial traﬃcking, mouse knock-out
(KO) strains for Rhot1 (Miro1 gene, hereafter Miro1) and Rhot2 (Miro2 gene, hereafter Miro2) have been generated and characterised. A constitutive deletion of Miro1
was generated following the Knock-Out First strategy, whereby an L1L2_gt1Cassette
(contains the LacZ gene reporter tag insertion allele) was inserted between the first and
second exon of the Rhot1 gene (tm1a), thus inhibiting generation of the Miro1 protein (Figure 4.1A). Miro2 deletion was made as a reporter tagged deletion (tm1) where
by the gene exons 2 to 16 were substituted through homology recombination by an
L1L2_Bact_PCassette (Figure 4.2A), preventing Miro2 transcription. PCR analysis of
DNA extracted from E16 (Embryonic day 16) wildtype (WT), heterozygote (HET) and
KO brains (Figure 4.1B & 4.2B) and western blot analysis of Miro1 and Miro2 protein levels from E18 brain lysates (Figure 4.3A-B) confirmed successful Miro1 deletion
(Miro1KO ) and Miro2 deletion (Miro2KO ).
To verify the expression pattern of Miro1 in mouse brain, the inserted LacZ gene can
be utilised as a reporter. A reaction between LacZ and X-Gal creates a blue precipitate showing the localisation of the Miro1 gene (Figure 4.4A). Sagittal brain sections of
WT and Miro1 HET adult brains were stained for galactosidase activity (Figure 4.4B).
Light imaging showed that Miro1 is expressed throughout all regions of the brain, with
b-galactosidase having strong enzymatic activity in the neuronal cell layer of the hippocampus and the Purkinje cell layer of the cerebellum (Figure 4.4C).
Deletion of Miro1 was found to be recessive lethal, this is thought to be due to a breathing
dysfunction at birth (Turgeon and Meloche, 2009), and is a defect that was noted recently
by Nguyen et al. (2014). Miro1KO oﬀspring rapidly became cyanotic in appearance
and died within the first 15 to 30 mins of life, even though they were born at the
expected mendelian ratio and show a similar size and shape to their WT littermates at
birth (Figure 4.1D). Miro2KO animals were found to be viable until adulthood, fertile
and indistinguishable from WT littermates. Interestingly, Miro1 protein levels were
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Figure 4.1: Miro1KO transgenic mouse.
(A) Rhot1 transgenic allele (Rhot1tm1a(EUCOMM)Wtsi) is a knockout-first (tm1a)
mouse, with the insertion of an L1L2_gt1 cassette, flanked by FRT sites, between exon
1 and 2 and LoxP sites flanking exon 2. Flp driven recombination of tm1a produces
Rhot1 conditional allele (tm1c). Miro1 expression is again possible as En2 splice acceptor
has been removed. This allele has the potential to become knockout again when Cre
recombination occurs producing the deletion allele (tm1d). (B) PCR analysis on DNA
extracted from E16 embryos shows successful deletion of the Rhot1 knock-out first allele.
(C) Miro1KO animals die soon after birth. They present a cyanotic appearance compared
to WT littermates (scale bar= 5 mm).
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Figure 4.2: Miro2KO transgenic mouse
(A) Rhot2 allele (Rhot2tm1(KOMP)Wtsi) is of the type tagged deletion (tm1).
Exons from 2 to 16 are substituted through homology recombination by an
L1L2_Bact_PCassette. (B) PCR analysis on DNA extracted from E16 WT, Het and
KO embryos shows successful Rhot2 deletion.
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Figure 4.3: Western blot analysis of Miro1 and Miro2 protein levels
Western blot analysis of protein levels from E18 brain lysates confirms the loss of Miro1
protein (A) and Miro2 protein (B) within the respective embryos. ApoTrack antibody
shows that there is equal mitochondrial content within the lysates from both WT and
mutant brains. Equal loading control is shown by probing with an a-actin antibody.
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Figure 4.4: b-galactosidase activity to label Miro1 expression
(A) Mechanism of X-gal hydrolysis with b-galactosidase to produce the blue precipitate
detected within treated brains. (B) Staining for b-galactosidase activity in the adult
brains of WT (negative control for X-gal activity) and Miro1 HET mice, shows that
their is expression of Miro1 throughout the brain. (C) High resolution images showing
b-galactosidase activity in the layers of the cortex, the hippocampus, the striatum and
the cerebellum.
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significantly increased in the cortex and hippocampus of Miro2KO adult brains suggesting
that compensatory mechanisms may exist to counteract the loss of Miro2 (data not
shown).

Miro1 and Miro2 have diﬀerent roles in mitochondrial traﬃcking and
distribution
In order to elucidate the roles played by Miro1 and Miro2 in mitochondrial transport,
mitochondrial traﬃcking within WT, Miro1KO and Miro2KO cultured neurons was assessed. Hippocampal neuronal cultures generated from Miro1+/- x Miro1+/- or Miro2+/x Miro2+/- matings, were transfected at 12 DIV with GFP to fill the cell and MtdsRed
to label mitochondria (or GFP, MtdsRed and myc-Miro1WT in rescue experiments).
Mitochondrial mobility within axons and dendrites was assessed at 14-15 DIV using live
imaging microscopy (these experiments were carried out by Guillermo Lopez-Domenech
and the data is shown in Appendix Figure A.1). The number of mobile mitochondria
in the dendrites and axons of Miro1KO neurons was dramatically reduced compared to
WT controls, this is similar to previous reports using RNAi’s (Macaskill et al., 2009;
Wang and Schwarz, 2009). These alterations in mitochondrial transport were completely
rescued with the expression of a myc-Miro1WT construct, which was transfected and
allowed to over-express for two days before imaging. Surprisingly, the mitochondrial dynamics in both the axon and dendrites of Miro2KO neurons were not altered compared
to WT controls (Appendix Figure A.2), this suggests that Miro2 does not play a key
role in regulating mitochondrial traﬃcking or that its function can be compensated for
by Miro1.
Using high resolution confocal microscopy, to generate images that can be stitched together to show the morphology of the whole cell and the mitochondrial distribution
within its processes, it appeared that Miro1-dependent mitochondrial traﬃcking has an
aﬀect on the mitochondrial distribution within dendrites. Strikingly, 14 DIV Miro1KO
neurons appeared to have large segments of its distal dendrites completely absent of
mitochondria. In fact, the vast majority of mitochondria appeared to accumulate in
the proximal regions of the dendrites and only sparsely distribute within the distal dendrites. This is diﬀerent to WT neurons where mitochondria are distributed throughout
the dendritic processes (Figure 4.5A-B). To quantify the eﬀect of Miro1 depletion on mitochondrial distribution a “Sholl” analysis, which quantifies the number of mitochondrial
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fluorescent pixels within concentric circles radiating out from the cell soma, was used.
This allowed for a mitochondrial cumulative distribution curve as a function of distance
from the soma to be plotted and shows that there is a clear shift to the left in the curve
for Miro1KO neurons compared to WT. This confirmed that mitochondria accumulate
in the proximal regions of the dendrites with a concomitant reduction in distal dendrites
(Figure 4.5C). In order to take into account changes in neuronal size, the point at which
60% of the total mitochondrial mass was found, within a normalized proximal to distal
dendritic axis (the dendritic tips = 1 in a normalised axis), has been calculated. Whilst
the WT Mito60 value was 0.20 ± 0.02 arbitrary units (a.u.), Miro1KO Mito60 value was
0.12 ± 0.02 a.u., an approximately 40% decrease, substantiating the fact that a result
of knocking-out Miro1 is a more accumulated distribution of mitochondria within the
dendrites compared to WT (Figure 4.5D, t-test, p= 0.003).
In contrast, the deletion of Miro2 did not aﬀect the distribution of mitochondria. Miro2KO
neurons showed no significant diﬀerence in their mitochondrial cumulative frequency
curve for mitochondrial distribution within their dendrites compared to WT neurons
(Figure 4.6B). Also, when taking into account neuronal size there was no significant
diﬀerence between the Miro2KO neurons Mito60 value, of 0.12 ± 0.01 a.u., and the WT
value of 0.17 ± 0.03 a.u. (Figure 4.6C, t-test, p= 0.16).
This data highlights that Miro1 is the principal regulator of mitochondrial traﬃcking
within neurons, and a key determinant of correct mitochondrial distribution within
dendrites. It appears that this mitochondrial traﬃcking function cannot be readily
compensated for by endogenous Miro2. The loss of Miro2 alone does not cause any
defects implying that it has a redundant role in mitochondrial distribution or that this
role can be easily compensated for by endogenous Miro1.

Correct mitochondrial traﬃcking and distribution, dependent on Miro1,
is critical for correct dendritic development
Following the analysis of the mitochondrial distribution within WT and Miro1KO neurons, it was noted that the Miro1KO cells were much smaller and less developed than
control neurons (Figure 4.7). From stitched, high resolution images of 14 DIV GFP
transfected neurons it was possible to trace the dendritic architecture of the neurons.
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Figure 4.5: Correct mitochondrial localisation within dendrites is regulated by Miro1
(A) Representative images of hippocampal WT and Miro1KO neurons co-transfected
with GFP and MtdsRed, imaged at 14 DIV (scale bar= 100 µm). (B) Scaled dendritic
process (red) shows mitochondria (white) are distributed throughout WT dendrites, but
only located in the proximal region of Miro1KO dendrites (scale bar= 30 µm). (C and D)
Quantification of the mitochondrial distribution within dendrites of WT (n= 11) and
Miro1KO (n= 17) neurons. (C) The cumulative frequency curve of the mitochondrial
distribution within dendrites and (D) the Mito60 value shows a shift, towards the soma,
in the proximal-distal distribution of mitochondria within Miro1KO dendrites. (t-test
*p<0.05, ** p<0.01).
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Figure 4.6: Miro2 deletion does not disrupt the mitochondrial distribution within dendrites
(A) WT (n= 16) and Miro2KO (n= 13) hippocampal neurons co-transfected with GFP
and MtdsRed and imaged at 14 DIV (scale bar= 100 µm). (B) Cumulative frequency
curve of mitochondrial distribution and (C) Mito60 value, show no diﬀerence in the
distribution of mitochondria within WT and Miro2KO dendrites.
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Analysis showed that Miro1KO had on average 2447 ± 54 mm total dendritic length,
approximately 35% less than control neurons, which had on average developed 3793 ±
89 mm of total dendritic length (t-test, p= 0.0003, Figure 4.7B). Surprisingly the total
number of branch points within Miro1KO neurons was unaﬀected (WT 55.7 ± 2.78,
Miro1KO 57.9 ± 3.53, t-test, p= 0.63, Figure 4.7C), even though images show that there
is an obvious change in dendritic complexity. Sholl analysis, which allows a quantitative
assessment of the eﬀects of Miro loss on dendritic branching, as a function of distance
from the cell body, shows that there is a marked increase in the number of branch points
in the proximal region of Miro1KO dendrites combined with a decrease in the number
of branch points in the distal dendritic regions of the neuron (Figure 4.7D, a plot of the
number of branch points within 10 mm shells against distance from the soma). Due to
the obvious changes in neuronal cell size to make it clear the change in the dendritic
branching distribution on the proximal-distal dendritic axis, the point at which 90% of
branch points are located within a size-normalised cell was calculated (BP90 ). The BP90
for Miro1KO neurons was 0.55 ± 0.03 a.u., significantly less than the BP90 value of 0.62
± 0.02 a.u. for WT neurons (t-test, p= 0.03). This confirms that Miro1KO neurons
have significantly more branching towards the soma (Figure 4.7E). It is interesting to
note that the shift in dendritic complexity appears to correlate with the observed change
in mitochondrial distribution. This suggests that there is a strong correlation between
mitochondrial density and branch point density.
At 14 DIV there was no significant diﬀerence in the dendritic length or the number and
distribution of branch points of Miro2KO neurons compared to WT controls (Figure 4.8;
dendritic length; WT 2336 ± 158 mm, Miro2KO 2293 ± 144 mm, t-test, p= 0.85, branch
points; WT 40.3 ± 2.89, Miro2KO 38 ± 1.98, t-test, p= 0.62). This indicates that in the
presence of Miro1, Miro2 is not required for correct dendritic development.
Neuronal morphology at an early stage of cortex development (E18, when Miro1KO
animals are still viable) was assessed in order to investigate the impact of Miro1 loss on
early neuronal development in vivo. At this early time point, the first cortical layers have
been established (VI-V-IV) and the first steps of diﬀerentiation have occurred, making
it possible to analyse process length and branching (Ayala et al., 2007). Golgi labelled
neurons, that were just underneath the cortical plate (Figure 4.9A), within E18 Miro1KO
and HET brains, were reconstructed and analysed. This showed that there was a clear
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Figure 4.7: Miro1 is important for dendritic arborisation
(A) As previously, representative images of hippocampal WT and Miro1KO neurons cotransfected with GFP and MtdsRed, imaged at 14 DIV (scale bar= 100 µm). (B-E)
Miro1KO (n= 19) cells show an altered dendritic morphology, with a reduction in (B)
dendritic length, but no diﬀerence in the (C) number of branch points compared to WT
dendrites (n= 15). (D) Sholl analysis of the number of branch points, plotted as the
number of branch points within 10 mm shells against distance from the soma, and (E)
the BP90 branch point value (normalised dendritic axis) show Miro1KO dendrites have
more branching in proximal regions compared to WT (t-test, *p<0.05, ***p< 0.005).
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Figure 4.8: Loss of Miro2 has no eﬀect on dendritic morphogenesis in vitro
(A) Representative images of dendritic morphology (GFP) and mitochondrial localisation (MtdsRed) for WT and Miro2KO hippocampal neurons, 14 DIV (scale bar= 100
µm). (B-E) Quantification of dendritic morphology; (B) dendritic length; (C) number of
branch points; (D) sholl analysis of the number of branch points; and (E) BP90 branch
points value (normalised dendritic axis), show that there is no diﬀerence in dendritic
complexity of WT (n= 17) and Miro2KO (n= 12) neurons, (t-test shows no significance).
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delay in the dendritic diﬀerentiation of Miro1KO neurons (Figure 4.9B). Total neurite
length and the number of branch points were significantly reduced when compared to
control littermates (Figure 4.9C-D, process length; HET 183 ± 8 mm, Miro1KO 139 ±
10 mm, t-test, p= 0.0009, branch points; HET 4.4 ± 0.37, Miro1KO 2.7 ± 0.28, t-test,
p= 0.0005). This strongly suggests that Miro1 has a physiological role in regulating
dendritic development in vivo.
From these results, it has been demonstrated that Miro1 unlike Miro2 has a critical
function in regulating neuronal development. The regulation of mitochondrial traﬃcking
and distribution by Miro1 is revealing a model whereby mitochondrial mass influences
correct dendritic development, in vitro and in vivo.

Co-operative action of Miro1 and Miro2 for the regulation of mitochondrial distribution and dendritic development
So far the results suggest that Miro1 is the primary determinant of mitochondrial
traﬃcking dynamics and distribution in mammalian neurons. However, this constitutive KO model, may mask any synergistic actions of Miro1 and Miro2 as Miro1
could eﬃciently compensate for the role of Miro2 in Miro2KO cells. To further test
for the possible cooperation between Miro1 and Miro2 proteins, important for regulating mitochondrial transport and distribution and its implication in dendritic development, a conditional approach was used. A conditional Miro1 allele was generated (Miro1lox/lox , see Figure 4.1A) which was then crossed with Miro2KO animals
allowing for Cre-mediated Miro 1/2 double deletion. Neuronal cultures were generated from crosses of animals heterozygote for Miro2 and homozygote for Miro1 conditional allele (Miro1lox/lox ;Miro2+/- x Miro1lox/lox ;Miro2+/- ). Dissociated hippocampal neurons were electroporated with either GFP and MtdsRed, or GFP, MtdsRed
and CRE-GFP (deleting Miro1lox/lox ) generating several diﬀerent genotypes. The following 4 were used: Miro1lox/lox Miro2+/+ (WT), Cre-mediated Miro1D/D Miro2+/+
(Miro1-Conditional KO: Miro1CKO ), Miro1lox/lox Miro2-/- (Miro2KO ) and Cre-mediated
Miro1D/D Miro2-/- (Miro1/2 double knock-out, Miro1/2DKO ). CRE expressing cells,
could be easily identified by a prominent nuclear green fluorescence (Appendix Figure
A.3).
Firstly the mitochondrial traﬃcking dynamics were assessed, performed as previously, on
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Figure 4.9: Miro1 is important for dendritic development in vivo
(A) Golgi staining of E18 brains (10x magnification, scale bar= 100 mm and 63x magnification, scale bar= 20 mm). (B) Example traces of E18 cortical neurons taken from
below the cortical plate of Miro1HET and Miro1KO littermates (scale bar= 40 mm).
Quantification of morphological parameters including process length (C) and number of
branch points (D) showing Miro1KO E18 cortical neurons are less developed compared
to Miro1HET neurons, in vivo (n= 35 cells for each genotype, t-test ***p<0.005).
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10 DIV neurons. Miro1CKO neurons showed ⇠ 80% and a ⇠ 60% reduction in the number
of mobile mitochondria, compared to WT control neurons, in both dendrites and axons

respectively (Appendix Figure A.4). These were similar to the results obtained with the
constitutive Miro1KO neurons (% moving mitochondria, Kruskal-Wallis and Dunn’s post
hoc test; axons, WT 22.88 ± 2.13, Miro1CKO 9.45 ± 1.91, p< 0.01; dendrites, WT 26.10
± 2.43, Miro1CKO 4.30 ± 1.30, p< 0.001). The dynamics of mitochondria within the
Miro2KO processes, at 10 DIV, behaved as in the previous experiments with no major
disruption on any of the mitochondrial traﬃcking parameters (% moving mitochondria;
Miro2KO , axons 29.48 ± 2.67, dendrites 28.04 ± 2.78). Interestingly, analysis of the mitochondrial traﬃcking dynamics within the processes of neurons depleted for both Miro1
and Miro2 (Miro1/2DKO ) showed a trend towards further disruption of mitochondrial
transport parameters in both axons and dendrites compared to Miro1CKO , conditional
deletion alone (% moving mitochondria; Miro1/2DKO axons 6.78 ± 1.53, dendrites 2.48
± 1.10).
Next the mitochondrial distribution was characterised. To do this, the same mitochondrial “Sholl” based analysis was used to quantify the distribution of mitochondrial
fluorescent pixels within the dendrites of 10 DIV neurons. Interestingly the cumulative frequency curve for the mitochondrial distribution, against distance from the soma,
revealed that Miro1/2DKO neurons had an accentuated shift to the left in its mitochondrial distribution curve (Figure 4.10B). This shift is on top of the already accumulated
distribution of mitochondria towards the soma found in Miro1CKO dendrites (like the
constitutive Miro1KO ). This data suggests a cooperative role of Miro2 with Miro1 for
establishing the correct distribution of mitochondria in the proximal to distal axis of
the dendrites. Again to take into account changes in neuronal size the Mito60 value,
from size normalised cells, was calculated. The Mito60 values supports the conclusion
that Miro1 and Miro2 cooperate in establishing the correct mitochondrial distribution,
as Miro1/2DKO neurons have 60% of their total mitochondrial mass localised closer to
the soma compared to Miro1CKO neurons (Figure 4.10C, Miro1CKO 0.133 ± 0.02 a.u.,
Miro1/2DKO 0.082 ± 0.02 a.u., t-test, p<0.05, ANOVA-Newman-Keuls (NK) post -hoc).
In this Cre-mediated system the loss of Miro1 alone (Miro1CKO ) generated neurons
whose dendrites were smaller (Figure 4.11B, WT 1869 ± 122 mm, Miro1CKO 1267 ± 122
mm, ANOVA-NK p< 0.001) however, as seen previously (Miro1KO , 14 DIV), Miro1CKO
contained the same number of branch points as WT neurons (Figure 4.11C, WT 27 ±
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Figure 4.10: Miro1 and Miro2 have cooperative roles for regulating mitochondrial distribution
(A) Representative images of the GFP and MtdsRed fluorescence in 10 DIV WT (n= 9),
Miro1CKO (n= 13), Miro2KO (n=10) and Miro1/2DKO (n= 15) hippocampal neurons,
dashed red line marks the axon (scale bar= 100 mm). (B) Cumulative frequency curve
of the mitochondrial distribution and (C) Mito60 value (calculated within a normalsied
dendritic axis) show that Miro1/2DKO neurons have an enhanced accumulation of mitochondria in proximal dendrites compared to other genotypes (ANOVA-NK *p<0.05,
**p<0.01, ***p<0.001).
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2, Miro1CKO 23 ± 2) but redistributed along the proximal-distal axis of the dendrites
(Figure 4.11D). As before, Miro2KO alone had no eﬀect on total dendritic length or the
number of branch points (Miro2KO ; dendritic length 2042 ± 127 mm, branch points 24
± 2). Interestingly, Miro1/2DKO led to a much greater decrease in dendritic complexity
(Figure 4.11B, C). Both the dendritic length and the number of branch points were
reduced by approximately 50% compared to the loss of Miro1 alone (Miro1/2DKO , dendritic length; 756 ± 92.8 mm, p< 0.01, branch points 11.93 ± 1.53, ANOVA-NK, p<
0.001). Sholl analysis shows that the dendritic branching is reduced in all regions of
the cell (Figure 4.11D). This data, not only provides further support for a mechanism
whereby mitochondrial distribution supports the correct dendritic development, but also
points to a cooperative role of Miro2 with Miro1 for the regulation of mitochondrial distribution within dendrites and dendritic complexity during develoment.

Miro is not required for the distribution of mitochondria within axons
A surprising observation was that the axons, of both WT and the mutant neurons
(Miro1CKO , Miro2KO and Miro1/2DKO ), had mitochondria localised all the way to the
axon tip (Figure 4.12A-B). By tracing the whole length of the axon and assessing the
points at which there are MtdsRed fluorescent pixels along it, it was possible to analyse
the mitochondrial axonal distribution. A plot of the mitochondrial localisation along the
axon, normalised for any diﬀerence in length, shows that mitochondria are distributed
throughout the entire length of the axon in neurons from all 4 genotypes (Figure 4.12A).
This is despite the fact that fast axonal mitochondrial traﬃcking is altered in both
Miro1CKO and Miro1/2DKO cells (Appendix Figure A.4). These experiments rely on the
expression of Cre in order to deplete Miro1. Therefore, it is possible that the presence
of Miro1 in the early stages of neuritogenesis, before Cre expression has resulted in
the depletion of Miro1, could allow for the targeting of mitochondria into the axon.
Therefore, the distribution of mitochondria within the constitutive Miro1KO neurons
was analysed. Indeed, this showd that mitochondria were distributed throughout the
axon of the constitutive Miro1KO cells also (Appendix Figure A.5, imaging and analysis
performed by Victoria Vaccaro). This system confirms that mitochondria can still be
transported into axons and distally to the axonal tip in the complete absence of Miro.
Moreover, mitochondria within Miro1CKO or Miro1/2DKO axons are present at distances
from the soma where they are lacking at an equivalent distance within the dendrite.
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Figure 4.11: Both Miro proteins are important for correct dendritic development
(A) Representative images of the GFP and MtdsRed fluorescence in 10 DIV WT (n=
11), Miro1CKO (n= 13), Miro2KO (n= 11) and Miro1/2DKO (n= 12) hippocampal neurons, dashed red line marks the axon (scale bar= 100 mm). (B) Quantification of total
dendritic length, (C) total number of branch points (ANOVA-NK, *p<0.05, **p<0.01,
***p<0.001) and (D) branch point sholl analysis, shows that both Miro1 and Miro2
are necessary for correct dendritic arborization and growth (t-test, red stars significant
diﬀerence between WT and Miro1CKO and black stars significant diﬀerence between
Miro1CKO and Miro1/2DKO , t-test at the corresponding point, *p<0.05).
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Surprisingly, the length of Miro1CKO and Miro1/2DKO axons are shorter compared to
WT and Miro2KO axons (Figure 4.12C, WT 1638 ± 280 mm, Miro1CKO 1042 ± 83
mm, Miro2KO 1488 ± 137 mm, Miro1/2DKO 884 ± 149 mm, p<0.05, ANOVA-NK), even
though mitochondria are observed at the tip of the axon (Figure 4.12B). This suggests
that the defects in axonal growth are not due to the lack of mitochondria in the most
distal regions of the axon and that mechanisms involving Miro are important for axon
growth.
This data suggests that Miro is dispensable for the localisation of mitochondria within
axons or that other mechanisms can compensate for mitochondrial distribution within
the axon only. Therefore, diﬀerent mechanisms for mitochondrial transport must exist
within the axon and dendrites of the neuron.

Discussion
In this chapter, the use of constitutive and conditional mouse knockout strategies and
fluorescence imaging has allowed for the investigation of the roles of Miro1 and Miro2
for mitochondrial traﬃcking and distribution in neurons and the impact this plays on
neuronal development. Though Miro1 appeared to be the essential protein involved in
mitochondrial traﬃcking and distribution, depletion of both Miro proteins revealed a
co-operative role for Miro2 with Miro1. Enhanced defects were observed in the regulation of mitochondrial traﬃcking and accumulation of mitochondria towards the soma in
neurons deficient for both Miro proteins, compared to loss of Miro1 alone. Importantly,
manipulations on mitochondria’s distribution throughout the neuron revealed that they
play an essential role in ensuring correct dendritic development.
The fact that the Miro1KO animals die just after birth indicates that Miro1 is important
for cellular function. This postnatal death is thought to be due to breathing defects as
the Miro1KO pups showed a cyanotic appearance at birth. In support of this, a study
published recently that undertook postmortem autopsies of Miro1KO mice revealed that
their lungs had not expanded (Nguyen et al., 2014), indicating that indeed these animals
failed to breath at birth. As no gross abnormalities in lung development were reported
this report suggests that Miro1 may aﬀect the neuronal inputs that control respiration.
In fact, they proceeded to document that there was a decrease in the number of phrenic
nerve branches that innervated the diaphragm in KO animals. Conversely, the Miro2KO
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Figure 4.12: Miro is not required for the targeting of mitochondria into axons
(A) A plot of the mitochondria position along axons, normalised for length, show that
mitochondria are distributed throughout the axon even in the absence of Miro proteins.
(B) Representative images of mitochondria within the last 100 µm of the axon (scale
bar= 20 µm). (C) The longest process spanning from the cell body was traced and
quantification of its length shows that Miro1CKO (n= 7) and Miro1/2DKO (n= 5) axons
are shorter compared to WT (n= 4) and Miro2KO (n= 4) (ANOVA-NK, *p<0.05).
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pups survive to adulthood and show no diﬀerence in development compared to their
WT littermate controls. This implies that some of Miro1’s functions are not shared by
Miro2 and cannot be compensated for by Miro2, whilst Miro2 is either redundant or its
role can be eﬃciently compensated for by Miro1 in this system.
Given the known role for Miro1 in regulating mitochondrial mobility, it was postulated
that the developmental problems with the Miro1KO mouse may be due to disrupted
mitochondrial traﬃcking. Indeed, by comparing the impact of knocking out Miro1 and
Miro2 on mitochondrial traﬃcking, it was demonstrated that Miro1 was the primary
regulator of mitochondrial transport in cultured neurons. The number of moving mitochondria in both an anterograde and retrograde direction in both axons and dendrites
were aﬀected. This is in agreement with previous studies using shRNAi knockdown of
mammalian Miro1 in dendrites (Macaskill et al., 2009) or knockout of Drosophila dMiro
in axons (Russo et al., 2009; Wang and Schwarz, 2009). Interestingly, the recent report
by Nguyen et al. (2014) demonstrated that Miro1 knockout aﬀected only axonal retrograde transport in cortical neurons. This is surprising as the disruption in the direction
of mitochondrial transport can often not be limited to one direction. Both types of directed motors have been shown to associate with mitochondria moving in both directions
(Wang and Schwarz, 2009; Pilling et al., 2006), therefore disruption of traﬃcking in one
direction often disrupts the mitochondrial traﬃcking in the other direction. Here it has
been shown that axonal mitochondrial traﬃcking is severely aﬀected in both directions
and cohesive results are found with both approaches used, the constitutive Miro1KO and
the Cre mediated Miro1CKO . A recent paper looking at the fly homolog of Miro, showed
that dMiro is important for both kinesin and dynein mediated mitochondrial transport
(Babic et al., 2015). Interestingly, the velocity of the remaining moving mitochondria
within the axon of Miro1KO neurons was altered in the anterograde direction, suggesting
that alternative motor proteins may be utilised for mitochondrial axonal transport in
Miro1KO cells.
Along with the eﬀects on mitochondrial traﬃcking, due to the loss of Miro, the mitochondrial distribution throughout the dendrites was also altered. The mitochondrial
density within the distal dendritic regions of Miro1 knockout neurons was dramatically
depleted. An associated accumulation of mitochondria in the soma and proximal regions
of the dendrites results in a dramatic enhancement, towards the soma, of the proximaldistal mitochondrial gradient within dendrites. In contrast, knocking out Miro2 had no
discernible eﬀect on mitochondrial traﬃcking or mitochondrial distribution. Therefore,
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Miro1 can either suﬃciently compensate for loss of Miro2 or Miro2 has evolved other
roles for mitochondrial function. However, the double knockout of Miro1 and Miro2
led to a significantly more pronounced accumulation of mitochondria within proximal
dendrites. Miro1 and Miro2 contribute unequally to the traﬃcking mechanism of bidirectional transport. This implies an important role for Miro2 in regulating mitochondrial
distribution, however it is unclear the role Miro2 plays within the mitochondrial traﬃcking complex. The diﬀerent Miro proteins do not obviously bind diﬀerent motor proteins,
like the TRAK adaptors. In hippocampal neurons, the TRAK1 and TRAK2 adaptor
proteins have been shown to diﬀerentially control mitochondrial movement in axons and
dendrites due to their preferential binding to either the kinesin or dynein motor protein
(Loss and Stephenson, 2015; van Spronsen et al., 2013). This does not appear to be
the case with the Miro proteins and therefore the individual role of Miro1 and Miro2 in
mitochondrial traﬃcking and distribution needs further investigation.
A dramatic consequence of the altered traﬃcking within Miro1KO and Miro1/2DKO
neurons is the disruption of dendritic morphology. The loss of mitochondria into dendrites severely disrupted dendritic growth, suggesting that local mitochondrial function
is important for dendritic development. Previous studies support the link between mitochondrial function and dendritic morphogenesis (Chen et al., 2007; Ishihara et al., 2009;
Kimura and Murakami, 2014; van Spronsen et al., 2013; Fukumitsu et al., 2015) however
it is often diﬃcult to separate the impact of disrupting mitochondrial function whilst
also examining the eﬀects of directly targeting the traﬃcking machinery. Manipulation
of the fission and fusion dynamics (e.g. by targeting mitofusins or Drp1) using RNAi
or genetic approaches has been shown to inhibit dendrite morphogenesis and spine formation (Li et al., 2004; Chen et al., 2007; Ishihara et al., 2009), thought to be due to a
reduction in mitochondrial density within the dendrites. Conversely, depletion of dendritic mitochondria, by excessive fusion, has been shown to enhance dendrite formation
(Kimura and Murakami, 2014). This controversial evidence is hard to interpret because
disturbance of the fission/fusion balance also alters mitochondrial shape and metabolic
activity (Chen et al., 2007; Macaskill and Kittler, 2010) making it diﬃcult to determine
exactly how mitochondrial localisation aﬀects dendrite development. An alternative approach has been to target the TRAK proteins. Knock-down of the TRAK2 protein in
vitro, a major player in the dendritic transport of mitochondria, led to a decrease in
dendritic length and complexity (van Spronsen et al., 2013). Also overexpression of the
TRAK2 dominant negative mutant TRAK2DN, which inhibits the binding of TRAK
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to KIF, decreased the number of mitochondria within dendrites and caused a marked
decrease in dendritic outgrowth (Fukumitsu et al., 2015). However, overexpression of
TRAK2DN also decreases the mitochondrial membrane potential, therefore defects due
to a disruption of the electron transport chain can not be discriminated (Fukumitsu
et al., 2015). Inconsistent with these results, it has been shown that uncoupling TRAKs
from Miro using a dominant negative approach appeared to increase dendritic complexity in vivo, with mitochondria proposed to negatively regulate dendritic branching
(Kimura and Murakami, 2014). It is important to consider that the TRAK proteins
are also implicated in the traﬃcking or function of several other cargo that could impact on dendritic development including endosomes and ion channels (Beck et al., 2002;
Kirk et al., 2006; Webber et al., 2008) further complicating the interpretation of results
targeting the TRAKs. A recent study looking at dendritic mitochondria in Purkinje
cells also showed that the loss of mitochondria into dendrites severely aﬀected dendritic
growth (Fukumitsu et al., 2015). This confirms that the provision of a local mitochondrial supply, within dendrites, is important for dendritic development. However, in this
study, mitochondrial mislocalisation has been achieved by tethering the mitochondria
to the Golgi. Though they have tested that the mitochondrial morphology and function
have not been altered, by the genetic manipulation to alter mitochondrial positioning,
it does not consider whether the function of the Golgi apparatus has been disrupted.
This is particularly important as the Golgi apparatus has been shown to play a critical
role in dendritic morphogenesis (Horton et al., 2005). In contrast, the advantage of the
system used here is that by depleting Miro proteins the mitochondrial distribution is
selectively altered with no eﬀect on mitochondrial function or other non-mitochondrial
eﬀects.
In fact, work carried out in the lab by Victoria Vaccaro and Guillermo Lopez-Domenech
(data not shown), looking at the membrane potential of the mitochondria, using TMRM
loading (Alirol et al., 2006), within MEF cells and hippocampal neurons, showed that
the loss of Miro1 and Miro2 does not impact on the establishment of mitochondrial
membrane potential and a respiratory assay showed that there was no diﬀerence in
oxygen consumption. This is in agreement with Nguyen et al. (2014) who showed that
the loss of Miro1 protein did not impact on mitochondrial membrane potential calculated
from a ratio of TMRM fluorescence to MitoTracker fluorescence in cortical neurons.
Therefore, though loss of Miro results in the lack of eﬃcient movement of mitochondria
it has no eﬀect on their membrane potential.
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A particularly intriguing eﬀect of disrupting the distal to proximal mitochondrial density gradient by knocking-out Miro1 is the impact this has on the spatial distribution
of dendritic branching. Loss of Miro1 in cultured neurons lead to an accumulation of
mitochondria in proximal dendrites, resulting in neurons with shorter dendrites but with
significantly increased branching within proximal regions. This suggests a striking correlation between mitochondrial positioning and the spatial distribution of dendritic branch
points. Though loss of Miro2 alone had no discernible eﬀects on dendritic development,
loss of Miro1 and Miro2 together dramatically accentuated the reduction in dendritic
length and number of branch points compared to the phenotype observed in Miro1CKO
neurons. An understanding of why mitochondrial positioning is important for dendritic
growth is important.
Fukumitsu et al. (2015) showed that ATP produced by glycolysis was not significant
enough to support dendritic growth, even though other constitutive neuronal activity
mechanisms, such as ion pumping and axonal vesicle traﬃcking, have been shown to
occur with ATP supplied by glycolysis (Shin et al., 2007; Zala et al., 2013). Reduced
ATP production, due to a defective electron transport chain, has been shown to result
in defective dendrite morphogenesis (Oruganty-Das et al., 2012). Therefore, the eﬃcient production of ATP by a local mitochondria network appears to be important for
neuronal development, possibly because dendritic growth is a highly dynamic process
requiring the co-ordinated contribution of many signaling and traﬃcking mechanisms.
Also, there is substantial evidence that the Ca2+ buﬀering activity of mitochondria is
critically involved in regulating dendritic development (Lohmann et al., 2002; Dickey
and Strack, 2011) particularly as Ca2+ signaling is important for controlling dendritic
development (Konur and Ghosh, 2005). However, the downstream mechanisms required
for dendritic growth and branching, dependent on mitochondria and importantly mitochondrial positioning remain obscure.
A surprising result, considering that fast axonal mitochondrial traﬃcking was disrupted
in Miro1KO and Miro1/2DKO neurons, was that the mitochondrial distribution throughout the axons persisted unlike in the dendrites. Mitochondria within Miro1/2DKO axons
appeared at the tips of the axons a distance of around 1500 mm from the cell soma.
Miro1KO neurons, where Cre-recombinase is not required for Miro1 depletion, also had
mitochondria distributed throughout their axons all the way to the tips. This data
suggests, that mitochondria can be targeted and distributed throughout the axon in
the absence of Miro1. Miro independent mechanisms may exist in the axon for mito-
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chondrial transport. An actin-dependent mitochondrial traﬃcking complex may ensure
the presence of mitochondria in the axon and would compensate for the distribution
of mitochondria without fast axonal mitochondrial transport. Docked mitochondria
have been shown to be attached to the cytoskeletal framework of the axon and become
coupled with the elongation of the axon providing a low velocity transport mechanism
(Miller and Sheetz, 2006). This may be possible through the unconventional Myosin
XIX motor which has been shown to be responsible for the transport of mitochondria
on the actin cytoskeleton (Quintero et al., 2009; Adikes et al., 2013; Lu et al., 2014).
Alternatively, mitochondrial axonal traﬃcking may occur through an as yet unknown,
axonal specific adaptor or motor protein, for example Kif1b, is known to drive axonal
mitochondrial transport only (Nangaku et al., 1994) and may couple to mitochondria
via a Miro independent mechanism. It is important to note, that even though mitochondria were distributed throughout the axon, the axonal length was significantly reduced.
Therefore, Miro-dependent mitochondrial traﬃcking is still required to regulate correct
axonal growth. Immobilised mitochondria at nascent presynaptic sites (Courchet et al.,
2013) and the recruitment of mitochondria to localised hot spots of active axonal mRNA
translation (Spillane et al., 2013) are important for axonal outgrowth. Therefore, the
temporal and spatial dynamics of axonal mitochondria, dependent on Miro proteins, may
be key to axonal outgrowth. Altogether this shows that the non-polarised organelle, mitochondria, may require diﬀerent mechanisms for its traﬃcking within dendrites and
axons. These diﬀerences may be due to the diﬀerent spatial and temporal requirements
of the mitochondria within the diﬀerent compartments of the neuron.

Chapter 5

Miro dependent mitochondrial
localisation is important for
maintaining the mature dendritic
tree.
Introduction
The development of the dendritic tree of a neuron is a dynamic process with dendrites
constantly growing and retracting until spines and synaptic contacts are formed and
stabilised, facilitating the proper wiring of the intricate neuronal network. By contrast,
in the adult brain most dendrite arbors are stable with the mature neuron maintaining
its dendritic field for the remainder of its lifespan. Dendrite arbor stability is crucial for
correct functioning of the adult brain. It is now known that dendrites play much more
than just a passive role, as information conductors, but are essential for the active integration of synaptic inputs (Major et al., 2013). Importantly, loss of dendritic structural
integrity has been associated with psychiatric disorders and neurodegenerative diseases
(Kulkarni and Firestein, 2012).
In vivo imaging of dendrites in adult animals shows only modest degrees of modification under basal conditions (Holtmaat et al., 2005), with most modifications being
restricted to the turnover of dendritic spines (Holtmaat et al., 2005; Keck et al., 2008;
169
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Hofer et al., 2009). However animals, following development, do maintain the capacity to respond to their environment with plastic modifications of their nervous system
as alterations in dendritic complexity continue to occur (Butz et al., 2009). Neuronal
branches and synapses can be eliminated without somal death, for the establishment of
precise topographic maps (Luo and O’Leary, 2005; Kanamori et al., 2013, 2015). Dendrite arbors can also remodel under pathological conditions, such as epilepsy and after
ischemia (Koleske, 2013). Therefore, understanding the molecular mechanisms that underlie long-term dendrite stabilisation and those used to mediate structural plasticity is
important.
Though the dendritic branches of a neuron appear stable for many months, the individual microtubules supporting dendrite structure are constantly turning over in a matter
of minutes to hours (Okabe and Hirokawa, 1990; Edson et al., 1993). A precise regulation of the molecules, such as MAPs, that control dendritic cytoskeletal integrity and
dynamics is required (De Camilli et al., 1984; Huber and Matus, 1984). This is important as microtubule arrays found throughout the dendrite branches not only support
the morphological structure of the neuron but also membrane traﬃcking. The proteins
and lipids that are the main composers of the dendrites must be continually replenished. Local protein synthesis partially accomplishes this whilst traﬃcking mechanisms
allows the targeting of other components that have been synthesised elsewhere. Perturbations that disrupt these mechanisms have devastating eﬀects on dendrite formation
and stability (Hirokawa et al., 2010; Horton et al., 2005; Ori-McKenney et al., 2012;
Satoh et al., 2008). Neuronal activity has been shown to be a potent stimulator of dendritic remodeling and stabilisation(Trachtenberg et al., 2002; Zuo et al., 2005; Koleske,
2013). Therefore, neurotransmission mediated elevations in [Ca2+ ]i levels plays a key
role, particularly as most eﬀects of neuronal activity on dendrite branching are likely to
be mediated by NMDA receptors (Iki et al., 2005; Hering and Sheng, 2003; Tseng and
Firestein, 2011; Hasbani et al., 1998). Also, compartmentalised Ca2+ transients in dendrites acts as spatiotemporal cues to trigger dendrite pruning (Kanamori et al., 2013).
As mitochondria are important for both ATP and [Ca2+ ]i regulation they may play an
important role in the mechanisms of dendrite remodelling and stabilisation. However it
is unknown how mitochondrial distribution may influence and stabilise the structure of
the mature dendritic tree within the adult brain.
If the dendritic structure of a neuron is disrupted then the synaptic inputs onto it will
also be perturbed. Excitatory synaptic contacts form almost exclusively on dendritic
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spines. The maturation of the dendritic tree is correlated with the formation of dendritic
spines (Sala and Segal, 2014) though as the structural plasticity of dendrites decreases,
as circuits stabilise, individual dendritic spines continue to form, prune, change shape
and turnover, refining the circuit and responding to long-lasting synaptic changes (Holtmaat and Svoboda, 2009; Hill and Zito, 2013). Dendritic spines serve as both electrical
and biochemical compartments within the neuron, particularly by compartmentalising
Ca2+ fluctuations. Mitochondrial density has been shown to correlate with spine and
synapse formation and neuronal activity can increase the percentage of mitochondria
that protrude into dendritic spines and filopodia (Li et al., 2004). Therefore defects in
dendritic mitochondrial localisation and traﬃcking, which lead to an altered dendritic
structure, may aﬀect spine dynamics and synaptogenesis, particularly as mitochondria
are likely to supply ATP and regulate [Ca2+ ]i during spine morphogenesis. Mitochondria’s presence at the base of spines may also play a role in the regulation of synaptic
transmission. In fact mitochondria can mediate some of the eﬀects of glutamate and
BDNF (Cheng et al., 2010) on synaptic plasticity, whilst the release of proapoptotic
factors from mitochondria is required for induction of LTD at synapses and spine loss
(Li et al., 2010; Jiao and Li, 2011; Ertürk et al., 2014). Importantly, activity-dependent
mechanisms have been shown to localise mitochondria near excitatory synapses, due to
the Ca2+ sensing abilities of the protein Miro (Macaskill et al., 2009).
The previous chapter showed that mitochondria localisation, dependent on Miro1 and
Miro2, is essential for neuronal growth. The correct distribution of mitochondria throughout dendrites is critical for arborization of the dendritic tree, whereby the mitochondrial
density pattern influenced positioning of dendritic branch points during development.
However, the mature neuron continues to require mechanisms similar to that of the developing neuron, including regulated microtubule turnover, protein and lipid traﬃcking
and temporally and spatially co-ordinated responses to neuronal activity. It is important
to investigate the role of mitochondrial localisation in sustaining dendritic structure in
the adult brain. Importantly, mitochondrial mislocalisation may in turn, or as a consequence of dendrite disruption, aﬀect spine dynamics and synaptogenesis important for
the formation and maintenance of functional synaptic connections.
In this chapter the eﬀects of postnatal deletion of Miro1 and Miro2 has been investigated
by utilising both constitutive and conditional mouse genetic models. Elimination of
Miro1 levels alone in vivo, in mature neurons, leads to a progressive decrease of dendritic
complexity particularly in distal dendritic regions. This eﬀect is more accentuated when
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both Miro proteins are deleted. Surprisingly, though mitochondrial distribution and
dendritic morphology are disrupted in Miro1 depleted neurons in vitro and in vivo,
there is no eﬀect on spine density. However, loss of Miro2 causes an increase in the
number of spines on dendrites, showing for the first time a functional role of Miro2 that
cannot be compensated for by endogenous Miro1.

Results
The maintenance of postnatal dendritic complexity is dependent on
Miro1
The results from the previous chapter suggest that Miro1 plays a crucial role in regulating
the correct growth of the dendritic tree. As the dendritic architecture of a neuron is preserved throughout its lifespan, mechanisms must exist in order for the neuron to maintain
the complexity of its dendritic arbors. In order to evaluate Miro1’s role for sustaining
dendritic complexity, Miro1 must be depleted postnatally, in vivo, following dendritic
development. A conditional Miro1lox/lox mouse was crossed with a mouse strain expressing Cre recombinase under the Ca2+ /calmodulin-dependent protein kinase-alpha specific
promoter (CaMKIIa-Cre) which has been widely used for its specific postnatal expression
in forebrain and hippocampus (Mantamadiotis et al., 2002). The cross of Miro1lox/lox
animals with CaMKIIa-Cre animals results in the specific deletion of the Miro1 gene
in adult principal neurons of the cortex and hippocampus (Miro1D/D,Cre(+/-) , hereafter
Miro1CKO ). Accordingly, western blot analysis of Miro1 protein levels in Miro1CKO adult
brains showed a significant decrease in these regions, with the Miro1 protein levels in
regions like cerebellum, which has significantly lower expression of CaMKIIa, remaining
unaltered (Appendix Figure A.6). This confirmed that the Miro1 protein is conditionally
and specifically depleted in the regions where CaMKIIa-Cre is expressed.
During the first few months of life, Miro1CKO animals appeared indistinguishable from
their Miro1lox/lox,Cre(-/-) (WT) control littermates, developing normally until adulthood.
However, over time the animals began to present a lethargic phenotype, suggestive of
neuronal dysfunction. The brains from Miro1CKO animals at 8 months of age showed
a clear decrease in size (Figure 5.1A). FluoroNissil and MAP2 staining of coronal brain
slices from 8 month old Miro1CKO animals showed that there was a reduction in hippocampal size and an increase in ventricle size compared to WT (Figure 5.1B & 5.2A).
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The width of the cortex, in primary somatosensory area, also appeared to be reduced,
however FluoroNissil staining showed that the diﬀerent layers of the cortex are apparent
and distinguishable in both WT and Miro1CKO brains, meaning that the circuitry of the
cortical network, at this timepoint, has not been disrupted (Figure 5.1B). Also, though
reduced in size, the diﬀerent regions of the hippocampus could be clearly defined (Figure
5.1B & 5.2A) and the pattern of neurofilament staining, to look at axonal projections,
did not show any disruptions in the structure of the Miro1CKO brains compared to WT
at 8 months (Figure 5.2A).
High resolution images of MAP2 staining within the CA1 region of the hippocampus,
showed that the structure of the pyramidal cell layer had not been disrupted at 8 months,
following Miro1 conditional deletion (Figure 5.2B). However, TOM20 immunofluorescence staining, to label mitochondria, shows that the mitochondrial distribution has
been altered in the CA1 region of 8 month old Miro1CKO animals compared to WT
(Figure 5.2B-C). The diﬀerences observed in the immunofluorescence reactivity pattern
of TOM20 in Miro1CKO brains compared to WT include, an aggregated staining around
the pyramidal cell layer with a decrease in staining within the stratum lacunosum and
stratum radiatum regions of the hippocampus, suggesting that there is a decrease in mitochondrial density within the distal dendritic regions of the neurons (Figure 5.2B-C).
To address whether the reduction in hippocampal size was due to a disruption in the
organisation of the dendritic architecture in vivo, particularly as there appears to be a
decrease in mitochondrial density where the arborising dendrites would be found, Golgi
staining of the CA1 pyramidal neurons was performed. At 8 months, Miro1CKO CA1
neurons showed an altered dendritic arbor complexity compared to WT controls of the
same age (Figure 5.3). The neurons showed a significant decrease in total dendritic
length in both the basal and apical dendrites (Figure 5.4D, basal; WT 1307 ± 100 mm,
Miro1CKO 889 ± 83 mm, p<0.01, Miro2KO 1411 ± 54 mm; apical; WT 1686 ± 183 mm,
Miro1CKO 1155 ± 172 mm, Miro2KO 1419 ± 66 mm, p<0.05; ANOVA-NK). However, the
number of branch points was similar to that of WT neurons (Figure 5.4E, basal; WT 13.7
± 0.9, Miro1CKO 11.1 ± 1.2, Miro2KO 15.3 ± 1.1; apical; WT 17.4 ± 2.3, Miro1CKO 16.3
± 2.2, Miro2KO 18.6 ± 1.4; ANOVA-NK). Interestingly, Sholl analysis showed that the
distribution of branch points in Miro1CKO neurons was altered, with a greater number
of branch points in the proximal region of the apical dendrite and reduced branching
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Figure 5.1: Miro1CKO causes a reduction in brain size
(A) The conditional deletion of Miro1 resulted in a decreased brain size, as shown by
the images of the brains dissected from WT vs Miro1CKO mice at 8 months (The olfactory bulb of the Miro1CKO brain was damaged during dissection). (B) Representative
FluoroNissl staining of brain coronal sections showed the hippocampus and cortex of
8 month old WT and Miro1CKO brains (scale bar= 500 mm) to be reduced in size and
associated with enlarged ventricles. The panels show the structure of the cerebral cortex
in the somatosensory area (scale bar= 100 mm).
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Figure 5.2: Miro1CKO at 8 months has a disrupted mitochondrial distribution in the
CA1 region of the hippocampus
(A) Representative MAP2 and neurofilament staining shows that the diﬀerent regions of
the brain can be clearly identified within WT vs Miro1CKO brains (scale bar= 200 mm).
(B) High resolution images of MAP2 and TOM20 immunohistochemical staining within
the CA1 region of the hippocampus shows that the structure of the neuronal cell layer is
not altered within Miro1CKO brains however there is a disruption in the mitochondrial
distribution within Miro1CKO brains compared to WT control (scale bar= 30 mm). (C)
High resolution zooms of the TOM20 fluorescence staining to label mitochondria shows
that there are aggregates of mitochondria in the cell layer and a depletion of mitochondria
in the distal layers of the CA1 region of the hippocampus of Miro1CKO brains compared
to WT (scale bar= 5 mm).
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in the distal regions (Figure 5.4F-G). This is a similar eﬀect to the altered dendritic
architecture seen for Miro1KO neurons in vitro (Figure 4.7). Age matched Miro2KO
neurons showed no morphological defects in vivo (Figure 5.4D-E). At an earlier time
point, of 4 months, a disrupted dendritic architecture was not apparent in Miro1CKO
CA1 pyramidal neurons (Figure 5.3 & Figure 5.4A-C: dendritic length: basal; WT 1321
± 42 mm, Miro1CKO 1394 ± 69 mm, Miro2KO 1014 ± 211 mm; apical; WT 1183 ± 31 mm,
Miro1CKO 1129 ± 86 mm, Miro2KO 1141 ± 234 mm; branch points: basal; WT 16.7 ±
0.5, Miro1CKO 15.6 ± 0.8, Miro2KO 14.3 ± 0.3 ; apical; WT 16.3 ± 0.7, Miro1CKO 14.8
± 1.1, Miro2KO 17.5 ± 3.8; ANOVA-NK). This agrees with the lack of any observable
diﬀerence in brain size or cortex width or any obvious behavioral characteristics at 4
months (data not shown). This suggests that Miro1 is required for the maintenance of
dendritic complexity in adult brains and that the loss of Miro1 gradually results in a
change in dendritic architecture particularly aﬀecting the most distal dendrites which
causes a reduced brain size. These experiments strongly imply that the distribution of
mitochondria in the proximal to distal axis of the dendrites is responsible for maintaining
correct dendritic architecture.
Further to this, it was noticed that Miro1CKO animals rarely survived beyond 12 months
of age. Golgi staining of the CA1 pyramidal neurons of 12 month old Miro1CKO brains
showed that neurons within this region were completely devoid of their dendritic tree
(Figure 5.3). Suggesting that Miro1 is important for dendritic maintenance and its
absence leads to progressive dendritic loss.

The adult brain requires both Miro1 and Miro2 for conserving its dendritic field
The defects in dendritic development were enhanced when both Miro1 and Miro2 proteins were depleted, suggesting that Miro1 and Miro2 both play crucial and cooperative
roles in regulating correct dendrite morphogenesis. In order to see if enhanced dendritic disruption occurred in vivo, Miro1 was conditionally knocked out in mice already
deficient for Miro2. Therefore a conditional Miro1lox/lox ;Miro2KO mouse was crossed
with a CaMKIIa-Cre mouse strain to generate the Miro1D/D,Cre(+/-) ;Miro2KO (hereafter Miro1/2DKO ) mouse that has both Miro1 and Miro2 proteins depleted postnatally
in principle neurons of the cortex and hippocampus (confirmed by western blot, data
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Figure 5.3: Miro1 is required for the maintenance of the dendritic tree in vivo
Reconstructed traces of Golgi stained neurons from the CA1 region of the hippocampus
from 4 month, 8 month and 12 month old WT and Miro1CKO animals. At 4 months there
is no diﬀerence in the morphology of the dendrites of WT and Miro1CKO animals. At 8
months a change in dendritic complexity begins to be observed in the apical dendrite of
neurons depleted for Miro1 compared to WT. At 12 months Miro1CKO CA1 pyramidal
neurons are completely devoid of dendrites (scale bar= 50 mm).
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Figure 5.4: Progressive dendritic defects occur in Miro1CKO CA1 pyramidal neurons
Quantification of the dendritic architecture of 4 month (A-C) and 8 month (D-G)
Miro1CKO CA1 pyramidal neurons compared to WT and Miro2KO . (A-C) Morphological quantification of the dendritic length (A) and the number of branch points (B)
shows that at 4 months the dendritic architecture of Miro1CKO animals is indistinguishable from WT controls (n=animals, 4 months WT n= 3, Miro1CKO n= 3 and Miro2KO
n= 3; ANOVA- NK, *p<0.05, **p<0.01, ***p<0.001). (C) Sholl analysis of the number
of branch points shows that there is no diﬀerence in dendritic complexity at this early
time point.(D-G) At 8 months the basal and apical dendrites of Miro1CKO neurons show
a decrease in dendritic length (D) but no diﬀerence in the number of branch points
(E) (n= animals, 8 months WT n= 3, Miro1CKO n= 3, Miro2KO n= 3; ANOVA- NK,
*p<0.05, **p<0.01, ***p<0.001). Sholl analysis of branch points within dendrites of
8 month old Miro1CKO neurons (F) and the subtracted (WT - Miro1CKO ) plot of the
Sholl (G) show a shift in the branching pattern. 8 month old Miro1CKO neurons have
an increase in branching in the proximal region of the apical dendrite compared to WT.
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not shown).
Interestingly, Miro1/2DKO mice presented the lethargic phenotype observed in Miro1CKO
mice at a much earlier time point (around 3 months after birth). This defect progressed
becoming more noticeable in the following weeks, with most Miro1/2DKO animals not
surviving beyond 4 months of life. The size of the dissected Miro1/2DKO brains at 4
months was significantly smaller than Miro1lox/lox,Cre(-/-) ;Miro2KO (Miro2KO ) control
animals of the same age (Figure 5.5A). The structural defects of reduced cortical thickness, enlarged ventricles and reduced hippocampus volume, which were associated with
the conditional deletion of Miro1 at 8 months, were also observed in coronal sections
of Miro1/2DKO brains at 4 months (Figure 5.5B). As previously, MAP2 staining shows
that even though there is an obvious change in hippocampal size, the diﬀerent regions of
the hippocampus can still be clearly defined and neurofilament staining, to assess axonal
tracks, showed no obvious structural diﬀerences within 4 month old Miro1/2DKO brains
compared to Miro2KO littermate controls (Figure 5.5B). However, high resolution images
of the MAP2 immunofluorescence on the 4 month old Miro1/2DKO brains, showed that
the pyramidal cell layer of the CA1 region of the hippocampus had a more dispersed
structure and the density of cell bodies in this region appeared reduced (Figure 5.5C).
TOM20 immunohistochemistry staining of brain sections, to label mitochondria, showed
that the distribution of mitochondria appeared disrupted in Miro1/2DKO brains (Figure
5.5C). Immunofluorescent reactivity was aggregated in the cell layer and depleted in
other regions. This was diﬀerent to the TOM20 staining for the Miro2KO slices which
showed fluorescence reactivity in the cell layer and the stratum lacunosum and stratum
radiatum regions of the hippocampus (Figure 5.5C). The disruption in mitochondrial
distribution in the Miro1/2DKO brains at 4 months, appears to be even more enhanced
than that seen at 8 months in the Miro1CKO brains.
It was expected, due to what had been observed for Miro1CKO neurons, that the dendritic morphology of Miro1/2DKO CA1 pyramidal neurons would be perturbed. Indeed
Golgi staining showed that there was a drastic disruption in the dendrite morphology of 4 month old Miro1/2DKO neurons (Figure 5.6A). Morphological quantification
showed that there was a significant decrease in both dendritic length and branching
of Miro1/2DKO neurons compared to Miro2KO littermate controls (Figure 5.6B-C: data
for WT, Miro1CKO and Miro2KO is as stated previously for 4 months, dendritic length:
basal; Miro1/2DKO 184 ± 20 mm, p<0.001; apical; Miro1/2DKO 163 ± 14 mm p<0.001;
branch points: basal; Miro1/2DKO 2.23 ± 0.7 p<0.001; apical; Miro1/2DKO 2.1 ± 0.4 p<
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0.001; ANOVA-NK). The morphological defects observed for 4 month old Miro1/2DKO
neurons correlates with the defects observed at 12 months in Miro1CKO animals. Both
timepoints of severe dendritic defects correlate with when the transgenic mice die. The
loss of both Miro proteins results in an accentuated dendritic loss at an earlier time point,
suggesting cooperative roles for Miro1 and Miro2 in vivo for sustaining dendritic complexity. Altogether this data suggests that the reduced brain size that has been observed
is due to a disruption in mitochondrial localisation which alters dendritic complexity,
causing a loss of the most distal dendrites initially.

Mitochondrial mislocalisation due to the depletion of Miro1 does not
aﬀect spine density in vitro and in vivo
So far it has been shown that mitochondrial localisation, dependent on Miro traﬃcking,
is important for dendrite development and maintenance. Whether these changes in
dendritic complexity were accompanied by changes in spine number and morphology
was investigated.
Firstly, WT and Miro1KO cultures were transfected at 18 DIV with GFP, to fill the
cell, and MtdsRed, to label mitochondria, and the density and morphology of spines
at 21 DIV were assessed. Initial analysis where all dendrites were pooled together,
for either WT and Miro1KO neurons, showed that there was no diﬀerence in the spine
density (Figure 5.8A; WT 0.959 ± 0.029 spines/ mm, Miro1KO 1.002 ± 0.032 spines/
mm, t-test, p= 0.346). As Miro1 deletion has been shown to disrupt the mitochondrial
localisation and as a correlation between mitochondrial density and spine density has
been shown previously (Li et al., 2004), it was wondered whether there was a diﬀerence
in spine density across the diﬀerent regions of the Miro1KO dendrites (Figure 5.7A).
Therefore, the neuron was divided into two regions, a proximal region, which included
dendrites within 75 mm from the cell soma and in the case of Miro1KO neurons contained
mitochondria, and a distal region, which included dendrites within the last 75 mm from
the dendritic tips and were devoid of mitochondria (Figure 5.7A-C). Surprisingly, there
was no diﬀerence in the spine density between WT and Miro1KO neurons in both regions
(Figure 5.7 & Figure 5.8B; proximal; WT 0.969 ± 0.037 spines/ mm, Miro1KO 1.053 ±
0.046 spines/ mm; distal; WT 0.921 ± 0.0327 spines/ mm, Miro1KO 0.943 ± 0.0418
spines/ mm, p= 0.09).
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Figure 5.5: Loss of both Miro proteins enhances the reduction in brain size
(A) The dissected brains of Miro1/2DKO neurons are drastically smaller than Miro2KO
control littermate brains at 4 months (the olfactory bulb of Miro1/2DKO brain was damaged during dissection). (B) Representative MAP2 and Neurofilament staining shows
that even though the brain size is reduced, the diﬀerent regions of the brain can still be
identified in Miro1/2DKO brains (scale bar= 200 mm). (C) High resolution images of the
MAP2 staining show that neurons within the CA1 pyramidal cell layer of Miro1/2DKO
brains have a more dispersed structure and appear to have a reduced cell density compared to their littermate control, Miro2KO . The immuno-reactivity of TOM20 staining
shows that there is a reduction in the mitochondrial density within the dendritic layer
of the Miro1/2DKO CA1 neurons (scale bar= 10 mm).
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Figure 5.6: Miro1 and Miro2 cooperate in the maintenance of dendrite structure in vivo.
(A) Reconstructed traces of the neurons from 4 month old animals (scale bar= 50 mm).
At 4 months of age dendritic length (B) and number of branch points (C) of Miro1/2DKO
dendrites are significantly reduced compared to all other genotypes (n= animals, WT
n= 3, Miro1CKO n= 3, Miro2KO n= 3 and Miro1/2DKO n= 4; ANOVA- NK, *p<0.05,
**p<0.01, ***p<0.001).
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Diﬀusion of ATP alone may account for the formation of spines however mitochondria
may be required for the maturation of spines. Therefore, the densities of the diﬀerent
spine morphologies identified within the diﬀerent regions was quantified. Higher densities of mushroom and stubby types of spines are often thought to represent a more
mature neuron, whilst thin and filopodial spines represent a more immature neuron.
Compared to WT neurons, the proximal regions of Miro1KO neurons, where mitochondria are located, had a significant increase in the density of thin spines (Figure 5.8C; 30%
increase, thin spines; WT 0.252 ± 0.030 spines/ mm, Miro1KO 0.332 ± 0.0292 spines/
mm, p< 0.05, Two-way ANOVA-Bonferroni (B) post- hoc), however their was no diﬀerence in the density of any of the other morphological spine types (Figure 5.8C; stubby
spines; WT 0.347 ± 0.023 spines/ mm, Miro1KO 0.299 ± 0.019 spines/ mm; mushroom
spines; WT 0.365 ± 0.016 spines/ mm, Miro1KO 0.403 ± 0.02 spines/ mm; filopodia; WT
0.005 ± 0.002, Miro1KO 0.018 ± 0.005; Two-way ANOVA-B). Surprisingly, there was no
diﬀerence in the density of the diﬀerent protrusion classifications in the distal regions of
Miro1KO neurons, compared to WT (Figure 5.7& Figure 5.8D; stubby spines; WT 0.333
± 0.015 spines/ mm, Miro1KO 0.287 ± 0.015 spines/ mm; mushroom spines; WT 0.313
± 0.015 spines/ mm, Miro1KO 0.340 ± 0.020 spines/ mm; thin spines; WT 0.258 ± 0.019
spines/ mm, Miro1KO 0.303 ± 0.023 spines/ mm; filopodia; WT 0.014 ± 0.003 spines/
mm, Miro1KO 0.013 ± 0.002 spines/ mm), even though there is a lack of mitochondria
in the distal dendrites of Miro1KO cells. This implies that mitochondria, dependent on
Miro1 traﬃcking for their correct localisation throughout dendritic processes, are not
required for spine development or maturation.
To address whether Miro1, and mitochondrial distribution, is important for supporting
neuronal connectivity in a mature intact system in vivo, the spine density and morphology of Golgi stained spines within WT and Miro1CKO brains was investigated. As
dendritic defects, particularly in the proximal-distal axis of the apical dendrite was observed at 8 months, the spine density along proximal and distal dendrites of these neurons
were analysed (Figure 5.9A). To correlate with the points where a shift in branching was
observed in the in vivo branch sholl data (Figure 5.4F), the proximal region is defined
as secondary dendrites within the first 100 mm from the cell soma and the distal region
are dendrites within 100 mm from the dendritic tips (Figure 5.9A). As was seen in vitro,
there was no significant diﬀerence in the spine density along dendrites within the proximal or distal regions between WT and Miro1CKO neurons (Figure 5.9B-C; proximal;
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Figure 5.7: Loss of Miro1 does not aﬀect the spine density along both proximal and
distal dendrites of the neuron, compared to WT
(A) Schematic showing the proximal and distal regions of a neuron. (B-C) Representative
images of GFP and MtdsRed transfection in the proximal (B) and distal (C) regions
of 21 DIV WT and Miro1KO neurons. From these regions the spines were analysed.
(D-E) Representative image and 3D reconstruction of the spines along proximal (D) and
distal (E) processes (scale bar= 20 mm). Colour key for spine type in 3-dimensional
reconstruction: green= mushroom, red= stubby, blue= long and thin, pink= filopodia.
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Figure 5.8: No diﬀerence in the spine density or the diﬀerent types of spines was found
in proximal and distal regions of Miro1KO neurons compared to WT
Quantification of the density of spines and the diﬀerent spine morphologies within 21
DIV WT and Miro1KO neurons. (A) There is no diﬀerence in the density of spines found
within WT and Miro1KO neurons (n= dendritic processes, WT n= 48, Miro1KO n= 74,
t-test, p= 0.346). (B) Also, no diﬀerence is found in the spine density within proximal
and distal regions. These regions correlate with the shift in dendritic complexity of
Miro1KO neurons (proximal; WT n= 29, Miro1KO n= 40; distal; WT n= 31, Miro1KO
n= 34, ANOVA-NK). (C-D) Quantification of the density of the diﬀerent morphological
spine subtypes within the proximal (C) and distal regions (D) of WT and Miro1KO
neurons. (Two-way ANOVA- B, *p<0.05).
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WT 1.177 ± 0.041 spines/ mm, Miro1CKO 1.174 ± 0.050 spines/ mm; distal; WT 1.265 ±
0.053 spines/ mm, Miro1CKO 1.266 ± 0.068 spines/ mm, ANOVA- NK, p> 0.05). Next
classification of the dendritic protrusions showed that there was no diﬀerence in the
density of the diﬀerent types of spines found within both proximal and distal dendrites
(Figure 5.9D; proximal; thin; WT 0.141 ± 0.011 spines/ mm, Miro1CKO 0.104 ± 0.011
spines/ mm; stubby; WT 0.317 ± 0.012 spines/ mm, Miro1CKO 0.296 ± 0.020 spines/
mm; mushroom; WT 0.719 ± 0.041 spines/ mm, Miro1CKO 0.774 ± 0.085 spines/ mm;
distal; thin; WT 0.112 ± 0.009spines/ mm, Miro1CKO 0.120 ± 0.009 spines/ mm; stubby;
WT 0.441 ± 0.014 spines/ mm, Miro1CKO 0.295 ± 0.019 spines/ mm; mushroom; WT
0.899 ± 0.085 spines/ mm, Miro1CKO 0.851 ± 0.058 spines/ mm; Two-way ANOVA-B,
p> 0.05).
Therefore, even though there is a shift in branching along the proximal-distal axis of
the apical dendrite, due to Miro1 depletion and disrupted mitochondrial traﬃcking, the
spine density and thus the density of synaptic contacts does not appear to be perturbed.
This suggests that neuronal connectivity is formed and can be maintained along the
dendrites even when mitochondria are not present.

Miro2 is important for spine and synaptic density
Even though no dendritic defects had been observed within the Miro2KO neurons,
surprisingly 21 DIV Miro2KO neurons showed an increase in spine density. WT and
Miro2KO neurons were transfected with GFP and MtdsRed two days prior to spine
analysis. Miro2KO neurons had a spine density of 1.119 ± 0.038 spines/ mm, 24% higher
than the spine density found along the dendrites of WT neurons (WT 0.901 ± 0.0342
spines/ mm, t-test p< 0.0001, Figure 5.10A-B). When the spines were further classified into their diﬀerent morphological subtypes an increase in the more mature types
of structural spines, stubby and mushroom spines, was identified (Figure 5.10C; spines/
mm; Stubby; WT 0.269 ± 0.017, Miro2KO 0.393 ± 0.018; Mushroom; WT 0.355 ± 0.02,
Miro2KO 0.456 ± 0.02; Thin; WT 0.267 ± 0.017, Miro2KO 0.265 ± 0.014; Filopodia;
WT 0.010 ± 0.002, Miro2KO 0.005 ± 0.001; Two-way ANOVA-B, p< 0.0001). To account for the fact that there is an increase in spine density the diﬀerent spine subtypes
that were identified were normalised to the total spine number, in order to clarify which
classification of spines had changed within the increased density (Figure 5.10D). This
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Figure 5.9: Miro1 does not aﬀect spine density or the type of spine formed along dendrites in vivo
(A) Reconstructed CA1 pyramidal neurons from 8 month old WT and Miro1CKO brains.
The boxes show the proximal (secondary dendrites within the first 100 mm from the cell
soma) and distal regions (last 100 mm from the tips of the dendrites) where spines
have been analysed along the apical dendrite. (B) Golgi stained neurons showing the
spines along dendrites taken from the proximal and distal regions of WT and Miro1CKO
neurons (scale bar= 5 mm). There is no diﬀerence in the spine density (C) or the density
of the diﬀerent spine subtypes, due to their diﬀerent morphologies, (D) along proximal
and distal dendrites of WT and Miro1CKO neurons at 8 months (n= no of dendrites;
proximal; WT n=18, Miro1CKO n= 19, distal; WT n=18, Miro1CKO n= 19).
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showed that there was a significant increase in stubby spines and a significant decrease in
thin spines (spines/ mm; Stubby; WT 0.294 ± 0.015 Miro2KO 0.353 ± 0.012; Mushroom;
WT 0.389 ± 0.015, Miro2KO 0.406 ± 0.009; Thin; WT 0.301 ± 0.017, Miro2KO 0.237
± 0.010; Filopodia; WT 0.014 ± 0.005, Miro2KO 0.004 ± 0.001; Two-way ANOVA-B,
p<0.001). This suggests that depletion of Miro2 in neurons results in a shift towards a
more dense and mature synaptic structure compared to WT.
As dendritic spines reflect excitatory synapses and as Homer is one of the major structural constituents of the excitatory PSD within the spine head, the eﬀects of Miro2KO on
the size of clusters and the distribution of the Homer protein as well as the presynaptic
excitatory protein, identified by the antibody vGlut1, were studied. Immunocytochemsity labelling of 21 DIV WT and Miro2KO neurons showed discrete Homer and vGlut1
puncta evident along dendrites (Figure 5.11A). Miro2KO neurons exhibited a significant
increase in the number of Homer and vGlut1 clusters compared to control (Figure 5.11B
& D; count/ mm; Homer; WT 0.4353 ± 0.05560 , Miro2KO 0.7233 ± 0.09532, t-test p=
0.012; vGlut1; WT 0.2871 ± 0.03149, Miro2KO 0.4908 ± 0.04968, t-test p= 0.0015).
Miro2KO also caused a significant increase in vGlut1 cluster area (Figure 5.11E, WT
100.0 ± 11.62 %, Miro2KO 190.6 ± 34.09 %, t-test p= 0.011) and though not significant
a trend towards increased Homer cluster area was observed (Figure 5.11C, WT 100.0
± 26.93 %, Miro2KO 150.1 ± 31.55 %, t-test p= 0.2329). This suggests that Miro2 is
important for the number and size of excitatory synapses.
The excitatory and inhibitory inputs into a neuron are found to be tightly coupled
in order to maintain neuronal activity within a narrow, safe range. This balance is
established during development and maintained in the mature nervous system (Tao
et al., 2014a). Therefore the size and distribution of vGAT, presynaptic, and Gephyrin,
postsynaptic, inhibitory markers in 21 DIV WT and Miro2KO neurons was compared
(Figure 5.12A). Miro2KO neurons had a significant increase in the total area of vGAT
clusters, compared to WT (Figure 5.12E; ; Total area %; WT 100 ± 37.11, Miro2KO
475 ± 131.5, t-test p= 0.028). However there was no increase in the density of clusters
along the dendrites (Figure 5.12D; Count/ mm; WT 0.235 ± 0.077, Miro2KO 0.355
± 0.049, t-test p= 0.192). Also, there was no significant diﬀerence, though the data
appears to be trending towards an increase, in the cluster number or the total area of
the inhibitory postsynaptic marker Gephyrin (Figure 5.12B & C; Count/ m; WT 0.261
± 0.045, Miro2KO 0.375 ± 0.056, t-test p= 0.135; Total area %; WT 100 ± 29.79,
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Figure 5.10: Loss of Miro2 causes an increase in spine density in vitro
(A) Representative images of 21 DIV GFP transfected cells, showing the spine protrusions along dendrites of WT and Miro2KO neurons (scale bar= 5 mm). The lower panel
shows the 3-dimensional reconstruction of the traced dendrites and spines, scale bar=
5 mm. Colour key for spine type in 3-dimensional reconstruction: green= mushroom,
red= stubby, blue= long and thin, pink= filopodia. Miro2KO causes an increase in the
spine density along dendrites compared to WT controls. (B) There is an increase in
the density of stubby and mushroom spines. (C) Normalising the type of spines to the
total spine type shows an increase in stubby and a decrease in thin types of spines in
Miro2KO neurons compared to WT (n= dendrites, WT n=44, Miro2KO n=50, Two-way
ANOVA-B, **p<0.001, ***p<0.0001). The loss of Miro2 causes a shift towards more
and bigger types of spines.
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Miro2KO 202 ± 51.93, t-test p= 0.116). Altogether this data suggests that the loss of
Miro2 causes an increase in the size and density of inhibitory synapses. However it is
unclear whether the eﬀects of Miro2 deletion are directly on the inhibitory synapse or a
response to changes at the excitatory synapse, which is why a clear eﬀect on Gephyrin
clusters may not be observed as the neuron is required to undergo homeostatic events
to co-tune excitatory and inhibitory synaptic changes.
The density and type of spines within adult (postnatal day 60, P60) WT and Miro2KO
Golgi impregnated hippocampal neurons were examined to see if the eﬀect of disrupting Miro2, seen in vitro, was also observed in vivo (Figure 5.13A). Initial pooling of
all dendrites showed that there was a significant increase in the density of spines on
CA1 pyramidal Miro2KO neurons compared to WT (Figure 5.13B; WT 1.326 ± 0.04917
spines/ mm, Miro2KO 1.582 ± 0.04454, t-test p<0.0001). By analysing the basal and
apical dendrites separately a significant increase in spine density was still observed (Figure 5.13C; basal; WT 1.271 ± 0.074, Miro2KO 1.380 ± 0.074; apical; WT 1.380 ± 0.062,
Miro2KO 1.620 ± 0.050; Two-way ANOVA-B p<0.05) suggesting that the increase in
dendritic spines is an intrinsic eﬀect of Miro2KO and not due to synaptic inputs. Next
it was wondered if the increase in spine density was associated with an increase in a
specific classification of spine type. Both WT and Miro2KO neurons had a variety of
spine morphologies from mushroom and stubby to long and thin spines with the most
prominent spine type identified being mushroom spines. Quantification of the type of
spine relative to the total number of spines for WT and Miro2KO neurons, showed no
diﬀerence in the density of a particular spine subset within both basal (Figure 5.13D;
thin; WT 0.106 ± 0.012, Miro2KO 0.143 ± 0.033; stubby; WT 0.253 ± 0.014, Miro2KO
0.535 ± 0.222; mushroom; WT 0.640 ± 0.023, Miro2KO 1.15 ± 0.031, Two-way ANOVAB, p>0.05) and apical regions (Figure 5.13D; thin; WT 0.114 ± 0.018, Miro2KO 0.152
± 0.031; stubby; WT 0.394 ± 0.124, Miro2KO 0.494 ± 0.213; mushroom; WT 1.20 ±
0.331, Miro2KO 1.28 ± 0.383, Two-way ANOVA-B, p>0.05). An increase in spine density is likely to cause changes in connectivity within the hippocampus that may result
in altered neuronal computations. Altogether this shows that Miro2 is important for
regulating spine and synapse density both in vitro and in vivo.
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Figure 5.11: Loss of Miro2 causes an increase in excitatory synaptic puncta
(A) Representative images of vGlut1 and Homer synaptic staining in 21 DIV WT and
Miro2KO neurons, transfected with GFP and MtdsRed (scale bar= 5 mm). (B & C)
Quantification of Homer clusters. There is an increase in the density (B) but not the
area (C) of Homer puncta within Miro2KO neurons compared to WT (n= cells, WT n=
20, Miro2KO n= 20, t-test, *p< 0.05). (D & E) Quantification of vGlut1 clusters. The
density and area of the presynaptic marker vGlut1 is increased within Miro2KO neurons
compared to WT ( WT n=14, Miro2KO n=11, t-test, *p< 0.05, **p< 0.01).
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Figure 5.12: Loss of Miro2 aﬀects inhibitory presynaptic cluster area
(A) Representative images of vGAT and gephyrin synaptic staining in 21 DIV WT
and Miro2KO neurons, transfected with GFP and MtdsRed (scale bar= 5 mm). (B &
C) Quantification of Gephyrin clusters. The inhibitory postsynaptic marker, shows no
diﬀerence in the number (B) and total area (C) within WT vs. Miro2KO neurons (n=
cells, WT n=13, Miro2KO n= 15, t-test, p> 0.05). (D & E) Quantification of vGAT
clusters. The inhibtory presynaptic marker, shows no diﬀerence in the number (D) but
an increase in the area (E) of vGAT cluster within Miro2KO neurons compared to WT
(WT n= 7, Miro2KO n=9, t-test, p> 0.05).
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Figure 5.13: Miro2 is important for regulating spine density in vivo
(A) Representative dendritic segments of Golgi-stained CA1 neurons from WT and
Miro2KO littermates, P60 (scale bar= 5 mm). Quantification of the spine density along all
dendrites pooled together (B) and also separately for the basal and apical dendrites (C),
shows that there is an increase in the spine density within Miro2KO neurons compared to
WT (n= cells, WT n= 18, Miro2KO n= 18, t-test and two-way ANOVA-B respectively,
*p< 0.05, ***p< 0.001). (D) However, there is no diﬀerence in the density of the diﬀerent
types of spines in both basal and apical regions of Miro2KO neurons compared to WT
(Two-way ANOVA-B).
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Discussion
By utilising constitutive and conditional mouse knockout strategies and immunofluorescence staining it has been possible to investigate the roles of Miro1 and Miro2 in vivo, in
a mature neuronal system. It appears that correct dendritic maintenance isdependent
on Miro1 and Miro2 function. Interestingly, the defects in dendritic morphology within
Miro1 depleted neurons did not cause defects in spine density along the altered dendritic arbors of both developing and mature neurons. However, a lack of Miro2 within
the neuron caused an increase in spine and synapse density, highlighting a role of Miro2
that cannot be compensated for by Miro1.
The CaMKIIa-Cre driven deletion of Miro1, postnatally in hippocampus and cortex,
caused a drastic change in dendritic architecture. Particularly intriguing is the initial
proximal to distal spatial redistribution of dendritic branching, prior to the complete loss
of the dendritic tree. Remarkably, this shift in the branching points was similar to the
eﬀects seen in vitro, where the loss of Miro1 lead to the accumulation of mitochondria
in proximal dendrites, resulting in neurons with shorter dendrites but with significantly
increased branching in their proximal regions. As mitochondrial immunofluorescence
staining showed an altered mitochondrial distribution pattern in the hippocampal region
of brain slices, altogether these results suggest, a striking correlation between the spatial
positioning of mitochondria and dendritic branch positioning, important in both the
developing and mature system.
The loss of dendritic complexity upon conditional deletion of Miro1 postnatally is clearly
evident at 8 months after birth. Interestingly, there were no obvious structural changes
in the dendritic architecture of 4 month old Miro1CKO neurons, whilst a more dramatic
amount of dendrite loss was observed at 12 months, correlating with the time point
at which the Miro1CKO animals died. This demonstrates the progressive nature of the
pathological phenotype and rules out a developmental explanation for the decrease in
dendritic complexity. This data provides compelling evidence that mitochondrial trafficking is critical for maintaining the complexity of the dendritic arbors throughout the
neurons lifespan. Whilst knocking out Miro2 had no obvious eﬀect on dendrite morphology, as previously, the loss of both Miro1 and Miro2 together dramatically accentuated
the eﬀects of Miro1CKO alone. Miro1/2DKO neurons greatly exacerbated the phenotype
described, including a greater reduction in dendritic length and number of branch points,
and mice were not viable beyond 4 months of age. This highlights the co-operative roles
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of Miro for maintaining the arbors of the dendritic tree.
Mitochondrial dysfunction and disruption in mitochondrial traﬃcking have been related
to a number of neurological and neurodegenerative diseases, such as Alzheimer’s disease,
Parkinson’s disease and amyotrophic lateral sclerosis (ALS)(Mattson et al., 2008; Sheng
and Cai, 2012), however understanding the mechanisms that converge on mitochondrial
dysfunction resulting in the pathological outcomes that underlie these disorders are hard
to identify. Neurites undergoing degeneration often have the appearance of membrane
blebbing and beading formation which is a hallmark of neurodegeneration associated
with a decrease in neuritic ATP levels (Ikegami and Koike, 2003; Ikegami et al., 2004).
Therefore, it is likely that, a constant supply of functional mitochondria is important
for protecting against neurodegeneration. Miro mediated traﬃcking has been linked to
mitochondrial quality control mechanisms (Birsa et al., 2014; Liu et al., 2004; Wang
et al., 2011) and disruption of this has been related to neurodegenerative diseases (Itoh
et al., 2013). Therefore, it is conceivable that dysregulated mitophagy in neurons lacking
Miro, may contribute to the neuronal death observed in the model.
A recent report supports the notion that conditional Miro1 deletion in neuronal cells
causes neuronal pathology. It identified that defects in axonal traﬃcking of mitochondria, following the depletion of Miro1, caused eﬀects similar to an upper motor neuron
disease like ALS (Nguyen et al., 2014). This implies that Miro and mitochondrial trafficking is important for protection against neurodegeneration. However, in their model
the conditional deletion of Miro1 is driven by Cre expression under the control of the
enolase2 promoter (Kwon et al., 2006). Conditional deletion driven by this promoter
is expected to aﬀect multiple populations of neurons starting as early in development
as E13.5 (Kwon et al., 2006; Nguyen et al., 2014). This makes the cellular mechanisms
underlying the observed phenotype diﬃcult to interpret and clarifying it as a neurodegenerative phenotype is not possible as the onset of Cre driven conditional deletion in
this model could also cause developmental defects. Also Nguyen et al. (2014), did not
consider the eﬀects of Miro1 conditional knockout on the dendrites of the upper motor
neurons. This may be interesting particularly as Jara et al. (2012) identified that an
early event of ALS is spine loss in the apical dendrites of the upper motor neurons.
The loss of dendritic complexity is a hallmark of a number of neurodegenerative diseases (Jan and Jan, 2010; Kulkarni and Firestein, 2012). These results demonstrate
that Miro1 deletion (and more accentuated in Miro1/2DKO animals) is associated with
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a decrease of dendritic complexity in distal regions of CA1 neurons. The initial dendrite reorganisation observed along the proximal-distal axis of the apical dendrites may
initially occur as a compensatory mechanism in order for neuronal connectivity to be
maintained. Indeed, dendrite arbors of mature neurons often undergo large scale remodeling under pathological conditions (Kaufmann and Moser, 2000; Koleske, 2013).
However dendrites have been shown to play an important role in computational integration of synaptic signaling and any disruptions in dendrite branching and morphology
will aﬀect the electrical properties of the neuron. Recent work in a mouse model of
Alzheimer’s disease established a mechanistic link between structural degeneration and
aberrant neuronal function. Abnormal changes in dendritic morphology led to neuronal
hyper-excitability constituting a novel cellular pathomechanism underlying network dysfunction and neurodegeneration. The resulting animal deaths, seen following conditional
postnatal deletion of Miro, may be due to the dendrite reorganisation and progressive
retraction which leads to neuronal dysfunction possibly leading to a neurodegenerative
phenotype. This pathophysiology could also underlie the neurodegenerative outcome of
other mitochondrial diseases.
It is common in psychiatric and neurodegenerative disorders that spine loss accompanies dendritic atrophy (Kulkarni and Firestein, 2012). In fact a neurons failure to
form productive synaptic contacts results in fewer spines and dendrite branch retraction
(Sfakianos et al., 2007; Lin and Koleske, 2010). Disruption in the subunit composition of
NMDA receptors at spines, aﬀecting neuronal transmission, has been shown to cause a
decrease in dendritic arborisation and an increase in the proportion of immature filopodia (Ster et al., 2014). Stable branches contain a mixture of stable spines, new spines
and destabilising spines (Lin and Koleske, 2010; Koleske, 2013). Therefore, dendrites
that are denuded of spines are likely to not be stabilised, in a developmental scenario,
or degenerated in the adult brain. It is possible that the altered dendritic architecture
due to the lack of Miro1 occurred because stable synaptic contacts could not be formed
or maintained. It was surprising to find that regions of the Miro1KO neuron, that were
completely devoid of mitochondria and where a disrupted dendritic morphology had
occurred, still had a normal density of spine protrusions along its dendrites. This is
particularly interesting as Li et al. (2004) has previously shown that there is a structural and functional interplay between dendritic mitochondria and spines and synapses.
Disruption of the mitochondrial content in dendrites altered the number and plasticity
of spines. However in this work, disrupted mitochondrial localisation was achieved by
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manipulating the fission and fusion dynamics of mitochondria, which can also alter mitochondrial function. Depletion of Miro1 alone exclusively disrupts the mitochondrial
traﬃcking network independent from mitochondrial function. Interestingly, Li et al.
(2004) identified that creatine, a stimulator of mitochondrial respiration, could mimic
the eﬀects of Drp1 overexpression, which increases the mitochondrial density in the dendrites leading to an increase in spine density. This implies that ATP alone is enough
to support spine formation and therefore, diﬀusion of ATP within the Miro1KO cells,
may support the spine protrusions that are formed. However, Ca2+ handling within
spines and dendrites is an important determinant of plasticity mechanisms. CaMKII
activity in mature neuronal cultures is required for activity induced spine enlargement,
and disruption of this mechanism leads to spine destabilisation (Lin and Koleske, 2010).
Therefore, mitochondrial traﬃcking dependent on Miro1, providing spatial and temporal regulation of mitochondrial positioning following synaptic activity may be important
for activity-dependent synaptic plasticity mechanisms at spines, however this requires
further investigation.
Miro2 depletion caused an increase in spine and excitatory synapse density both in
vitro and in vivo. This was surprising as loss of Miro2 had no eﬀect on mitochondrial
traﬃcking and localisation or any dendritic defects. Interestingly, caspase-3 KO mice
have been shown to have increased spine density and synaptic strength (Ertürk et al.,
2014). Activation of a localised apoptosis pathway in dendrites was suﬃcient to cause
the elimination of spines. It was shown that restriction of caspase-3 activation induced
LTD and protected neurons from cell death (Li et al., 2010; Jiao and Li, 2011; Ertürk
et al., 2014). Ca2+ uptake in mitochondria promotes the release of proapoptotic factors
from the mitochondria (Pacher and Hajnóczky, 2001). As Miro2, is targeted to the
mitochondria and contains EF- hand Ca2+ sensing domains, it is feasible that Miro2
plays a role in the “subapoptotic” activation of the mitochondrial apoptotic pathway
locally in dendrites, therefore influencing LTD and spine pruning. This could also explain
how the presence of Miro2 in Miro1CKO neurons initially plays a critical role in protecting
these cells from neurodegeneration as its presence provides a break for localised caspase3 activity. When Miro2 is removed in Miro1/2DKO neurons, apoptosis signals could
spread more easily to the cell body causing neuronal cell death at an earlier timepoint.

Chapter 6

General Discussion
Mitochondria are actively transported throughout the neuron to sites of high energy demand and Ca2+ buﬀering requirements. The neuron can rapidly control the positioning
of mitochondria close to sites of synaptic activity due to the motor adaptor protein Miro
(Macaskill et al., 2009; Saotome et al., 2008; Wang and Schwarz, 2009). Miro exists
in a complex with motor proteins and other adaptor proteins, such as TRAK1/2 and
is important for coupling mitochondria to the microtubule tracks (Macaskill and Kittler, 2010; Sheng, 2014). The work carried out in this thesis addresses the issue of how
mitochondrial transport and distribution, dependent on Miro, impact upon dendritic
development, maintenance and spine structure. A combination of constitutive and conditional genetic mouse models along with molecular and cell biological approaches has
allowed for the investigation of mitochondrial localisation and morphology of dendrites
and spines within Miro deficient neurons both in vitro and in vivo.
The development of a variety of multi-cistronic vectors has allowed for the simultaneous
labelling of cell morphology and the mitochondrial network. Vectors containing the
2A peptide could successfully introduce both cytosolic GFP and MtdsRed into a cell.
Consistent cleavage of the 2A peptide resulted in equal and stable expression of the
diﬀerent transgenes contained within the vector. This provides a novel genetic probe
with more versatility, than the currently commonly used IRES sequence, for bi-cistronic
transgene expression systems in the future. Combining these vectors with the use of an
adenoviral transduction system, it was possible to investigate mitochondrial dynamics
within dissociated neurons and in the cells of organotypic brain slices. The use of a
ubiquitous promoter, CAG, within the adenovirus lead to high eﬃciency expression of
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both MtdsRed and GFP, particularly in glial cells. The use of cell specific promoters
(e.g. the neuronal specific promoter synapsin) or the DIO Cre/loxP system to achieve
high eﬃciency transduction of specific neuronal populations within organotypic slices
was more diﬃcult. Altogether using this approach it was possible to investigate the
impact of mitochondrial network dynamics within the glial population.
The results presented in chapters 4 and 5, demonstrate that Miro1 and Miro2 cooperate
in vitro and in vivo in regulating the development of the dendritic tree and in maintaining and sustaining arborisation (summarised in Figure 6.1). The results suggest that
when no Miro protein is present neurons inevitably lose their dendritic complexity and
consequently their connectivity rendering them vulnerable to undergo a neurodegenerative process. Therefore, the imperative need of correct mitochondrial distribution within
dendrites to sustain their architectural complexity has been highlighted.
The assessment of animal viability showed that Miro1, as opposed to Miro2, is essential
for cellular function and is the main regulator of mitochondrial transport both in axons
and dendrites. Whilst, the importance of Miro1 in axonal mitochondrial transport has
been reported recently (Nguyen et al., 2014), the importance of Miro1 for dendritic mitochondrial transport and the necessity of this mechanism for dendritic development has
been shown here. Depletion of Miro1 led to significant defects in dendritic development.
Indeed, mitochondrial density has been linked to dendritic morphogenesis previously
(Chen et al., 2007; Ishihara et al., 2009; Kimura and Murakami, 2014; van Spronsen
et al., 2013; Fukumitsu et al., 2015), however in these studies the altered mitochondrial
distribution cannot be separated from disrupted mitochondrial function. Conversely
the model used in this study, where Miro1 (the critical regulator of mitochondrial trafficking) is depleted, results in the mitochondrial distribution being selectively altered
without aﬀecting mitochondrial function. This approach emphasised the importance
of mitochondrial traﬃcking for their correct distribution throughout dendrites and underlines how essential this is for dendritic growth, in particular highlighting the strong
correlation between the mitochondrial density pattern and the positioning of dendritic
branch points. Interestingly, though mitochondrial traﬃcking was disrupted in the axon
their distribution was maintained to the axon tips. No diﬀerence in the mitochondrial
localisation pattern within the axon of WT and Miro1KO cells was observed. This gives
prominence to the possibility of diﬀerent traﬃcking or compensatory mechanisms existing within the axon and dendritic compartments of the neuron. Indeed syntaphilin,
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Figure 6.1: Schematic summarising results of Miro depletion in vitro and in vivo
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which is a mitochondria-targeted docking protein, is known to be axon specific (Kang
et al., 2008; Chen and Sheng, 2013), whilst the mitochondrially associated kinesin adaptor proteins, TRAK1 and TRAK2 are shown to have a polarised distribution pattern
throughout the neuron and cause preferential binding to either kinesin or dynein motors
respectively providing compartment specific targeting of mitochondria (van Spronsen
et al., 2013; Loss and Stephenson, 2015).
The postnatal deletion of Miro1 in vivo lead to a progressive loss of distal dendrites and
dendritic complexity. This demonstrates, for the first time, the importance of Miro1 and
mitochondrial traﬃcking for the maintenance of the dendritic tree. An age-dependent
time course of dendritic loss leading to a neurodegenerative phenotype has been identified
in neurons lacking Miro. Interestingly, the Miro1 depleted neurons that showed dendritic
alterations had no disruption of their steady-state spine protrusion density. This was
surprising as it included dendrites completely devoid of mitochondria and previously
published data has shown that the dendritic distribution of mitochondria is essential
and limiting for the support of synapses and dendritic spines (Li et al., 2004).
Depletion of both Miro proteins consistently resulted in accentuated defects, revealing a
necessary and co-operative role for Miro2 with Miro1. Though a specific and independent
role for Miro2 in regulating mitochondrial transport has not been identified a surprising
eﬀect of Miro2 deletion alone was an increase in spine density both in vitro and in vivo.
This implies that Miro2 has other roles important for cell physiology and that some of
it’s functions are not shared or cannot be compensated for by Miro1.

Mitochondrial transport and localisation in dendrites vs axons
Reduced mitochondrial density was found in the distal dendrites of Miro mutant neurons,
with mitochondria still appearing in the proximal dendrites and the axons of these
neurons. This is particularly intriguing as the microtubule orientation of the distal
dendrites matches that of the axon and yet the mitochondrial distribution in these
compartments, in the absence of Miro, is very diﬀerent. Though Miro does not appear
to be important for the initial establishment of mitochondria into axons and dendrites
it may be important for the switch between kinesin and dynein driven traﬃcking, a
mechanism that would be evident and important at the transition from proximal to
distal dendrites.
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TRAK1 and TRAK2 have been shown to be critical for the specific targeting of mitochondria to the axon and dendrites respectively (van Spronsen et al., 2013; Loss and
Stephenson, 2015). However the TRAK proteins are recruited specifically to mitochondria by Miro1 (Macaskill et al., 2009; Wang and Schwarz, 2009). Therefore it is unclear
if and how these adaptor proteins may be recruited to mitochondria in the absence of
Miro, particularly as mitochondria targeting to dendrites and axons persists in mutant
neurons. Several other adaptor proteins have been implicated in the transport of mitochondria. Syntabulin has been identified as a key protein in neuronal mitochondrial
transport (Cai et al., 2005) and is targeted to the mitochondria through its carboxylterminal tail. Its function appears to be axon specific as RNAi knockdown of syntabulin
reduced anterograde movement of mitochondria and in turn reduced mitochondrial density within the axon (Cai et al., 2005). It would be interesting to see if an interaction
for syntabulin and TRAK exist as this would then allow for an alternative mechanism
for maintaining the axon specific mitochondrial distribution and may account for the
remaining amount of fast axonal transport that was detected in the axon as syntabulin
is known to be a prominent KIF5 motor adaptor (Cai et al., 2005).
Fasiculation and elongation factor zeta-1 (FEZ1) has also been implicated in neuronal
mitochondrial traﬃcking in mammals and was shown to exist in a complex with kinesin
motor proteins (Ikuta et al., 2007; Fujita et al., 2007). Knockdown of FEZ1 inhibits mitochondrial movement only in the anterograde direction while leaving retrograde movement
largely unaﬀected. APLIP1, identified in Drosophila, is a kinesin heavy chain interacting
protein and has been shown to be important for the transport of both synaptic vesicles and mitochondria (Horiuchi et al., 2005). Mutations of APLIP1 aﬀected retrograde
transport of mitochondria only and is important for kinesin cargo linkage and motor
activation (Horiuchi et al., 2005; Cai et al., 2005). However whether this protein is directly involved in mammalian mitochondrial transport remains to be determined. Also,
it is unclear how these two adaptors may be recruited to mitochondria.
Alternatively, other motors may be responsible for axon specific traﬃcking and distribution of mitochondria. KIF1B has been shown to drive axonal mitochondria transport
only (Nangaku et al., 1994), whilst a newly identified Myosin XIX motor has been associated with mitochondria and has been shown to be involved in actin based mitochondrial
dynamics (Quintero et al., 2009; Lu et al., 2014), this could provide an alternative actindependent mechanism for axonal mitochondrial transport. However it is unclear how
these motors interact with mitochondria as they do not contain a mitochondrial target-
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ing domain and there is currently no evidence of their interaction with a mitochondrial
adaptor protein.
Interestingly, a recent report demonstrated that the impact of Miro1 knock-out in cortical neurons was a reduction in axonal retrograde mitochondrial transport with remarkably no impact on anterograde motility (Nguyen et al., 2014). This is surprising as a
regulatory crosstalk between kinesin and dynein motors is likely to exist (Russo et al.,
2009; Babic et al., 2015). However, this report may explain the presence of mitochondria
in the axon, all the way to the axonal tip, and the reason for the discrepancy with the
traﬃcking results presented here might be attributed to a diﬀerence in the developmental
stage at which the neurons were analysed. At earlier timepoints, mitochondrial anterograde traﬃcking may persist, by means independent of Miro transport, thus ensuring
the distribution of mitochondria in the axon.
Even though mitochondria are present in the axon, its length is aﬀected. As ⇠ 10% of

mitochondria remain mobile in the axon following Miro1 depletion, this may be suﬃcient
to deliver mitochondria into the axon where they may then be docked by the axon specific
docking protein syntaphilin (Kang et al., 2008). This anchoring mechanism may enable
the neuron to maintain its proper mitochondrial density within axons even though the
total mitochondrial influx is reduced. However when the integrity of the neurons may be
impaired they may not be able to undergo mitophagy (a mechanism known to involve
Miro (Wang et al., 2011; Birsa et al., 2014)), therefore reducing the number of functional
mitochondria within the axon, inhibiting axonal maintenance and growth. Alternatively,
the capture of mitochondria at nascent presynaptic sites (Courchet et al., 2013) and the
recruitment of mitochondria to mRNA hot spots (Spillane et al., 2013), that have been
shown to be important for axonal outgrowth, may be dependent on Miro for the specific
localisation of mitochondria at these sites. Therefore it would be interesting to see if
axon branching as well as growth has been aﬀected in cells lacking Miro, and whether
this correlates with mitochondrial positioning throughout the axon.

Spatial distribution of dendritic branching and neurodegeneration
The complex geometry of the dendritic tree results in spatially distinct dendritic compartments that can independently process complex information events, due to spatially
restricted chemical and electrical signaling transients (Branco and Häusser, 2011). The
complex architecture restricts diﬀusion of chemical signals and so an intricate organisa-
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tion of organelles and cellular machinery is necessary throughout the diﬀerent dendritic
subdomains in order for the neuron to function properly.
The data presented in this thesis indicates that the regulated distribution of mitochondria, dependent on Miro, is essential for the development and maintenance of the dendritic branches. A striking result, both in vitro and in vivo, was that disrupted mitochondrial traﬃcking influenced the spatial organisation of the dendritic tree. The
data suggests that there is a strong correlation between mitochondrial positioning and
dendritic branching however an understanding of how mitochondria may influence or
maintain dendritic growth is limited. ATP and Ca2+ are the two most likely candidates
that dendritic mitochondria might be controlling and sequestering locally to influence
the dendritic structure (Sheng and Cai, 2012).
Dendritic reorganisation has been noted previously following BDNF signaling, an extrinsic growth factor that is known to regulate the pattern of dendrite branching (Kwon
et al., 2011). However, as the eﬀects of Miro1 depletion are seen both in vitro and in
vivo (chapter 4), it is likely that cell-intrinsic mechanisms important for the growth and
maintenance of the dendritic architecture are dependent on mitochondrial positioning.
Both ATP and Ca2+ have been shown to be critically important for dendritic development (Fukumitsu et al., 2015; Li et al., 2004; Dickey and Strack, 2011; Konur and
Ghosh, 2005). Importantly, when mitochondria have been prevented from moving into
dendrites, dendritic extension is severely retarded (Fukumitsu et al., 2015). Activity
dependent neurotransmitter signalling is believed to be important for sculpting dendrite growth (Lee et al., 2005; Ewald et al., 2008; Haas et al., 2006; Shen et al., 2009).
This activity will often result in a rapid and local increase in the Ca2+ concentration
(Lohmann and Wong, 2005). Lower levels of Ca2+ transients are thought to facilitate
filopodial outgrowth (Konur and Ghosh, 2005; Lohmann and Bonhoeﬀer, 2008; Rizzuto
et al., 2012). Interestingly, intracellular Ca2+ chelation has been shown to enhance neurite outgrowth (Dickey and Strack, 2011). Therefore, a greater density of mitochondria
in the proximal dendrites would lead to an increase in buﬀered Ca2+ , and lower cytosolic
Ca2+ levels, thus leading to an increase in the number of neurites in this region. ATP is
required in growing dendrites, a major pathway of ATP consumption is ATP-mediated
actin polymerisation and depolymerisation (Fukumitsu et al., 2015). This is an important mechanisms of neurite extension and retraction during development (Jan and Jan,
2010). Mitochondrial ATP production is likely to support many other cellular processes
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important for dendritic outgrowth, including microtubule-based intracellular transport,
membrane endocytosis/exocytosis, and a host of phosphorylation reactions on many intracellular kinases (Jan and Jan, 2010). Therefore the lack of mitochondria and ATP
production in distal dendrites is likely to prevent these mechanisms from being regulated
or occurring properly. Alternatively, reactive oxygen species (ROS), which are produced
by mitochondria, might be involved in the regulation of dendritic branching, since ROS
stimulate neuronal diﬀerentiation of PC12 cells (Kennedy et al., 2012).
Dendritic arbors are highly dynamic during the early stages of development, gradually
stabilising as development proceeds (Koleske, 2013). Therefore, altered mitochondrial
distribution is thought to have a more significant eﬀect on the dendritic arbor morphology during the early stages of development, rather than the later stages when dendritic
arbors are stabilized. Intriguingly, as shown by the data in chapter 5 continued regulated
mitochondrial traﬃcking and distribution in mature neurons, dependent on Miro, is essential. Following the postnatal deletion of Miro1, shorter dendritic processes and a loss
of dendritic complexity was observed at 8 months. ATP-deficient conditions has been
reported to lead to dendritic degeneration in mature neurons. Brewer and Wallimann
(2000) showed that the mechanisms of degeneration could be protected against by creatine supplementation. Also, mutations in the mitochondrial fusion gene Mfn2, caused
neurodegeneration due to a lack of mitochondrial DNA, a deficiency that alters mitochondrial respiration (Chen et al., 2007). Together these papers support the hypothesis
that a constant ATP supply from mitochondria is required for dendritic maintenance
and that this is likely to have been disrupted in Miro1CKO neurons, in vivo, in the
distal dendrites initially where mitochondrial density was reduced. Interestingly, compartmentalised Ca2+ transients act as a spatial and temporal cue for dendritic pruning
(Kanamori et al., 2013). This is a mechanism that is thought to be important for the
refinement of neuronal circuits. As altered mitochondrial traﬃcking postnatally may
result in preventing the replacement and removal of damaged mitochondria from dendrites (Wang et al., 2011; Birsa et al., 2014), correct Ca2+ buﬀering may be perturbed
and thus changes in Ca2+ transients may provoke the loss of dendrites. This implies
that there is an important continued need for correct Ca2+ buﬀering in mature neurons
and provides a possible mechanism to explain the cleavage of dendritic segments. Distal
dendrites may be the first dendrites to be lost as mitochondria in these dendrites are
the furthest from the soma where they are sythesised and degraded.
The eﬀects of Miro depletion is not immediately evident in postnatal neurons. In fact,
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the observed deficit in dendrites due to loss of Miro1 is not noticeable until 8 months of
age, at least 7 months after the expression of Cre in the primary neurons of cortex and
hippocampus (Dragatsis and Zeitlin, 2000). Simple ATP diﬀusion and high energy phosphate relay systems such as the phosphocreatine shuttle may obviate the need for dendritic mitochondria initially (Andres et al., 2008; Linton et al., 2010). In cells with high
and fluctuating energy requirements like neurons, the creatine kinase/phosphocreatine
system is critical, the creatine kinase isoenzymes are specifically localized at strategic
sites of ATP consumption to eﬃciently regenerate ATP in situ via phosphocreatine (Andres et al., 2008). However the relevance of this mechanism along with mitochondrial
traﬃcking requires further investigation.
The transport and spatial distribution of mitochondria in neurons is directly correlated
with synaptic activity (Sheng and Cai, 2012). An increase in Ca2+ concentration has
been shown to result in the rapid stopping of mitochondria in the vicinity of activated
synapses, due to the Miro- EF hand Ca2+ binding domains (Macaskill et al., 2009). Due
to the neurons necessity for ATP and Ca2+ buﬀering during development and maintenance, the spatial and temporal positioning of mitochondria is likely to be important.
Therefore, investigation of the role of the EF- Ca2+ sensing domains of Miro during
neuronal development and maintenance is required.

The possible role of Miro2
In chapter 5 analysis of the spine density on Miro2KO neurons, both in vitro and in
vivo, showed a significant increase in spine number along with an increase in excitatory synaptic puncta. This implies that Miro1 and Miro2 have independent functions.
In lower eukaryotes such as Drosophila and yeast, Miro exists as a single orthologue,
known as dMiro and Gem1 respectively (Guo et al., 2005; Koshiba et al., 2011). Miro in
these systems is shown to be essential for correct mitochondrial inheritance and function.
The necessity for two related Rho GTPase’s in higher order organisms is unclear. The
amino acid sequence of Miro1 and Miro2 shares 60% similarity (Fransson et al., 2003,
2006), both contain two GTPase domains, two EF-hand Ca2+ binding domains and an
outer mitochondrial membrane targeting sequence. Significant evidence, supported by
the results in chapter 4, show that Miro1 is critical for the traﬃcking of mitochondria
(Macaskill et al., 2009; Wang and Schwarz, 2009; Nguyen et al., 2014). This role appears to be independent from mitochondria’s bioenergetic function (Nguyen et al., 2014).
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There is far less known about the independent role of Miro2, in chapter 4 data shows
that Miro2 is not involved in mitochondrial traﬃcking and localisation throughout the
neuron. Understanding the novel putative role of Miro2 is important as it may play an
essential role in mitochondrial function.
Pharmacological enhancement of mitochondrial respiratory function has been shown to
cause an increase in synapse and spine density (Li et al., 2004). Neurons from a caspase3 KO mouse line have an increase in spine density (Ertürk et al., 2014). Local activation
of the mitochondrial apoptotic pathway pathway causes a localised increase in cleaved
caspase-3 which was suﬃcient to induce spine elimination (Li et al., 2010; Jiao and Li,
2011; Ertürk et al., 2014). Mitochondria are known to be essential for generating ATP
and playing a key role in the apoptotic signaling pathway, however direct evidence of
Miro2 in either of these processes needs further investigation.
High-throughput proteomic mapping and co-fractionation assays suggest that Miro2 may
act with several other structural proteins found on both the inner and outer mitochondria
membranes, as well as kinases and transcription factors (pre-publication dataset Huttlin
et al. 2015; Havugimana et al. 2012). The interesting interactors specific to Miro2 and not
Miro1 that have been reported in these screens include; Myosin XIX, RYK and RAB5A.
Myosin XIX, as mentioned previously, is a novel actin motor protein which has been
associated with actin-based mitochondrial dynamics (Quintero et al., 2009; Lu et al.,
2014). RYK, growth factor receptor tyrosine kinase, has a leucine rich extracellular
domain with a WIF- type WNT binding region and is involved in stimulating WNT
signaling pathways important for neurite outgrowth and axon guidance (Lu et al., 2004).
Interestingly, ROR2, another member of the receptor tyrosine kinase family, has been
shown recently to be involved in the maintenance of dendritic spine number (Alfaro
et al., 2015). RAB5A is a key regulator of intracellular membrane traﬃcking and is
associated with early endosomes and has been shown to contribute to the regulation
of filopodial extension (Gauthier-Campbell et al., 2004). Brown et al. (2005) showed
that RAB5 activation drives the specific internalisation of synaptic AMPA receptors
in a clatharin- dependent manner and this activity is required for LTD. Altogether,
these interactors pose interesting options for playing a role with Miro2 and regulating
spine dynamics. However these Miro2- protein interactions must be confirmed by either
immunoprecipitation or immunofluorescence initially before further investigation.
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Future directions
It is evident that the mechanisms important for dendritic morphogenesis and maintenance still need to be elucidated. This thesis has emphasized the importance of
mitochondrial traﬃcking for supporting the formation of the complex dendritic tree
and highlights a critical role it plays in sustaining the complex dendritic architecture
throughout adulthood. However the downstream eﬀects of mitochondrial positioning on
dendritic morphology still requires further investigation.
Fluctuations in [Ca2+ ]i and ATP are known to be important for dendritic development.
The use of genetic probes that report changes in the cytosolic Ca2+ and ATP levels
correlated with mitochondrial density in WT and Miro deficient cells would help in
elucidating possible mechanisms between mitochondrial positioning and fluctuations in
these second messenger signals within the neuron. As the Ca2+ sensing abilities of Miro
has been previously shown to be important for regulating mitochondrial transport, in
an activity dependent manner (Macaskill et al., 2009), and as many studies suggest that
neuronal activity, leading to a rise in [Ca2+ ]i , can regulate the formation of the dendritic
tree (Heiman and Shaham, 2010; Jan and Jan, 2010), it would be interesting to see if
disruption of the Ca2+ binding within the EF-hand domains of Miro alters the dendritic
architecture. An interesting technique that could be utilised to understand if mitochondrial positioning specifically influences the points of dendritic branching would be to use
the recently described technique of optically controlling the intracellular localisation of
organelles (van Bergeijk et al., 2015). van Bergeijk et al. (2015) describe a technique
where light-sensitive heterodimerisation can be used to recruit specific cytoskeletal motor proteins to selected cargo. This could be used to identify the eﬀects of specifically
localising mitochondria at sites of interest throughout the developing neuron. Also,
long-term imaging assays, upto 12 hours of imaging, would allow for the assessment of
mitochondrial traﬃcking in relation to stabilised or growing dendrites.
To further investigate how mitochondrial traﬃcking is important for dendritic maintenance, a combination of genetic probes, described in chapter 3, and a viral system,
would allow for the analysis of neuronal morphology and mitochondrial localisation in
vivo. Also, as the loss of Miro appears to lead to a neurodegenerative phenotype, it
would be interesting to assess the eﬀects of Miro depletion or over-expression in mouse
neurodegenerative disease models. If the rate of neurodegeneration is altered it would
highlight the necessity of mitochondrial traﬃcking to protect against neurodegeneration.
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Analysis of whether diﬀerent mitochondrial transport machinery mechanisms exist within
the diﬀerent compartments of the cell is important as it will shed light on the variety
of regulators involved in mitochondrial transport and may explain the reasons for the
results seen in chapter 4. In particular, to establish if an actin dependent mechanism is
important in the axon, mitochondrial localisation in the presence of actin depolymerising
agents such as cytochalasin D, within the axon of Miro deficient cells could be assessed.
Also it would be interesting to see, if in the absence of Miro, if the TRAK proteins
could still be recruited to mitochondria and therefore allow for the compartment specific targeting of mitochondria. This may help to highlight alternative members of the
mitochondrial traﬃcking complex.
A surprising result in the Miro1KO cells was the lack of any eﬀect on spine density in
regions depleted of mitochondria. It would be interesting to see if functional synapses
were present at these spines and whether they respond in the expected manner to different plasticity paradigms. Conversely, it would be interesting to see how the increase
in spine density and excitatory synapses observed in Miro2KO mice alters these neurons
physiological properties. Interestingly, the caspase-3 knock-out mice, which have also
been shown to have an increase in spine density, had a behavioral phenotype. The
caspase-3 knock-out mice had disrupted attention, including distractibility and impulsivity, while preserving multiple learning and memory capabilities (Lo et al., 2015).
This is an interesting eﬀect and similar to what has been observed in neuropsychiatric
disorders. An increase in spine density has been associated with autism spectrum disorders (Penzes et al., 2011), in particular fragile X syndrome (Hutsler and Zhang, 2010),
which is thought to result from pruning deficits, leading to hyper-connectivity in local
brain circuits and hyper-connectivity between brain regions. Therefore, as well as trying
to identify the role of Miro2, it would be interesting to perform behavioral and electrophysiological studies on Miro2KO mice to investigate if the connectivity of their neuronal
network is altered.
As many neurological diseases have been postulated to involve deficits in mitochondrial
function (Zsurka and Kunz, 2013) and as the work in this thesis highlights links between
Miro depletion and eﬀects similar to that seen in neuropsychiatric and neurodegenerative
diseases, it is important to continue to investigate how the role of Miro may impinge on
the progression of these diseases in the future.
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Figure A.1: Miro1 protein is the main regulator of mitochondrial traﬃcking
(A and E) Hippocampal neurons from (i) WT and (ii) Miro1KO animals were co- transfected with MtdsRed and GFP (and (iii) WTMiro1myc in Miro1KO cultures in rescue
experiments) and mitochondrial motility live imaged in dendrites (A) and axons (E).
Static images show mitochondrial positioning at time= 0. Corresponding kymographs
show motility of mitochondria over 2 minute period (height) (scale bar= 10 mm). (B
and F) Percentage of mobile mitochondria in dendrites (B) and axons (F) is reduced in
Miro1KO neurons compared to WT and rescued by WTMiro1myc overexpression (dendrites WT n= 43, Miro1KO n= 23, Miro1KO + WTMiro1myc n= 17, axons WT n=
41, Miro1KO n= 33, Miro1KO + WTMiro1myc n= 15). (C and I) Percentage of mobile
mitochondria moving in the anterograde or retrograde direction within dendrites (C)
and axons (G) of WT, Miro1KO and Miro1KO + WTMiro1myc neurons. (D and H)
Calculated average velocity of moving mitochondria. Loss of Miro1 significantly aﬀects
the velocity of moving mitochondria in the dendrites only (dendritic mitochondria in
(D): WT n= 273, Miro1KO n= 16, Miro1KO + WTMiro1myc n= 243; axonal mitochondria in (H) WT n= 270, Miro1KO n= 101, Miro1KO + WTMiro1myc n= 121). Significance: *p<0.05, **p<0.01 and ***p<0.001. Experiments carried out by Guillermo
Lopez-Domenech.
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Figure A.2: Deletion of Miro2 does not aﬀect the mitochondrial traﬃcking dynamics
(A and D) Kymographs of mitochondrial movement within the (A) dendrites and (D)
axons of WT and Miro2KO neurons. (B and E) There is no diﬀerence in the % of
mobile mitochondria within WT and Miro2KO dendrites (B) and axons (E) (dendrites
WT n= 12, Miro2KO n= 18, axons WT n= 9, Miro2KO n= 15). (C and F) The average
velocity of moving mitochondria in the (C) dendrites and (F) axons of Miro2KO neurons
is not altered compared to WT (dendritic mitochondria (C) WT n= 52, Miro2KO n=
88; axonal mitochondria (F) WT n= 59, Miro2KO n= 97). Experiments carried out by
Guillermo Lopez-Domenech.
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Figure A.3: Nuclear expression of CRE-GFP
Cre expression within neurons, nucleofected at 0 DIV with CRE-GFP, imaged at 10
DIV.
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Figure A.4: Deletion of Miro1 and Miro2 has accentuated defects on mitochondrial
dynamics
Mitochondrial traﬃcking in 10 DIV conditional knockout hippocampal neurons. (A)
Static images show mitochondrial localisation within dendrites and axons at time= 0
and corresponding kymographs show mitochondrial traﬃcking during a 2 min period.
Scale bar= 10 mm. (B, C, E and F) Quantification of the number of moving mitochondria within dendrites (B and C) and axons (E and F) (dendrites WT n= 26, Miro1CKO
n= 17, Miro2KO n= 22 and Miro1/2DKO n= 21; axons WT n= 21, Miro1CKO n= 20,
Miro2KO n= 19, Miro1/2DKO n= 21). (D and G) Velocity of mobile mitochondria
within dendrites (D) and axons (G) (Data was assumed to follow non-parametric distributions, a Kruskal-Wallis followed by post hoc Dunn’s correction was applied to test
for statistical diﬀerences ns p>0.05, *p< 0.05). Experiments carried out by Guillermo
Lopez-Domenech.
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Figure A.5: Mitochondrial distribution along the axon is independent of Miro1
Analysis of mitochondrial distribution in axons of 6 DIV hippocampal neurons cotransfected with GFP and MtdsRed2. (A) Representative images (grey-scale) stitched
together to show the whole axonal length of WT and Miro1KO neurons (scale bar=
100 mm). (B) Representation of the positions of individual mitochondria over lengthnormalized axons shows that mitochondria appear evenly distributed throughout the
axonal length in WT (black) and Miro1KO (red) neurons with no obvious proximaldistal gradient. However the total axonal length (C) is significantly smaller in Miro1KO
neurons compared to WT (n= neurons, WT n=14, Miro1KO n=11, t-test, **p< 0.01).
Experiments carried out by Victoria Vaccaro.
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Figure A.6: Miro1 and Miro2 protein levels at 4 months in Miro1 conditional knockout
animals
Western blot analysis from 4 month adult brains, probed for Miro1 and Miro2. Dissected
regions include cortex (Cx), hippocampus (H) and cerebellum (C). As in E18 embryos
the antibody against Miro1 (Atlas) recognizes both Miro1 (duplex at ⇠71-73 KDa) and
Miro2 proteins (⇠74 KDa).

