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ABSTRACT 
 

Microtubule-based mitochondrial transport into dendrites and axons is vital for 

sustaining neuronal function. Transport along microtubules proceeds in a series of plus- 

and minus-end directed movements facilitated by kinesin and dynein motors. How the 

opposing movements are controlled to achieve effective long distance transport remains 

unclear. Previous studies showed that the conserved mitochondrial GTPase Miro is 

required for mitochondrial transport into axons and dendrites. To directly examine Miro’s 

significance for kinesin- and/or dynein-mediated mitochondrial motility, we live imaged 

movements of GFP-tagged mitochondria in larval Drosophila motor axons upon genetic 

manipulations of Miro. Loss of Drosophila Miro (dMiro) reduced the effectiveness of 

either antero- or retrograde mitochondrial transport by selectively impairing kinesin- or 

dynein-mediated movements, depending on the direction of net transport. In both cases, 

the duration of short stationary phases increased proportionally. Overexpression (OE) of 

dMiro also impaired the effectiveness of mitochondrial transport. Finally, loss and OE of 

dMiro altered the length of mitochondria in axons through a mechanistically separate 

pathway. We concluded that dMiro promotes effective antero- and retrograde 

mitochondrial transport by extending the processivity of kinesin and dynein motors 

according to a mitochondrion’s programmed direction of transport. To determine how 

Miro achieves this control mechanistically, we introduced point mutations that render 

each GTPase either constitutively active or inactive. Expression of either first GTPase 

mutant impaired antero- (inactive) or retrograde motor movements (active) in a direction 

dependent manner. The active state of the second GTPase domain up-regulated the 
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number of consecutive kinesin motions during anterograde transport but impaired kinesin 

transport biases while the inactive second GTPase state impaired transport in either 

direction. Together, these data suggest that Miro’s first GTPase domain is major factor 

that controls the execution of either the antero- or retrograde directional program while 

Miro’s second GTPase may provide a signal that supports or disfavors transport. In 

addition, the active state of the first and the second GTPase domain increased the length 

of stationary mitochondria but only the first GTPase domain modified motile 

mitochondrial lengths. Overexpression of these mutations generated opposing effects. We 

conclude that both domains control antero- and retrograde transport in a switch-like 

manner. 
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1. CHAPTER 1: INTRODUCTION 
 

Cells require mitochondria to function normally. These dynamic organelles provide 

energy in the form of ATP, modulate body temperature with adaptive thermogenesis and 

control programmed cell death (Azzu et al. 2010; Spencer et al. 2011). Mitochondria are 

actively transported along actin or microtubules to sites of need in order to support local 

demands of the cell (Hollenbeck 1996; Chada et al. 2004). Neurons are especially 

dependent on long distance, microtubule-based mitochondrial transport to ensure that 

distant regions of high energy demand, such as synapses, function normally (Ben-

Shachar et al. 2004; Verstreken et al. 2005; Tong 2007). However, the underlying 

mechanisms mediating this long-distance transport of mitochondria remain mostly 

unknown. 

In this chapter, I will discuss the biological relevance of mitochondria for all cells 

and the consequences of impaired mitochondrial function or transport for neurons. I will 

then briefly outline important mechanisms of mitochondrial transport, including 

descriptions of the known transport machinery with a particular emphasis on the function 

of the GTPase Miro and its interacting partners. Miro is an integral component of the 

mitochondrial transport machinery that contains two GTPase domains, two EF-hand 

domains and prevents mitochondrial invasion into axons when mutated (Guo et al. 2005). 

However, the exact function of Miro is unknown. This thesis will describe a genetic 

analysis of Miro’s general function (Chapter 3, pg. 65) and the individual contributions of 

Miro’s two GTPase domains (Chapter 4, pg. 101) to mitochondrial transport dynamics. 
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1.1  The biological significance of mitochondria for cell metabolism 

Mitochondria house the oxidative phosphorylation (OX-PHOS) machinery responsible 

for generating ~15x more ATP than glycolysis, maintain Ca2+ homeostasis, generate 

reactive-oxygen species, synthesize lipids, steroids, hemes, and control apoptosis 

(reviewed in (Scheffler 2008)). Mitochondria contain a prokaryotic genome and 

prokaryotic transcription machinery; however, they have become so integrated with the 

eukaryotic cell that the mitochondrial genome now only encodes genes for 13 

mitochondrial proteins, 2 ribosomal RNAs, and 22 transfer RNAs (Scarpulla 2008; 

Kleine et al. 2009; Shutt et al. 2010). The rest of the mitochondrial genes are encoded in 

the nucleus of the host cell and the newly synthesized proteins must be imported by 

specialized mitochondrial import pathways (Schmidt et al. 2010). 

 Perhaps the most well-known process that occurs within mitochondria is the OX-

PHOS pathway, which uses the products of the citric acid cycle to fuel the electron 

transport chain (ETC) (reviewed in (Nelson et al. 2004)). The ETC couples the transfer 

between an electron donor (such as NADH) and an electron acceptor (such as O2) with 

the transfer of H+ ions (protons) across a membrane using a series of oxidation-reduction 

(redox) reactions. The resulting electrochemical proton gradient is used to generate 

chemical energy in the form of adenosine triphosphate (ATP) (Figure 1). In a 

mitochondrion, electrons from NADPH or succinate are moved through large multi-

protein complexes named Complex I-IV in a string of reactions that deposit the electron 

with increasingly electronegative acceptors until it reacts with oxygen to yield water. The 

energy gained from this controlled electron transfer is used to pump protons across the 
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inner mitochondrial membrane into the inter-membrane space, which polarizes the 

mitochondrial inner membrane. The proton gradient is then used by ATP-synthase, which 

uses the energy supplied to convert ADP to ATP. The ATP is then translocated out of 

mitochondria to be used by other cellular processes (Sadava et al. 2010). 

Figure 1: The mitochondrial electron transport chain supplies energy to cells 
The electron transport chain utilizes energy gained from the controlled transfer of electrons to 
increasingly electronegative acceptors located in Complex I-IV to move protons against their 
concentration gradient into the intermembrane space. These protons can then leave the 
intermembrane space by passing through ATP synthase, which harnesses the energy of the proton 
gradient to convert adenosine diphosphate (ADP) to adenosine triphosphate (ATP). Alternatively, 
protons can travel freely pass through membrane uncoupling proteins (UCPs). Image modified 
from (Brownlee 2001). 
 
 
  In addition to maintaining local supplies of ATP, mitochondria are also essential 

for calcium signaling and/or buffering. Mitochondrial calcium uptake is accomplished by 



18 
 

 

 

the mitochondrial Ca2+ uniporter (MCU), which passes Ca2+ ions through the inner 

mitochondrial membrane (Kirichok et al. 2004; Baughman et al. 2011; De Stefani et al. 

2011). Inside the mitochondrion, increases in of calcium in the matrix result in the 

coordinated up-regulation of the whole OX-PHOS, the production of ATP and the 

generation of reactive-oxygen species (Das et al. 1990; Das et al. 1990; McCormack et al. 

1993; Mildaziene et al. 1995; Hansford et al. 1998; Balaban 2002; Brookes et al. 2004). 

The increase in mitochondrial [Ca2+] can also activate urea cycle enzymes and interact 

with isoforms of calmodulin and glycerol-sensitive protein kinase (PKC) (McGivan et al. 

1976; Ruben et al. 1980; Johnston et al. 1990; Fernandez et al. 1995; Brookes et al. 

2004). 

  Mitochondria are often found in juxtaposition to the endoplasmic reticulum (ER), 

the largest Ca2+ store in cells, and the reciprocal transfer of Ca2+ between both organelles 

can lead to changes in mitochondrial morphology (fission/fusion) and even controls the 

opening of the permeability transition pore (PTP) that leads to programmed cell death 

(Mailer 1990; Mannella et al. 1998; Foyouzi-Youssefi et al. 2000; Martinou et al. 2000; 

Pinton et al. 2000; Breckenridge et al. 2003; Scorrano et al. 2003; Brookes et al. 2004). 

 Programmed cell death, or apoptosis, is critical for development in most higher-

organisms to shape the body by removing excess precursor cells or cells that became 

dysfunctional due to deleterious mutation or damage (Saunders 1966; Raff 1992). 

Mitochondria are essential for the intrinsic (initiating from inside the cell) apoptotic 

pathway and contain many pro-apoptotic factors that can rapidly and irreversibly destroy 

the cell if released (reviewed in (Wang 2001)). Some of the mitochondrial resident 
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apoptotic proteins include Cytochrome-C, a component of the ETC, Smac/Diablo (small 

mitochondria-derived activator of caspases) that inactivates inhibitor of apoptosis 

proteins (IAPs), AIF (apoptosis-inducing factor) and EndoG (endonuclease G), which 

translocates to the nucleus causing chromosome condensation and DNA fragmentation 

(Liu et al. 1996; Zhang et al. 1998; Susin et al. 1999; Du et al. 2000; Verhagen et al. 

2000; Li et al. 2001; Wang 2001). Cellular perturbations such as Ca2+ overload or 

excessive ROS damage are known signals that cause mitochondria to trigger the intrinsic 

apoptotic pathway (Johnson et al. 1996; Simon et al. 2000; Herrera et al. 2001; Hu et al. 

2001; Shen et al. 2001; Wang 2001; Fox et al. 2003; Pivovarova et al. 2004; Izeradjene et 

al. 2005; Li et al. 2011). 

 Mitochondria are the primary producers of reactive oxygen species (ROS), which 

is the subject of thorough reviews (Inoue et al. 2003; Turrens 2003). The most common 

ROS is superoxide (O2
-∙), a byproduct of Complex I and Complex III and to a much 

lesser extent Complex IV (Figure 1) (Turrens 1997; Brookes et al. 2002; St-Pierre et al. 

2002; Li et al. 2003; Muller et al. 2003; Turrens 2003). The generation of ROS is directly 

linked to the mitochondrial membrane potential (Starkov et al. 2003), which in turn is 

derived from the activity of the ETC. To control ROS, proteins like superoxide dismutase 

(SOD) function in mitochondria to convert the damaging radicals into hydrogen peroxide 

H2O2 either in mitochondria or the cytosol (Bannister et al. 1987). While ROS were 

originally viewed as unwanted byproducts of aerobic respiration that contributed to aging 

and oxidative damage (Harman 2003), more recent research has revealed the role of ROS 

in diverse signaling transduction pathways such as apoptosis, the cell cycle, cell 

http://en.wikipedia.org/wiki/Caspase�
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proliferation, metalloproteinase function, oxygen sensing, protein kinases, phosphatases, 

and transcription factors (Chandel et al. 2000; Kim et al. 2001; Ranganathan et al. 2001; 

Sauer et al. 2001; Pomytkin et al. 2002; Ramachandran et al. 2002; Hongpaisan et al. 

2003; Li et al. 2003; Brookes et al. 2004; Finkel 2011). 

 The generation of ATP, buffering of Ca2+ and the regulated production of ROS 

signaling molecules are only a few examples of the wide variety of functions performed 

by mitochondria either directly or indirectly (thoroughly discussed in (Koehler et al. 

2004)). For example, mitochondrial ATP generation, Ca2+ buffering, and ROS/nitric-

oxide production are required for normal synaptic strength and plasticity (Levy et al. 

2003; Ben-Shachar et al. 2004). Due to the highly complex and interdependent nature of 

these functions (Brookes et al. 2004), disruption of a single mitochondrial pathway can 

have numerous and severe consequences on a wide variety of cellular activities, 

especially in highly sensitive cells like neurons (Beal 1998). 

1.2 The significance of mitochondrial transport and dynamics for neuronal function 

1.2.1 Mitochondria accumulate at regions of high energy demand 

Mitochondria are dynamically redistributed in response to cellular demands (Frazier et al. 

2006). For example, during mitosis of mouse cells the complex, interconnected 

mitochondrial network must collapse into many individual organelles to ensure that both 

resulting cells inherit proper amounts of mitochondria (Ishihara et al. 2009). Similarly, 

yeast mitochondria are actively transported into the growing daughter cell bud during 

mitosis using the actin cytoskeleton (Altmann et al. 2008). Mitochondria are brought 
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close to other sites of high-energy demand as well. For example, mitochondria are closely 

wrapped around the sperm flagellum and nestled in the myofibrils of muscle (Alberts et 

al. 2007; Noguchi et al. 2011). Neurons are especially dependent on the active transport 

of mitochondria to satisfy high energy demands in axons and dendrites, which will be 

discussed in more detail in this section (Kann et al. 2007; Kann et al. 2011). 

 The earliest developmental example of mitochondria moving extraordinarily long 

distances to satisfy neuronal energy demands occurs during axonal targeting and 

elongation, specifically at the growth cone. The growth cone, originally described by 

Ramon y Cajal in 1890 (Cajal 1890), is an actin-rich structure at the tip of an elongating 

axon that is responsible for navigating to an appropriate target site (Dent et al. 2003). At 

the earliest stages of axon elongation, mitochondrial density increases in the developing 

axon by a selective up-regulation of transport into that neurite with a corresponding 

reduction of density in all other neurites (Ruthel et al. 2003). Once formed, mitochondria 

are attracted en-masse to the growth cone, likely due to neuronal-growth-factor mediated 

signaling (Povlishock 1976; Morris et al. 1993; Chada et al. 2004). Mitochondria dock to 

the cytoskeleton once they reach the growth cone and increase oxidative metabolism in 

response to growth-factor signaling until the collapse of the growth cone signals 

mitochondrial undocking so that they can begin travelling retrogradely to the cell body 

(Morris et al. 1993; Verburg et al. 2008). Once the axon has been elongated, 

mitochondria are distributed throughout the axonal length, likely through a variety of 

signaling pathways. 



22 
 

 

 

One example of the regulated axonal distribution of mitochondria is the tendency 

of these organelles, in addition to other cellular components, to aggregate at Nodes of 

Ranvier. Nodes of Ranvier are most common to gnathostome vertebrates (vertebrates 

with jaws) and are the incremental gaps in the myelin sheath, the sheath being 

responsible for insulating the axon to improve signal transduction (Salzer 2003; Susuki et 

al. 2008). Nodes of Ranvier have significantly higher energy requirements compared to 

the insulated portions of the axon because these nodes concentrate the majority of the ion 

pumps necessary to rapidly reset ion concentrations in the axon after signal transduction 

(Caldwell et al. 2000). Mitochondria are disproportionately distributed on either side of 

these nodes and are less frequently observed outside of the perinodal regions (Fabricius et 

al. 1993). Consistent with the hypothesis that mitochondria are specifically targeted to the 

nodes of Ranvier, loss of the myelin sheath causes mitochondria to accumulate in large 

clusters throughout the axon and significantly increases mitochondrial transport (Kang et 

al. 2008; Kiryu-Seo et al. 2010). Interestingly, mitochondria may undergo special 

interactions at paranodal regions because mutations that disrupt intercellular 

communication at nodes of Ranvier result in abnormal, swollen mitochondria at these 

sites (Einheber et al. 2006). 

 Synapses also require mitochondria to facilitate the complex process of synaptic 

transmission, especially during the process of neurotransmitter release (Wang et al. 2003; 

Guo et al. 2005). Mitochondria are found at both pre- and post-synaptic sites but their 

number and morphology vary by location, activity and bouton size (Benshalom et al. 

1985; Gotow et al. 1991; King et al. 1996; Brodin et al. 1999; Rowland et al. 2000; Li et 
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al. 2004; Chang et al. 2006; Lee et al. 2006). Small mitochondria populate pre-synaptic 

sites in the “mitochondrial domain,” a region marked by few synaptic vesicles, while 

mitochondria in dendrites are elongated or even form a reticular network of 

interconnected tubes in yeast as well as in the dendrites of some mammals (Gotow et al. 

1991; Okamoto et al. 2005; Popov et al. 2005). Typically, mammalian dendrites contain 

long, thin mitochondria that are not interconnected, with small, round mitochondria 

occurring in spines (Li et al. 2004). Interestingly, aging has been linked to a reduction of 

synaptic mitochondria, which results in fewer dendritic spines, and lowers presynaptic 

activity. These effects can be alleviated by increasing the number of mitochondrial 

numbers or mitochondrial metabolism (Fahim et al. 1982; Li et al. 2004).  

It is becoming apparent that mitochondria accumulate at active synaptic sites by 

attraction to “low energy” signals like high concentrations of ADP and/or calcium 

followed by a selective inhibition of mitochondrial transport (Rintoul et al. 2003; 

Bezprozvanny et al. 2004; Mironov 2006; Mironov 2007; Tong 2007). Once targeted to 

synapses, mitochondria can then respond to these synaptic energy demands by adjusting 

their oxidative metabolism to produce more ATP “on demand” (Nguyen et al. 1994; 

Belair et al. 2005).  

1.2.2 Mitochondrial defects result in neuronal sickness and death 

The human genome is currently known to encode at least 1,000 mitochondrial proteins 

(MitoCarta human inventory, Broad Institute). Primary mitochondrial disorders are the 

result of mutations in one of these genes, and mutations in 228 nuclear encoded and 13 

mitochondrial encoded genes have been linked to primary mitochondrial disorders to date 
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(reviewed in (Koopman et al. 2012)). These mutations typically affect the function the 

gene product, its expression level, or both. Secondary mitochondrial disorders can arise 

from the effects of extrinsic factors, such as off-target drug effects and viral infections 

(Cohen 2010; Finsterer et al. 2010; Wang et al. 2011). Although the origin of 

mitochondrial disorders can vary substantially, the disorders have similar negative 

consequences at the cellular level, such as altered ATP generation rates (Figure 2) 

(Camara et al. 2010; Koopman et al. 2010; Blanchet et al. 2011; Schiff et al. 2011).  

Figure 2: Cellular consequences of mitochondrial dysfunction 
Mitochondrial dysfunction resulting from primary (genetic mutation) or secondary sources (drug 
side effects, viral infection) result in many cellular consequences, leading to disease. Homeostatic 
response mechanisms can sometimes mitigate the effects of mitochondrial dysfunction, causing 
some cells to be more resilient than others. ∆ψ = change in membrane potential, PTP = 
permeability transition pore. Figure modified from (Koopman et al. 2012). 
 

Mitochondrial dysfunction and/or mislocalization have been implicated in a 

striking number of disorders including metabolic disease, neurodegenerative disease, 

mental retardation, diabetes and cancer (reviewed in (Enns 2003; Inlow et al. 2004; 

Chaturvedi et al. 2008; Khusnutdinova et al. 2008; Knott et al. 2008; Mattson et al. 2008; 

Strom et al. 2008)). A short list of neurodegenerative disorders associated with impaired 
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mitochondrial function include: Alzheimer’s disease, Amytrophic Lateral Sclerosis, 

Charcot-Marie-Tooth disease, Fragile-X, Friedreich's ataxia, Huntington’s disease and 

Parkinson’s Disease (Enns 2003; Manfredi et al. 2005; Chaturvedi et al. 2008; Wang et 

al. 2008). The following sections will introduce Charcot-Marie-Tooth disease, 

Huntington’s disease and Parkinson’s disease as examples of how defective 

mitochondrial transport can lead to neurodegenerative disorders. 

1.2.2.1 Charcot Marie Tooth disease 

Charcot-Marie-Tooth disease Type 2A (CMT 2A) is an inherited neuropathy that is 

characterized by a progressive loss of sensation and muscle control in the distal limbs 

(feet, legs, hands, wrists, etc) and is named after Jean-Martin Charcot, his student Pierre 

Marie and Howard Henry Tooth who originally characterized the disorder (Charcot et al. 

1886; Tooth 1886). Many patients do not begin showing symptoms until their late thirties 

or forties. Affected limbs lose sensory and positioning neurons but maintain pain 

neurons, resulting in sporadic, painful muscle spasms that can be debilitating (Krajewski 

et al. 2000). Neuronal loss leads to muscle degeneration and visible changes in the limb 

morphology. CMT 2A It is currently incurable and is one of the more commonly 

inherited neurological disorders, even though estimates vary from 1 in every 380,000 

people affected to 1 in every 2,500 (Skre 1974; Krajewski et al. 2000).  

There are several known inheritable mutations that lead to various types of 

Charcot-Marie-Tooth disease. Two major types of Charcot-Marie-Tooth disease are CMT 

1A and CMT 2A1 which are caused by: mutations in peripheral myelin protein 22 

(PMP22) (CMT, type 1A) or mitofusin 2 (CMT, type 2A1), respectively. 
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PMP22 (peripheral myelin protein 22) is expressed by Schwann cells, which are 

neuronal support cells responsible for neuronal maintenance and generate myelin 

sheathes around axons that insulate the axon to permit effective action potential 

propagation (Haney et al. 1996; Bhatheja et al. 2006). Mutations in PMP22 prevent 

normal axon myelination and have been shown to cause various severities of Charcot-

Marie-Tooth disease (Matsunami et al. 1992; Patel et al. 1992; Timmerman et al. 1992; 

Valentijn et al. 1992; Valentijn et al. 1992; Roa et al. 1993; Roa et al. 1993). The 

progressive degeneration of distal motor control is likely due to a progressive loss of the 

myelin sheathes and the concomitant loss of neuronal communication with Schwann cells 

leading to impaired action potentials and synaptic transmission (Krajewski et al. 2000). 

However, loss of myelination also alters the distribution of mitochondria throughout the 

axon, which may also lead to impaired neurotransmission (Kiryu-Seo et al. 2010).  

The second type of Charcot-Marie-Tooth disease type 2A1 is more closely tied to 

impairments of mitochondrial distribution (Kiryu-Seo et al. 2010). Mfn2 (mitofusin 2) is 

a fusion protein of the mitochondrial outer membrane (MOM) that can also interact with 

the mitochondrial transport machinery and disrupts transport when mutated (Santel et al. 

2001; Misko et al. 2010). Expression of CMT2A1 related mutations in of Mfn2 in a 

mfn1and mfn2 double null mutant background mice alters the distribution and transport 

dynamics of mitochondria in mouse Purkinje cells and result in mitochondria that lack 

mitochondrial-DNA nucleoids (Baloh et al. 2007; Chen et al. 2007). These mitochondria 

also exhibit an abnormal morphology and a reduced electron transport chain activity, 

likely providing the basis for neuronal sickness in patients with this class of Charcot-
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Marie-Tooth mutations (Chen et al. 2007). Charcot-Marie-Tooth related mutations (CMT 

type 2A2) have also been linked to the motor domain of KIF1B (type 2A2), a molecular 

motor that is associated with in the same protein complex of transport machinery as Mfn2 

(Zhao et al. 2001). This further supports that defective mitochondrial transport results in 

Charcot-Marie-Tooth neurodegeneration. 

1.2.2.2 Huntington’s disease 

In 1872 George Huntington characterized the clinical and hereditary features of the 

disease that would later bear his name: Huntington’s disease (Huntington 1872). 

Huntington’s disease is a progressive neurodegenerative disease that affects about 10 out 

of 10,000 in the United States (reviewed in (Shoulson et al. 2011). Patients are typically 

diagnosed with the disease by age 40 with early onset symptoms of involuntary muscle 

movement and eye-hand coordination deficits. Progression includes worsening motor and 

cognitive declines that can continue for 15-20 years before extensive neurodegeneration 

leads to death. Cell death in the brain is so substantial that an end-stage Huntington brain 

weighs about 300 grams less than a normal ~1400 gram adult brain (Vonsattel et al. 

1998; Vonsattel 2008). Degeneration occurs in the entire brain, but certain areas are more 

vulnerable than others. The most prominent early effects are in the basal ganglia, mostly 

the caudate nucleus and putamen. Less affected areas include the substantia nigra, the 

hippocampus, the cerebellum, parts of hypothalamus and thalamus, and specific layers 

the cerebral cortex.  Medium spinal striatal neurons projecting form the cortex to the 

basal ganglia appear to be especially vulnerable. Huntington’s disease is likely due to the 

neurotoxic effects of extended CAG repeats (translated as poly Q tract) in the N-terminus 
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of the Huntingtin protein. Mutant protein aggregates in neurons may have a 

neuroprotective role, although this is controversial. 

 Huntington’s disease is a CAG-triplet repeat disease in which the 11 kb 

Huntingtin gene (3,300 AA with 67 exons) undergoes a not-well-understood expansion of 

multiple copies of the glutamine encoding sequence “CAG” in its first exon (Hoogeveen, 

Willemsen et al. 1993). It has been shown that expression of the first exon of a mutant 

human Huntingtin protein (Htt) containing more than 40 CAG repeats is sufficient to 

cause progressive neurodegeneration in mice (Mangiarini, Sathasivam et al. 1996). The 

age of onset of Huntington’s disease is inversely proportional to the number of CAG’s 

present in the protein: less than 28 repeats are normal, 29-35 repeats are unlikely to cause 

Huntington’s but increase the chance of obtaining the disease in the next generation, 35-

40 repeats have a low chance of causing Huntington’s late in life and highly increases 

chance of obtaining the disease in the next generation, while long repeats of more than 40 

CAGs cause early age-of-onset cases of Huntington’s disease at middle age (Ravina, 

Romer et al. 2008). The pathogenic forms of Htt cause neurodegeneration by interfering 

with many pathways including RNA transcription, vesicular transport, synaptic 

transmission, calcium homeostasis and mitochondrial transport functions (Cattaneo et al. 

2005). 

 Normal Htt is part of a motor complex that controls vesicle transport along 

microtubules. It binds to huntingin-associated protein 1 (HAP1) and indirectly regulates 

the assembly of p150-Glued with dynein and dynactin complexes that ultimately control 

the microtubule transport of vesicles (Colin et al. 2008). Pathogenic, cytosolic Htt-protein 
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aggregates also impede the transport of axonal cargo by creating blockages along 

microtubules in axons (Gunawardena, Her et al. 2003; Szebenyi, Morfini et al. 2003; Li 

and Li 2004). For example, Synaptotagmin is normally present in vesicles distributed 

throughout the axon but abnormally colocalizes at sites of polyQ-induced blockages (Lee, 

Yoshihara et al. 2004). In addition, pathogenic Htt can interfere with the production of 

mitochondrial proteins at a transcriptional level, increase the likelihood of opening the 

permeability transition pore resulting in changes to the mitochondrial respiratory chain 

and can cause mitochondrial fragmentation by interactions with the fission protein Drp1 

(Costa et al. 2012). Mitochondrial dysfunction resulting from mutant Htt interference 

causes ATP depletion at synapses only in aged neurons, consistent with the progressive 

nature of the disorder (Orr, Li et al. 2008). 

 In addition to causing transport defects, mutant Htt causes specific deficiencies in 

the ER and mitochondrial calcium dynamics that can lead to neuronal apoptosis 

(Fernandes, Baimbridge et al. 2007). Specifically, Htt mutant neurons become overloaded 

with calcium due to over-activation of NR1/NR2B NMDA receptors and the sensitization 

of type the inositol 1,4,5-trisphosphate receptor (InsP3R1),  resulting in stress-initiated 

apoptosis via the opening of the mitochondrial permeability transition pore (Tang, Tu et 

al. 2003; Bezprozvanny and Hayden 2004; Tang, Slow et al. 2005). This appears to be 

caused via two routes: First, incubation with either an engineered poly-glutamine repeat 

protein or a high CAG-repeat Htt causes rapid and extensive mitochondrial 

depolarization and calcium handling defects that are not seen with wild-type Htt (Panov, 

Gutekunst et al. 2002; Panov, Burke et al. 2003), suggesting that CAG-triplet repeats are 
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sufficient to impair mitochondrial function. Second, pathogenic forms of Htt sensitize 

InsP3Rs to its ligand inositol triphosphate (IP3) via Huntington Associated Protein 1 

(HAP1); this significantly elevates resting calcium to threshold release levels in medium 

spiny striatal neurons (Tang, Tu et al. 2003), eventually leading to activation of the 

caspase cascade and apoptosis. 

 Impaired mitochondrial transport and calcium dynamics are at least some of the 

factors contributing to neurodegeneration in Huntington’s disease. Neurodegeneration is 

likely the primary cause of involuntary muscle movements and later-stage muscular 

degeneration (Ribchester, Thomson et al. 2004). Increasing the levels of the protein 

chaperone Hsp70 has been found to mitigates or and delays the onset of mHtt-induced 

degeneration by slowing the accumulation of mutant Htt. Hsp70 and relegated proteins 

provide a promising therapeutic target that might address the some of the cellular defects 

caused by the poly-glutamine repeats (Muchowski and Wacker 2005; Gong and Golic 

2006). 

1.2.2.3 Parkinson’s disease 

Idiopathic Parkinson’s disease (PD) (no known cause) is a common neurodegenerative 

condition that affects approximately 1% of the population over the age of 50. Originally 

PD was not thought to be heritable, but a positive family history was gradually perceived 

to be a risk factor. This view was confirmed first with the identification of alpha-

synuclein followed by a number of other genes. 

Genetically speaking, PD is a very heterogeneous disorder. Several genes are 

associated with autosomal dominant forms of PD (OMIM):  Parkinson’s disease 1 
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(PARK1) and PARK4 are caused by mutations in or triplication of the alpha-synuclein 

gene, respectively. Other autosomal dominant forms are due to mutations in the UCHL1 

gene (PARK5), the LRRK2 gene (PARK8), the GIGYF2 gene (PARK11), the HTRA2 

gene (PARK13), the VPS35 gene (PARK1), and the EIF4G1 gene (PARK18). Autosomal 

recessive early-onset forms of PD have been mapped to mutations in the parkin gene 

(PARK2), the PINK1 gene (PARK6), the DJ1 gene (PARK7), the PLA2G6 gene 

(PARK14 ), and the FBXO7 gene (PARK15). 

For the remaining forms of PD including PARK3, PARK10, PARK12, and 

PARK16, genomic intervals have been located that are associated with the disease but 

individual genes have not yet been identified. Susceptibility to the more common late-

onset form of PD has been associated with polymorphisms or mutations in several genes, 

including GBA, MAPT, MC1R, ADH1C and genes of the HLA locus. Each of these risk 

factors alone has likely only modest effects on disease progression, but together they may 

have a substantial cumulative effect (Hamza et al. 2010). 

Neurodegeneration begins in the olfactory bulb and medulla oblongata before the 

patient shows typical symptoms of having PD, which include resting tremor, muscular 

rigidity, bradykinesia, and postural instability. Neurodegeneration progresses to areas of 

the midbrain, basal forebrain, and the neocortex as the disease progresses (Braak et al. 

2006). Surviving neurons often contain Lewy bodies, which occur before or concurrently 

with locomotor deficits, decreased retinal regeneration and defects in dopaminergic 

neurons (Whitworth et al. 2006). Lewy bodies are α-synuclein-immunoreactive 

aggregates that contain neurofilament proteins as well as members of the proteolysis 
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pathway. Although these inclusions contain multiple proteins, α-synuclein makes up the 

bulk of the content (Spillantini et al. 1998). Mutant α-synuclein is likely cytotoxic due to 

the accumulation of misfolded protein in the cytosol. This is indirectly suggested because 

sensitizing the stress response pathway to increase chaperone production or to 

specifically up-regulate the chaperone Hsp70 can mitigate mutant α-synuclein-induced 

neurodegeneration (Auluck et al. 2002; Auluck et al. 2005). 

Two autosomal recessive early-onset forms of PD, PARK2 and PARK6, are 

caused by mutations in proteins that are mainly associated with mitochondria, the PTEN-

induced putative kinase 1 (Pink1) and the E3 ubiquitin ligase Parkin. One known cause of 

late-onset Parkinson’s disease is mutation to the Parkin protein. Mutations in the E3 

ubiquitin ligase Parkin were found to reduce lifespan, generate mitochondrial 

pathologies, cause locomotor defects, increase oxidative stress sensitivity and induce 

male sterility (Greene et al. 2003; Greene et al. 2005). Parkin ubiquitinates the α-

synuclein-interacting protein Syntaphilin 1, leading to the formation of Lewy bodies 

(Chung et al. 2001). This is not unexpected because ubiquitin-protein conjugates have 

been identified in a variety of neurodegenerative diseases (Glickman et al. 2002).  

Pink1 is normally constitutively cleaved by the mitochondrial protease presenilin-

associated rhomboid-like protein (PARL) but after depolarization of the mitochondrial 

membrane, typically due to impairments of the electron-transport-chain, Pink1 

accumulates on the mitochondrial surface (Narendra et al. 2010). Pink1 accumulation can 

lead to Pink1/TOM (mitochondrial outer membrane translocase) complexes that facilitate 

the recruitment of Parkin to the mitochondrial intermembrane space (Lazarou et al. 
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2012). Pink1/Parkin association with mitochondria then leads to the degradation of a 

variety of outer-membrane mitochondrial proteins, such as the fusion protein Mitofusin 2 

and the GTPase transport protein Miro (Poole et al. 2011; Liu et al. 2012). Hence, some 

forms of Parkinson’s disease can be caused by genetic mutations, which indirectly impair 

mitochondrial fission/fusion dynamics and/or transport. 

Cytosolic Parkin is typically recruited to the mitochondrial outer membrane 

requires activation by the protein kinase Pink1 (PTEN induced putative kinase 1)  

(Lazarou et al. 2012). Pink1 mutations in Drosophila cause muscle degeneration, male 

sterility, mitochondrial defects and increased sensitivity to oxidative stress, which mimic 

the effects of human Parkin mutations (Clark et al. 2006). Overexpression of Parkin 

rescues the sterility and mitochondrial morphology deficiencies observed in Pink1 nulls 

mutant Drosophila, indicating that the two are in the same pathway with Pink1 acting 

upstream of Parkin (Clark et al. 2006; Park et al. 2006; Yang et al. 2006). 

Pink1 and Parkin are integral components of the mitochondrial autophagy 

(mitophagy) pathway (reviewed in (Jin et al. 2012)). In brief, after Pink1 translocates 

Parkin to the outer mitochondrial membrane (OMM), Parkin ubiquitylates a number of 

other OMM proteins which then recruits other proteins which initiate mitophagy. 

Although the targets of Parkin remain elusive, we know that at least Mitofusin 1 and 2 

are ubiquitylated. Overexpression of Parkin studies suggest that the mitochondrial 

voltage dependant anion channel (VDAC), outer membrane transporters (TOM proteins), 

Miro, the fission protein FIS1, and the pro-apoptotic factor BAK may also be targets. 
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Following this, proteasomal machinery is recruited leading to the eventual degradation of 

mitochondria. 

1.3 Axonal transport of mitochondria 

1.3.1 Basic motions of mitochondria in axons 

Unlike unidirectional transported cargo like synaptic vesicles, mitochondria undergo 

saltatory bi-directional transport, which is characterized by alternating antero- and 

retrograde movements that are interspersed with brief stationary phases (Morris et al. 

1993). Bi-directional transport is not unique to mitochondria; it is also utilized by lipid 

droplets in Drosophila embryos, pigment granules/melanophores in 

mammals/amphibians, synaptic vesicles and even the intracellular transport of viruses 

(Welte 2004).  

Bi-directional transport generally uses the opposing motors kinesin and dynein, 

which move toward the polarized plus- and minus-end of microtubules, respectively (see 

page 41). Kinesin and dynein are likely controlled in a highly-regulated manner to 

generate effective net transport in a single direction (Hollenbeck 1996; Welte et al. 1998; 

Suomalainen et al. 1999; Smith et al. 2001; Gross et al. 2002; Rodionov et al. 2003; 

Welte 2004; Pilling et al. 2006). Due to the wide-spread use of bi-directional transport, it 

is believed that it offers distinct biological advantages including rapid setup of polarized 

cargo distributions, obstacle avoidance and error correction (reviewed in (Hollenbeck 

1996; Welte 2004)). 
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 Although bi-directional transport appears chaotic at first glance, the underlying 

mechanisms are tightly controlled and facilitate efficient directional motions with 

velocities of ~3.4 μm/sec for antero- and ~2.8 μm/sec for retrogradely directed 

movements (Ligon et al. 2000; Pilling et al. 2006; Misgeld et al. 2007; Louie et al. 2008). 

Due to the highly polarized plus-end out orientation of microtubules in axons, 

anterograde mitochondria primarily utilize kinesin to move toward the axon terminal 

while retrograde mitochondria instead use dynein to travel back toward the cell body 

(Pilling et al. 2006; Stone et al. 2008).  

The bi-directional transport machinery is heavily biased such that anterograde 

mitochondria spend >60% of their time undergoing kinesin-dependent motions and <10% 

of their time undergoing opposing dynein-dependent movements, with the remainder 

spent in short stationary phases (1-4 sec) (Louie et al. 2008). Interestingly, retrogradely 

moving mitochondria have an equally strong “directional program,” which utilizes 

dynein-mediated retrograde motions >60% of the time, opposing kinesin-mediated 

anterograde motions <10% of the time and stationary phases ~30% of their time in 

stationary phases. This shows that the mechanism that determines the relative 

contribution of each motor to net mitochondrial transport dictates the efficiency and 

direction of transport (Morris et al. 1993; Hollenbeck 1996; Ligon et al. 2000; Ligon et 

al. 2000; Pilling et al. 2006; Louie et al. 2008). 

 Since both Kinesin and Dynein are stably attached to mitochondria at all times, 

there are two hypotheses to explain how efficient bi-directional transport is achieved: tug-

of-war and motor coordination (Gross et al. 2002; Welte 2004; Gross et al. 2007). The 
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tug-of-war hypothesis suggests that both motors are active and attached to the 

microtubule track, but one motor (or pool of motors) is strengthened to generate net 

transport such that the opposing motor is overpowered to generate net transport. Motor 

strengthening could be due to an increase in the number or activity of a class of motors. 

However, tug-of-war is not supported by evidence discussed in the Results section of this 

manuscript (page 77).  

The second model, motor coordination, predicts that only one motor at a time is in 

a permissive “on” state and allowed to process move along microtubules while the other 

is in a restricted “off” state (Gross et al. 2003; Welte 2004) or disengaged from 

microtubules. Hence, mitochondria undergoing anterograde transport upregulate the 

activity of kinesin while disengaging of the dynein motor, or vice versa in the case of the 

retrograde transport. The motor coordination model has been supported by several 

experiments and is further suggested by the findings in this thesis (reviewed in 

(Zinsmaier et al. 2009)) (Welte et al. 1998; Gross et al. 2002; Gross et al. 2002; Deacon 

et al. 2003; Gross et al. 2003; Welte 2004; Kural et al. 2005; Pilling et al. 2006; Russo et 

al. 2009). 

1.3.2 Microtubule structure, modifications and associated proteins 

Microtubules provide the primary cytoskeleton track used for the long-distance transport 

of mitochondria through axons (Ligon et al. 2000). Initially, a debate emerged as to 

whether mitochondria utilized actin-based transport in the axon after it was demonstrated 

that mitochondria were capable of moving slowly along actin filaments at the initial 

entrance into a neurite (Morris et al. 1995). However, application of Latrunculin B, which 
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de-polymerizes actin filaments, had no effect on mitochondrial transport (Ligon et al. 

2000). Microtubules were found to be essential for long-distance mitochondrial transport 

after discovering that the application of Nocodazole, a microtubule de-polymerizing 

agent, to a mature axon was sufficient to halt mitochondrial transport in axons (Ligon et 

al. 2000). Hence, actin instead plays a specialized role for short-distance transport role in 

growth cones and other specialized axonal structures like invasion of dendritic spines 

while microtubules are relied upon to drive long-distance transport in axons. The 

following sections will describe the physical structure of microtubules as well as common 

post-translational modifications and interacting proteins. 

 Microtubules are 25 nm diameter hollow tubes consisting of α- and β-tubulin 

dimers (reviewed in (Luduena et al. 1992)). Initially, αβ-tubulin dimers form 

protofilaments, which are single, elongated “strings” of tubulin dimers. Assembly into 

protofilaments and microtubules is GTP-dependent: GTP binds to the growing “plus-end” 

of the αβ-dimer to facilitate elongation, at which time GTP is hydrolyzed to GDP to 

stabilize the new structure (Heald et al. 2002). Thirteen protofilaments assemble to create 

the hollow microtubule (Li et al. 2002). Consistently, microtubules are polarized such 

that there is a distinct “plus” and “minus” end, with the plus-end marked by the growing 

tip (Luduena et al. 1992). Distinct microtubule polarization is essential for the purposes 

of cargo transport, as explained later in this section. Microtubules are extremely dynamic 

in non-neuronal cells and grow/retract rapidly at the plus-end. However, microtubule 

stabilizing proteins greatly inhibit the rapid growth and retraction of microtubules in 

neurons in favor of stable, long lasting microtubule tracks.  
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α- and β-tubulin (each ~50 kD) are ~37%-42% homologous and form a ~100 kD 

dimer. Interestingly, there are numerous α- and β-tubulin isotypes that give microtubules 

unique characteristics in different cells and/or animals. There is also a third type of 

tubulin, γ-tubulin, which exists primarily at microtubule organization sites to prime initial 

microtubule formation. In addition, there are more non-conserved superfamily members 

like δ-, ε-, ζ-, and η-tubulin (Dutcher 2001). This thesis will only discuss microtubules 

consisting of αβ-tubulin dimers because the lesser known family members are present in 

only subsets of species and do not directly relate to axonal transport of mitochondria.  

 Microtubules can undergo several post-translational modifications (PTMs) 

including acetylation, glutamylation, phosphorylation and tyrosylation (Luduena et al. 

1992). Acetylation occurs on α-tubulin at Lys40 and is conserved from protists to 

vertebrates (Piperno et al. 1987; Warn et al. 1990; MacRae et al. 1991). Acetylation 

speeds up anterograde trafficking by increasing the binding of the molecular motor 

Kinesin-1 (Piperno et al. 1987; Reed et al. 2006; Bulinski 2007). Glutamylation occurs on 

both α- and β-tubulin at Glu445 and Glu438, respectively (Edde et al. 1990; Alexander et 

al. 1991). These modifications are shown to control the formation and beating of cilia in 

multiple organisms and sperm (Wloga et al. 2008; Suryavanshi et al. 2010). 

Phosphorylation occurs on Ser444 in β-tubulin in mammalian brain (Alexander et al. 

1991). This modification is regulated by the cyclin-dependent kinase CDK1 during 

mitosis and has an important role in modulating microtubule dynamics during the cell 

cycle (Piras et al. 1975; Fourest-Lieuvin et al. 2006). Finally, tyrosylation can occur at 

the time of translation, in which a tyrosine is added at the carboxy-terminal amino acid of 
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α-tubulin by the ribosome, or later when the protein matures (Doshi et al. 1991). This 

tyrosine can be removed by an endogenous carboxypeptidase B or re-added by tubulin-

tyrosine ligase (Thompson 1982). Tyrosylated and de-tyrosylated microtubules are found 

in non-overlapping regions of cells, with tyrosylation marking microtubules with a higher 

turnover rate (Gundersen et al. 1984; Gundersen et al. 1986; Belair et al. 2005). 

Tyrosinated microtubules are required for proper growth cone targeting and organization, 

but the exact mechanisms remain unclear (Marcos et al. 2009).  

Although the specific function of most microtubule PTMs remains unclear, they 

likely play an important part in the biological integrity of cells (Gross et al. 2007; 

Ikegami et al. 2010). For example, global up-regulation of microtubule PTMs in neurons 

causes a loss of axonal identity and the generation of multiple axons, implicating these 

PTMs as a determinant of axon identity (Hammond et al.). Furthermore, cutting an axon 

>35 µm from the cell soma induces axonal regeneration while cutting an axon <35 µm 

from the soma causes a loss of axonal polarity and the creation of a new axon (Gomis-

Ruth et al. 2008). Hence, it is possible that axonal identity may be determined by 

microtubule PTMs in the first 35 µm of the axon. There may even be a “tubulin code” 

which helps direct cellular cargo by biasing which motors are able to travel along MT 

tracks (Ikegami et al. 2010). While the understanding of a “tubulin code” is nascent at 

best, it is at least clear that the tyrosylation state, as well as the presence or absence of the 

other microtubule PTMs, can affect the binding efficiency of various microtubule-

associated proteins (Luduena et al. 1992; Larcher et al. 1996; Bonnet et al. 2001; Bonnet 

et al. 2002).  
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There is a wide variety of microtubule-associated proteins (MAPs) with functions 

ranging from force generation (the molecular motors Kinesin and Dynein) to growth cone 

guidance and the maturation of synaptic boutons (Luduena et al. 1992; Larcher et al. 

1996; Hummel et al. 2000; Roos et al. 2000; Rothenberg et al. 2003). For example, 

MAP2 and Tau stabilize microtubules and accelerate microtubule growth (Kar et al. 

2003), while the MAP1 family controls the spacing between microtubules and other 

cellular structures like the plasma membrane in axons and dendrites (Drewes et al. 1998). 

Some MAPs appear to share three imperfect four-amino acid repeat sequences that are 

used to recognize microtubules, but it is not uncommon for MAPs to have protein-unique 

microtubule binding sequences (Lewis et al. 1988; Noble et al. 1989; Goedert et al. 

1990). Interestingly, MAPs can target non-competitive binding sites on the same 

microtubule, suggesting that multiple MAPs may function simultaneously (Larcher et al. 

1996; Al-Bassam et al. 2002). Considering the sheer number and variety of MAPs that 

presumably bind microtubules simultaneously, it is appropriate to say that microtubules 

are literally “decorated” with MAPs (Kacher et al. 2000). 

 Some examples of MAPs include Tau, MAP1B and Kinesin. Tau is a microtubule 

initiating and stabilizing MAP that functions by preventing Katanin mediated 

microtubule cleavage and by binding multiple tubulin dimers to prevent dissociation in a 

phosphorylation-dependent manner (Weingarten et al. 1975; Billingsley et al. 1997; 

Bonnet et al. 2001; Qiang et al. 2006). Notably, Tau is regarded as an underlying cause of 

Alzheimer’s disease. Hyper-phosphorylated tau dissociates from microtubules, which 

then leads to unstable microtubules that ultimately become degraded (Ahlijanian et al. 
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2000; Williams et al. 2000; Evans et al. 2005; Qiang et al. 2006; Fulga et al. 2007). 

MAP1B, also known as Futsch in Drosophila, also stabilizes microtubules and is required 

for normal growth cone targeting, axonal growth, axonal branching and bouton 

development (Hummel et al. 2000; Roos et al. 2000; Bouquet et al. 2004).  

 

1.3.3 Kinesin and dynein motors 

Mitochondrial transport regulates the opposing motors kinesin and dynein to generate net 

movement in a single direction. Each motor is a >1 megadalton sized multimeric protein 

complex, which converts chemical energy supplied by ATP into mechanical “stepping” 

along the surface of microtubules. The structure and behavior of kinesin and dynein are 

discussed in the following section. 

 

1.3.3.1 Kinesin 

Kinesin-1 was first characterized from the giant squid axoplasm and was found to 

mediate axonal cargo transport (Brady 1985; Vale et al. 1985). Since then, a multitude of 

other kinesin and kinesin-like proteins have been discovered throughout species and cell 

types and now reside in the kinesin superfamily (KIF) (reviewed in (Hirokawa et al. 

2009)). In general, members of this family move in along microtubules (MT) towards 

their plus-end direction with the exception of C-kinesins, which are a unique class of 

kinesin that can move toward the MT minus-end. 
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 Kinesin is a multi-protein complex consisting of two heavy chains and up to two 

light chains (reviewed in (Hirokawa et al. 2008)). The kinesin heavy chain contains a 

globular catalytic region and a neck linker. The catalytic region is responsible for binding 

MTs and binding then hydrolyzing ATP. The neck linker contains a dimerization motif as 

well as binding sites for kinesin light chains, cargo linkers and/or cargo. The cargo 

binding sites differ among various KIF members, which is one of the factors determining 

cargo specificity and this helps sort cargo in the cell. The interaction of light chains with 

heavy chains to form a tetramer is not required for transport but can increase the variety 

of proteins that can interact with the motor (Hirokawa et al. 2008). 

Kinesin motors demonstrate a bias toward various modifications of MTs. MTs 

can be differentiated from one another based on their post-translational modifications 

(PTMs) and the type of bound microtubule-associated proteins (MAPs) (Ikegami et al.). 

For example, kinesin-1 is preferentially located to stabilized microtubules marked by the 

detyrosination and acetylation of α-tubulin (Cai et al. 2009). Acetylation has also been 

reported to increase the velocity of kinesin motors (Hammond et al.).  

Kinesin moves along MT tracks in what is considered a “hand over hand” or 

“stepping” motion. Steps are accomplished by the activities of two motor domains 

working cooperatively so that at least one “foot” remains attached to the MT at all times, 

which to prevents the motor from dissociating from its track (Toprak et al. 2009). 

Stepping has been broken down into three major phases (Guydosh et al. 2009). First, 

kinesin is in a “waiting” state with its leading foot bound to the MT without ADP or ATP 

and its rear foot hanging above the MT in an ADP bound state. ATP then binds the 
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leading foot and causes the rear foot to rotate around the stalk to take a step before 

rebinding the MT. Finally, ADP is removed from the new leading foot and the ATP on 

the new rear foot is hydrolyzed. This brings kinesin back to its waiting state except that 

the original rear motor domain is now the new leading domain. 

1.3.3.2 Dynein and Dynactin 

Dynein transports cargo toward the minus-end of MTs and facilitates a wide 

variety of cellular activities (Paschal et al. 1987). Interestingly, of the 15 types of dynein 

found in cells only two are cytoplasmic. Most forms of dynein are associated with 

flagellar or cilliar movement (Vallee et al. 2004). Of the two cytoplasmic dynein motors, 

only cytoplasmic dynein 1 appears to be responsible for general cellular processes such 

as cargo transport. Cytoplasmic dynein 2 is specifically located to ciliated structures in 

tissue and sometimes the Golgi in cultured cells, limiting its functional roles (Pazour et 

al. 1999; Porter et al. 1999; Mikami et al. 2002). Thus, all further discussion of dynein 

will refer to cytoplasmic dynein 1.  

 A typical dynein motor complex is thought to contain two heavy chains (DHCs), 

two intermediate chains (DICs), two light-intermediate chains (DLICs), and a variable 

number of light chains (DLCs) (Vallee et al. 1988). The DHCs make up the bulk of the 

dynein protein at ~500 kd each and include six “ATPase associated with various cellular 

activities” (AAA+) domains as well as protein binding sites (reviewed in (Kardon et al. 

2009)). DICs interact with the N-terminal tail of DHCs to form a scaffold that allows a 

number of accessory proteins to join the complex. These accessory proteins include 

DLICs and DLCs that can impart cargo specificity to the dynein motor complex 
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(reviewed in (Fujita et al. ; Vallee et al. 2004)). Of particular interest, dynein DICs can 

interact with the dynactin complex through some of its components, including p150Glued 

(Vaughan et al. 1995). 

 Dynactin is a 1.2 MDa multi-subunit protein complex that is required for dynein 

activity in eukaryotic cells (Gill et al. 1991; Schroer et al. 1991; Waterman-Storer et al. 

1997). Specifically, interactions with dynactin increase the processivity of the dynein 

motor; however, dynactin is not required for dynein to associate with cargo membranes 

(Haghnia et al. 2007; Kardon et al. 2009). Dynactin has also been implicated in plus-end 

MT transport via an interaction with kinesin-2 and Eg5, but details regarding this possible 

relationship remain to be uncovered (Blangy et al. 1997; Deacon et al. 2003). The 

dynactin complex contains 11 unique proteins; some of these components occur 

individually in a given complex while others appear in multiple copies (Bingham et al. 

1998). These components build to form two recognizable structural domains: a ~10 x 40 

nm platform which is thought to interact with dynein and a ~25 to 50 nm rod-like arm 

that extends from one side of the platform that can bind MTs and may be responsible for 

a variety of protein interactions (Schafer et al. 1994; Schroer 2004). Although p150Glued is 

able to promote dynein activity without the rest of the dynactin complex, disruption of 

dynactin’s structural domains traumatizes cellular transport (Echeverri et al. 1996; 

Holleran et al. 1996). 

 The motor activity of dynein resides entirely in its DHCs (Sale et al. 1988; 

Sakakibara et al. 1999). Each DHC contains six ~35 kDa AAA+ domains that form a ring 

with a diameter of about 13 nm (reviewed in (Carter et al. ; Numata et al. 2008; Kardon et 
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al. 2009)). The first AAA+ domain (AAA1) is primarily responsible for ATP hydrolysis 

during motion, though AAA3 contributes as well. AAA2 and AAA4 are able to 

hydrolyze ATP at lower efficiencies and contribute comparatively less to transport while 

AAA5 and AAA6 are no longer able to hydrolyze ATP. A coiled-coil stalk domain 

protrudes from between AAA4 and AAA5 and is required for MT binding and force 

generation. Dynein interacts with the same binding surface as kinesin motor domains, 

which includes residue E145 on α-tubulin (Uchimura et al. ; Mizuno et al. 2004). 

  The mechanism underlying dynein motility remains only vaguely understood 

though it moves in a similar stepping motion to kinesin. The current hypothesis is that 

ATP binding is required for a motor domain to release the MT and move the linker 

domain into a “cocked” position. ATP hydrolysis allows the linker to swing like a lever 

(~17 nm) to push the domain ~5 nm toward the MT minus-end, a motion called the 

power stroke (Carter et al. ; Roberts et al. 2009). Computer modeling suggests that the 

two motor domains work cooperatively such that the position of one head facilitates a 

corresponding step of the other head to generate a processive stepping motion 

(Tsygankov et al. 2009).  

When a motor domain does initiate a power stroke, the molecule is able to take a 

step ranging from 4 nm to 24 nm toward the minus-end of the MT, though the most 

common step size is ~8 nm (Nan et al. 2008). Longer steps are frequently followed by 

what appears to be “backward” steps of the same length toward the plus-end of the MT 

based on optical trap data (Gennerich et al. 2007). Dynein motion can be classified into 

two groups: motive, when steps predominantly move toward the minus-end of the MT, 



46 
 

 

 

and stationary, when longer steps move dynein toward the minus-end and then back 

toward the plus-end to generate little or no net distance. Furthermore, in vitro 

measurements show that applying sufficient plus-end directed force results in dynein 

walking toward the plus-end without the use of ATP, unlike kinesin which simply 

dissociates when pulled toward the minus-end (Gennerich et al. 2007). 

1.4 The role of Miro in mitochondrial transport 

If the opposing motor actions of kinesin and dynein were not regulated, mitochondrial 

transport would decompose into a simple tug-of-war, which may or may not generate 

noticeable motion in a specific direction. However, mitochondrial transport is extremely 

efficient, indicating that these motors are somehow regulated. The loss of Miro protein 

specifically impaired the ability of mitochondria to undergo microtubule-based transport 

(Guo et al. 2005). This was the first protein to be directly associated with the control of 

motors during microtubule-dependent mitochondrial transport and offers a way to further 

examine the underlying machinery.  

At the beginning of this thesis, all that was known about Miro’s transport function 

was that mitochondria remained clustered in cell bodies if Miro is absent (Guo et al. 

2005). It seemed possible that Miro serves as an anchor and attaches the kinesin motor to 

mitochondria, consistent with its known interaction with Milton, a kinesin adaptor protein 

(Stowers et al. 2002). Alternatively, Miro could integrate “initiate transport” signals in 

the cell that are required for mitochondria to leave the cell body and move into the axon. 

The likelihood that Miro played a more complex role than that of a an “anchor” linking 

kinesin to mitochondria was not often discussed, even though its two GTPase domains 
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and two EF-hand domains could technically integrate a large number of upstream signals 

with different modalities. 

The next portion of the section will discuss an updated role of Miro in 

mitochondrial transport based on the literature up to 2012. The understanding about 

Miro’s importance has improved since 2005, but the underlying mechanisms remain 

mostly unknown. 

1.4.1 The basic role of Miro in yeast and neurons differ substantially 

The evolutionarily conserved mitochondrial GTPase Miro contains two EF-hand Ca2+ 

binding domains sandwiched between two Ras-like GTPase (G) domains and a C-

terminal transmembrane domain that tail-anchors the protein on the outer mitochondrial 

membrane such that all major domains face the cytosol (Fransson et al. 2003; Frederick 

et al. 2004; Guo et al. 2005; Koshiba et al. 2011). Loss of Miro or overexpression result 

in altered mitochondrial distributions and morphology in both neuronal and non-neuronal 

cells (Fransson et al. 2003; Fransson et al. 2006). The yeast Miro homologue, Gem1P, is 

required for the maintenance of the tubular mitochondrial network and proper 

mitochondrial inheritance (Frederick et al. 2004). Null mutations of Drosophila Miro 

(dMiro) abolish mitochondrial transport into axons and dendrites, leading to disrupted 

impaired neurotransmission, progressive larval paralysis and premature death (Guo et al. 

2005). 

Miro functions associates with a multimeric megadalton protein complex that 

includes Milton and Kinesin heavy chain (KHC, Kif5) (Stowers et al. 2002; Glater et al. 

2006; Misko et al. 2010). In addition Miro associates with other factors including 
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Mitofusin 2, Pink1 and HUMMR (Guo et al. 2005; Glater et al. 2006; Li et al. 2009; 

Weihofen et al. 2009; Misko et al. 2010). The GTPase and EF-hand domains of Miro are 

essential for normal mitochondrial transport and calcium buffering (Russo et al. 2009; 

Weihofen et al. 2009; Misko et al. 2010). Miro’s EF-hand domains are required to halt 

mitochondrial transport in response to NMDA-receptor mediated calcium influx at post-

synaptic sites in of mammalian dendrites (Macaskill et al. 2009). Contrastingly, 

mutations in yeast Miro EF-hand mutants expressed in a null background had no effect 

on mitochondrial inheritance but did decrease protein stability. Transfection of Miro EF-

hand knockout mutants into mouse primary cell cultures did not decrease protein stability 

(Macaskill et al. 2009). Due to the different genetic backgrounds used in these two 

reports, these studies may have reached different conclusions because of the presence of 

endogenous Miro in the mammalian studies. 

Structure-function analysis of the yeast Miro homologue Gem1P determined that 

the 1st GTPase domain is critical for normal mitochondrial inheritance but could not 

assign a function to the second GTPase domain (Koshiba et al. 2011). Interestingly, 

mammalian overexpression studies revealed that the active and inactive state of Miro’s 1st 

GTPase domain have different binding affinities for KIF5, suggesting that this domain 

may modulate its interaction with KIF5 in a ligand-dependent manner (MacAskill et al. 

2009). One possible explanation for the functional differences between Gem1P and Miro 

is the fact that actin, not microtubules, is the primary cytoskeletal track for mitochondrial 

transport in yeast. Therefore, it is possible that the more prominent necessity for Miro-
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mediated transport developed only when microtubules became a mode for mitochondrial 

transport. 

1.4.2 Protein interactions of Miro 

1.4.2.1 The adaptor protein Milton 

Milton and its mammalian homologues TRAK1/TRAK2 (trafficking kinesin-binding 

protein 1/2) are important binding partners of Miro and are also required to facilitate 

mitochondrial transport (Glater et al. 2006). Milton is a 1,116 amino-acid (AA) long 

Drosophila protein that co-localizes with mitochondria and has no predictable domains 

except for a coiled-coil region located at 140-380 AA (Stowers et al. 2002; Gilbert et al. 

2006). The functions of Drosophila Milton are conserved in its two human homologues 

TRAK1, previously referred to as N-acetylglucosamine transferase interacting protein 

106 (OIP106), and TRAK2, previously γ-Aminobutyric acid, Type A (GABAA) receptor 

interacting factor-1 (GRIF-1) (Stowers et al. 2002; Smith et al. 2006).  Drosophila Milton 

has a 47% and 40% sequence conservation with TRAK1 and TRAK2, respectively 

(Stowers et al. 2002; Gilbert et al. 2006). Milton binds to Drosophila kinesin-heavy-chain 

(KHC; mammalian homolog: Kif5) at a site in that is located in its first 450 AAs, to Miro 

in its first 750 AA, and to mitochondria at a separable site between 810-891 AA (Glater 

et al. 2006; MacAskill et al. 2009). The protein levels of Milton vary throughout 

development but Milton is enriched in the brain, consistent with its high expression in 

neurons (Stowers et al. 2002; Brickley et al. 2005). 
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Interestingly, Milton also binds an unidentified mitochondrial protein through a 

binding sites located between 847-1,116 AA, which may also link Milton to mitochondria 

(Glater et al. 2006). The recruitment of KHC by Milton is kinesin-light-chain 

independent, and the four splice forms of Milton appear to mainly differ in their affinity 

to KHC (Glater et al. 2006). Not surprisingly, Milton mutations severely disrupt 

anterograde mitochondrial transport and lead to mitochondrial distribution impairments 

in neurons as well as in other cell types (Gorska-Andrzejak et al. 2003; Cox et al. 2006; 

Brickley et al. 2011). Milton levels also correlate with changes to mitochondrial 

morphology: loss of Drosophila Milton leads to defects in mitochondrial elongation 

during spermatogenesis (Aldridge et al. 2007). Consistently, over-expression of 

mammalian TRAK1/TRAK2 leads to extremely long and thin mitochondrial extensions 

(Aldridge et al. 2007; Koutsopoulos et al. 2010). 

The relationship between mammalian TRAK1 and TRAK2 is complicated. RNAi-

induced  knockdown of TRAK1 but not TRAK2 results in mitochondrial transport 

deficiencies even though both TRAK1 and TRAK2 expression can restore transport 

impaired by loss of TRAK1 (Brickley et al. 2011). TRAK1 and TRAK2 bind different 

kinesin family members depending on the tissue (KIF5A and KIF5C in the brain, KIF5B 

in the heart and HEK 293 cells) (Brickley et al. 2005). TRAK2 directly binds to the non-

motor domain of KIF5C located between amino acids 124-283. Both TRAKs interact 

with Miro, mitochondria, OGT, and even one another (Iyer et al. 2003; Brickley et al. 

2005; Smith et al. 2006; Koutsopoulos et al. 2010; Brickley et al. 2011; Brickley et al. 

2011).  
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The abundant and dynamic post-translational modification of nuclear and 

cytosolic proteins by β-O-linked N-acetylglucosamine (O-GlcNAc) is catalyzed by O-

Glc-NAc transferase (OGT), which interacts strongly with mammalian TRAK1/TRAK2 

and Drosophila Milton (Iyer et al. 2003; Glater et al. 2006). Interestingly, OGT is part of 

the Miro/Milton/KHC complex and O-GlcNAc modified Milton has been detected in the 

complex as well (Glater et al. 2006; Brickley et al. 2011). While the role of OGT in this 

transport complex is not understood, OGT- mediated Milton modifications of Milton do 

not directly impair transport dynamics and thus are likely serving a higher level 

regulatory role in the complex (Brickley et al. 2011). 

1.4.2.2 Mitofusin and Pink1 

The proteins Mitofusin 2 (Mfn2) and Pink1 are also known to interact with Miro and are 

required for normal mitochondrial transport (Weihofen et al. 2009; Misko et al. 2010). 

Mfn2 is responsible for fusion of the outer mitochondrial membrane and is involved in 

mitochondria-ER contact sites (Ishihara et al. 2004; de Brito et al. 2008). Notably, 

mitochondrial fusion activity is not abolished upon loss of Mfn2, indicating that this 

function is redundant with Mitofusin 1 (Mfn1) at least one other protein. Consistently 

double knockout causes mitochondrial fragmentation, leading to mitochondrial DNA 

instability and neurodegeneration (Chen et al. 2007; Chen et al. 2010).  Notably, mutating 

Opa1, a fusion protein of the inner mitochondrial membrane, did not impair transport 

(Misko et al. 2010) and suggests that not all fusion proteins have this additional function . 

Pink1, introduced previously in relation to Parkinson’s disease (page 30), also co-

localizes with Miro/Milton complexes and can localize to mitochondria via Miro/Milton 
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interactions even after its independent mitochondrial binding domain is removed 

(Weihofen et al. 2009). Pink1, if allowed to accumulate on the mitochondrial surface in 

response to mitochondrial depolarization, recruits Parkin to mitochondria and leads to the 

phosphorylation and possible eventual degradation of downstream targets (Weihofen et 

al. 2009; Kane et al. 2011; Poole et al. 2011; Wang et al. 2011).  

Interestingly, Pink1 and Parkin are closely associated with the mitochondrial 

transport machinery. It has recently been shown that Pink1 regulates Miro’s degradation 

by Parkin and therefore can forcibly arrest transport (Liu et al. 2012). The outer-

membrane fusion proteins Mitofusin 1 and 2 , which is also a required part of the 

transport machinery, are also regulated by Pink1 (Santel et al. 2003; Khusnutdinova et al. 

2008; Misko et al. 2010; Poole et al. 2011), leading to eventual mitophagy. Hence, Pink1 

and Parkin are integral to the normal operation of the transport machinery, even though 

this is an indirect function that mostly mediates stationary phases. 

1.4.3 GTPase domains as molecular switches 

Miro contains two Ras-like GTPase domains (Koshiba et al. 2011). GTPase domains are 

important for signaling because they can acquire two functionally different states 

depending on its ligand-bound state (Takai et al. 2001). This thesis explores the 

requirements of Miro’s GTPase domains for mitochondrial transport and morphology, so 

the behavior of these “switch-like” domains is described in this section. 

Structural studies demonstrate that GTPase domains cycle between two states: a 

GTP-bound active form and a GDP-bound inactive form (Bourne et al. 1990; Hall 1990; 

Takai et al. 1992). The active state change is generated when GDP is released from the 
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binding-pocket and is replaced by GTP. The resulting shift in the three-dimensional 

protein structure then typically activates a downstream signaling component. The 

intrinsic GTPase hydrolysis activity of the GTPase domain is responsible for returning 

the protein to the GDP-bound form, in turn halting the activation of downstream targets. 

Thus, GTPase domains act like “molecular switches” with a distinct “on” and “off” states 

that can be flipped by upstream effectors to regulate downstream signaling cascades. 

Proteins containing GTPase domains are called G-proteins. 

Figure 3: GTPase cycle 
GTPase binding domains alternate between an inactive GDP-bound “off” state and an active 
GTP-bound “on” state. The GDP to GTP transition is facilitated by an accessory protein called a 
guanine-nucleotide exchange factor (GEF), which promotes release of GDP and rebinding of a 
new GTP. The opposing transition of GTP hydrolysis to GDP is aided by a GTPase-activating 
protein (GAP), which catalyzes GTPase hydrolysis activity of the GTPase domain binding 
pocket. Binding of GTP results in a structural change that allows the protein to interact with 
downstream binding partners that were not compatible with the GDP-bound state. 
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The superfamily of small GTPase proteins is divided into several subfamilies, 

including Ras, Ran, Rho, Rab, and Sar1/Arf (thoroughly reviewed in (Hall 2000; Takai et 

al. 2001)) that make up a superfamily. The sequence conservation between these proteins 

varies widely, with higher conservation within family members (~50%) and less between 

different families (~30%) (Hall 1990; Valencia et al. 1991). However, the regions of 

GTPase domains responsible for interacting with GTP or GDP, as well as the GTPase 

activity that cleaves GTP, are well conserved (Bourne et al. 1991; Valencia et al. 1991; 

Takai et al. 1992; Takai et al. 2001). Most of our structural understanding comes from 

NMR and crystallography studies performed on the Ras family of G-proteins, but it is 

known that Ras GTPase domains share a similar topology to members of every other G-

protein family (Geyer et al. 1997). 

The rate-limiting step of GDP/GTP exchange is the dissociation of GDP from the 

binding site. To speed this process, a GEF (guanine-nucleotide exchange factor) displaces 

GDP by being a competitive binding partner of the GTPase domain, and then the GEF 

facilitates the binding of a new GTP in its place (Cherfils et al. 1999). The activity of 

GEFs is often regulated by upstream signals and can be specific to certain GTPase 

domains or more promiscuous (Hart et al. 1991; Boguski et al. 1993; Buday et al. 1993; 

Yaku et al. 1994; Wada et al. 1997).  

GAPs (GTPase activating proteins) also interact with small GTPases to increase the 

rate of GTP-hydrolysis, switching the protein to its “off” state (Boguski et al. 1993; 

Scheffzek et al. 1998; Bernards 2003). This is especially important for Ras domains like 

those in Miro because they have extremely slow inherent turnover rates and require the 
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presence of GAPs and GEFs to operate at biologically useful speeds. In some cases, there 

are also GDIs (guanine-nucleotide dissociation inhibitors) which, as the name suggests, 

prevent GDP from leaving the binding site (Trahey et al. 1987). There is, once again, a 

tremendous amount of information known about the mechanism and function of these G-

protein interacting factors, which is covered in thorough reviews (Scheffzek et al. 2005). 

As expected from such a large superfamily, GTPases participate in a plethora of 

signaling pathways ranging from gene regulation and growth hormone response to 

cytoskeletal restructuring (Takai et al. 2001). The volume of information regarding 

individual G-protein functions is far beyond the scope of this introduction but is the 

subject of thorough review elsewhere (Zerial et al. 1995; Hall 2000; Takai et al. 2001). 

As a brief example, the first member of the Ras family discovered, HRAS, responds to 

growth hormone signaling by promoting cell division (Malumbres et al. 2003) while the 

GTPase domains of Gem1P are responsible for maintaining the tubular network of 

mitochondria in yeast (Frederick et al. 2004).  

As briefly introduced above, Miro contains two GTPase domains, which have 

recently been reclassified as being members of the Ras family that are required for 

mitochondrial transport in axons (Guo et al. 2005; Koshiba et al. 2011). This is extremely 

important for this thesis because Ras GTPases are characterized by extremely slow 

GTP/GDP turnover rates; hence, it is extremely likely that Miro GTPase cycling requires 

the cooperation of GAPs and GEFs. It is also possible that each domain is controlled by a 

different set of GAPs/GEFs, greatly increasing the number of upstream signals that can 

be integrated by Miro. 
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1.5 Dissertation format 

This thesis contains previously published research (Russo et al. 2009) in Chapter 2 (page 

65) as well as new, unpublished results that are being submitted for peer-reviewed 

publication. The previously published research is segregated in Section 4 (pg. 65) and 

relates to the initial characterization of Miro loss and over-expression effects on 

mitochondrial transport. The unpublished material, which focuses on the function of 

Miro’s two GTPase domains, is located in Section 3.3 (pg. 101). 

The contributions made by Gary J. Russo to (Russo et al. 2009) are as follows: Gary 

Russo acquired all raw data except for half of the pooled WT data and the miro null data. 

Gary Russo performed all data analysis and figure production. 

Gary J. Russo is wholly responsible for the data presented in Section 3.3 (pg. 101), 

sans the initial generation of the Miro GTPase transgenes (Fangle Hu: myc-Miro, T460N; 

Andrea Wellington: T25N, A20V, K455V; Miloš Babić: GD18WW, GP453WW) and the 

Western Blot analysis of Miro expression levels (Miloš Babić).
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2. CHAPTER 2: METHODS 

2.1 Fly Stocks 

Flies were raised on standard medium with dry yeast at 25°C unless otherwise stated. The 

strain w1118, P[w1118; UAS::mito-GFP] (mitoGFP) expressing green fluorescent protein 

(GFP) tagged by an N-terminal mitochondrial localization signal was obtained from W. 

Saxton (Indiana University, Bloomington, IN). To express mitoGFP and dMiro, we used 

the enhancer trap strain w1118; P[w1118, OK6::Gal4], which drives expression in motor 

neurons and some interneurons of the ventral ganglia, salivary glands, wing discs, and a 

subset of tracheal branches (Aberle et al., 2002). The dmiro null alleles B682 and SD32 

are null alleles truncating dMiro in the first GTPase domain at position 105 and 89, 

respectively (Guo et al., 2005). The transgenic line OE-10 (P[w+, UAS::dMiro-RM]) 

expressed an untagged dMiro cDNA as described by Guo et. al. (Guo et al. 2005), while 

OE-5 possesses an N-terminal MYC tag. The following genotypes were examined – WT: 

w1118; P[w+, OK6-Gal4]/+; P[w+, UAS::mitoGFP]/+. Null: w1118; P[w+, OK6-Gal4]/+; 

dmirosd32, P[w+, UAS::mitoGFP]; dmiroB682. Ctrl: w1118; P[w+, OK6-Gal4]/P[w+, 

UAS::dmiroRE]; dmirosd32, P[w+, UAS::mitoGFP]; dmiroB682. OE Ctrl: w1118; P[w+, 

OK6-Gal4]/P[w+, UAS::dmiroRE]; P[w+, UAS::mitoGFP]; +. OE (strains OE-10 and 

OE-5): w1118; P[w+, OK6-Gal4]/P[w+, UAS::dmiro5 or 10]; P[w+, UAS::mitoGFP]; +. 

T25N: w1118; P[w+, OK6-Gal4]/P[w+, UAS::dmiroT25N]; dmirosd32, P[w+, 

UAS::mitoGFP]; dmiroB682. A20V: w1118; P[w+, OK6-Gal4]/P[w+, UAS::dmiroA20V]; 

dmirosd32, P[w+, UAS::mitoGFP]; dmiroB682. W1: w1118; P[w+, OK6-Gal4]/P[w+, 

UAS::dmiroW1]; dmirosd32, P[w+, UAS::mitoGFP]; dmiroB682. T460N: w1118; P[w+, OK6-
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Gal4]/P[w+, UAS::dmiroT460N]; dmirosd32, P[w+, UAS::mitoGFP]; dmiroB682. K455V: 

w1118; P[w+, OK6-Gal4]/P[w+, UAS::dmiroK455V]; dmirosd32, P[w+, UAS::mitoGFP]; 

dmiroB682. T25N OE: w1118; P[w+, OK6-Gal4]/P[w+, UAS::dmiroT25N]; P[w+, 

UAS::mitoGFP]; +. A20V OE: w1118; P[w+, OK6-Gal4]/P[w+, UAS::dmiroA20V]; P[w+, 

UAS::mitoGFP]; +. W1 OE: w1118; P[w+, OK6-Gal4]/P[w+, UAS::dmiroW1]; P[w+, 

UAS::mitoGFP]; +. T460N OE: w1118; P[w+, OK6-Gal4]/P[w+, UAS::dmiroT460N]; 

P[w+, UAS::mitoGFP]; +. K455V OE: w1118; P[w+, OK6-Gal4]/P[w+, 

UAS::dmiroK455V]; P[w+, UAS::mitoGFP]; +. All artificially expressed forms of dMiro 

(except Miro OE-10) are N-terminally MYC-tagged. 

2.2 Generation of myc-tagged dMiro tansgene 

To generate a myc tagged version, dMiro cDNA (RE) was PCR-amplified from the 

dMiro cDNA such those three 5’ primers, each of which has a 15-base overhand with 

template or previous primer (primer1: 5’-ATCTCTGAAGAAGATCTGGGACAG 

TACACGGCGTCG-3’; Primer2: 5’-ATGGAGCAGAAACTCATCTCTGAAGAA 

GATCTG-3’; Primer3: 5’-AATTAATGCGGCCGCACCATGGAGCAGAAACTCATC-

3’), were used to introduce one myc tag, one Kozak site, one ATG start codon and one 

Not I site to dMiro cDNA. The stop codon of the dMiro reading frame was replaced by a 

Not I site (5’-AATTAATGCGGCCGCG TGTCCGTGGTAATCGTG-3’). The myc-

dMiro fragment was directionally sub-cloned into a pCR2.1-TOPO vector (Invitrogen 

Inc.) via two NotI sites. After confirming their identity by sequencing, the myc-tagged 

dMiro cDNAs were subcloned into a pUAST vector P element vector (Brand and 

Perrimon, 1993) at the two NotI sites. All constructs were confirmed by DNA 
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sequencing. Transgenic lines containing p(UAST-Myc::dMiro) insertions were created 

using standard techniques (Song et al., 2002).  

2.3 Generation of Miro GTPase point mutations 

Mutations were generated through standard site-directed mutagenesis on pCR2.1 TOPO 

insertions of wild-type dMiro using the following primers: T25N: 

GCCGGGGGTGGGTAAGAACTCGTTGATTCTGTCTCTG A20V: 

GCTCGTCGGCGACGTCGGGGTGGG T460N: 

AAGGGATCAGGAAAGAATGGAATGTGCAGGGGATTC K455V: 

GTCATGTGATTGGACCAGTGGGATCAGGAAAGACTGG GD18WW: 

GTTAGGATCCTGCTCGTCtggtggGCCGGGGTGGGTAAGACG GP453WW: 

GGTCCGTTTACAAGTGTCATGTGATTtggtggAAGGGATCAGGAAAGACTGGAA

TGTGCAGGGG and their reverse complement. 

Then the dmiro cDNAs plus the myc sequence was subcloned into the pUAST vector 

at two NotI sites. All constructs were confirmed by DNA sequencing. Transgenic lines 

containing p(UAST-Myc::dmiro) insertions were created using standard techniques (Song 

et al., 2002).  

2.4 Generation of dMiro antibody.  

A N-terminal His-tagged Drosophila Miro fragment (residues 1-590) was expressed in 

BL21 (DE3) bacterial cells, and purified using Ni-TED agarose (USB) under denaturing 

conditions. A guinea pig polyclonal antibody was generated by Cocalico Biologicals. 
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2.5 Western Blot Analysis 

Two larval brains of genotype w1118; OK6-Gal4/P[w+, dmiro*]; dmiroB682/dmirosd32 were 

loaded per lane of a standard 10% SDS-PAGE gel (dmiro* indicates dmiro bearing one 

point-mutation of interest, as detailed in Fly Stocks). Nitrocellulose membranes were 

exposed to α-dMiro GP5 primary antibody (see Generation of dMiro antibody) overnight 

followed by two hour incubation with goat-α-guinea pig HRP secondary antibody (Santa 

Cruz Biotechnology #SC-2438). Blots were imaged using BioRad ChemiDoc XRS. 

2.6 Immunostainings  

To determine the distribution of mitochondria in neuromuscular junctions, larvae were 

dissected in HL-6 solution containing 7 mM L-glutamate and 0.6 mM calcium, incubated 

in 4% paraformaldehyde for one hour, washed three times in PBT (PBS with 0.2% triton 

X-100), blocked with Superblock blocking buffer (Thermo Scientific #37516) for one 

hour, incubated overnight at 4 °C with α-HRP-Cy3 (Jackson ImmunoResearch #123-165-

021, 1:250) and α-GFP-AF488 (Molecular Probes #A21311, 1:500) in Superblock, 

washed in PBT three times for ten minutes, then washed in PBS once for ten minutes. 

Images were acquired within two hours after final washing. 

 To determine the localization of Myc-tagged Miro in relation to mitochondria, 

larvae were dissected in HL-6 solution containing 7 mM L-glutamate and 0.6 mM 

calcium, incubated in 4% paraformaldehyde for one hour, washed three times in PBT 

(PBS with 0.2% triton X-100), blocked with Superblock blocking buffer (Thermo 

Scientific #37516) for one hour, incubated overnight at 4 °C with mouse α-Myc (Cell 

Signaling #2276, 1:3000) and α-GFP-AF488 (Molecular Probes #A21311, 1:500) in 
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0.2% PBT with 0.2% BSA, washed in PBT three times for twenty minutes, incubated 

with α-mouse-Cy3 (Jackson ImmunoResearch #715-165-150, 1:500) in PBT + 0.2% 

BSA for two hours, washed in 0.2% PBT three times for twenty minutes, then washed in 

PBS for five minutes. Images were acquired within two hours after final washing. 

2.7 Viability assay of Miro GTPase mutant flies 

Female flies from a strain carrying an elav driver on the X chromosome and a balanced 

heterozygous miro null mutation on the third chromosome were crossed with male flies 

homozygous for myc-tagged normal (control) or mutant-GTPase (T25N, A20V, W1, 

T460N and K455V) transgene in a balanced heterozygous miro mutant background. Only 

female progeny inherited the elav driver and express one copy of myc-tagged miro 

transgene in either a heterozygous or homozygous miro null background. The miro 

background was confirmed by dominant markers present on only the balanced third 

chromosome. Heterozygous mutants of miro are fully viable, so viability of transgene 

expression was calculated as the number of successfully eclosing adult female flies 

expressing one copy of myc-Miro (control, T25N, A20V, W1, T460N or K455V) in a 

miro null background compared to expression in a heterozygous miro mutant 

background. 

2.8 Time lapse imaging of mitochondria 

Mitochondria in motor neurons of dissected climbing third larvae were imaged as 

described previously (Louie et al., 2008, Russo et al. 2009). Briefly, the dissected 

crawling third instar larvae was submersed in HL-6 solution containing 7 mM L-
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glutamate and 0.6 mM CaCl2 and viewed with an upright Olympus microscope BX50WI 

equipped with a confocal laser scanner (FluoView300) and a 60x water-immersion 

objective (LUMPLANFL; numerical aperture, 0.9). The 488 nm excitation line of the 

multiargon laser (Mellet Griot, 150 mW) was attenuated to 10%-15% of its maximum 

power, with all other lasers at 0%. Fluorescence emission was monitored through a low-

pass optical filter with a cutoff at 510 nM (BA510IF, Olympus) and the pinhole was fully 

opened to allow maximum “focal depth.” Images of 1024x280 pixels (58.868 μm x 

16.065 μm) were acquired from individual segmental nerves near the ventral ganglion. A 

centered 872x278 pixel (50 μm x16 μm) region of interest (ROI) was photobleached for 

180 s, such that the bleached area was always flanked by non-bleached stationary 

mitoGFP-positive signals. Immediately after bleaching, 200 images were acquired at a 

rate of one frame per 1.006 s (zoom factor 2x), and saved as 8-bit multitiff files. Time-

lapse images were acquired only from one nerve per animal within 30 min of dissection.  

2.9 Mitochondrial densities in the axon 

Motile and stationary mitochondria were visualized by merging two pseudo-colored 

images of a nerve at 0 sec (green) and 2 min (magenta). Using this method, stationary 

mitochondria were labeled in white while moving mitochondria were labeled in green or 

magenta. In order to remove the confounding effects of mitochondrial flux from our 

measurements, only green mitochondria, which existed within our ROI at time zero and 

then moved, were quantified to determine motile mitochondria. The threshold for 

movement was set so that the average mitochondrion must move at least three-quarters of 

its length to be considered motile (~1 μm). The density of stationary and motile 
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mitochondria was determined by counting the number of respective mitochondria in a 

ROI and then normalizing to the area of the nerve occupied by mitochondria and total 

density was calculated by adding these two values. The percent of moving mitochondria 

was determined by calculating the number of motile mitochondria with respect to the 

total number of mitochondria in a nerve ROI. 

2.10 Tracking of mitochondrial transport 

Mitochondrial tracking was performed as in Louie et. al 2008 and Russo et. al. 2009. 

Mitochondrial movements from time-lapse imaging of motor neurons were tracked using 

NIH ImageJ imaging software (Abramoff et al., 2004; Louie et al., 2008) and the plug-in 

MTrackJ (Meijering, E., University Medical Center of Rotterdam, Netherlands; 

http://www.imagescience.org/meijering/software/mtrackj/). Up to 12 clearly labeled, 

motile mitochondria were tracked per animal as long as each remained visible in 

consecutive frames for at least 30 frames. In addition, one stationary mitochondrial 

cluster flanking the bleached ROI was tracked for normalization. The obtained x–y–t 

tracking coordinates of mitochondrial movements were analyzed with Java based 

software that expands on the Excel-based analysis software described earlier (Louie et al., 

2008). Briefly, x–y tracking coordinates of motile mitochondria were normalized to the 

motions of the stationary mitochondrial cluster to reduce the influence of movement 

artifacts. Mitochondrial movement was then modeled as a three-state system consisting of 

plus end-directed runs, minus end-directed runs and stops. The start of a run was defined 

by a minimal displacement of 0.151 μm/s and the end of a run by a minimal displacement 

of 0.12 μm/s. Mitochondria showing net anterograde movement (AM) or net retrograde 
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movement (RM) were then separated into two classes for analysis. The following motility 

parameters were calculated: duration, distance, and velocity of plus end-directed and 

minus end-directed trips and runs, frequency of runs and stops within trips, duration and 

frequency of stops, frequency of reversals in direction, velocity of net transport (total net 

distance during entire tracking time), the percentage of time allocated to trips and runs 

(duty cycles), and the maximum length of moving mitochondria.  

2.11 Statistical Analysis 

Track data of individual mitochondria from one segmental nerve were averaged for each 

animal and then averaged for all animals of the same genotype. The obtained averages 

were analyzed for statistical significance by one- or two-way ANOVA testing using 

GraphPad Prism (Graphpad Software, 2007). N and n indicate number of animals and 

mitochondria, respectively. p values of <0.05, <0.01, and <0.001 were indicated with 

one, two and three asterisks (*), respectively. 
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3. CHAPTER 3: DROSOPHILA MIRO IS REQUIRED FOR BOTH 
ANTEROGRADE AND RETROGRADE AXONAL MITOCHONDRIAL 

TRANSPORT 
 
This chapter is a reproduction of previously published work (Russo et al. 2009). 
Permissions for this reproduction are included in Appendix C (pg. 184). 

3.1 Introduction 

Supplying dendrites and axons with mitochondria is vital for sustaining synaptic function 

(Li et al. 2004; Guo et al. 2005; Verstreken et al. 2005; Kann et al. 2007; Mattson 2007; 

Kang et al. 2008). Mitochondrial transport to synapses depends on microtubules (MTs) in 

axons and dendrites. MT-based mitochondrial transport displays saltatory bi-directional 

movement – where moving mitochondria frequently stop, start and change direction. This 

bi-directional motility is facilitated by MT plus end-directed kinesin and minus end-

directed dynein motors, but how the opposing motor movements are controlled remains 

unclear. Since both motors are apparently attached to mitochondria at all times, achieving 

effective net transport must require control mechanisms that favor motor movements in 

the programmed direction of transport, either antero- or retrograde. Accordingly, 

movement in one direction can only occur if one motor overpowers the other through a 

“tug-of-war” scenario. Alternatively, the activities of both motors may be coordinated 

such that only one motor is active and the processivity (i.g., how long an attached motor 

can travel along a microtubules track) of the active motor is high (Hollenbeck 1996; 

Gross 2003; Vale 2003; Mallik et al. 2004; Welte 2004; Hollenbeck et al. 2005; Gross et 

al. 2007).  
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The evolutionary conserved mitochondrial GTPase Miro is characterized by the 

presence of two GTPase domains, two Ca2+ binding domains, and a C-terminal 

transmembrane domain that tail-anchors Miro in the outer mitochondrial membrane 

(Fransson et al. 2003; Frederick et al. 2004; Guo et al. 2005; Frederick et al. 2007). Loss 

of Miro in yeast disrupts the tubular mitochondrial network and reduces mitochondrial 

inheritance (Frederick et al. 2004; Frederick et al. 2008). Mutations in mammalian and 

Drosophila Miro cause abnormal mitochondrial distributions in all examined cells and 

impair mitochondrial transport into axons and dendrites of neurons (Fransson et al. 2003; 

Guo et al. 2005; Fransson et al. 2006). Miro binds the adaptor protein 

Milton/GRIF1/OIP106 to form a complex with the kinesin subunit KIF5 (Stowers et al. 

2002; Fransson et al. 2006; Glater et al. 2006; MacAskill et al. 2009). Miro also binds 

directly to KIF5 in a Ca2+-dependent manner (Macaskill et al. 2009). Both binding 

mechanisms facilitate mitochondrial transport (Glater et al. 2006; Saotome et al. 2008; 

MacAskill et al. 2009; Macaskill et al. 2009; Wang et al. 2009). Ca2+ binding by Miro’s 

EF-hand domains arrests bi-directional mitochondrial movements suggesting that it 

serves as a Ca2+ sensor controlling mitochondrial mobility (Saotome et al. 2008; 

Macaskill et al. 2009; Wang et al. 2009). While these findings underline a critical and 

pleiotrophic role of Miro in mitochondrial transport, it remained unclear how Miro 

affects kinesin-mediated movements and whether it is required for dynein-mediated 

movements. 

To directly address how Miro facilitates effective mitochondrial transport, we 

analyzed the kinetics of mitochondrial movements in Drosophila motor axons upon 
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genetic manipulations of dMiro. Our findings significantly extend the current model of 

dMiro function, suggesting that is not simply a membrane anchor for kinesin motors but 

required for selectively extending the duration of kinesin-mediated movements during net 

anterograde mitochondrial transport and dynein-mediated movements during net 

retrograde transport. 

3.2 Results 

Lack and OE of dMiro reduce (but do not abolish) the amount of motile mitochondria 

and stationary mitochondrial clusters in Drosophila motor axons. To better understand 

the role of dMiro for mitochondrial transport, we live-imaged the movements of GFP-

tagged mitochondria (mitoGFP) in motor axons of larval Drosophila nerves upon loss 

and overexpression (OE) of dMiro protein. Since axonal microtubules of these motor 

neurons exhibit a uniform plus end-out orientation (Stone et al. 2008), and because 

mitochondria were labeled only in motor neurons but not in glial cells and sensory 

neurons of the segmental nerve, plus end-directed kinesin-driven movements can be 

unambiguously distinguished from minus end-directed dynein-driven movements (Pilling 

et al. 2006; Louie et al. 2008).  

To selectively express mitoGFP and dMiro (for OE and rescue) in motor neurons, we 

used the Gal4/UAS system (Brand et al. 1993) driving transgenic expression with the 

Gal4-driver Ok6 (Aberle et al. 2002). MitoGFP fluorescence strongly labeled 

mitochondria in motor neurons, axons and NMJs of control (Figure 4 A-B). Consistent 

with earlier findings (Guo et al. 2005), mitochondria were largely absent from distal 

motor axons (not shown) and NMJs of dmiro null mutants (dmiroSD32/B682; Figure 4 A-B), 
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although 1 out of 5 animals showed 1-3 mitochondria at a NMJ. However, dmiro null 

mutant motor axons did contain mitochondria in close proximity to the ventral ganglion, 

although their numbers were much reduced (Figure 5 A, C-D).  

Typically, less than ~40% of mitochondria are motile in control fly motor axons – the 

majority of mitochondria tend to cluster at functionally undefined sites for more than 180 

seconds (Louie et al. 2008). Heterozygous dmiro null mutant axons showed a significant 

reduction in the amount of motile (displaced by >2 μm during 60 seconds) mitochondria 

(p<0.5, Figure 5 C) but a normal density of stationary mitochondrial clusters (Figure 5 

D), suggesting that mitochondrial motility is highly sensitive to dMiro protein levels. In 

homozygous dmiro null mutants, the amount of motile mitochondria was significantly 

reduced to less than 4% of control (p<0.001, Figure 5 A, C) In contrast to control, dmiro 

null mutant axons exhibited many mitochondria that were stationary but not clustered, as 

judged by their size and mitoGFP fluorescence (Suppl. Fig. 1). This made it necessary to 

distinguish between individual stationary mitochondria that likely could not move 

(~40%) and stationary mitochondria that were clustered. After removing individual 

stationary mitochondria (see methods), the number of stationary mitochondrial clusters 

was significantly reduced in dmiro nulls to 15% of control (p<0.001, Figure 5 D).  

Expression of normal dMiro protein in homozygous dmiro null mutants restored the 

amount of motile mitochondria to a level (80 ± 3.5%) that was statistically 

indistinguishable from control (p>0.05, Figure 5 C). However, the number of stationary 

mitochondrial clusters was only partially restored to a level that was significantly smaller 

than control (p<0.05, Figure 5 D). OE of dMiro in otherwise wild type animals 
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significantly reduced the amount of motile mitochondria and the number of stationary 

mitochondrial clusters in motor axons (p<0.001, Figure 5 A, C-D), tentatively indicating 

that OE of dMiro may have dominant-negative effects.  

Figure 4: Distribution of GFP-tagged mitochondria in motor neurons upon loss and 
overexpression of dMiro 
Mitochondria in larval motor neurons and a few inter neurons were visualized by OK6-driven 

expression of mitoGFP. Shown is the mitoGFP fluorescence in ventral ganglia (A) and at larval 

NMJs of muscle 6/7 (B) of control, dmiro null mutants and upon overexpression (OE) of normal 

dMiro protein in an otherwise wild type genetic background. Null mutant NMJs were 

counterstained with HRP-antibodies (green) to visualize neuronal membranes of the NMJ. Note 

that mitochondria (arrowheads) were present only rarely at dmiro null mutant NMJs (1/5 

animals).  Scale bar, 20 µm. 
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The size of stationary mitochondrial clusters was not significantly altered in heterozygous 

and homozygous dmiro null mutants but was increased upon expression of normal dMiro 

protein in dmiro mutants and wild type (p<0.01, Figure 5 E). After normalizing for 

cluster size, mitoGFP fluorescence was significantly reduced in all examined dmiro 

genotypes (p<0.001, Figure 5 F), suggesting that even slight alterations in dMiro protein 

levels affect the amount of mitochondria clustering at functionally undefined sites in 

motor axons.  

 

3.2.1 Lack and OE of dMiro reduce the rate of net antero- and retrograde 

mitochondrial transport. 

Despite the few motile mitochondria in dmiro null mutant motor axons (only 42 out of 72 

imaged nerves/animals showed motile mitochondria), it was nevertheless feasible to 

analyze the dynamics of mitochondrial transport with one caveat: since the high density 

of mitochondria in control axons significantly obscured a precise tracking over large 

distances, it was necessary to photobleach a 50 µm long region of interest before 

acquiring time-lapse images (Figure 5 B). However photobleaching was not a feasible 

strategy in null mutants (Figure 5B) since the rate (flux) of antero- and retrograde 

mitochondrial transport measured just proximal to the ventral ganglion was reduced by 

more than 98% (p<0.001, Figure 6 E-F). Even in the best cases, peak values of 

anterograde flux reached only 0.6 mitochondria/min in dmiro nulls, while control showed 

a mean value of 8.9 ± 0.3 min-1.  Both, antero- and retrograde fluxes were partially 

restored by the expression of normal dMiro protein in dmiro null mutant axons (Figure 6 
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E-F). Like loss of dMiro, OE of dMiro also significantly decreased antero- and retrograde 

mitochondrial flux to 51 ± 4% and 32 ± 3% of control, respectively (p<0.01, Figure 6 E-

F). 
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Figure 5: Mutations in dMiro disrupt mitochondrial transport and distribution in 
larval motor axons 

(A-F) Mitochondria of larval motor axons were labeled by Ok6-driven expression of mitoGFP. 
Confocal time-lapse images of a segmental larval nerve exiting the ventral ganglion were 
acquired at a rate of 1 sec-1 without (A) or after photobleaching (B). Time intervals and direction 
of net anterograde (AM) and net retrograde movements (RM) are indicated (arrowheads in A, left 
upper panel). Scale bars, 5 µm in A and 10 µm in B. Error bars represent SEM.  
(A) Distribution of motile (red or green) and stationary mitochondrial clusters (yellow) in 
proximal larval motor axons of control, dmiro null mutants (Null) and upon overexpression of 
normal dMiro (OE).  
(B) Time lapse images showing mitochondria in larval motor axons entering a photobleached 
area. Genotypes are as in (A). Note the reduced number of mitochondria entering the 
photobleached region in dmiro null mutants and upon dMIro OE. 
(C-D) Average density of motile mitochondria (C) and stationary mitochondrial clusters (D) in 
proximal motor axons of control, heterozygous dmiro null mutants (Null -/+), homozygous dmiro 
null mutants (Null -/-), homozygous dmiro null mutants upon expression of normal dMiro protein 
(Rescue), and upon dMiro overexpression (OE-10). Significant differences between control and 
mutant genotypes as well as between Null and rescue are indicated by asterisks (p<0.05; N>10, 
one-way ANOVA). 
(E-F) Average size (E) and normalized mitoGFP fluorescence intensity (D) of stationary 
mitochondrial clusters in proximal motor axons. Genotypes and significant differences are 
indicated as in C-D. 
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Since both the lack and OE of dMiro protein impaired mitochondrial flux as well 

as the amount of mitochondria in motor axons, it was unclear whether the partial rescue 

of mitochondrial flux in dmiro null mutants was due to either abnormally high or 

abnormally low levels of dMiro protein. To distinguish between these possibilities, we 

examined whether lowering of transgenic dMiro protein expression in null mutant motor 

neurons may improve the rescue of phenotypes. Lower temperature is known to reduce 

expression levels of the used Gal4/UAS system since the yeast transcription factor Gal4 

is temperature-sensitive (Duffy 2002). Therefore, we compared the degree of rescuing 

mitochondrial flux in dmiro null mutants at 25°C (standard, Figure 6 E-F) and 20°C. The 

difference in temperature did not significantly affect the rescue of anterograde 

mitochondrial flux. However, the rescue of retrograde mitochondrial flux was 

significantly better at 20°C (p<0.05, Suppl. Fig. 2). This suggests that the incomplete 

rescue of dmiro null phenotypes at 25°C is likely due to an artificially high expression 

level of dMiro induced by the OK6 promoter driving Gal4.  

Mitochondrial flux was sensitive to the gene doses of dMiro. In heterozygous 

dmiro null mutants, anterograde and retrograde mitochondrial flux were significantly 

reduced to 82.5 ± 2.1% and 64.1 ± 4.3% of control, respectively (p<0.001, Figure 6 E-F). 

Together with the distribution of mitochondria to stationary clusters (Figure 5 F), these 

were the only examined mutant phenotypes that were sensitive to gene doses and only 

partially rescued after reintroduction of normal dMiro protein (see below). This suggests 

that mitochondrial flux and distribution in axons is not only determined by transport 

kinetics but also by other factors. Accordingly, the mechanisms underlying these 
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phenotypes may be to some degree independent of the below examined role of dMiro 

controlling plus and minus end-directed mitochondrial movements.  

 

3.2.2 Loss of dMiro reduces the net velocity of antero- and retrograde mitochondrial 

transport. 

Bi-directional movements of mitochondria are regulated by a largely unknown 

programming mechanism that partitions axonal mitochondria into two distinct classes: 

antero- (AM) and retrogradely moving (RM) mitochondria (Morris et al. 1993; 

Hollenbeck 1996). Earlier studies suggested that directional programming of AM and 

RM mitochondria is strong in larval motor axons of Drosophila (Pilling et al. 2006; 

Louie et al. 2008). Consistently, we never observed a wild type mitochondrion change its 

direction of net transport (n=320, Figure 6 A).  

AM and RM mitochondria of control typically gained a net distance of 30-40 μm 

within 3 minutes (Figure 6 A). However, the majority of dmiro null mutant mitochondria 

gained less than 20 μm (Figure 6 B). Accordingly, net velocities of null mutant AM and 

RM mitochondria were significantly reduced to 47 ± 7% and 47 ± 11% of control, 

respectively (p<0.001, Figure 6 G-H). Notably, the net velocity of RM mitochondria was 

still higher than that of AM mitochondria, such that the ratio of antero- and retrograde net 

velocities in dmiro nulls was normal (Suppl. Fig. 7). Expression of normal Miro protein 

in dmiro nulls fully restored normal antero- and retrograde net velocities (p>0.05, Figure 

6 G-H), confirming that the observed defects are entirely due to the loss of dMiro protein. 

Heterozygous null mutants showed no effect on AM and RM net velocities (Figure 6 G-
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H). These findings provided the first evidence that dMiro may control aspects of both 

anterograde and retrograde mitochondrial transport. 
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Figure 6: Loss of dMiro reduces the net distance and net velocity of antero- and 
retrograde mitochondrial transport 
(A-D) Each plot shows typical tracks of individual mitochondrial movements that were obtained 
from the analysis of time-lapse images (rate 1.006 sec-1, duration 200 seconds) of proximal larval 
motor axons in control (A), dmiro null mutants (B), dmiro null mutants expressing normal dMiro 
protein (C), and upon OE of dMiro (D). For comparison, the start of individual tracks was set to 
zero. Plus end-directed (upward) and minus end-directed directed movements (runs, downward) 
are defined by gaining positive or negative distance values, respectively. Note that net antero- 
(upward) and retrogradely (downward) transported mitochondria exhibited a mix of plus- and 
minus end-directed runs that were separated by pauses or reversals in direction. With a few 
notable exceptions, dmiro null mutant mitochondria gained little net distance in either direction.  
(E-F) Average anterograde (E) and retrograde mitochondrial flux (F) in proximal motor axons of 
control, heterozygous dmiro null mutants (Null -/+), homozygous dmiro null mutants (Null -/-), 
homozygous dmiro null mutants upon expression of normal dMiro protein (Rescue), and upon 
dMiro overexpression (OE-10). Significant differences between control and mutant genotypes as 
well as between Null and rescue are indicated by asterisks (p<0.001; N>22, one-way ANOVA).  
(G-H) Average net velocity of net anterogradely moving (AM, in G) and net retrogradely moving 
(RM) mitochondria (H). Genotypes and significant differences are indicated as in E-F (p<0.001; 
N>19; one-way ANOVA). Error bars represent SEM. 
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3.2.3 Loss of dMiro reduces the time spent moving in the programmed direction of 

transport. 

Mitochondrial transport consists of alternating plus and minus end-directed movements 

that are often separated by brief stops. For our analysis, we followed commonly used 

definitions (Hollenbeck 1996; Welte et al. 1998; Smith et al. 2001; Maly 2002; Welte 

2004). We defined a “run” as a period of uninterrupted plus or minus end-directed motor 

movement. In contrast, a “trip” is defined as a sequence of several runs in the same 

direction that are briefly interrupted by stops. The “duty cycle of runs” describes the 

percentage of time that AM and RM mitochondria allocate to stops, plus, and minus end-

directed runs (Morris et al. 1993) while the “duty cycle of trips” describes the time 

allocation to plus and minus end-directed trips.  

Duty cycles provide an estimate of directional programming by illustrating the 

bias of mitochondria towards motor movements for one direction. In control, AM 

mitochondria allocated 91 ± 1% of their time to plus end-directed trips but only 9 ± 1% to 

minus end-directed trips. This time allocation was essentially reversed for RM 

mitochondria (Figure 7 A-B; Table 1). This bias of control AM and RM mitochondria 

was less pronounced in dmiro null mutants (Figure 7 A-B). Specifically, the time mutant 

AM mitochondria spent on plus end-directed trips was significantly reduced by 18% 

while the time spent on minus end-directed trips increased (p<0.001, Figure 7 A). 

Similarly, the time mutant RM mitochondria spent on minus end-directed trips was 

significantly reduced by 10% while the time spent on plus end-directed trips increased 
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(p<0.001, Figure 7 B). All defects in the trip duty cycle were restored by expression of 

normal dMiro protein (p>0.05, Figure 7 A-B). Although dmiro null mutations 

significantly altered the balance between plus and minus end-directed trips, the observed 

changes appeared too small to explain the reduced net velocity for both AM and RM 

mitochondria.  
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Figure 7: Effects of dmiro mutations on the time mitochondria allocate to plus- and 
minus end- directed mitochondrial movements 
(A-B) Average percentage of time AM (A) and RM mitochondria (B) allocated to plus- ((+)end) 
or minus end-directed ((-)end) trips. Genotypes: control, homozygous dmiro null mutants (Null -
/-), homozygous dmiro null mutants upon expression of normal dMiro protein (Rescue), and upon 
dMiro overexpression (OE-10). Significant differences among all genotypes are indicated by 
asterisks (p<0.05, N>18, two-way ANOVA). Error bars represent SEM. 
(C-D) Average percentage of time AM (C) and RM mitochondria (D) allocated to plus-end-
directed ((+)end) runs, minus end-directed ((-)end) runs, and short stationary phases (stops). 
Genotypes: as in A with the addition of heterozygous dmiro null mutants (Null -/+). Significant 
differences are indicated (p<0.05, N>18, two-way ANOVA). Error bars represent SEM. 
(E-F) Average frequency of stops for AM (E) and RM mitochondria (F). Significant differences 
indicated (p<0.05, N>18, one-way ANOVA). Genotypes, as in A and B. Error bars represent 
SEM. 
(G-H) Average frequency of reversals in direction for AM (G) and RM mitochondria (H). 
Significant differences are indicated (p<0.05, N>18, one-way ANOVA). Genotypes, as in A and 
B. Error bars represent SEM. 
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The nature of the transport defect in dmiro nulls became more apparent after 

analyzing the duty cycle of runs, which illustrates the time that mitochondria allocate to 

runs in each direction and to brief stops. In control, AM mitochondria spent about 63% of 

their time on plus end-directed runs, 5% on minus end-directed runs, and 32% stationary 

(Figure 7 C). For RM mitochondria, this time allocation was essentially reversed for plus 

and minus end-directed runs while the time spent stationary remained the same (Figure 7 

D). Loss of dMiro severely disrupted this status quo.  

In comparison to control, the time dmiro mutant AM mitochondria allocated to 

plus end-directed runs was significantly reduced by 53 ± 4% while the time allocated to 

stops doubled (p<0.001, Figure 7 C). However, the time mutant AM mitochondria 

allocated to minus end-directed runs was normal (p>0.05). In contrast, the time RM 

mitochondria allocated to minus end-directed runs was reduced by 54 ± 8% (p<0.001) 

while the time allocated to plus end-directed runs was not significantly altered (p>0.05) 

and the time spent stationary doubled (p<0.001, Figure 7 D). All defects were restored by 

expression of normal dMiro protein in null mutant motor neurons (p>0.05, Figure 7 A-

D). Heterozygous dmiro null mutants exhibited a normal run duty cycle (Figure 7 C-D). 

The defects in the run duty cycle suggest that dMiro selectively regulates both 

plus and minus end-directed motor activities in the context of the programmed direction 

of transport. Since this action primarily increases the time spent on a particular motor 

activity by reducing the time spent stationary, these findings indicate that dMiro may 

control how long an attached motor can move along a MT-track. In contrast, these 

findings do not support the possibility that dMiro coordinates motor activities by 
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switching one motor “on” and the opposing motor “off”, especially because the 

frequency of reversals in the direction of runs was not significantly affected (p>0.05, 

Figure 7 G-H). 

3.2.4 Loss of dMiro shortens plus end-directed movements during anterograde 

transport.  

To understand how dMiro might establish the bias of mitochondria towards motor 

movements in the programmed direction of transport, we analyzed the effects of dmiro 

null mutations on mitochondrial trip and run kinetics. AM mitochondria of control 

typically exhibit long plus end-directed trips driving movement in the programmed net 

direction, and short minus end-directed trips that are opposite to the net direction (Figure 

8 A-F, Suppl. Table 2). Loss of dMiro significantly shortened the distance of plus end-

directed trips to 52 ± 11% of control (p<0.001, Figure 8 A) while their duration was not 

significantly altered (p>0.05, Figure 8 B). Hence, this indicates that motor movements for 

plus end-directed trips are likely shorter and/or stationary phases between movements are 

longer. Minus end-directed trips opposite to the programmed direction were affected 

differently such that they exhibited a 2-3fold increase in their duration (p<0.01, Figure 8 

E) but no significant change in their distance (p>0.05, Figure 8 D), suggesting that the 

underlying motor movements are either longer or separated by longer stop periods.  
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Figure 8: Loss of dMiro shortens plus end-directed trips and runs during net 
anterograde mitochondrial transport 
(A-F) Average distances, durations and velocities of plus ((+)endTs) and minus end-directed trips 
((-)endTs) for AM mitochondria of control, dmiro null mutants (Null), dmiro null mutants 
expressing normal dMiro protein (Rescue), and upon overexpression of dMiro (OE-10). Asterisks 
show significant differences among all indicated genotypes (p<0.05, N>18, one-way ANOVA). 
Error bars represent SEM. 
(G-L) Average distances, durations and velocities of plus ((+)endRs) and minus end-directed runs 
((+)endRs) for AM mitochondria. Genotypes as in A. Asterisks show significant differences 
between indicated genotypes (p<0.05, N>18, one-way ANOVA). Error bars represent SEM.  
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Analysis of individual runs and stop periods substantiated that dMiro promotes 

plus end-directed motor movements of AM mitochondria. Control exhibited long plus 

end-directed runs and short minus end-directed runs by AM mitochondria (Figure 8 G-L; 

Table 3). Lack of dMiro significantly reduced the distance and duration of the dominating 

plus end-directed runs by 41% (p<0.001, Figure 8 G-H) while minus end-directed runs 

exhibited a normal distance and duration (p>0.05, Figure 8 J-K). The reduced duration of 

plus end-directed runs was inversely correlated to a 3-fold increase in the duration of 

stops by AM mitochondria (p<0.001, Figure 10 A, C). Heterozygous dmiro null mutants 

exhibited normal run kinetics of AM mitochondria (Suppl. Fig. 3). Since all defects in 

trip and run kinetics of AM mitochondria of homozygous dmiro null mutants were 

rescued by expression of normal dMiro protein (p>0.05, Figure 8, 10 A-C), these findings 

suggest dMiro selectively increases the duration of plus end-directed kinesin motor 

movements during anterograde mitochondrial transport by reducing the time spent in 

short stationary phases. 

 

3.2.5 Loss of dMiro shortens minus end-directed movements during retrograde 

transport. 

Normal RM mitochondria exhibit long minus end-directed trips and runs while plus end-

directed trips and runs are several-fold shorter (Figure 9; Table 2-3). Lack of dMiro 

significantly reduced the distance but not duration of the typically dominating minus end-

directed trips to 63 ± 21% of control (p<0.001, Figure 9 A-B). The duration of plus end-
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directed trips significantly increased (p>0.05, Figure 9 E). The velocity of both plus and 

minus end-directed trips was slightly but significantly reduced (p<0.01, Figure 9 C, F).  

 



86 
 

 

Figure 9: Loss of dMiro shortens minus end-directed trips and runs during net 
retrograde mitochondrial transport 
(A-F) Average distances, durations and velocities of minus ((-)endTs) and plus end-directed trips 
((+)endTs) for RM mitochondria of control, dmiro null mutant motor axons (Null), dmiro null 
mutants expressing normal dMiro protein (Rescue), and upon overexpression of dMiro (OE-10). 
Asterisks show significant differences among all genotypes (p<0.05, N>18, one-way ANOVA). 
Error bars represent SEM. 
(G-L) Average distances, durations and velocities of minus ((+)endRs) and plus end-directed runs 
((+)endRs) for RM mitochondria. Genotypes as in A. Asterisks show significant differences 
between indicated genotypes (p<0.05, N>18, one-way ANOVA). Error bars represent SEM.  



87 
 

 

Consistent with effects on trip kinetics, lack of dMiro significantly reduced the 

distance and duration of minus end-directed runs of RM mitochondria by ~41% 

(p<0.001, Figure 9 G-H). Plus end-directed runs were also impaired but to a much lesser 

degree since their distance and duration were only reduced by 27% ± 5% and 15% ± 5%, 

respectively (p<0.01, Figure 9 J-K). Technically, the mutant effect on minus end-directed 

runs had a much larger impact on the effectiveness of retrograde transport because minus 

end-directed runs were ~2.1 μm shorter while plus end-directed runs were only ~0.1 μm 

shorter (Suppl. Table 3). The velocity of both plus and minus end-directed runs by RM 

mitochondria was slightly but significantly reduced (p<0.01, Figure 9 I, L). The reduced 

duration of minus end-directed runs inversely correlated with a 3.5-fold increase in the 

duration of stop periods (p<0.001, Figure 9 B, D). In heterozygous dmiro null mutants, 

run kinetics of RM mitochondria were normal (Suppl. Fig. 3). All deficits in trips and 

runs of dmiro null mutants were fully rescued (p>0.05, Figs. 8-9). Together, these 

findings suggest that dMiro selectively increases the duration of minus end-directed 

motor movements during retrograde mitochondrial transport by reducing the time spent 

in short stationary phases. 

In conclusion, our findings consistently suggest that dMiro primarily promotes the 

duration and distance of motor movements by plus end-directed kinesin motors during 

anterograde mitochondrial transport and minus end-directed dynein motors during 

retrograde transport (Figs. 8-9). However, this conclusion depends on a proper 

classification of AM and RM mitochondria, which has been a concern for RM 

mitochondria of dmiro null mutants. AM and RM mitochondria are primarily classified 
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by the net direction of their movements but are also distinguished by their different net 

velocities, motor time allocations, and motor kinetics (Pilling et al. 2006; Louie et al. 

2008). Based on these criteria, several lines of evidence confirmed a reliable 

classification: First, even the worst performing AM and RM dmiro null mutant 

mitochondria still showed a recognizable bias in their time allocation to one motor 

(Suppl. Fig. 4), although most of these mitochondria showed a net displacement of less 

than 2-3 μm (Figure 9 B). Second, RM mitochondria typically exhibit a higher net 

velocity than AM mitochondria. Despite a severe reduction in dmiro nulls, this feature 

was still preserved since the ratio of AM and RM net velocities was indistinguishable 

from control (Suppl. Fig. 7). Third, plus end-directed runs by control AM mitochondria 

are typically much longer than plus end-directed runs by RM mitochondria (Fig. 8-9). 

The same is true for minus end-directed runs, which are much longer for RM 

mitochondria than for AM mitochondria (Fig. 8-9). However, even the worst performing 

dmiro null mutant mitochondria retained this feature typical of AM or RM mitochondria 

(Suppl. Fig. 5). Together, these findings suggest that loss of dMiro impairs but does not 

abolish directional programming of mitochondrial transport in axons.  

 

Effects of dMiro overexpression on mitochondrial transport. 

Overexpression (OE) of dMiro protein in an otherwise wild type control 

background significantly reduced the flux of antero- and retrograde mitochondrial 

transport and the distribution of mitochondria in axons (Figure 6 E-F). The nature of this 

negative effect is not clear but may be due to a titration of factors that are associated with 
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dMiro, including the Milton-KIF5 complex (Fransson et al. 2006; Glater et al. 2006; 

Louie et al. 2008). This and subsequent effects of dMiro OE were confirmed by at least 

one independently derived transgenic strain (data not shown).  

 

Figure 10: Loss of dMiro increases the duration of stop periods 
(A-B) Average duration of stops by AM (A) and RM mitochondria (B) in control, dmiro null 
mutant motor axons (Null), dmiro null mutants expressing normal dMiro protein (Rescue), and 
upon overexpression (OE-10) of normal dMiro protein. Significant differences are indicated by 
asterisks (p<0.001; N<18; one-way ANOVA). Error bars represent SEM. (C-D) Cumulative 
frequency distribution for the duration of stops by AM (C) and RM mitochondria (D) of the 
indicated genotypes.  
 

Although dMiro OE did not significantly reduce net velocities of antero- and 

retrograde transport (p>0.05, N>18, Figure 6 G-H), it significantly reduced the time AM 

mitochondria spent on plus end-directed trips by increasing the time spent on minus end-

directed trips to 165 ± 14% of control (p<0.05, Figure 7 A). However, dMiro OE had no 
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effect on the time allocation of trips by RM mitochondria (p>0.05, Figure 7 B). In 

addition, OE had no significant effects on the time allocation of runs and the frequency 

and duration of stops (p>0.05, Figs. 7C-F, 10A-D). 

dMiro OE significantly reduced the distance and duration, but not velocities, of 

plus end-directed trips of AM mitochondria to 49 ± 4% and 56 ± 7%, respectively 

(p<0.01, Figure 8 A-C). Minus end-directed trips of AM mitochondria were normal 

(Figure 8 D-F). Consistently, dMiro OE significantly reduced the duration of plus end-

directed runs (p<0.05, Figure 8 H) while the reduction in run distance was statistically not 

significant (p>0.05, Figure 8 G). The velocity of plus end-directed run was normal (Fig. 

5I). The distance, duration, and velocity of minus-end-directed runs opposite to direction 

of net transport were normal (Figure 8 J-L). 

For RM mitochondria, dMiro OE significantly reduced the distance of minus end-

directed trips to 66 ± 9% of control (p<0.05, Figure 9 A). The reduced duration of minus 

end-directed trips was statistically not significant (p<0.05, Figure 9 B) and the velocity 

was normal (Fig. 6C). Minus end-directed trips of RM mitochondria were normal (Figure 

9 D-F). Consistent with the effects on trips, dMiro OE significantly reduced the duration 

minus-end runs by RM mitochondria (p<0.05, Figure 9 H) but not run distance and 

velocity (p>0.05, Figure 9 G, I). Kinetics of plus end-directed runs by RM mitochondria 

runs were normal upon dMiro OE (Figure 9 J-L).  

Although the effects of null mutations were more pronounced, loss and OE of 

dMiro had similar negative effects on antero- and retrograde transport, strengthening the 

notion that dMiro is required for both modes of transport. There was, however, one 
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critical difference: In contrast to dmiro null mutations, dMiro OE significantly increased 

the frequency of reversals in the direction of movement for AM and RM mitochondria to 

167 ± 21% and 141 ± 18% of control, respectively (p<0.001, Figure 7 G-H) while the 

duration of short stationary phases remained normal (Figure 7). Importantly, this suggests 

that the effects of OE on trip and run kinetics were entirely due to the increased rate of 

reversals, which was not the case for dmiro null mutations where the effects on trips 

inversely correlated with an increase in the duration of stops. Consequently, the 

dominant-negative effect of dMiro OE on transport is likely reflecting a titration of 

unknown factors but not a loss or gain of dMiro activity. The effect of dMiro OE on 

mitochondrial transport in Drosophila motor neurons is different from that of 

overexpressing mammalian Miro1 in neuronal cultures, which increases the amount 

mitochondria being transported into neuronal processes (MacAskill et al. 2009; Macaskill 

et al. 2009; Wang et al. 2009). The cause of this difference is not known but could be due 

to expression levels or species-specific differences. 

 

3.2.6 Mutations in dMiro affect mitochondrial length. 

To control for potential effects of dMiro on the size of transported mitochondria, 

we analyzed their length in larval motor axons (Figure 11 A). Control AM mitochondria 

exhibited a mean length of 1.3 ± 0.1 μm while RM mitochondria were a little shorter, 

averaging 1.2 ± 0.1 μm. The difference in mean length of AM and RM control 

mitochondria was not significant (p>0.5, Figure 11 B-F). However, the average length of 
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AM and RM mitochondria in dmiro null mutant axons was significantly reduced by 59 ± 

6% to 0.6 ± 0.1 μm and by 64 ± 4% to 0.4 ± 0.1 μm of control, respectively (p<0.001, 

Figure 11 B-E). Motile null mutant mitochondria were on average shorter than immobile 

ones but this difference was statistically indistinguishable (p>0.05). The length defect 

was restored by expression of normal dMiro protein in dmiro null mutant motor neurons 

(Figure 11 B-E). 

OE of dMiro in an otherwise wild type background significantly increased the 

average length of AM mitochondria to more than 130 ± 6% of control (p<0.01, Figure 11 

B-F). Interestingly, the increase in length of RM mitochondria was much less pronounced 

and not significant (p>0.05). Consequently, the size of AM and RM mitochondria was 

significantly different upon dMiro OE (p<0.01, Figure 11 F). This phenomenon was not 

observed in control and dmiro null mutants, although a trend was indicated (p>0.05, 

Figure 11 F).  

It seemed possible that the observed alterations in mitochondrial size could have 

been caused by a homeostatic mechanism compensating for a potentially slower transport 

of normal-sized mitochondria. To investigate this possibility, we compared the transport 

characteristics of normal and elongated mitochondria upon dMiro OE. We used 2.4 μm as 

threshold since 95% of control mitochondria were shorter (n=558). Upon dMiro OE, 

antero- and retrograde net velocities of normal-sized and elongated mitochondria were 

similar (p>0.05, Figure 11 G-H). Most surprisingly, run kinetics of normal and elongated 

AM and RM mitochondria were essentially indistinguishable (Suppl. Fig. 6), suggesting 

that changes in mitochondrial length have little effect on mitochondrial transport kinetics. 
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Since the effects of dmiro null mutations and dMiro OE on mitochondrial transport and 

length do not correlate, we suggest that dMiro may modulate the machineries of 

mitochondrial transport and fusion or fission through mechanistically separate pathways.  
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Figure 11: Mutations in dMiro alter mitochondrial length 
(A) Confocal images of GFP-tagged mitochondria in larval motor axons of control, dmiro null 
mutants (Null) and upon OE of dMiro. Note the altered length of mitochondria upon loss and OE 
of dMiro. Scale bars, 10 µm.  
(B-C) Average length of motile AM (B) and RM (C) mitochondria in larval motor axons of 
control, dmiro null mutants, dmiro null mutants expressing normal dMiro protein, and upon OE 
of dMiro. OE-10 and OE-5 indicate independently derived transgenic strains. “Null All” 
combines the average length of motile and stationary mitochondria in dmiro null mutant axons. 
Asterisks indicate significant differences to control (p<0.01; N>20 one-way ANOVA). Error bars 
represent SEM. 
(D-E) Cumulative frequency distribution for the length of AM (D) and RM mitochondria (E). 
Genotypes as in B.  
(F) OE of dMiro causes a significant difference in the length of AM and RM mitochondria 
(p<0.001; N>20; two-way ANOVA). Error bars represent SEM. 
(G-H) Average net velocity of differentially sized AM (G) and RM mitochondria (G). Note the 
similar velocity of normal-sized (<2.4 μm) and elongated mitochondria (>2.4 µm) upon OE of 
dMiro (p<0.05; N>7; one-way ANOVA). Error bars represent SEM. 
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3.3 Discussion  

3.3.1 dMiro executes directional programming of mitochondrial transport. 

Effective net antero- and retrograde transport of bi-directionally moving mitochondria is 

achieved by a directional program that favors one motor activity over the other (Morris et 

al. 1993). The nature of this mechanism is poorly understood but likely requires 

coordination of motor activities ensuring that when plus end-directed motors (kinesin) are 

active, minus end-directed motors (dynein) are not, and vice versa (Gross 2003; Welte 

2004; Hollenbeck et al. 2005). Evidence supporting the existence of motor coordination 

comes from several transport systems (Brady et al. 1990; Waterman-Storer et al. 1995; 

Stenoien et al. 1997; Waterman-Storer et al. 1997; Martin et al. 1999; Valetti et al. 1999; 

Deacon et al. 2003).  

Bi-directional motility may be coordinated by an interaction between KIF5 and 

dynein that is mediated through dynein intermediate chain 1 and kinesin light chains 

(Ligon et al. 2004). In addition, the dynactin complex, specifically the subunit p150Glued, 

has been implicated in coordinating bi-directional transport of vesicles by preventing 

opposing force production (Martin et al. 1999; Gross et al. 2002; Deacon et al. 2003; 

Gross 2003). Genetic interactions between Drosophila KIF5, dynein, and dynactin 

mutations support interactions among all three proteins and loss of Drosophila dynein 

heavy chain activity reduces the velocity of kinesin movements (Martin et al. 1999; 

Pilling et al. 2006). However, loss of p150Glued enhanced, rather than reduced, kinesin and 
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dynein movements (Pilling et al. 2006). Hence, the molecular nature of motor 

coordination remains unclear.  

Besides motor coordination, effective transport of bi-directionally moving cargo 

also requires control over the processivity of motors (Welte et al. 1998; Suomalainen et 

al. 1999; Gross et al. 2000; Smith et al. 2001; Gross et al. 2002; Rodionov et al. 2003). It 

is unclear whether the mechanisms controlling motor coordination and processivity act 

hierarchically or in parallel, but it is likely that their actions are coordinated. Loss of 

control over either motor coordination or processivity should impair the bias for one 

motor movement, although in different ways: Impairing the activity of a coordinated 

on/off switch essentially causes a “tug-of-war” where the more powerful motor dictates 

the main direction of transport. Accordingly, it is expected that changes in the activity of 

one motor are inversely correlated to changes in the activity of the opposing motor. In 

contrast, impairing a mechanism that controls motor processivity is expected to alter only 

the properties of the targeted motor, which is the motor that directs movement in the 

programmed direction of net transport. Hence, it is expected that this motor will lose its 

dominance, which then increases the time allocated to stationary phases but not to 

movements in the opposite direction.  

Loss of dMiro mirrored the expected effects upon loss of control over motor 

processivity, as it predominantly reduced the distance and duration of movements in the 

main direction of net transport and increased the duration of stops accordingly. Hence, 

we suggest that dMiro selectively promotes the processivity of the motor that facilitates 

movement in the programmed direction of transport.  
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3.3.2 Potential mechanisms of dMiro signaling. 

We suggest that dMiro ensures effective mitochondrial transport by selectively promoting 

either kinesin- or dynein-mediated movements upon a signal that confers the direction of 

net transport. This role requires control over both motors but also integration of signals 

that activate mitochondria for either anterograde or retrograde transport. Little is 

currently known about such potentially long-range signals but they could include NGF, 

phosphatidylinositols, PKC, and signals on the functional state of mitochondria (Chada et 

al. 2003; De Vos et al. 2003; Chada et al. 2004; Miller et al. 2004; Morfini et al. 2007; 

Kang et al. 2008). 

How Miro achieves control over the processivity of kinesin and dynein motors 

remains to be seen but could be facilitated by its known interactions with KIF5 and 

Milton (Stowers et al. 2002; Fransson et al. 2006; Glater et al. 2006; MacAskill et al. 

2009; Macaskill et al. 2009). Ca2+ binding by Miro’s EF-hands disrupts binding of Miro1 

to KIF5 inhibiting antero- and retrograde transport of mitochondria (Saotome et al. 2008; 

Macaskill et al. 2009; Wang et al. 2009). Accordingly, Miro could increase the 

processivity of kinesin-mediated movements through a direct interaction with KIF5 in the 

absence of Ca2+. Alternatively, Miro may control the processivity of kinesin and 

potentially dynein motors through its interaction with Milton/GRIF1/OIP106.  

Initially, it has been suggested that Milton/GRIF1/OIP106 and Miro form an adaptor 

complex that couples KIF5 to mitochondria (Fransson et al. 2006; Glater et al. 2006; 

MacAskill et al. 2009) but the recent finding that mammalian Miro1 binds directly to 
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KIF5 challenges this view (Macaskill et al. 2009). Our findings do not exclude the 

possibility that Miro/Milton couple mitochondria to kinesin motors. However, dMiro is 

clearly not the only membrane anchor for kinesin since it’s loss did not abolish kinesin 

movements. Instead, lack of dMiro only impaired the processivity (duration and distance) 

of either kinesin- or dynein-mediated mitochondrial movements depending on the 

direction of net transport. Hence, dMiro plays a more complex role than that of a 

membrane anchor. The same may not be the case for Milton since it binds to 

mitochondria not only through Miro but also through a second unknown mitochondrial 

protein (Glater et al. 2006). Accordingly, Milton may couple KIF5 to mitochondria 

through protein X and act as a scaffolding protein for Miro’s actions up-regulating the 

processivity of kinesin and dynein movements.  

Consistent with a “bi-directional” role of Milton is the finding that Milton is 

required for dynein movements during the formation of the “mitochondrial cloud” in fly 

oocytes (Cox et al. 2006). Mechanistically, the non-kinesin-associated Milton isoform 

(Glater et al. 2006) may promote these dynein movements in cooperation with Miro. 

Evidence that specific Milton/GRIF1/OIP106 isoforms directly bind to dynein subunits is 

lacking, although the HAP-1 domain, which differs between Milton isoforms, has been 

predicted to mediate interactions with Dynactin (Li et al. 1998). Interestingly, dynactin 

increases the processivity of dynein-driven movements in vitro (Karki et al. 1995; King et 

al. 2000). However, loss of the dynactin subunit p150Glued enhanced kinesin- and dynein-

driven movements of mitochondria in Drosophila motor axons (Pilling et al. 2006). 

Alternatively, Miro’s direct or indirect interactions with KIF5 could alter the known 
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interaction of KIF5 with dynein (Ligon et al. 2004) achieving control over the 

processivity of the dynein motor and vice versa.  

 

3.3.3 Miro’s influence on mitochondrial fusion and fission. 

Mitochondrial fusion and fission are critical for maintaining a functional population of 

mitochondria. They control the shape, length and number of mitochondria and allow the 

exchange of lipids and proteins (Detmer et al. 2007; Twig et al. 2008). Fusion and fission 

may be critical for a quality control mechanism that governs mitochondrial turnover since 

repetitive rounds of selective fusion and fission segregate severely dysfunctional 

mitochondria and target them for autophagy (Twig et al. 2008). Especially in neurons, 

abnormal fusion and fission often leads to abnormal intracellular distributions of 

mitochondria and may underlie a number of neurodegenerative diseases (Li et al. 2004; 

Verstreken et al. 2005; Chan 2006; Chen et al. 2007; Detmer et al. 2007). 

The phenotypic effects of loss and OE of dMiro on the length of mitochondria 

suggest a role for dMiro in mitochondrial fusion or fission, consistent with phenotypic 

effects of mutations in yeast and human Miro (Frederick et al. 2004; Fransson et al. 2006; 

Frederick et al. 2008). However, Miro is unlikely directly involved in fusion or fission 

since mitochondria in yeast null mutants are competent of fusion and fission per se 

(Frederick et al. 2004; Frederick et al. 2008). For several reasons, the mitochondrial 

transport defects of dmiro mutants are unlikely caused by abnormal mitochondrial fusion 

or fission and vice versa: Firstly, phenotypic effects upon loss and OE of dMiro on 

mitochondrial transport and length did not correlate with each other. Secondly, 
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mitochondrial length did not influence transport kinetics of mitochondria upon dMiro 

OE. Thirdly, the effects on mitochondrial length were not a consequence of a homeostatic 

mechanism that compensates for deficits in mitochondrial transport. Therefore, it is likely 

that dMiro modulates mitochondrial transport and fusion or fission through 

mechanistically separate pathways. 

The selective effect of dMiro OE on the length of AM but not RM mitochondria 

indicates that dMiro may be part of a mechanism that coordinates fusion or fission events 

with transport. In principle, such a link should be biologically relevant. Since repeatedly 

occurring fusion and fission events seem to ensure mitochondrial health (Twig et al. 

2008), an “aging” mitochondrion in need of fusion is expected to actively approach other 

mitochondria while two freshly separated mitochondria may have a need for being 

actively transported away from each other. Supporting anecdotal evidence for a need of 

coordinating mitochondrial fission and trafficking comes from the recent finding that 

reducing mitochondrial size by fission is presumably important before actin-based 

mitochondrial trafficking into dendritic spines can occur (Sung et al. 2008). In analogy, 

dMiro could be part of a similar mechanism coordinating fission and/or fusion of 

mitochondria with MT-based transport.  
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4. CHAPTER 4: STRUCTURE/FUNCTION ANALYSIS OF MIRO’S GTPASE 
DOMAINS 

4.1 Introduction 

Miro has been identified as a critical component of the mitochondrial transport machinery 

with additional roles in mitochondrial fission and/or fusion (Guo et al. 2005; Russo et al. 

2009). However, it remains unclear how the four functional domains of Miro, its two 

GTPase and two EF-hand domains, contribute to Miro’s function as a whole ( 12 A). The 

severity of the mitochondrial transport phenotype upon loss of Miro, including the 

evidence that Miro affects is required for both the anterograde (kinesin) and retrograde  

(dynein) transport machinery (Russo et al. 2009), raises the tantalizing possibility that 

Miro controls each direction of transport with a unique subset of its domains. 

It became clear that Miro’s EF-hand domains were are required to arrest 

mitochondrial transport in response to high elevations of intracellular calcium (1.8 mM) 

but did not directly regulate motors to generate net antero- or retrograde transport (Wang 

et al. 2009). Point mutations were introduced into Miro’s EF hands that prevented Ca2+ 

binding by either EF-hand domain, which increased mitochondrial motility due to a 

failure to halt transport in response to elevations of intracellular calcium, like NMDA-

receptor mediated calcium influx (Li et al. 2004; Saotome et al. 2008; Wang et al. 2009). 

Furthermore, disruptions of the EF-hand domains in the Miro yeast homologue Gem1P 

did not impair mitochondrial inheritance during mitosis but did compromise protein 

stability (Koshiba et al. 2011). This is in contrast to disruptions of mammalian Miro EF-

hands that did not alter protein stability but did affect the ability of mitochondria to stop 
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at presynaptic sites (Macaskill et al. 2009). These results made it unlikely that the EF-

hand domains were directly involved in executing the directional program. 

The two GTPase domains of Miro were much more promising candidates that 

may regulate of the directionality of transport machinery. Mutations of the GTPase 

domains in yeast Miro impaired mitochondrial inheritance (Koshiba et al. 2011), 

indicating that these domains are involved in transporting mitochondria into daughter 

cells.  Furthermore, overexpression studies revealed that the ability of Miro1 to recruit 

Grif-1 to mitochondria is dependent on the state of Miro’s first GTPase domain, 

suggesting that this domain may modulate interactions with the anterograde transport 

machinery (MacAskill et al. 2009). Because GTPase domains are typically “on/off” 

switches (Bourne et al. 1990), it seemed likely that Miro’s two GTPase domains control 

mitochondrial transport either independently or cooperatively. 

Figure 12: Point mutations that render Miro’s GTPase domains active or inactive. 
A) The structure of Miro, which contains two GTPase domains, two EF-hand Ca2+ binding 
domains, a small variable domain and a C-terminal transmembrane domain. B) Point mutations 
generated in Miro to bias either GTPase domain into a GTP-bound active state (A20V, K455V), a 
GDP-bound inactive state (T25N, T460N) or without a bound ligand (GD18WW and GP453WW, 
referred to as W1 and W2). 
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If Miro executes bi-directional transport only via its GTPase domains, there are a 

number of ways for this to be achieved. Miro’s two GTPase domains can each adopt two 

unique states depending on whether it they are bound to GDP or GTP. Therefore, antero- 

and retrograde transport may be independently mediated by opposing states of each 

GTPase domain, by only one of the two domains, or cooperatively by both domains. 

4.2 Results 

In order to address the function of each GTPase domain, we introduced known point 

mutations into Miro’s GTPase domains that strongly bias the time a GTPase domain 

spends in an inactive or active state (GTP- or GDP-bound) (Fransson et al. 2003; 

Fransson et al. 2006; MacAskill et al. 2009; Koshiba et al. 2011) were introduced into the 

first or second GTPase domain of Miro ( 12 B): T25N (inactive; G1-GDP), A20V 

(active; G1-GTP), T460N (inactive; G2-GDP) and K455V (active; G2-GTP) ( Figure 12 

B). Each point mutation is expected to generate a Miro protein that has one GTPase 

domain “locked” in either an active or inactive state while the other domain can switch 

states normally. Furthermore, a double point mutation was inserted into either the first 

(GD18WW, W1) or second GTPase domain (GP453WW, W2) with the intent of 

abolishing nucleotide binding altogether, with the caveat that this state does not occur 

naturally and that the mutation may cause an abnormal conformation of the entire protein. 

Accordingly, we expected to observe opposing phenotypes for the active and inactive 

mutation of each GTPase domain if the domain controls the respective function in an 

“on/off” manner. In addition, we expected that the respective “W” mutations mimic the 

phenotype caused by the inactive form of the domain. 
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 Each point mutation was expressed from a transgene in a miro null or otherwise 

wild type (white1118) genetic background using the UAS/Gal4 expression system (Brand 

et al. 1993). For a positive control we expressed a transgene containing normal (wild-

type) Miro under the transcriptional control of the UAS/Gal4 expression system (Ctrl; see 

Russo 2009), while miro null phenotypes were served as a negative control.  

There are two fundamental ways to interpret the effects of the GTPase mutations 

when expressed in a miro null genetic background: a given GTPase mutation that 

phenotypically resembles Ctrl and “rescues” the null phenotype. This can suggest either 

that the respective state represents a “permissive” activity state of the GTPase domain if 

the opposing state causes a phenotype. Alternatively, if both the “active” and “inactive” 

mutations resemble control, then this suggests that the GTPase domain is not required for 

the respective function. If both the “active” and “inactive” mutation cause a similar 

phenotype, then this will indicate the respective function may require repeated cycling 

through GTP/GDP-bound states or that the mutation introduces a conformational change 

of the protein that does not necessary reflect the function of the respective GTPase 

domain. 

A mutation which causes a phenotype resembling null is either required for that 

activity or is the “non-permissive” form of the GTPase for that function. The two 

interpretations are difficult to distinguish unless a mutation results in a specific gain-of-

function over Ctrl that directly supports an “active” state of the GTPase domain. 

However, either interpretation allows a better understanding of how the Miro GTPase 
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domains contribute to protein function and can shed new insights about the control of the 

transport machinery. 

 

4.3 GTPase-mutant Miro properly localizes to mitochondria 

To verify that the transgenic myc-tagged Miro constructs proteins were properly 

expressed and localized to mitochondria, we examined their expression by western blot 

analysis using of protein extracts from larval brains and a polyclonal anti-Miro antibody 

to detect Miro expression as well as anti-β-Tubulin antibodies, which allowed us to 

normalize for differences in loading (Fig 1C, performed by Milos Babic). Expression 

levels were quantified after subtracting background staining and normalizing for 

endogenous Miro expression. OK6-driven neuronal expression of normal Miro in motor 

neurons in a miro null background (control) was 1.6 fold higher than endogenous Miro 

levels in of wild type (Figure 13). The GTPase mutant Miro constructs T25N, A20V, 

T460N and K455V were expressed at a level similar to control (normal Miro). However, 

W1 was expressed at lower levels, ~43% of endogenous protein and 27% of control 

transgene (Figure 13). Therefore, interpretations of W1 phenotypes must be made with 

the caveat that it is not subject to the same expression levels as control.  

To confirm whether the mutant Miro proteins were still properly localized to 

mitochondria, we took advantage of the N-terminal myc-tag which is not naturally found 

in the cytosol of motor neurons (Figure 14, W-). Immunostainings were performed on 

third instar larval brains coexpressing mitoGFP with either normal or mutant myc-tagged 

Miro together with mitoGFP in motor neurons using both anti-Myc and anti-GFP 
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antibodies. High magnification images of motor neuron cell bodies were examined for 

co-localization between the Myc-tagged Miro mutants and mitoGFP stained 

mitochondria. 

Figure 13: Expression levels of GTPase-mutant Miro 
Western blot of protein extracts from larval brains of wild type (WT), miro null mutants (Null), 
and miro null mutants expressing normal (Ctrl) or mutant myc-tagged Miro (A20V, T25N, W1, 
K455V and T460N). A20V, T25N, K455V and T460N are expressed at similar levels to Ctrl. W1 
expresses at much lower levels than WT and Ctrl. 
 
 

Wild-type larvae (white-)  which that do not express a myc-tagged transgene, 

showed no significant myc-positive staining that co-localized with mitochondria, 

demonstrating the specificity of the myc antibody (Figure 14). Animals expressing 

normal or any of the mutant myc-tagged transgenes showed a strong co-localization 

between myc-tagged Miro and mitoGFP stained mitochondria (Figure 14). Thus, it can be 

concluded that the Miro GTPase mutations do not compromise Miro’s localization to 

mitochondria.  
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Figure 14: Normal and GTPase-mutant Miro are localized to mitochondria 
Immunostainings of larval motor neuron cell bodies stained with anti-GFP antibodies to detect 
mitoGFP-stained mitochondria and anti-myc antibodies to detect normal (Ctrl) and mutant myc-
tagged Miro (T25N, A20V, W1, T460N and K455V). Wild-type animals (white-) express no 
myc-tagged Miro. All Myc-Miro mutations co-localize with mitoGFP. 
 

4.4 Interruption of normal Miro GTPase turnover is lethal 

Loss of Miro causes larvae to be extremely slim, uncoordinated and sick, ultimately 

leading to their premature death at the end of the 3rd instar larval stage or early pupal 

stages (Guo et al. 2005). Furthermore, overexpression of a dominant and constitutively 

active mutation of human Miro’s first GTPase domain (V13, analogous to A20V) 

similarly increased the rate of apoptosis (Fransson et al. 2003). Since the cause of death 

of miro null mutant larvae is due to the exclusive loss of Miro activity in neurons (Guo 

2005), it was pertinent to test if Miro’s GTPase domains are required for viability.  To 

drive the expression of the Miro transgenes in all neurons of miro null mutant 

background, we used the Elav driver C150 (Koushika et al. 1996).  
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Figure 15: Viability of Miro GTPase mutations 
Effects on viability, as determined by the relative percent of pupal eclosure, upon expressing 
normal (Ctrl) or GTPase mutant Miro protein in a homozygous miro background compared to a 
heterozygous miro mutant background. A) Expression of normal (Ctrl) or mutant-GTPase (T25N, 
A20V, W1, T460N or K455V) in a miro null background. B) Expression of normal (Miro) or 
mutant-GTPase (T25N, A20V, W1, T460N or K455V) in a miro wild-type background. 

 

Pan-neuronal expression of normal Miro in a miro null background completely 

restored the lethality of miro null mutants (Figure 15 A). Expression of T25N, A20V or 

W1 did not restore the lethality of miro nulls (p>0.05, Figure 15 A). However, expression 

of T460N and K455V restored the lethality of miro null mutants to a degree that was 

indistinguishable to normal Miro protein (p>0.05, Figure 15 A). This suggests that only 

the function of the first GTPase domain of Miro is critical for survival, while the second 

domain is expendable. 

Since the mutations rendering Miro’s GTPase domains active or inactive could 

act as dominant-negatives or -positives, we also examined the effects of pan-neuronal 

overexpression (OE).  OE of the Miro-GTPase mutant A20V significantly decreased 

viability (p<0.001, Figure 15 B) and suggesting that the mutation acts as a dominant and 
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that lethality in a miro null background is likely due to similar dominant-negative effects. 

Interestingly, neither T25N nor W1 OE affected viability (p>0.05, Figure 15 B). This 

suggests that both of them are likely loss-of-function mutations that are not or only 

weakly dominant. This contrasts previous reports that suggested that T25N acts as a 

dominant negative because OE accumulated mitochondria near the nucleus in COS-7 

cells (Fransson et al. 2006). 

4.5  Miro’s GTPase domains are required for a normal neuronal mitochondrial 

distribution in neurons 

A conserved function of Miro is the maintenance of a normal mitochondrial distribution 

(Figure 4, (Fransson et al. 2003; Guo et al. 2005)). A normal distribution of mitochondria 

relies at least partially on normal Miro function, likely to up-regulate either kinesin or 

dynein movements to increase the efficiency of transport (Figure 7). Expression of 

normal Miro in miro null mutants (control) caused normal mitochondrial transport but, in 

comparison to wild type, caused an abnormal mitochondrial distribution especially in 

dendrites (Figure 4). These effects were due to the high expression levels of the transgene 

(Russo et al. 2009). In order to determine whether Miro’s GTPase domains are required 

for a normal distribution of mitochondria throughout the neuron, we examined the 

distribution of mitoGFP-stained mitochondria in neuromuscular junctions (NMJs), axons, 

dendrites and cell bodies of motor neurons of the larval VNC. 

 In wild type (white-), mitochondria are found throughout the motor neuron cell 

bodies (Figure 16, column of circular structures containing mitochondria on the right), 

the overlapping fields of dendrites which constitute the neuropil (Figure 16, diffuse 
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column in the center of panel), and in the segmental nerves (Figure 16, tubular projects 

leaving the VNC on the left side of the panel). As before, miro null mutant mitochondria 

(null) remain in the cell body and fail to invade axons and the neuropil (dendrites and 

axons) and segmental nerves (axons). 

Figure 16: Distribution of Miro mutant mitochondria in the ventral nerve cord 
Confocal images of larval ventral nerve cords (VNCs) expressing mitoGFP in motor neurons. 
Wild type animals (W-) show strong mitoGFP staining in the cell bodies, neuropil, and segmental 
nerves. Loss of Miro (null) causes a loss of mitoGFP signal in nerves and the neuropil and an 
accumulation in cell bodies. Ok6-driven expression of normal Miro in miro nulls (control) 
restores a normal distribution in cell bodies and axons but diminishes mitoGFP staining in the 
neuropil, indicative of a loss of mitochondria in dendrites. Expression of T25N or W1 results in a 
mitoGFP staining pattern resembling null while all other mutations resemble control. 
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Expression of normal Miro in miro null mutants (Ctrl) shows less mitochondria in 

the neuropil than wild type control but normal numbers in cell bodies and segmental 

nerves. Expression of T25N or W1 in a miro null background mutants caused a null-like 

phenotype, greatly reducing the amount of mitochondrial content in the neuropil and 

segmental nerves. However, the mitochondrial distribution after A20V expression closely 

resembled that of Ctrl. Since both T25N and A20V are lethal (Figure 15 A). Therefore, it 

is likely that the the lethality induced by these A20V mutations is likely not due to an 

abnormal localization of mitochondria or a defect in mitochondrial transport. Together, 

these data suggest that Miro’s first GTPase domain is required for a normal distribution 

of mitochondria, likely by promoting the invasion of mitochondria into the axons and 

dendrites.  
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Both of the mutations in the second GTPase, T460N and K455V, showed a 

normal distribution of mitoGFP-stained mitochondria in cell bodies and the neuropil that 

is indistinguishable to control. However, a careful examination of mitochondrial densities 

in axons revealed rather interesting effects of these mutations (see below). 

To determine whether mutations of Miro’s GTPase domains affect the 

mitochondrial density in axons, we acquired time lapse images of mitoGFP-labeled 

mitochondria in axons and pseudo-colored the image at t=0 in green and the image at t=2 

minutes in magenta pseudo-color. Merging both images revealed stationary mitochondria 

in white (Figure 17 A). A time interval of two minutes was chosen because motile 

mitochondria in miro nulls showed abnormally long stops during transport that lasted up 

to one minute (Figure 10). 

Upon merging the two images taken at t=0 and t=120 seconds, three classes of 

mitochondria could be analyzed: mitochondria in long-term stationary phases (white), 

mitochondria that were present in the ROI at 0 sec and moved briefly within the 2 min 

long interval (green) and mitochondria that were not present in the ROI at 0 sec but were 

present at 2 min (magenta). The magenta signal is not a reliable method of determining 

the movement of mitochondria in the ROI because the measurements include 

mitochondria moving within the ROI as well as those that invaded the ROI from either 

side within the 2 min. Therefore, only mitochondria present at 0 sec (green signal) were 

quantified to minimize the possible contribution of altered mitochondrial flux. These 

motile mitochondria were compared to the number of stationary mitochondria (white 
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signals). However, it was important to distinguish between specific effects on stationary 

or motile mitochondria, or changes to both simultaneously. 

It was immediately apparent that mutations of Miro’s GTPase domains affect the 

total density of mitochondria in proximal motor axons (Figure 17 B). Control axons 

showed a density of 0.13 stationary mitochondria/µm2 and a density of 0.06 motile 

mitochondria/um2 (Figure 17 C-D). Hence, 29% of all mitochondria are motile in control 

axons (Figure 17 E). T25N significantly reduced both the density of stationary and motile 

mitochondria to 38% and 1% of control, respectively (p<0.001, Figure 17 C-D). Hence, 

of the remaining mitochondria in the axon, a significantly smaller portion was motile 

(p<0.001, Figure 17 E). Interestingly, A20V only reduced the density of motile 

mitochondria (p<0.001, Figure 17 C) but did not affect the density of stationary 

mitochondria (p>0.05, Figure 17 D). However, A20V showed a significantly higher 

percentage of motile mitochondria compared to T25N (p<0.01, Figure 17 E). Hence, 

A20V showed a somewhat paradoxical phenotype by reducing the percentage of motile 

mitochondria (p<0.001, Figure 17 E) without affecting the amount of stationary 

mitochondria. 
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Figure 17: Effects of mutations in Miro’s GTPase on the density of mitochondria in 
axons 
A-E) Mitochondria were labeled by OK6-driven expression of mitoGFP. Confocal time-lapse 
images of proximal segmental nerves were taken at a rate of 1 sec-1.  A) Overlays of time lapse 
images taken at 0 sec (green) and 120 sec (magenta) show the amount of motile (green/pink) and 
stationary (white) mitochondria in larvae expressing normal Miro (control) or a Miro GTPase 
mutant in a miro null background. B) Average density of all mitochondria, C) stationary 
mitochondria, D) motile mitochondria in the proximal nerve. E) Average percent of motile 
mitochondria which were present at 0 sec (green) out of motile and stationary mitochondria 
(green and white).  
 
 T460N had no effect on the density or ratio of the stationary and motile 

mitochondria, as they were indistinguishable to control (p>0.05, Figure 17 C-E). This is 

consistent with a normal mitochondrial distribution in the VNC of T460N mutants 

(Figure 16). In contrast, K455V decreased the density and the percent of motile (p<0.001, 

Figure 17 C, E) but not of stationary mitochondria (p>0.05, Figure 17 D).  Together, 

these findings suggest that the 2nd GTPase domain is required for normal motility of 

mitochondria such that the inactive state (T460N) allows normal motility while the active 

state (K455V) is does not. Hence, both GTPase domains of Miro are required for a 

normal distribution of mitochondria in axons. 



115 
 

 

Figure 18: GTPase mutations disrupt mitochondrial NMJ localization. 
A-G) Immunostainings of larval ventral nerve cords stained with anti-GFP antibodies to detect 
mitoGFP-stained mitochondria and anti-HRP antibodies to detect neuronal membrane upon 
expression of normal (Ctrl) or GTPase mutant Miro (T25N, A20V, W1, T460N and K455V). A) 
Representative confocal images of mitochondria (green) at larval NMJs (red). Note the lack of 
mitochondria in T25N mutant NMJs and the large bouton size of A20V mutants. B-C) Average 
area of terminal (B) and en-passant boutons (C). D-E) Average synaptic area occupied by 
mitochondria in terminal (E) and en-passant boutons (E). F-G) Average percent of synaptic 
bouton area that is occupied by mitochondria in terminal (F) and en-passant boutons (G). 

 

The distribution of mitochondria at the larval NMJ was evaluated by using double 

immunostainings with anti-GFP antibodies to detect mitoGFP-labeled mitochondria and 

anti-HRP to detect neuronal membranes (Figure 18). Individual optical sections were 

obtained at 0.5 μm increments, and stacked to quantify the maximal area of synaptic 

boutons (defined by an obvious swellings of the axon) and the maximal area of the 

bouton that was occupied by mitochondria (defined by mitoGFP). Furthermore, terminal 

and en passant boutons were analyzed separately since we suspected that the GTPase 
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mutations may affect the distribution of mitochondria in these two bouton classes 

differentially; mitochondria in terminal boutons can only move in only in net retrograde 

directions while mitochondria in en passant boutons can move antero- and retrogradely. 

 Terminal boutons of larval NMJs are typically larger than en passant boutons (Liu 

et al. 2012). The average area of terminal and en passant boutons of control exhibited an 

average area is 10.12 μm2 and 7.93 μm2, respectively (Figure 18 B-C). Expression of 

T25N significantly reduced the size of en passant boutons (p<0.05) but did not decrease 

the size of terminal boutons (p>0.05, Figure 18 B-C). T25N mutant mitochondria failed 

to reach the NMJ such that ~99% of all boutons lacked mitochondria (p<0.001, Figure 18 

A, D-E).  

A20V significantly increased the area of a synaptic bouton occupied by 

mitochondria and concomitantly the size of both terminal and en passant boutons 

(p<0.001, Figure 18 B-E) without altering the ratio between the synaptic and 

mitochondrial area. Importantly, these larger boutons were still ~30% filled with 

mitochondria like control (p>0.05, Figure 18 F-G). Hence, A20V increased the amount of 

mitochondria at synaptic boutons of the larval NMJ by almost two-fold, indicating that 

there are more mitochondria in A20V NMJs. This indicates that A20V but not T25N 

promotes the transport of mitochondria and/or their recruitment to stationary synaptic 

sites. This can be explained in two different ways: either A20V increases bouton size and 

homeostatic mechanisms recruit additional mitochondria to those sites or A20V recruits 

too many mitochondria to NMJs and the boutons swell to accommodate the additional 

cargo; the latter seems most likely. 
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 Mutations in Miro’s 2nd GTPase domain had subtle but fundamentally different 

effects on the distribution of mitochondria in at NMJs. Neither K445V nor T460N 

significantly changed the size of synaptic boutons (p>0.05, Figure 18 B-C). K455V had 

no effect on the density of mitochondria at en passant boutons (p>0.05) but reduced the 

density of mitochondria in terminal boutons compared to control (p<0.05, Figure 18 F-

G). In contrast, T460N significantly decreased mitochondrial occupancy of en passant 

boutons (p<0.001) compared to control but had no effect on terminal boutons compared 

to K455V (p>0.05, Figure 18 F-G). One possible explanation of these effects is that en 

passant and terminal synaptic boutons may require different “docking and/or retention” 

mechanisms. If so, an active state of the 2nd GTPase domain (K455V) may be required 

for proper targeting of mitochondria to en passant boutons.   

In conclusion, both GTPase domains of Miro are required for a normal 

distribution of mitochondria throughout the axon but in different ways. The first GTPase 

domain appears to operate like an all-or-nothing switch for transport: mitochondria either 

fail to be transported into the axon (T25N) or over-accumulate abnormally at NMJs 

(A20V). The second GTPase domain appears to have a more fine-tuned control over the 

axonal distribution of mitochondria. Although all boutons contain mitochondria, the 

subtle differences in bouton filling suggest that the T460N mutation results in 

mitochondria that fail to properly stop at en passant boutons until they reach the terminal 

bouton while K455V instead fails to fill the terminal bouton. 
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4.6 Both GTPase domains of Miro control the morphology of stationary 

mitochondria 

While analyzing mitochondrial distributions in the axon, it became readily apparent that 

the mutations of Miro’s GTPase domain affected the morphology of mitochondria. This 

was exciting because it offered evidence that Miro is somehow involved with the 

mitochondrial fusion and fission machinery. Due to the obvious morphological changes 

found in the images, the length of stationary mitochondria (defined as moving <2 μm in 2 

min) was quantified. To define “extraordinary long” mitochondria, we used a threshold of 

6 μm, which was large enough to exclude >99% of all mitochondria in wild type axons 

(Figure 11).  

 On average, at least one mitochondrion in control axons was longer than 6 μm 

(ROI length = ~64 µm). The longest mitochondrion found in control axons was 8.99 μm 

(Figure 19 C). This was in stark contrast to T25N, which reduced the length of 

mitochondria such that mitochondria longer than 6 μm were never evident (Figure 19 B). 

However, A20V significantly increased the number of long mitochondria to 3.71 

mitochondria/ROI (p<0.05, Figure 19 B). Surprisingly, the longest mitochondria 

measured 39.4 μm (Figure 19 C).  
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Figure 19: Miro’s GTPase domains are required for a normal mitochondrial 
morphology in axons 
A-E) Larvae nerves coexpressing mitoGFP and Miro transgenes in motor neurons under the 
control of the OK6-Gal4 promotor. A) Representative confocal images of mitochondria in 
proximal segmental nerves upon expression of normal miro (Ctrl) or one of the indicated point 
mutations. Notice the long, thin (arrowhead) and long thick (arrow) mitochondrial structures. B) 
Average number of stationary mitochondria with a length >6 μm in a ~54μm wide region of 
interest (ROI). C) Cumulative histogram of all stationary mitochondria with a length >6 μm. D-E) 
Average length of motile anterograde (D) and retrograde mitochondria (E). Motile mitochondria 
were measured by photobleaching an ROI, acquiring a time-lapse series of frames at a rate of 1 
sec-1, then measuring all invading anterograde and retrograde mitochondria. 
 

Mutations of the second GTPase domain had similar effects on mitochondrial 

morphology as T25N and A20V. In comparison to control, T460N had no effect on the 

occurrence of long mitochondria (p>0.05, Figure 19 B); maximum mitochondrial length 

(7.8 μm) was also comparable to control. However, K455V significantly increased the 

average number of extremely long mitochondria to 4 mitochondria/ROI (p<0.01, Figure 

19 B) and the maximum length recorded was 27.29 μm (Figure 19 C). Together, these 

data suggest that the active state of Miro’s two GTPase domains modulates mitochondrial 

length, possibly by controlling components of the mitochondrial fusion and fission 

machinery.  
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4.7 The first Miro GTPase domain of Miro controls the size of motile mitochondria 

The effects on the length of stationary mitochondria by mutations in Miro’s domains 

were not entirely unexpected since we found earlier that overexpression of Miro affects 

the length of motile mitochondrial (Figure 11). To measure the length of motile 

mitochondria, we photobleached a given area of a proximal axon and measured the length 

of all antero- and retrogradely moving mitochondria that entered the photobleached area 

during the 200 sec long imaging period by counting motile mitoGFP positive structures 

using a confocal microscope. 

 Expression of T25N significantly reduced the length of both antero- and 

retrogradely mitochondria to 44% and 42% of control, respectively (p<0.001), and 

resembled the effects of Miro null (p>0.05, Figure 19 D-E). However, A20V had no 

effect and was indistinguishable from control (p>0.05, Figure 19 D-E). Neither T460N 

nor K455V had any effect on the length of motile mitochondria (p>0.05, Figure 19 D-E). 

This indicates that the inactive state of the 1st GTPase domain promotes a shortening of 

motile mitochondria that is independent of their direction of transport. 

 Does the first GTPase domain maintain mitochondrial size or fragment motile 

mitochondria? Since A20V (active state) increases the size of stationary mitochondria 

dramatically without affecting the size of motile mitochondria (Figure 19 B-C) while 

T25N decreases the size of motile and stationary mitochondria, the inactive state T25N 

might indeed actively fragment mitochondria. Since the second GTPase domain only 

affects the size of stationary but not motile mitochondria, it can be safely concluded that 
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the first and second GTPase domain must cooperate to ensure a normal length of both 

motile and stationary mitochondria. However, this raises other important questions like 

why does A20V only affect the length of stationary but not motile mitochondria? These 

questions are explored more thoroughly in the discussion section (page 149). 

 

4.8 Both GTPase domains of Miro are required for a normal rate of mitochondrial 

transport in axons 

Loss and OE of Miro had significant effects on the rate of antero- and retrograde 

mitochondrial transport (Russo et al. 2009) (Figure 5). The rate of mitochondrial depends 

on many factors like signals activating transport to invade axons or dendrites, the 

efficiency of the transport machinery, the state of MT tracks but also on other “non-

transport” factors like the metabolic state of the cell. 

Control animals had an average rate of 6.22 mitochondria/min for anterograde 

transport (AM flux) and 2.92 mitochondria/min for retrograde transport (RM flux) 

(Figure 20 A-C). The antero/retrograde ratio in control is higher than what is seen in wild 

type due to slight overexpression effects (not shown but see (Russo et al. 2009)). 
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Figure 20: Both of Miro’s GTPase domains are required for a normal rate (flux) of 
mitochondrial transport in axons 
A-B) Average rate (number of mitochondria entering a photobleached ROI per minute) of 
anterograde (A) and retrograde transport (B) in proximal larval axons of control (Ctrl), 
homozygous miro null mutations (Null), or Miro GTPase mutants (T25N, A20V, T460N and 
K455V). C) Average ratio of the rate of anterograde and retrograde transport. Significant 
differences as determined by 1-way ANOVA are indicated with asterisks (* = p<0.05, *** = 
p<0.001). 
 
 T25N significantly reduced both antero- (AM) and retrograde (RM) flux by 98% 

and 84%, respectively. This effect was disproportional such that the antero-/retrograde 

flux ratio was significantly decreased (p<0.001, Figure 20 A-C). A20V expression also 

significantly reduced antero- and retrograde flux to 39% and 28% of control, respectively 

(p<0.001, Figure 20 A-B). However, A20V had a significantly less severe effect than 

T25N (p<0.001, Figure 20 A-B). The reduction of antero- and retrograde flux was 

proportional such that the ratio remained comparable to control (p>0.05, Figure 20 C). 

K455V essentially affected mitochondrial flux like A20V, causing significantly 

decreased but not abolished antero- and retrograde flux (p<0.001). In contrast to A20V, 

K455V significantly reduced the flux ratio (p<0.05, Figure 20 A-C). T460N had no effect 

(p>0.05, Figure 20 A-C).  
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In general, the reduced rate of mitochondrial transport correlated with a reduced 

motility, suggesting that Miro’s GTPase domains are primarily required for 

mitochondrial transport machinery per se. Notably, mutations of Miro’s GTPase domain 

affected rate of transport in only three ways: either the rate was normal (A20V), was 

reduced by about 50% (A20V and K455V), or was nearly abolished (T25N). None of the 

mutations showed an increased rate of transport. Mutations that affected the bias of 

antero- and retrograde rate of transport did so by showing better retrograde transport, 

suggesting that these mutations (T25N and K455V) may bias mitochondria for retrograde 

transport to various degrees. T25N, in particular, severely influenced the bias toward 

retrograde transport, which may be a consequence of severely reducing the total number 

of mitochondria in the axon (Figure 17) or it may be due to a selective bias toward RM 

transport.  

 

4.9 Normal antero- and retrograde net velocities require both Miro GTPase 

domains 

Perhaps the most straightforward way of changing the rate of axonal transport is to 

modulate the velocity of mitochondrial transport machinery. For example, loss of Miro 

significantly reduced the distance of individual kinesin or dynein motions (Figure 8, 

Figure 9), which correlated with a reduced rate of transport (Figure 6). Hence, we 

examined whether the rate of mitochondrial transport can be explained solely by changes 

in the net velocity of transport, and thereby the transport machinery. 
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Figure 21: Effects of mutations in Miro’s GTPase domains on the net velocity of 
mitochondrial transport in axons. 
A-B) Average velocity of antero- moving (AM; A)  and retrogradely moving (RM; B) 
mitochondria in the proximal segmental nerve of homozygous miro null mutant larvae (Null), or 
homozygous miro null mutant larva expressing normal or mutant Miro (Ctrl, T25N, A20V, 
T460N and K455V). Significant differences, as determined by 1-way ANOVA, are indicated with 
asterisks (* = p<0.05, ** = p<0.01, *** = p<0.001). 
 
 Control mitochondria typically show an anterograde net velocity of 14 μm/min 

(Figure 21 A). This rate is significantly reduced by T25N or A20V (p<0.001), but only 

T25N reduced the anterograde net velocity to levels comparable to miro null (p>0.05, 

Figure 21 A). Expression of K455V also significantly reduced anterograde net velocity 

(p<0.001) but to a lesser degree such that the velocity remained higher than that of miro 

nulls (p<0.01, Figure 21 A). Only T460N had no significant impact on the net velocity of 

anterogradely moving mitochondria (p>0.05, Figure 21 A). 

Different phenotypic effects were seen on retrograde net velocities (Figure 21 B). 

Control mitochondria had a retrograde net velocity of 20.74 μm/min (Figure 21 A). Only 

Miro T25N retrograde net velocities were statistically similar to control (p>0.05). A20V 

significantly reduced the retrograde net velocity (p<0.001) to levels indistinguishable 
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from miro null (p>0.05, Figure 21 B). Both T460N and K455V significantly reduced 

retrograde net velocities (p<0.01) with the caveat that T460N remained significantly 

higher than the levels seen in miro nulls (p<0.05, Figure 21 B). 

Since at least one mutation in either GTPase domain caused reductions in both antero- 

and retrograde net velocities, it can be concluded that both domains are required for 

normal antero- and retrograde transport. That being said, the T460N showed normal 

anterograde while T25N showed normal retrograde net velocities (Figure 21 A-B), 

suggesting that the inactive state of the first GTPase domain is permissive for normal 

retrograde transport while inactive state of the second GTPase domain is permissive for 

anterograde transport. Accordingly, normal transport is likely the result of a cooperative 

action between both GTPase domains. 

 

4.10 Both Miro GTPase domains are required to execute the directional program of 

mitochondrial transport 

Miro executes the directional program for either antero- or retrograde transport (Russo et 

al. 2009) (Figure 7). Specifically, Miro selectively up-regulates the use of kinesin motors 

during anterograde transport and dynein motors during retrograde transport. Having 

substantiated that both GTPase domains of Miro are required for mitochondrial motility 

in axons (Figure 17, Figure 20, Figure 21), we next asked whether each domain is also 

required to execute the directional program. This was examined by directly measuring the 

time mitochondria allocate to consecutive (trip) or individual (run) kinesin- and dynein-

driven motions during antero- and retrograde transport (Methods pg. 61). 
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Figure 22: Mutations rendering Miro’s first GTPase domain active or inactive have 
differential effects on the directional programs of antero- and retrograde transport 
A-B) Mitochondria were imaged with a confocal microscope using mitoGFP fluorescence at a 
rate of 1 fame sec-1. Average percentage of time that AM (A) and RM (B) mitochondria allocated 
to plus-end or minus-end trips of normal Miro (Ctrl) or mutant-GTPase (T25N, A20V, T460N 
and K455V) in a miro null background. Significant differences, as determined by 1-way 
ANOVA, are indicated with asterisks (NS = p>0.05, *** = p<0.001). 
 
 The term “trip” defines consecutive motions of a mitochondrion in a given 

direction that are interspersed by brief stops (1-3 sec). The trip duty cycle describes the 

percent of time mitochondria spend on either kinesin-driven, plus-end directed trips or 

dynein-driven, minus-end directed trips. Anterograde mitochondria in control animals 

spend 93% of their time executing plus-end trips but only 7% of their time in minus-end 

trips, suggesting that the strong bias towards kinesin-driven motions generates effective 

net anterograde transport (Figure 22 A). This bias was significantly reduced upon 

expression of T25N mutations (p<0.001), which decreased the time spent in plus-end 

trips to 70% and increased the time spent in minus-end trips to 30%, similar to the loss of 

Miro (p>0.05, Figure 22 A). Importantly, every other mutation (A20V, K455V and 

T460N) permitted a normal anterograde trip duty cycle (p>0.05, Figure 22 A). 
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 In regard to the retrograde trip duty cycle, only A20V significantly reduced the 

time spent in minus-end directed trips while the time spent in opposing plus-end directed 

trips was increased (p<0.001, Figure 22 B). All other mutations (T25N, T460N and 

K455V) demonstrated a normal RM trip time allocation (p>0.05, Figure 22 B). 

Remarkably, A20V expression caused a stronger loss of the RM trip distribution than 

even loss of Miro. Since miro null mutations did not significantly affect different the 

retrograde trip duty cycle from control (likely due to much longer stops, since motor 

movements were impaired), this suggests that A20V may dominantly impairs aspects of 

retrograde transport. 

Figure 23: The Miro GTPase mutants impair both antero- and retrograde run duty 
cycles 
A-B) Mitochondria were imaged with a confocal microscope using mitoGFP fluorescence at a 
rate of 1 fame sec-1. Average percentage of time that AM (A) and RM (B) mitochondria allocated 
to plus-end runs, minus-end runs, and short stationary phases of normal Miro (Ctrl) or mutant-
GTPase (T25N, A20V, T460N and K455V) in a miro null background. Significant differences, as 
determined by 1-way ANOVA, are indicated with asterisks (NS = p>0.05, * = p<0.05, ** 
p=<0.01, *** = p<0.001). 
 
 Mitochondria strongly bias the time spent utilizing the motor responsible for the 

primary direction of transport, and the “run duty cycle” describes this bias by quantifying 
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the time mitochondria moved anterogradely, retrogradely or in short stationary phases. 

This measurement is different than from that of the trip duty cycle due to the separation 

of stationary phases from individual plus- and minus-end directed movements. 

Anterogradely moving mitochondria of control animals show a strong bias toward the 

kinesin-driven motion, spending 61% of their time in plus-end runs, 35% of the time 

stopped, but only 3% of their time in opposing minus-end runs (Figure 23 A). Consistent 

with the effects on the trip duty cycle, T25N significantly reduced the time anterogradely 

moving mitochondria spend in plus-end runs and proportionately increased the time spent 

in short stationary phases (p<0.001) to levels that resemble those of miro nulls (p>0.05, 

Figure 23 A). A20V also reduced the time spent in plus-end runs during anterograde 

transport but to a much lesser degree than T25N and null mutations (p<0.001, Figure 23 

A). Neither mutation significantly affected the time spent in opposing minus-end runs 

(p>0.05, Figure 23 A). 

 T460N had no effect the time spent in runs or stops during anterograde transport 

(p>0.05, Figure 23 A). K455V, instead, significantly decreased the time spent on plus-

end runs and increases the time spent on stops (p<0.001). However, the effects of T460N 

were significantly less severe than T25N or null mutations (p>0.001, Figure 23 A). 

Neither mutation changed the time anterogradely moving mitochondria spent in minus-

end runs (p>0.05, Figure 23 A).  

 Retrogradely moving mitochondria of control spent 61% of their time on minus- 

and 8% of their time on the opposing plus-end runs, with the remainder spent in 

stationary phases (Figure 23 B). Unlike its effects on the anterograde run duty cycle, 



129 
 

 

T25N had no significant effects on the time allocated to runs and stops (p>0.05, Figure 

23 B). In contrast, A20V significantly reduced the time spent in minus-end runs to null-

like levels and increased the time spent in stops proportionally (p<0.001, Figure 23 B). 

K455V significantly reduced the preference of retrogradely moving mitochondria toward 

minus-end runs and increased stationary times. However, K455V effects were 

significantly less severe than those of null mutations (p<0.001, Figure 23 B). 

Unexpectedly, expression of T460N did not significantly reduce the bias of RM 

mitochondria toward minus-end runs (p>0.05, Figure 23 B). 

 In conclusion, our data indicate that both GTPase domains of Miro are required 

for a normal time allocation to motors during antero- and retrograde transport. The 

differential effects of T25N (inactive) and A20V (active) indicate that Miro’s first 

GTPase domain is critical for the two directional programs: the inactive state of the 

domain favors retrograde transport and the active state anterograde transport. While this 

conclusion is fully supported by the time allocated to trips, it is not entirely consistent 

with effect on the time allocation of runs.  

A possible explanation for the somewhat inconsistent effects of A20V on the time 

allocation to motors during anterograde transport (it should ideally be normal) is likely 

the reduced distance and duration of kinesin motions in the absence of a proportional 

increase in the average stop duration (as it is seen in nulls and T25N). However, the 

mechanism of this phenomenon is not clear. Alternatively, constitutively active state of 

the domain may be partially counteracted by homeostatic mechanisms that signal through 
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the non-mutated second domain, which is cooperatively required. Since A20V has also a 

significant effect on mitochondrial length, it is possible that this creates interferences.  

Finally, it is possible that could be that normal anterograde transport may require 

occasional repeated cycles of GTP hydrolysis by the first GTPase domain.  Such a 

“cycling requirement” of the first GTPase domain may not be directly required for 

transport per se. For example, it may ensure proper coordination of mitochondrial fusion 

and fission during axonal transport, which is likely necessary to maintain a proper 

function and health of mitochondria (Chen et al. 2007; Twig et al. 2008; Twig et al. 

2008).  In contrast, since T460N (inactive) had no effect and K455V (active) affected the 

time spent on kinesin and dynein runs during antero- and retro transport similarly, the 2nd 

GTPase domain is unlikely to control the direction of transport. Nonetheless, the inactive 

state of the second GTPase domain may confer a “good to go” signal for transport while 

the active state may disfavor transport. 

 

4.11 The second Miro GTPase domain enhances anterograde mitochondrial 

transport 

Biochemical studies predict that Miro facilitates kinesin motions by connecting Kinesin 

to mitochondria via the adaptor protein Milton (MacAskill et al. 2009). This link could be 

influenced by Miro’s first GTPase domain since overexpression of mammalian Miro 

containing mutations analogous to T25N associated kinesin with mitochondria at similar 

levels as normal Miro while mutations analogous to A20V mutation significantly 

disrupted recruitment (MacAskill et al. 2009).  Since our above results are inconsistent 
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with these biochemical overexpression studies, we examined in more detail the 

characteristics of individual motions of mitochondria during antero- and retrograde 

transport. 

Figure 24: Effects of mutations in Miro’s GTPase domains on kinesin-driven runs 
and stops during anterograde transport. 
A-C) Mitochondria of normal Miro (Ctrl) or mutant-GTPase (T25N, A20V, T460N and K455V) 
in a miro null background were imaged with a confocal microscope using mitoGFP fluorescence 
at a rate of 1 frame sec-1. A) Average kinesin-driven run distance, B) kinesin-driven run duration 
and C) stop duration of anterograde mitochondria. Significant differences as determined by 1-way 
ANOVA are indicated with asterisks (NS = p>0.05, * = p<0.05, ** = p<0.01, *** = p<0.001). 
 
 Runs are defined as individual uninterrupted movements of mitochondria in one 

direction. In control animals, anterogradely moving mitochondria show long kinesin-

dependent, plus-end runs, which traverse an average of 1.53 µm in an average duration of 

4.36 sec (Figure 24 A-B). Both T25N and A20V significantly reduce these values to 

~55% and ~60% of control (p<0.001), which was similar to the effects of null mutations 

(p>0.05, Figure 24 A-B). K455V significantly impaired both distance and duration of 

plus-end runs (p<0.001), but to a lesser extent as miro null mutations (p<0.01, Figure 24 

A-B). T460N had no effect (Figure 24 A-B). No GTPase mutation affected the distance 

or duration of the opposing minus-end runs (p>0.05, Table 6).  
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Miro null mutations caused significant impairments to the distance and duration 

of kinesin-dependent movements of anterograde mitochondria (Figure 24 A-B) that 

correlated with a proportional increase in the duration of  brief stops (Figure 24 C). T25N 

significantly increased the stop duration of AM mitochondria (p<0.001, Figure 24 C). 

However, no other GTPase mutation affected the duration of stops (p>0.05, Figure 24 C). 

Hence, the T25N mutation not only reduces kinesin motions but also seems to prevent re-

initiation of kinesin motions as indicated by the increases time spent in stops.  

Trips are defined as consecutive movements of mitochondria in a single direction 

that can be separated by short stationary phases. Hence, trips provide insight into how 

motor movements and stops relate to one another. The typical anterograde kinesin-driven 

trip in control animals covers 8.67 µm over 41 sec (Figure 25 A-B). Each trip consists in 

average of about 6.71 individual runs (Figure 25 C) that are separated by brief stops 

(Table 8). Consistent with poor run kinetics, both T25N and A20V significantly reduced 

the distance of trips (p<0.05, Figure 25 A), while only T25N significantly reduced the 

duration (p<0.05, Figure 25 B). Perhaps most interestingly, T25N also severely impaired 

the number of plus-end runs per trip (p<0.01), similar to miro null (p>0.05, Figure 25 C). 

Miro A20V did not have an effect on the number of runs per trip (p>0.05, Figure 25 C), 

possibly explaining why AM trip durations were significantly reduced from control like 

T25N. 
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Figure 25: The first Miro GTPase domain is required for and the second Miro 
GTPase domain enhances anterograde trips 
A-C) Mitochondria of normal Miro (Ctrl) or mutant-GTPase (T25N, A20V, T460N and K455V) 
in a miro null background were imaged with a confocal microscope using mitoGFP fluorescence 
at a rate of 1 frame sec-1. A) Average trip distance, B) trip duration and C) frequency of 
anterograde runs in anterograde trips of anterograde mitochondria. Significant differences as 
determined by 1-way ANOVA are indicated with asterisks (* = p<0.05, ** = p<0.01, *** = 
p<0.001). 
 

K455Vcaused significantly reduced the distance of kinesin-driven trips during 

anterograde transport (p<0.05, Figure 25 A), but had no effect on the duration or the 

number of runs per trip (p>0.05, Fig Figure 25 B-C). T460N increased the distance and 

duration of trips (p>0.05), but this was not statistically different to control.  However, 

T460N significantly increased the number of runs per trip by 152% (Figure 25 C). This 

indicates that T460N is not only required for anterograde transport but can also 

specifically up-regulate the consecutive initiation of kinesin-driven motions 

 

4.12 The first Miro GTPase domain is permissive of RM transport 
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Figure 26: Retrograde run kinetics of GTPase mutant mitochondria 
A-C) Mitochondria of larvae expressing wild-type Miro (Ctrl), homozygous miro null mutations 
(Null), or a Miro GTPase point mutation (T25N, A20V, T460N and K455V) were imaged with a 
confocal microscope using mitoGFP fluorescence at a rate of 1 fame sec-1. A) Average run 
distance, B) run duration and C) stop duration of retrograde mitochondria. Significant differences 
as determined by 1-way ANOVA are indicated with asterisks (NS = p>0.05, * = p<0.05, ** = 
p<0.01, *** = p<0.001). 
 
 
The average distance and duration of dynein-driven runs during retrograde transport of 

control mitochondria is 3.71 μm over 1.35 sec, respectively (Figure 26 A-B). The average 

stop duration is 2.23 sec (Figure 26 C). Interestingly, only the T25N mutation had no 

significant effect impair on the distance or duration of dynein-driven runs (p>0.05, Figure 

26 A-B). The expression of A20V, T460N and K455V resulted in significant 

impairments to the distance and duration of dynein-driven runs (p<0.01, Figure 26 A-B). 

However, only A20V significantly increased the stop duration of mitochondria (p<0.05), 

although not to the same degree as miro null (p<0.01, Figure 26 C). Therefore, although 

expression of the mutations A20V, T460N and K455V all impair the distance and 

duration of retrograde dynein-dependent runs, A20V inhibits retrograde transport most 

strongly due to its additional effect on retrograde stop durations. 
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Figure 27: Miro GTPase domains only modulate the minus-end trip distances of 
retrogradely moving mitochondria 
A-C) Mitochondria of larvae expressing normal Miro (Ctrl), homozygous miro null mutations 
(Null), or a Miro GTPase point mutation (T25N, A20V, T460N and K455V) were imaged with a 
confocal microscope using mitoGFP fluorescence at a rate of 1 fame sec-1. A) Average minus-end 
trip distance, B) trip duration and C) and frequency of runs in minus-end trips of retrograde 
mitochondria. Significant differences as determined by 1-way ANOVA are indicated with 
asterisks (NS = p>0.05, * = p<0.05, ** = p<0.01, *** = p<0.001). 
 
 

During retrograde transport, minus-end directed trips of control mitochondria 

traverse an average of 7.82 μm over 20.68 seconds (Figure 27 A-B), and contain an 

average of 3.02 runs per trip (Figure 27 C). Neither T25N, A20V, T460N, nor K455V 

had any significant effect on the distance, duration or even the number of runs per trip 

(p>0.05, Figure 27 A-C). T25N essentially permitted a normal trip distance out of the 

mutations analyzed. Hence, neither GTPase domain of Miro appears to regulate the 

distance of minus-end trips or frequency of minus-end runs during minus-end trips of 

retrograde mitochondria. 

 

4.13 The W1 and W2 mutations of Miro’s GTPase domains have unique effects on 

mitochondrial transport 
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The so far discussed point mutations rendering Miro’s GTPase domains active or inactive 

have proven to be valuable tools towards an understanding of how Miro controls the 

mitochondrial transport machinery. However, there are limitations to the interpretation of 

the genetic data because the mutations may not perfectly “lock” a GTPase domain into an 

active or inactive state at all times. For example, it is difficult to determine whether the 

mutation K455V interferes with the anterograde run duty cycle to a lesser degree than 

null, or if the partial impairment is due to the occasional contributions of a T460N-like 

state (Figure 23). In order to bypass these limitations, point mutations were introduced 

into the first (W1) or second (W2) GTPase domains that are likely to prevent the binding 

of any nucleotide due to the steric effects of the mutations on the nucleotide-binding 

pocket. Since the targeted domain should be rendered non-functional, the contribution of 

the whole domain can be assessed. However, there is a caveat. Both of the mutations may 

introduce a more widespread change in the conformation of the entire protein that causes 

dominant effects. 
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Figure 28: Presumed disruption of nucleotide binding by the first or second Miro 
GTPase domain dominantly impairs transport in different ways. 
A-H) mitoGFP labeled mitochondria in motor axons of homozygous miro null mutant larvae 
(Null), homozygous miro null mutant larvae expressing wild-normal Miro (Ctrl), homozygous 
miro null mutations (Null), or W1 or W1 mutant Miro GTPase point mutation (W1, W2) protein 
were imaged with a confocal microscope using mitoGFP fluorescence at a rate of 1 fame sec-1. A) 
Average net velocity, B) stop duration, C) reversal frequency and D) time spent utilizing 
opposing dynein-mediated runs of anterograde mitochondria. E) Average net velocity, F) stop 
duration, G) reversal frequency and H) time spent utilizing opposing kinesin-mediated runs of 
retrograde mitochondria. Significant differences as determined by 1-way ANOVA are indicated 
with asterisks (* = p<0.05, ** = p<0.01, *** = p<0.001). 
 

The W1 and W2 mutations can provide useful insights into the transport functions 

of the first and second Miro GTPase domains but with two important caveats: First, the 

expression level of at least Miro W1 is comparatively low (Figure 13), indicating that the 

mutant protein is either unstable or may become actively degraded.  Hence, it is difficult 

to differentiate between specific effects of the mutation per se versus effects of 

abnormally high Miro expression levels of the control (normal Miro is expressed 1.48x 
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higher than endogenous Miro, see Figure 13). Second, the W1 and W2 mutations do not 

occur naturally and are not based on known GTPase mutants. Thus, the effect of W1 or 

W2 on effector proteins is not clear, nor is it known whether these point mutations disrupt 

Miro’s structure. 

 Expression of either W1 or W2 mutant Miro in a miro null background 

significantly impaired both anterograde and retrograde net velocities of mitochondrial 

transport (p<0.001, Figure 28 A, E). Surprisingly, the impact of W1 or W2 expression on 

the anterograde net velocity was so strong that it was significantly worse than the effect 

of Miro null mutations (p<0.01, Figure 28 A). This suggests that both mutations 

dominantly inhibit the net velocity of anterograde net transport. Otherwise, the 

expression of W1 or W2 mutations caused null-like impairments to most aspects of 

antero- and retrograde transport (Table 5, Table 6, Table 7, Table 8). 

 The extreme dominant effects of W1 and W2 mutations seen on mitochondrial net 

velocities were caused by two different mechanisms. W2 expression significantly 

increased the duration of stops during antero- and retrograde transport (p<0.001) to levels 

that can significantly exceeded even the effects of miro null mutants (p<0.01, Figure 28 

B, F). Conversely, W1 expression had no effect on the duration of stops (p>0.05, Figure 

28 B, F). Instead, W1 significantly increased the frequency of both antero- and retrograde 

reversals between kinesin versus dynein motions during antero- and retrograde transport 

(p<0.01, Figure 28 C, G). This is in stark contrast to W2, which did not affect the 

frequency of reversals (p>0.05, Figure 28 C, G). Notably, the increased frequency of 

reversals upon expression of W1 mutants is likely the cause for the significant increase in 
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the time that W1 mutant mitochondria spend allocated to the motor that opposes the 

programmed net direction of transport (p<0.05, Figure 28 D, H), causing a tug-of-war 

like scenario. 

 In conclusion, while bearing in mind the two caveats, the analysis of W1 and W2 

mutations suggests that the first and second GTPase domain of Miro are controlling 

fundamentally different aspects of transport regulation. The first GTPase domain seems 

to modulate mechanisms that increase the ability of the primary motor of to drive 

transport without interference by the opposing motor. Contrastingly, the second GTPase 

domain appears may modulate mechanisms that allow motors to initiate movement, 

possibly by engaging with microtubules. 

 

4.14 Co-The presence of endogenous Miro alters the phenotypic effects of mutations 

in Miro’s GTPase domains 

Overexpression of normal Miro impaired some aspects of mitochondrial transport and 

suggested that excess Miro may titrate out factors required for normal bi-directional 

motion. In order to determine if Miro’s GTPase domains are required for the dominant 

effects of Miro overexpression, each myc-tagged Miro GTPase mutant was expressed 

with the OK6-Gal4 driver in motor neurons of larvae with an otherwise wild -type 

genetic miro background (white1118). The phenotypic effects of the GTPase mutants were 

compared to the overexpression of normal Miro possessing an N-terminal Myc tag under 

the control of OK6-Gal4 in a wild-type miro background (Miro OE). Overexpression of 

the active form of mammalian Miro’s first GTPase domain in in neuronal cell cultures 
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caused dominant phenotypes when overexpressed, while the inactive state did not reveal 

dominant effects (MacAskill et al. 2009). Hence, it was expected that A20V 

overexpression will dominantly affect some aspects of mitochondrial transport while 

T25N should not. 

 
Figure 29: Overexpression (OE) of Miro GTPase mutant Miro impairs the 
directional programs of antero- and retrograde transport. 
A-D) mitoGFP labeled mitochondria of larvae expressing normal Miro (Miro OE) or mutant Miro 
GTPase point mutations (T25N OE, A20V OE, T460N OE, K455V OE) in an otherwise normal 
miro genetic background (white1118) were imaged with a confocal microscope using mitoGFP 
fluorescence at a rate of 1 fame sec-1. A) The net velocity and B) run duty cycle of anterogradely 
moving mitochondria. C) The net velocity and D) run duty cycle of retrogradely moving 
mitochondria. Significant differences as determined by 1-way ANOVA are indicated with 
asterisks (* = p<0.05, ** = p<0.01, *** = p<0.001). 
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 Overexpression of normal Miro resulted in an average anterograde mitochondrial 

net velocity of 9.67 µm/min (Figure 29 A). Only overexpression of A20V in a miro WT 

background resulted in a significant impairment to anterograde net velocity (p<0.05, 

Figure 29 A). Hence, the active state of the first GTPase, A20V, is dominant in 

Drosophila as was shown for mammalian Miro (MacAskill et al. 2009). However, 

T460N overexpression also resulted in a non-significant decrease to AM net velocity 

(p>0.05, Figure 29 A). Hence, we did not expect to find that overexpression of all 

remaining GTPase mutants significantly decreased the time anterograde mitochondria 

spent in kinesin-dependent microtubule plus-end runs and increased the time spent in 

short stationary phases (p<0.01, Figure 29 B). Therefore, T25N, A20V, T460N and 

K455V all dominantly impaired the normal directional program of anterograde 

mitochondria, although the non-significant decrease in anterograde net velocity suggests 

that compensatory effects may help to maintain normal transport velocities. 

 The average net velocity of retrograde mitochondria is 13.45 µm/sec upon normal 

Miro OE (Figure 29 C). Overexpression of T25N, A20V and T460N all did not 

significantly impair the net velocity of retrograde mitochondria (p>0.05, Figure 29 C). 

However, A20V and T460N significantly decreased the time retrograde mitochondria 

allocated to dynein-driven motions (p<0.001), T25N and K455V had no significant 

effects on the time spent using dynein-driven motions (p>0.05), and all four increased the 

time retrograde mitochondria spent in short stationary phases (p<0.01, Figure 29 D). This 

indicates that T25N, A20V, T460N and K455V all dominantly impair the normal 

retrograde transport bias, although some other dominant effects on transport may be 
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responsible for the small effects on retrograde net velocity. 

 

Figure 30: Effects of Miro GTPase OE on run kinetics and stops 
A-F) Mitochondria of larvae expressing normal Miro (Miro OE) or Miro GTPase point mutations 
(T25N OE, A20V OE, T460N OE, K455V OE) in a wild-type miro background were imaged 
with a confocal microscope using mitoGFP fluorescence at a rate of 1 fame sec-1. A) Average run 
distance, B) run duration and C) stop duration of anterogradely moving mitochondria D) Average 
run distance, E) run duration and F) stop duration of retrogradely moving mitochondria. 
Significant differences as determined by 1-way ANOVA are indicated with asterisks (* = p<0.05, 
** = p<0.01, *** = p<0.001). 
 
 The run duty cycle can be altered by changes to the run kinetics of kinesin and 

dynein motors as well as stops. Therefore, these motion parameters were analyzed to 

better characterize the dominant effects of overexpressing the GTPase mutations. Normal 

Miro OE results in an average anterograde plus-end directed run distance of 1.25 µm and 

duration of 3.59 sec (Figure 30 A-B) (Figure 7). Overexpression of A20V caused a 
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significant decrease in the distance and duration of AM plus-end runs during anterograde 

transport to 0.73 µm and 2.47 sec, respectively (p<0.001, Figure 30 A-B). This dominant 

effect is consistent with the decrease in the net velocity of anterograde transport. The 

overexpression of T25N, T460N and K455V also impaired the distance of plus-end runs 

but not to a significant degree (p>0.05, Figure 30 A). The overexpression of T25N, 

A20V, T460N and K455V caused a corresponding increases in the duration of AM stops 

(p<0.05), although K455V’s effects were not significantly increased compared to Miro 

OE (p>0.05, Figure 30 C). The impairments to the anterograde run duty cycle upon OE of 

the Miro GTPase mutations can be explained by dominant decreases in kinesin run 

kinetics and increased stop durations. 

 The RM run duty cycle impairments in the retrograde run duty cycle can be 

explained similarly. The average distance of dynein-mediated minus-end run during 

retrograde transport is 2.17 µm and the average run duration of is 4.71 sec (Figure 30 C-

D), which is again similar to the expression of endogenous Miro (Figure 7). On average, 

the OE of T25N, A20V, K4555V and T460N result in a ~25% reduction to the RM 

minus-end run distance but had no effects that were statistically different from Miro OE 

(p>0.05, Figure 30 C-D). OE of each GTPase mutation had also no significant decreases 

to effects on the duration of minus-end runs (p>0.05, Figure 30 D-E). The non-significant 

impairments to RM dynein run kinetics by T25N and A20V correlate with significantly 

increased durations of stops (p<0.001) unlike K455V and T460N (p>0.05, Figure 30 E). 

Therefore, the decreased bias of retrograde mitochondria toward the use of minus-end 

runs in favor of additional time spent in stationary phases can at least partially be 
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explained by increased stop durations and possibly impairments to the run kinetics of 

dynein. 

 

Figure 31: Trip kinetics upon OE of Miro GTPase mutations 
A-F) Mitochondria of larvae expressing normal Miro (Miro OE) or Miro GTPase point mutations 
(T25N OE, A20V OE, T460N OE, K455V OE) in a wild-type miro background were imaged 
with a confocal microscope using mitoGFP fluorescence at a rate of 1 fame sec-1. A) Average trip 
distance, B) trip duration and C) run frequency of plus-end trips of anterogradely moving 
mitochondria. A) Average trip distance, B) trip duration and C) run frequency of minus-end trips 
of retrogradely moving mitochondria. Significant differences as determined by 1-way ANOVA 
are indicated with asterisks (* = p<0.05, *** = p<0.001). 

 
  GTPase mutant overexpression resulted in dominant negative effects on both 

kinesin and dynein motor kinetics and increase in stop duration of AM and RM 

mitochondria. Thus, it was predicted that overexpression of these Miro mutations would 
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also decrease trip distance and duration. However, this was not the case. During 

anterograde transport, the average distance and duration of AM trips after OE of normal 

Miro is 3.95 µm and 17.11 sec, respectively (Figure 31 A-B). Surprisingly, 

overexpression of T25N significantly increased the distance of AM plus-end trips 

(p<0.05, Figure 31 A) to levels that resembled endogenous expression of Miro. T25N 

overexpression also significantly increased the duration of AM plus-end trips to levels 

significantly higher than either OE or endogenous expression of Miro (p<0.001, Figure 

31 B). This is opposite of what was suggested by the AM run kinetics and stop duration. 

However, these increases can be explained by the observation that T25N overexpression 

also significantly increased the number of runs per plus-end trip (p<0.001, Figure 31 C). 

A20V, T460N and K455V overexpression also significantly increased the duration of 

anterograde plus-end trips (p<0.001), but only A20V also significantly increased the 

number of runs per plus-end trips (p<0.001, Figure 31 C).  

Thus, the active and inactive forms of the first GTPase domain dominantly increase 

the number of runs per plus-end trip during anterograde transport, although only the 

inactive form was also significantly increased over endogenous expression. Mutations in 

the second GTPase domain mutations had no significant effects on the number of runs 

per plus-end trip (p>0.05). Accordingly, their induced increase in trip duration is likely 

only due to the increased stop duration  because the distance of trips did not increase 

relative to Miro OE (p>0.05, Figure 31 A). 

 Normal Miro OE results in an average RM minus-end trip distance of 5.09 µm 

and duration of 13.69 sec (Figure 31 D). Unexpectedly, overexpression of T25N 
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significantly increased the duration of RM minus-end trips (p<0.001) and had a non-

significant trend toward increased trip distance (p>0.05, Figure 31 D-E). Similar to the 

effect of T25N overexpression on trip kinetics during anterograde transport, the increases 

to trip kinetics during retrograde transport can be explained by a significant increase in 

the number of runs in retrograde trips (p<0.05, Figure 31 D). Overexpression of A20V, 

T460N and K455V did not significantly alter the distance, duration or run frequency of 

minus-end trips during retrograde transport (p>0.05, Figure 31 D-F). 

 In conclusion, T25N overexpression significantly improves anterograde plus-end 

and retrograde minus-end trip distance, duration, and run frequency. These results were 

surprising because the inactive form of the first GTPase domain is not dominant in 

mammals (MacAskill et al. 2009). In addition, expression of T25N in a miro null 

background significantly decreased anterograde trip kinetics, which is the opposite effect 

of expressing it with two wild-type copies of Miro. Finally, T25N overexpression 

significantly increased the run frequency in RM minus-end trips even though no Miro 

GTPase mutation affected this run frequency in a miro null background. Therefore, it is 

unlikely that these dominant effects are due to functions of Miro itself. Also, since the 

same OK6-Gal4 driver is used to overexpress T25N or WT Miro, these effects cannot be 

attributed to differences in miro expression levels. Instead, these data suggest that at least 

T25N overexpression interacts with unknown factors to generate dominant effects on AM 

and RM mitochondrial transport. Furthermore, since the only difference between 

expression of T25N in a miro null or WT is two copies of endogenous miro, the unknown 
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factor may be WT-Miro interacting with T25N. 

 

Figure 32: The effects of Miro GTPase mutations on mitochondrial length 

A-B) Mitochondria of larvae expressing wild-normal Miro (Miro OE) or Miro GTPase point 
mutations (T25N OE, A20V OE, T460N OE, K455V OE) in a wild-type miro background were 
imaged with a confocal microscope using mitoGFP fluorescence at a rate of 1 fame sec-1. A) The 
average length of anterogradely or B) retrogradely moving mitochondria. Significant differences 
as determined by 1-way ANOVA are indicated with asterisks (* = p<0.05). 
  
 Overexpression of the Miro GTPase mutations resulted in many dominant 

transport phenotypes, so it was interesting to determine if they also dominantly affected 

mitochondrial morphology. The average length of anterograde mitochondria upon normal 

Miro OE is 1.78 µm (Figure 32 A). In comparison to normal Miro OE, only the 

overexpression of T460N significantly affected mitochondrial length and reduced it to 

1.41 µm (Figure 32 A), resembling endogenous expression of Miro. The remaining 

mutations T25N, A20V and K455V did not significantly alter AM mitochondrial length 

from in comparison to normal Miro OE (Figure 32 A). The average length of retrogradely 

moving mitochondria upon WT Miro OE was 1.31 µm (Figure 32 B). Overexpression of 
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T25N, A20V, T460N or K455V had no significant effects on mitochondrial lengths 

(p>0.05, Figure 32 B). However, T25N overexpression did significantly increase 

retrograde mitochondrial size compared to A20V (p<0.05, Figure 32 B). 

 Once again, overexpression of the Miro GTPase mutations revealed opposing 

effects compared to the expression of the same mutations in a miro null background. 

Expression of T460N in a miro null background generated anterograde mitochondrial 

lengths comparable to Ctrl, but T460N OE significantly decreased mitochondria length 

compared to normal Miro OE. Specifically, T460N appears to behave as a loss of 

function mutation when wild-type Miro is present. Also, expression of T25N in a miro 

null background decreased RM mitochondrial length significantly compared to A20V and 

WT Miro (Figure 19), but upon overexpression it significantly lengthened retrograde 

mitochondria compared to A20V (Figure 32 B). Therefore, the Miro GTPase mutations 

demonstrate dominant effects on antero- and retrograde mitochondrial lengths that 

contradict the effects of the same mutations in a miro null background.  
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5. CHAPTER 5: DISCUSSION OF FINDINGS AND FUTURE DIRECTIONS 
 

5.1 Miro’s active regulation of kinesin 

Several lines of evidence have identified Miro as a critical component of the anterograde 

transport machinery. Miro is a known binding partner of the kinesin adaptor protein 

Milton (Fransson et al. 2006; Glater et al. 2006) and is required for normal mitochondrial 

transport in axons (Guo et al. 2005; Russo et al. 2009). An anterograde transport-

promoting function of Miro has been attributed to the first GTPase domain of Miro after 

it was shown that Miro’s binding of the Milton homologue GRIF-1/TRAK2 in rat 

hippocampal neurons was comparatively disrupted by mutations analogous to A20V 

(active) but not T25N (MacAskill et al. 2009). The results in this thesis oppose these 

previous findings because T25N only permitted normal retrograde transport while A20V 

permitted some normal anterograde transport although with some impairments. 

Contrary to previous findings that examined the colocalization of GRIF-1/TRAK2  

with Miro but not transport per-say (MacAskill et al. 2009), expression of A20V in a 

miro null background resulted in an abnormally high accumulation of mitochondria at 

nerve terminals, suggesting that the active form of the first Miro GTPase domain is 

supportive of antero- but not retrograde transport (Table 4, Figure 18). However, the 

expression of A20V generally impaired the length of kinesin-dependent motions, which 

is technically consistent with the notion that the active state links less kinesin to 

mitochondria (Table 5, Table 6, Table 7).  
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Importantly, the previous studies that analyzed the active and inactive forms of 

the first Miro GTPase domain expressed the mutants in a wild-type miro background 

(MacAskill et al. 2009). The overexpression of A20V and T25N in a wild-type miro in 

this study resulted in often opposing phenotypes compared to the expression of the same 

mutants in a miro null background. Hence, the overexpression studies in this thesis 

correlate well with the previous publication. Overexpression of A20V significantly 

impaired the distance and duration of kinesin-dependent runs during anterograde 

mitochondrial transport (Figure 30), consistent with poor kinesin linkage. Furthermore, 

T25N significantly increased the distance, duration, and frequency of runs in plus-end 

trips of anterograde mitochondria, which can be explained by enhanced kinesin binding 

(Figure 31). It is important to note that T25N did not actually increase kinesin binding 

beyond control Miro in the mammalian study, but T25N overexpression did have 

dominant significant increases in these results. 

In conclusion, Miro GTPase mutant overexpression correlates with previous 

overexpression findings, but expression of the same mutants in a miro null background 

results in nearly opposite phenotypes. This is discussed in more detail later in this thesis 

(page 153). However, it is clear that the first Miro GTPase domain can affect bi-

directional mitochondrial transport in a switch-like manner. 

Normal kinesin-dependent anterograde transport is mostly mediated by the second 

GTPase domain of Miro in a miro null background. The expression of T460N in a miro 

null background permitted normal anterograde flux, net velocity, transport biases and run 

kinetics (Table 5, Table 6, Table 7, Table 8). Contrastingly, the active form of the second 
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GTPase domain, K455V, impaired most aspects of anterograde distribution and motility 

but not to the same extent as a loss of miro (Table 4, Table 5, Table 6, Table 7, Table 8). 

The T460N mutation is shown to be an activator of kinesin-dependent anterograde 

transport due to its significant and specific increase to the number of runs in plus-end 

trips (Figure 25). 

It must be restated that the T460N mutation likely mimics the inactive state of the 

second Miro GTPase domain. Hence, the active state of the second GTPase domain 

(K455V) partially impairs anterograde motility. This is especially interesting because 

although the major question is how Miro up-regulates transport, we find that Miro’s 

selective inhibition of transport may be an important factor. It is attractive to speculate 

that the second GTPase domain can either enhance kinesin-based motility during 

anterograde transport or reduce kinesin-based motility during retrograde transport by 

simply cycling between GDP and GTP. However, it can be immediately concluded that 

both the first and second Miro GTPase domains are required for anterograde transport 

and contribute to motility in different ways. 

5.2 The Miro independent activity of dynein 

My previous analysis of mitochondrial transport in miro null mutants suggested that Miro 

executes the directional program by up-regulating either kinesin or dynein motions 

depending on the net direction of transport. However, unlike for kinesin, the molecular 

link between Miro and dynein remains elusive. The phenotypic analysis of mutations in 

Miro’s GTPase mutations suggests that Miro’s interactions with dynein may be much 

more limited than that with kinesin. 
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The T25N mutation significantly reduced the number of mitochondria in axons 

(Figure 10). Of the remaining axonal mitochondria, there was a  significant increase in 

the number of mitochondria moving retrogradely compared to anterograde, suggesting 

that the inactive state of the first Miro GTPase is part of the directional program for 

retrograde transport (Figure 20 C). This is consistent with the observation that T25N had 

only minimal and mostly insignificant effects on retrograde transport kinetics (Table 5, 

Table 6, Table 7, Table 8). Since neither the active nor inactive state of the first GTPase 

domain generated normal individual retrograde dynein motions, the first GTPase domain 

may require normal nucleotide-cycling activity to generate normal motility. Furthermore, 

since no Miro GTPase or null mutation abolished transport kinetics (the frequency of 

runs in RM minus-end trips and trip duration remained normal; Figure 27), it suggests 

that Miro controls the direction of transport but not the retrograde transport kinetics. 

The possible need of normal nucleotide cycling aside, the major difference 

between Miro’s effects on kinesin- versus dynein-driven motions is the lack of an 

obvious up-regulation of dynein-mediated transport kinetics. The T460N mutation 

resulted in a significantly higher number of runs in anterograde trips during AM transport 

(Figure 25). None of the examined GTPase mutation analyzed in this study significantly 

increased any aspect of retrograde transport compared to control (Table 5, Table 6, Table 

7, Table 8). This includes the number of runs per retrograde trip of retrogradely moving 

mitochondria, which was unaffected by any manipulation of Miro (Figure 27).  

In conclusion, expression of the Miro GTPase domain mutants in a miro null 

background impaired dynein-mediated transport by reducing the distance and duration of 
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runs to varying extents. However, these GTPase domains did not directly affect the 

number of runs dynein can undergo before interruption by kinesin. Therefore, it is 

possible that Miro mediates mitochondrial direction but does not control dynein motor 

movements directly. Instead, dynein “run-control” appears to act through a currently 

unknown intermediate factor. It is likely that this unknown factor lies in a shared pathway 

between Miro and dynein because overexpression of T25N in a miro wild type 

background significantly increases the number of runs in the retrograde trips of RM 

mitochondria (Figure 31).  

 

5.3 Overexpression of mutations in Miro’s GTPase domains suggests the presence of 

GTPase state-specific interacting factors 

Overexpression studies have been used repeatedly to explore the function of Miro in a 

variety of systems. In H9c2 cardiac cells and primary cortical neurons, overexpression of 

Miro or its EF-hand mutants increased mitochondrial motility (Saotome et al. 2008). 

Overexpression of Miro in hippocampal neurons also increased mitochondrial transport, 

likely through interactions with GRIF-1/Kinesin (MacAskill et al. 2009; Macaskill et al. 

2009). However, the results in this thesis and other recent work in Drosophila have 

revealed dominant effects of Miro overexpression (Liu et al. 2012). Furthermore, the 

work in this thesis reveals that overexpression of Miro GTPase mutations is not a reliable 

method of probing Miro function because of the generation of strong gain-of-function 

phenotypes that exist only upon co-expression with wild-type Miro. 
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The expression of GTPase-mutant Miro in wild-type failed to reveal switch-like 

effects on mitochondrial transport as they were present when the same mutant proteins 

were expressed in a miro null background (Table 9, Table 10, Table 11, Table 12). 

Instead, overexpression of GTPase-mutant Miro often universally reduced mitochondrial 

transport, which differed from previous overexpression studies that showed motility gains 

upon wild-type Miro overexpression (MacAskill et al. 2009; Macaskill et al. 2009). For 

example, the overexpression of T460N (as well as T25N, A20V and K455V) decreased 

the run duty cycle bias of anterograde mitochondria (Figure 29), even though T460N 

expression permitted a normal anterograde run duty cycle in a null background (Figure 

23). Hence, overexpression studies do not provide reliable readouts about the function of 

Miro or its mutants because the presence of WT Miro can obscure phenotypes. 

Perhaps more exciting is that expression of GTPase-mutant Miro in a wild-type 

background results in specific gains of function that were not seen when the same point 

mutants were expressed in the absence of normal Miro. The most notable example of this 

behavior is seen with T25N. In brief review, T25N expression in a miro null background 

significantly decreased the distance, duration, and run frequency of kinesin-driven trips 

during anterograde transport and but did not reduce the distance, duration and run 

frequency of dynein-driven trips during retrograde transport (Figure 25, Figure 27). 

However, overexpression of T25N in an endogenous miro background significantly 

increased the trip distance and number of runs of anterograde kinesin-mediated trips; 

furthermore, it significantly increased the distance, duration and number of runs of 

retrograde minus-end trips (Figure 31). 
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The overexpression effects of the T25N mutation are likely not due to non-

specific effects of high Miro expression levels because all measured overexpression lines 

are driven by the same Gal4 driver. Hence, Miro T25N appears to have a different 

function in the presence of wild-type Miro than when Miro T25N is expressed alone. 

Since increasing the global level of normal Miro does not generate the same effects and 

the only difference between overexpression and null-background expression is the 

presence of wild-type Miro, it is possible that Miro naturally forms a multimer with itself 

or some other factor. Alternatively, the presence of Miro with a constitutively inactive 

first GTPase domain may alter the abundance of state-specific interacting proteins in the 

transport complex which leads to these dominant effects on mitochondrial motility. 

 

5.4 Miro’s interactions with fission and fusion machinery 

In addition to Miro’s critical role for mitochondrial transport, it also has conserved 

interactions with proteins that regulate mitochondrial fusion and fission and thereby 

mitochondrial morphology. The Miro yeast homologue Gem1P is required to maintain a 

tubular network of mitochondria, which collapses upon loss of Miro (Frederick et al. 

2004). Consistently, dmiro null mutations significantly reduce the size of mitochondria 

(Figure 11). Furthermore, we showed that overexpression of Miro in Drosophila causes 

an elongation of mitochondria (Figure 11), which was also seen by others (Liu et al. 

2012). This elongation is likely driven by the active state of the contributions of the first 

and second GTPase domains of Miro due to concomitant significant increase in the size 

of stationary mitochondria within axons (Figure 19). Hence, it is clear that Miro 
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modulates the morphology of mitochondria. The mitochondrial fusion protein Mitofusin 

2 is known to interact with the Miro/Milton complex, making it possible that Miro acts 

through Mitofusin 2 to affect morphology (Misko et al. 2010). However, how Miro 

interacts with Mitofusin 2 or other fission/fusion proteins remains unclear. 

Miro modulates the morphology of actively transported mitochondria via its first 

GTPase domain. Expression of the inactive state, T25N, selectively impaired the length 

of antero- and retrogradely moving mitochondria while the active state, A20V, had no 

effect (Figure 19). Neither mutation in the second GTPase domain reduced the length of 

motile mitochondria, suggesting that this is not one of the domain’s functions. It is 

interesting to note that no mutation increased the length of motile mitochondria beyond 

control, raising the possibility that additional factors may regulate the absolute size of 

mitochondria. If this is true, these factor(s) may be regulated by the amount of Miro 

present on a moving mitochondrion since overexpression of WT Miro significantly 

increases length relative to wild-type (Figure 11). 

One alternative is that the increased length of mitochondria may correlate with 

transitioning a motile mitochondrion to a long-term stationary mitochondrion. It is 

important to note that the Miro OE clusters were larger than those found in wild-type, but 

they also possessed lower mitoGFP fluorescence (Figure 5), suggesting that there were 

fewer mitochondria aggregated in these clusters or that these structures housed sickly 

mitochondria. Therefore, it is unclear whether this alternative is a valid explanation for 

the changes to mitochondrial length. 
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Another reasonable alternative is that the actions of the fission/fusion machinery 

correlate with the direction of net mitochondrial transport. For example, retrogradely 

moving mitochondria may undergo additional rounds of fission or become incompetent 

for fusion, explaining why retrograde mitochondria are generally shorter than anterograde 

mitochondria (Figure 11). Consistently, Miro T25N expression strongly impaired 

anterograde transport and resulted in short mitochondria, while A20V expression was 

more permissive of anterograde motion and resulted in normal sized mitochondria. 

Although the first GTPase domain appears primarily responsible for modulating 

the length of motile mitochondria, both GTPase domains have a significant role for the 

modulation of lengths of stationary mitochondria. Expression of the GTPase active 

mutations A20V and K455V in a null background resulted in significant increases in the 

size of mitoGFP positive structures in the axon (Figure 19). While the longest 

mitochondria measured in control animals 8.99 µm, A20V/K455V increased these 

lengths to ~39 µm and ~27 µm, respectively. The inactive mutations, T25N and T460N, 

did not cause any increase: Instead, T25N decreased the size of stationary mitochondria 

while T460N had no effect at all. Hence, both GTPase domains actively increase the size 

of stationary mitochondria, although it remains unclear whether this is due to increased 

fusion or decreased fission. 

Our study reveals a distinct difference between the dependence of stationary and 

motile mitochondria in Miro function. Miro appears to be capable of modulating both 

stationary and motile mitochondrial morphology with its first GTPase domain, but the 

second GTPase domain only modulates the morphology of stationary mitochondria. This 
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suggests that stationary mitochondria may acquire a different population of proteins that 

specifically act on Miro, or perhaps that the fission/fusion activity of Miro’s second 

GTPase domain is inhibited on motile mitochondria.  

One possible way that Miro can have differential control over mitochondrial 

morphology is through interactions with PTEN-induced putative kinase 1 (Pink1). Pink1 

is a mitochondria-targeted Ser/Thr kinase linked to Parkinson’s disease that is known to 

interact with many mitochondrial proteins including Miro and Mfn2 and mark them for 

degredation by Parkin (Clark et al. 2006; Yang et al. 2008; Weihofen et al. 2009; Ziviani 

et al. 2010; Kane et al. 2011; Liu et al. 2012). Mutations that impair Pink1 function can 

lead to excessive fusion (Yang et al. 2008; Weihofen et al. 2009). Conversely, 

overexpression of Pink1 promotes mitochondrial fission (Yang et al. 2008). Pink1 

accumulates on depolarized mitochondria and forms a 700 kDa complex with the 

mitochondrial outer membrane translocase TOM to recruit the E3 ubiquitin ligase Parkin, 

possibly leading to the ubiquitination and degradation of at least the proteins Mitofusin 2 

and Miro and likely many other proteins on the outer mitochondrial membrane (Clark et 

al. 2006; Ziviani et al. 2010; Kane et al. 2011; Wang et al. 2011; Lazarou et al. 2012; Liu 

et al. 2012).  

Therefore, one possible model is that second domain of Miro can prevent Pink1 

accumulation only while on stationary mitochondria, possibly with the help of the Miro 

EF-hands or other factors, leading to an increase in Mitofusin 2 and generating longer 

structures. Alternatively, Miro may activate a kinase that phosphorylates Mfn2. One 

strong candidate for this kinase is the serine/threonine-protein kinase MARK2. MARK2 
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colocalizes with mitochondria and activates human PINK1 via phosphorylation at the site 

Thr-313 (Matenia et al. 2012). MARK2 may also phosphorylate Mfn2, leading to 

changes in mitochondrial morphology. 

 

5.5 A revised model of Miro function 

This study has revealed new insights into Miro’s role for mitochondrial transport. First, 

both GTPase domains are functional, which is consistent with yeast Miro studies 

(Koshiba et al. 2011). Secondly, both GTPase domains are required for mitochondrial 

transport. Thirdly, the GTPase domains regulate mitochondrial transport in a switch-like 

manner. Expression of T25N, the inactive state of the first GTPase domain, is uniquely 

permissive of retrograde transport; the opposing active state, A20V, inhibits retrograde 

transport but facilitates the directional program of anterograde transport and accumulates 

mitochondria in the distal axon (Table 4, Table 5, Table 6, Table 7, Table 8). 

Furthermore, the inactive state of the second GTPase domain, T460N, up-regulates the 

kinesin-dependent trips of anterograde mitochondria while the opposing inactive state, 

K455V, modestly impairs both antero- and retrograde transport. Hence, a GTPase-centric 

model of Miro’s regulation of mitochondrial transport is appropriate (Figure 33). 



160 
 

 

Figure 33: Model of Miro-dependent mitochondrial transport 
A model of the predicted state of Miro’s GTPase domain during A) anterograde or B) 

retrograde transport. The green fill indicates the active state, the red fill corresponds to the 
inactive state, lines with arrows indicate a positive interaction, and lines with bars indicate a 
negative interaction. Dotted lines are possible interactions that are more weakly supported. A) 
During anterograde transport, the active state of the first GTPase domain (G1) generates a bias 
toward kinesin motors and the inactive state of the second GTPase domain increases the average 
number of consecutive kinesin runs. B) During retrograde transport, the inactive first domain is 
permissive of normal retrograde transport and the active form of the second GTPase domain 
decreases kinesin run distance and duration. 

 
 

 The description of the model and its supporting evidence is as follows: during 

anterograde transport, the active state of the first GTPase domain does not impair the 

normal anterograde bias and is therefore a positive regulator of kinesin-dependent 

transport (Figure 23). Simultaneously, the inactive form of the second GTPase domain 

up-regulates the run frequency of anterograde trips (Figure 25). However, the active 

second GTPase domain did not independently generate a normal bias toward plus-end 

runs during anterograde transport. Hence, the active state of the first GTPase domain and 

the inactive state of the second GTPase domain work cooperatively to facilitate normal 

kinesin-mediated motions (Figure 33 A, solid lines). 
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 During retrograde transport, the inactive state of the first GTPase domain 

facilitates normal dynein-mediated transport biases and trip kinetics (Table 5, Table 6, 

Table 7, Table 8). Neither second GTPase mutation appears to up-regulate dynein 

movements, suggesting that it has no direct role in the generation of effective retrograde 

transport (Figure 33 B, solid lines). 

 The foundation of this new model relies on only the AM transport kinetics of 

GTPase mutant expression for the anterograde portion (Figure 33 A, solid lines) and only 

RM transport kinetics for the retrograde portion (Figure 33 B, solid lines). This is because 

the use of observations from the opposing transport direction may be misleading due to 

currently unidentified differences in the mitochondrial directional control program or 

other unknown confounding factors. However, bearing that caveat in mind, effects of the 

GTPase mutations on AM transport can add intriguing information to the retrograde 

transport model, and vice versa (Figure 33, dotted lines). 

 The expression of A20V significantly decreases the trip duty cycle and dynein-

mediated trip kinetics of retrogradely moving mitochondria (Figure 22, Figure 26). This 

can be interpreted as Miro A20V being a negative modifier of dynein-mediated transport, 

which would also aid in the generation of effective anterograde transport (Figure 33 A, 

dotted line). Acting oppositely, T25N expression significantly decreases anterograde 

mitochondrial transport biases and kinesin run kinetics (Figure 22, Figure 23, Figure 24). 

Expression of Miro K455V also significantly decreases AM kinesin run distance/duration 

as well as the frequency of runs in anterograde trips (Figure 24, Figure 25). Hence, both 
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of these GTPase states can be considered to be negative regulators of kinesin movements 

that contribute to effective retrograde transport (Figure 33 B, dotted lines). 

5.6 Concluding remarks 

At the onset of this thesis, Miro was thought to act as an anchor protein that served to 

connect kinesin to mitochondria via its interacting partner Milton. However, the detailed 

analysis of mitochondrial transport upon loss or OE of Miro revealed that it is not a 

simple kinesin anchor but instead is responsible for the execution of both antero- and 

retrograde transport (Russo et al. 2009). Since 2009, many advances have been made 

relating to Miro’s interacting partners, especially PINK1/Parkin and Mfn2 (Yang et al. 

2008; Misko et al. 2010; Poole et al. 2011; Wang et al. 2011; Liu et al. 2012). However, 

the fundamental understanding of how Miro’s GTPase domains contribute to Miro’s 

activity remained elusive. Structure function analysis of Miro’s GTPase and EF-hand 

domains in yeast revealed the necessity of the GTPase domains for mitochondrial 

inheritance (Koshiba et al. 2011), but this does not provide insights into microtubule-

based, long-distance, bi-directional transport.  

The most relevant mammalian study described the function of the first Miro GTPase 

domain via the overexpression of active/inactive state mutants and found interesting 

phenotypes (MacAskill et al. 2009); but, as is shown by the results in this thesis, cannot 

be interpreted properly because of the dominant and often opposing effects seen upon 

overexpression of Miro GTPase mutations. Furthermore, this study failed to address the 

function of the second Miro GTPase domain. Therefore, although many new facts about 
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Miro have been uncovered since 2009, they fail to interconnect. This leaves fundamental 

questions, like how does Miro regulate dynein, unanswered. 

This thesis provides substantial, novel insights into the functions of Miro in relation 

to mitochondrial transport and morphology. The results have led to an updated model for 

Miro function, which is consistent with all data shown herein as well as with previously 

published research. Miro does up-regulate the activities of kinesin or dynein dependent 

on the net direction of transport, but this occurs in a complex manner. Miro does up-

regulate kinesin either directly or through a binding partner, but surprisingly through its 

second GTPase domain. The active form of the first GTPase domain also promotes 

anterograde transport but appears to be a “permissive” state rather than a direct activator. 

Conversely, retrograde transport is up-regulated by the inactive form of the first GTPase 

domain, but Miro appears to generate retrograde transport by inhibiting anterograde 

transport. The failure of T25N and A20V to generate normal dynein run distance or 

duration suggests that normal cycling of the first GTPase domain may be essential for 

normal retrograde transport. In addition, overexpression with T25N reveals that a Miro 

interacting factor (possibly another molecule of Miro) is responsible for the direct 

modulation of dynein activity. 

Like previous studies, this thesis fails to fully explain the mechanism underlying 

Miro’s control over dynein. However, the results provided herein offer novel insights into 

the possible nature of this mechanism, particularly regarding which dynein functions are 

not directly regulated by Miro. Furthermore, this thesis has demonstrated the true 

complexity of Miro’s function on mitochondria.  



164 
 

 

Miro simultaneously activates and inhibits the opposing motors in unexpected ways, 

most notably the up-regulation of kinesin by the second GTPase domain. Miro also 

appears to be able to differentiate between long-term stationary and motile mitochondria 

due to its differentiable effects on morphology. Miro may even be responsible for 

recruiting antero- or retrograde specific protein complexes to facilitate directional 

transport, as evidenced by dominant gains of function upon overexpression of Miro 

GTPase mutations. 

The switch-like effect of each GTPase domain on mitochondrial transport and 

morphology makes these mutations ideal for the further exploration of how Miro 

functions with its interacting partners. For example, the selective up-regulation of the 

number of runs in anterograde kinesin-dependent trips suggests that a T460N-based 

screen will reveal components of the pro-anterograde machinery. Therefore, this thesis 

generated many more questions than it answered, but it also supplied useful tools that can 

be used to explore these new avenues of research.
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APPENDIX A: SUPPLEMENTAL FIGURES FROM RUSSO ET. AL. 2009 
 
 
 

 
Supplemental Figure 34: Frequency distribution of stationary fluorescent mGFP 
signals of control and dmiro null mutants 
 ~40% of mitoGFP signals from dmiro null mutants (red) show a smaller mitoGFP 
intensity than signals from control (blue). Since null mutant mitochondria are on average 
only half the size of control mitochondria, we set a threshold at 65 AFU to distinguish 
stationary individual mitochondria in dmiro nulls from stationary clusters with at least 
two mitochondria.  
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Supplemental Figure 35: Effect of temperature-dependent expression of the dMiro 
transgene on the rescue of mitochondrial flux in dmiro null mutants 
(A-B) Degree of rescue of mitochondrial AM flux (A) and RM flux (B) in comparison to 
control at indicated temperatures. Mitochondrial flux was determined in control and 
homozygous dmiro null mutants upon expression of normal dMiro protein (Rescue) after 
raising animals either at 25°C or 20°C. Asterisks indicate significant differences between 
groups (p<0.05; N>15; Student’s t-test). Error bars represent SEM. 
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Supplemental Figure 36: Run kinetics of mitochondrial transport are not sensitive 
to the gene doses of dMiro 
(A-L) Average plus- ((+)endR) and minus end-directed run ((-)endR) kinetics of AM and 
RM mitochondria from control and heterozygous dmiro null mutants. No 
significant differences were observed (p>0.05; N>10; Student’s t-test). Error bars 
represent SEM
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Supplemental Figure 37: Bias of the worst performing dmiro null mutant 
mitochondria for motions in the programmed direction of transport 
(A-B) Average percentage of time (duty cycle) allocated to plus- and minus-end directed 
runs by the worst performing dmiro mutant AM (A) and RM mitochondria (B), which 
were defined by gaining a net distance of less than 10 µm. This selected group still 
showed a statistically significant bias in allocating time to plus-end directed movements 
during anterograde transport and minus-end directed movements during retrograde 
transport. Asterisks indicate significant differences between groups (p<0.05; N>9; 
Student’s t-test). Error bars represent SEM. 
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Supplemental Figure 38: Dependence of dmiro null mutant plus- and minus-end directed 
mitochondrial movements on the direction of net transport. 
The average distance and duration of plus-end directed runs ((+)endRs) by the worst performing (net 
distance < 10 µm) dmiro mutant AM mitochondria were still significantly longer than the distance and 
duration of plus-end directed runs by RM mitochondria. In addition, the average distance and duration 
of minus-end runs ((-)endRs) by RM mitochondria were still significantly longer than the average 
distance and duration of minus-end runs by AM mitochondria (p<0.01; N>10; Student’s t-test). Error 
bars represent SEM. 
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Supplemental Figure 39: The altered length of mitochondria upon dMiro 
overexpression does not affect mitochondrial transport kinetics 
(A-L) Average plus- ((+)endR) and minus-end directed run ((-)endR) kinetics of AM and 
RM mitochondria from control and animals overexpressing dMiro protein (OE-10). For 
comparison, OE-mutant mitochondria were grouped in normal-sized (<2.4 µm) and 
elongated mitochondria (>2.4 µm). No significant differences were apparent  (p>0.05; 
N>10; one-way ANOVA). Error bars represent SEM. (+)endR: plus-end directed run; (-
)endR: minus-end directed run. 
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Supplemental Figure 40: The ratio of AM/RM net velocity is preserved in dmiro 
mutants 
The ratio of AM/RM net velocity for control, homozygous dmiro null mutants (Null), 
dmiro null mutants upon expression of normal dMiro (Rescue), and overexpression of 
dMiro in an otherwise wild-type background (OE-10). No significant difference were 
observed (p>0.05, N>19, one-way ANOVA). Error bars represent SEM. 
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APPENDIX B: SUPPLEMENTAL TABLES 
 

 Control 
(N=40, n=151) 

Rescue 
(N=20, n=81) 

Null 
(N=31, n=43) 

OE-10 
(N=20, n=70) 

AM Flux (#/min) 8.93 + 0.34 6.39 + 0.39 0.06 + 0.02 4.59 ± 0.34 

RM Flux (#/min): 7.94 + 0.32 2.53 + 0.26 0.16 + 0.04 2.82 ± 0.31 

AM Net-Velocity (μm/min) 11.65 + 0.42 11.70 + 0.63 5.48 + 0.79 9.36 ± 0.53 

RM Net-Velocity (μm/min) 16.78 ± 0.59 17.48 ± 1.55 7.89 ± 1.89 13.78 ± 1.37 

AM Time Spent in AR (%) 63.21 + 1.41 61.26 + 2.62 29.49 + 2.70 57.18 ± 2.31 

AM Time Spent in RR (%) 4.58 + 0.36 3.02 + 0.34 6.01 + 0.76 8.88 ± 1.20 

AM Time Spent ST (%) 31.86 + 1.52 35.72 + 2.66 64.50 + 2.83 33.94 ± 3.24 

RM Time Spent in AR (%) 8.92 ± 0.49 8.58 ± 1.18 6.16 ± 0.84 12.54 ± 1.75 

RM Time Spent in RR (%) 62.54 ± 1.11 60.28 ± 2.41 29.02 ± 4.78 58.36 ± 2.63 

RM Time Spent ST (%) 28.54 ± 1.22 31.13 ± 2.31 64.82 ± 4.98 29.10 ± 3.55 

AM Frequency Stops (#/min) 9.08 + 0.26 9.11 + 0.29 8.55 + 0.54 9.92 ± 0.42 

RM Frequency Stops (#/min) 7.88 ± 0.20 8.61 ± 0.43 6.23 ± 0.43 8.28 ± 0.70 

AM Frequency Reversals (#/min) 4.79 + 0.37 2.91 + 0.31 4.67 + 0.55 7.99 ± 1.00 

RM Frequency Reversals (#/min) 6.85 ± 0.32 5.46 ± 0.58 4.62 ± 0.64 9.64 ± 1.25 

Table 1: Flux, velocities, duty cycles, stops and reversals upon loss and OE of Miro 
Expression of wild-type Miro (Ctrl) or Miro GTPase mutation (T25N, A20V, W1, 
T460N, K455V, W2) in a miro null background. N = # of animals in data set; n = # of 
mitochondria in data set. The number format XX ± XX is the mean value ± standard error 
(S.E.M.). 
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 Control 
(N=40, n=151) 

Rescue 
(N=20, n=81) 

Null 
(N=31, n=43) 

OE-10 
(N=20, n=70) 

AM-AR Trip Velocity (mm/sec) 0.24 + 0.01 0.22 + 0.01 0.15 + 0.01 0.25 ± 0.02 

AM-AR Trip Duration (sec) 30.04 + 2.53 34.93 + 3.07 25.65 + 3.3 16.72 ± 2.03 

AM-AR Trip Distance (mm) 6.94 + 0.54 8.62 + 0.91 3.59 + 0.75 3.42 ± 0.28 

AM-RR Trip Velocity (mm/sec) 0.21 + 0.01 0.16 + 0.01 0.12 + 0.01 0.24 ± 0.02 

AM-RR Trip Duration (sec) 2.19 + 0.16 2.99 + 0.24 8.12 + 2.23 2.19 ± 0.15 

AM-RR Trip Distance (mm) 0.30 + 0.01 0.29 + 0.01 0.29 + 0.02 0.36 ± 0.03 

RM-AR Trip Velocity (mm/sec) 0.20 ± 0.01 0.19 ± 0.01 0.11 ± 0.01 0.25 ± 0.02 

RM-AR Trip Duration (sec) 2.95 ± 0.15 3.28 ± 0.27 7.16 ± 1.27 2.62 ± 0.25 

RM-AR Trip Distance (mm) 0.40 ± 0.01 0.49 ± 0.06 0.34 ± 0.03 0.47 ± 0.03 

RM-RR Trip Velocity (mm/sec) 0.35 ± 0.01 0.35 ± 0.02 0.20 ± 0.03 0.35 ± 0.03 

RM-RR Trip Duration (sec) 16.73 ± 1.10 20.32 ± 2.78 22.72 ± 4.07 12.34 ± 1.36 

RM-RR Trip Distance (mm) 6.49 ± 0.50 7.68 ± 0.96 4.09 ± 1.36 4.30 ± 0.61 

AM Trip %Time AR (%) 91.35 ± 0.60 92.92 ± 0.85 75.29 ± 2.63 85.74 ± 1.20 

AM Trip %Time RR (%) 8.65 ± 0.60 7.08 ± 0.85 24.71 ± 2.63 14.26 ± 1.20 

Table 2: Trip kinetics upon loss and OE of Miro 
Expression of wild-type Miro (Ctrl) or Miro GTPase mutation (T25N, A20V, W1, 
T460N, K455V, W2) in a miro null background. N = # of animals in data set; n = # of 
mitochondria in data set. The number format XX ± XX is the mean value ± standard error 
(S.E.M.). 
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 Control 
(N=40, n=151) 

Rescue 
(N=20, n=81) 

Null 
(N=31, n=43) 

OE-10 
(N=20, n=70) 

AM-AR Velocity (mm/sec) 0.31 + 0.01 0.30 + 0.01 0.27 + 0.01 0.31 ± 0.02 

AM-AR Duration (sec) 4.07 + 0.16 4.25 + 0.24 2.40 + 0.19 3.20 ± 0.20 

AM-AR Distance (mm) 1.44 + 0.09 1.4 + 0.10 0.85 + 0.13 1.10 ± 0.10 

AM-RR Velocity (mm/sec) 0.26 + 0.01 0.24 + 0.01 0.21 + 0.01 0.28 ± 0.01 

AM-RR Duration (sec) 1.11 + 0.02 1.08 + 0.02 1.11 + 0.05 1.15 ± 0.02 

AM-RR Distance (mm) 0.29 + 0.01 0.27 + 0.01 0.25 + 0.01 0.34 ± 0.02 

RM-AR Velocity (mm/sec) 0.27 ± 0.01 0.26 ± 0.01 0.22 ± 0.02 0.30 ± 0.01 

RM-AR Duration (sec) 1.25 ± 0.02 1.35 ± 0.07 1.07 ± 0.06 1.26 ± 0.05 

RM-AR Distance (mm) 0.34 ± 0.01 0.36 ± 0.03 0.25 ± 0.02 0.41 ± 0.04 

RM-RR Velocity (mm/sec) 0.41 ± 0.01 0.43 ± 0.02 0.31 ± 0.02 0.41 ± 0.03 

RM-RR Duration (sec) 5.52 ± 0.25 5.68 ± 0.60 3.27 ± 0.46 3.83 ± 0.31 

RM-RR Distance (mm) 2.74 ± 0.14 2.55 ± 0.29 1.60 ± 0.31 1.96 ± 0.27 

AM Stop Duration (sec) 2.09 ± 0.08 2.30 ± 0.13 5.74 ± 0.77 2.03 ± 0.17 

RM Stop Duration (sec) 2.20 ± 0.08 2.22 ± 0.19 7.74 ± 1.06 2.01 ± 0.19 

Table 3: Run kinetics upon loss and OE of Miro 
Expression of wild-type Miro (Ctrl) or Miro GTPase mutation (T25N, A20V, W1, 
T460N, K455V, W2) in a miro null background. N = # of animals in data set; n = # of 
mitochondria in data set. The number format XX ± XX is the mean value ± standard error 
(S.E.M.). 
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A) Mitochondrial Lengths 
 Ctrl 

N:26, n:- 
T25N 
N:19, n:- 

A20V 
N:15, n:- 

W1 
N:11, n:- 

T460N 
N:9, n:- 

K455V 
N:11, n:- 

W2 
N:-, n:- 

Null 
N:13, n:- 

# Stationary Mitos 
Longer Than 6 μm  0.78±0.36 0.00 3.71±0.87 0.00 0.75±0.41 4.00±0.87 - 0.00 

Maximum Length of 
Mitos >6 μm (μm) 8.99 - 39.39 - 7.82 27.29 - - 

AM Motile Mito 
Length (μm) 

1.73±0.07 0.76±0.07 1.96±0.13 0.94±0.10 2.11±0.08 2.06±0.17 - 0.55±0.07 

RM Motile Mito 
Length (μm) 

1.45±0.08 0.61±0.04 1.56±0.16 0.88±0.11 1.28±0.12 1.25±0.12 - 0.41±0.05 

B) Proximal Axon Mitochondrial Distributions 
 Ctrl 

N:19, n:48 
T25N 

N:20, n:39 
A20V 

N:15, n:42 
W1 

N:15, n:18 
T460N 
N:14, n:69 

K455V 
N:18, n:52 

W2 
N:-, n:- 

Null 
N:-, n:- 

Total Mitochondrial 
Density (#/μm2) 0.19±0.01 0.13±0.02 0.05±0.01 0.05±0.01 0.17±0.02 0.19±0.02 - - 

Stationary Mito 
Density (#/μm2) 0.13±0.01 0.11±0.01 0.05±0.01 0.05±0.01 0.15±0.02 0.13±0.02 - - 

Motile 
Mitochondrial 

Density (#/μm2) 
0.06±0 0.03±0 0±0 0±0 0.03±0 0.06±0.01 - - 

Percent Motile 
Mitochondria (%) 29.35±0.9 19.49±1.48 4.36±2.86 3.05±0.97 15.71±1.45 30.35±1.57 - - 

C) Neuromuscular Junction (NMJ) Distributions 
 Ctrl 

N:22, n:60 
T25N 

N:21, n:69 
A20V 

N:19, n:33 
W1 

N:-, n:- 
T460N 
N:17, n:58 

K455V 
N:19, n:24 

W2 
N:-, n:- 

Null 
N:18, n:60 

Total Bouton 
Area (μm2) 

7.84±0.42 14.79±1.2 5.37±0.3 - 9.41±0.65 9.21±0.66 - 7±0.52 

Total Mito 
Area (μm2) 

2.65±0.18 5.11±0.46 0.02±0.01 - 3.19±0.27 2.81±0.27 - 0.01±0.01 

Total Bouton Area 
with Mitos (%) 32.93±1.21 35.73±1.72 0.1±0.09 - 31.85±1.88 26.39±1.53 - 0.18±0.12 

Terminal Bouton 
Area (μm2) 10.12±0.9 18.01±2.16 7.13±0.63 - 11.49±1.42 13.03±2.34 - 9.23±1.13 

Terminal Mito 
Area (μm2) 

3.91±0.37 7.49±1.03 0±0 - 3.66±0.57 5.58±0.85 - 0±0 

Terminal Bouton 
Area with Mitos (%) 

39.58±1.76 42.25±3.33 0±0 - 32.38±3.25 43.85±2.1 - 0±0 

En-Passant Bouton 
Area (μm2) 7.93±0.53 12.99±1.48 5.07±0.39 - 9.3±1.07 8.53±0.67 - 6.68±0.65 

En-Passant Mito 
Area (μm2) 2.54±0.23 4.2±0.56 0±0 - 3.2±0.44 1.9±0.21 - 0.02±0.01 

En-Passant Bouton 
Area with Mitos (%) 

31.67±1.74 33.81±2.61 0.03±0.03 - 34.25±2.58 20.46±1.58 - 0.13±0.1 

Boutons Containing 
Mitochondria (%) 

100±0 100±0 0.63±0.63 - 95.45±4.55 94.87±2.3 - 2.24±1.33 

Table 4: Length and cellular distribution of GTPase mutant mitochondria 
Expression of wild-type Miro (Ctrl) or Miro GTPase mutation (T25N, A20V, W1, 
T460N, K455V, W2) in a miro null background. N = # of animals in data set; n = # of 
mitochondria in data set. The number format XX ± XX is the mean value ± standard error 
(S.E.M.). 
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A) AM Duty Cycles 

 Ctrl 
N:20, n:79 

T25N 
N:14, n:20 

A20V 
N:15, n:75 

W1 
N:9, n:12 

T460N 
N:14, n:93 

K455V 
N:18, n:70 

W2 
N:13, n:19 

Null 
N:23, n:30 

Flux 
(mitos/min) 

6.22±0.33 0.13±0.03 2.43±0.16 - 5.35±0.45 2.81±0.24 - 0.06±0.01 

Net Velocity 
(μm/min) 14.00±1.33 5.65±1.61 8.27±0.38 0.35±0.13 11.08±0.39 8.82±0.49 1.57±1.28 4.73±0.68 

Stops  
(min-1) 9.57±0.41 7.60±0.99 11.18±0.28 9.58±1.23 9.82±0.20 10.62±0.34 4.80±0.73 9.10±0.51 

Stop 
Duration 

(sec) 
2.26±0.14 6.91±1.77 2.64±0.17 6.04±1.41 2.65±0.14 2.93±0.23 21.17±8.15 4.84±0.52 

Reversals 
(min-1) 3.37±0.53 4.28±0.94 4.62±0.48 9.58±1.6 2.21±0.30 3.55±0.45 3.35±0.63 5.85±1.07 

% Time: 
+End Runs 

61.44±2.41 29.91±6.74 47.72±1.91 15.64±2.41 54.98±2.01 47.33±2.85 8.17±1.64 29.05±3.06 

% Time: -
End Runs 

3.05±0.34 6.97±1.40 5.36±0.58 11.26±1.85 2.56±0.41 4.14±0.51 4.73±0.96 7.35±0.68 

% Time: 
Stops 35.51±2.45 63.12±6.67 46.91±2.14 73.11±4.16 42.46±2.19 48.53±2.83 87.09±2.39 63.59±3.16 

% Time: 
+End Trips 92.71±0.85 70.08±5.20 88.46±0.89 58.09±4.47 94.35±0.79 89.07±1.42 67.54±4.62 73.23±4.27 

%Time: -End 
Trips 

7.286±0.85 29.92±5.20 11.54±0.89 41.91±4.47 5.67±0.79 10.93±1.42 32.46±4.62 26.77±4.27 

B) RM Duty Cycles 
 Ctrl 

N:19, n:48 
T25N 

N:20, n:39 
A20V 

N:15, n:42 
W1 

N:15, n:18 
T460N 
N:14, n:69 

K455V 
N:18, n:52 

W2 
N:16, n:28 

Null 
N:14, n:19 

Flux 
(mitos/min) 

2.92±0.27 0.47±0.09 0.82±0.09 - 2.533±0.22 1.77±0.15 - 0.16±0.04 

Net Velocity 
(μm/min) 20.74±1.46 14.74±1.83 9.10±1.22 6.63±2.05 13.61±0.99 11.35±0.77 1.34±0.88 6.45±1.76 

Stops  
(min-1) 8.51±0.41 7.89±0.47 9.16±0.48 8.86±0.52 9.04±0.40 10.22±0.37 5.15±0.60 6.95±0.61 

Stop 
Duration 

(sec) 
2.23±0.18 2.73±0.35 4.04±0.61 3.49±0.51 2.88±0.22 2.62±0.16 16.24±3.06 6.27±1.12 

Reversals 
(min-1) 5.30±0.59 5.30±0.61 5.39±0.58 9.70±0.75 5.53±0.36 5.32±0.63 3.74±0.68 5.77±0.87 

% Time: 
+End Runs 

8.13±1.15 9.50±1.55 9.23±1.30 12.37±0.99 8.49±0.66 8.16±0.95 4.66±0.85 7.45±1.10 

% Time: -
End Runs 

60.80±2.43 55.25±4.65 39.58±5.01 36.91±6.58 50.46±2.88 49.22±2.36 11.18±2.84 29.57±5.38 

% Time: 
Stops 31.07±2.40 35.25±4.42 51.19±4.43 50.72±6.70 41.05±3.10 42.61±2.19 84.16±2.88 62.98±5.69 

% Time: 
+End Trips 15.69±1.86 19.90±3.21 32.41±5.05 37.33±4.9 20.55±1.33 21.27±2.04 29.14±4.06 24.00±3.80 

%Time: -End 
Trips 

84.31±1.86 80.10±3.21 67.59±5.05 62.67±4.9 79.45±1.33 78.73±2.04 70.86±4.06 76.00±3.80 

Table 5: Duty cycles of Miro GTPase mutant mitochondria 
Expression of wild-type Miro (Ctrl) or Miro GTPase mutation (T25N, A20V, W1, 
T460N, K455V, W2) in a miro null background. N = # of animals in data set; n = # of 
mitochondria in data set. The number format XX ± XX is the mean value ± standard error 
(S.E.M.). 
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A) AM Run Kinetics 

 Ctrl 
N:20, n:80 

T25N 
N:14, n:19 

A20V 
N:15, n:75 

W1 
N:9, n:12 

T460N 
N:14, n:72 

K455V 
N:18, n:70 

W2 
N:13, n:19 

Null 
N:23, n:30 

+End Run 
Distance 

1.53±0.07 0.89±0.23 0.80±0.04 0.28±0.04 1.21±0.06 0.92±0.07 0.64±0.39 0.67±0.07 

+End Run 
Duration 

4.36±0.18 3.00±0.64 2.60±0.09 1.25±0.12 3.60±0.13 2.95±0.17 1.54±0.38 2.22±0.17 

+End Run 
Velocity 

0.31±0.01 0.30±0.03 0.29±0.01 0.2099±0.01 0.30±0.01 0.29±0.01 0.24±0.03 0.26±0.01 

-End Run 
Distance 

0.27±0.01 0.37±0.1 0.31±0.01 0.23±0.01 0.30±0.02 0.27±0.01 0.25±0.01 0.26±0.01 

-End Run 
Duration 

1.05±0.02 1.37±0.21 1.11±0.02 1.07±0.02 1.11±0.03 1.12±0.03 1.11±0.04 1.15±0.03 

-End Run 
Velocity 

0.24±0.01 0.23±0.01 0.27±0.01 0.22±0.01 0.26±0.01 0.23±0.01 0.22±0.01 0.23±0.01 

B) RM Run Kinetics 
 Ctrl 

N:19, n:48 
T25N 

N:20, n:40 
A20V 

N:15, n:42 
W1 

N:15, n:18 
T460N 
N:14, n:69 

K455V 
N:17, n:52 

W2 
N:16, n:28 

Null 
N:14, n:19 

+End Run 
Distance 

0.37±0.03 0.48±0.07 0.31±0.02 0.28±0.02 0.38±0.02 0.41±0.06 0.23±0.01 0.26±0.01 

+End Run 
Duration 

1.35±0.06 1.55±0.12 1.20±0.04 1.14±0.03 1.35±0.04 1.46±0.19 1.06±0.02 1.11±0.03 

+End Run 
Velocity 

0.26±0.01 0.27±0.01 0.25±0.01 0.24±0.01 0.27±0.01 0.28±0.01 0.21±0.01 0.23±0.01 

-End Run 
Distance 

3.71±0.45 2.56±0.40 1.50±0.19 0.95±0.24 2.10±0.18 1.51±0.11 0.55±0.25 1.17±0.23 

-End Run 
Duration 

6.11±0.51 4.99±0.61 3.40±0.32 2.31±0.36 4.27±0.31 3.56±0.20 1.80±0.54 2.64±0.30 

-End Run 
Velocity 

0.49±0.04 0.39±0.02 0.35±0.01 0.30±0.03 0.40±0.01 0.35±0.01 0.23±0.01 0.30±0.01 

Table 6: Run kinetics of GTPase mutant mitochondria 
Expression of wild-type Miro (Ctrl) or Miro GTPase mutation (T25N, A20V, W1, 
T460N, K455V, W2) in a miro null background. N = # of animals in data set; n = # of 
mitochondria in data set. The number format XX ± XX is the mean value ± standard error 
(S.E.M.). 
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A) AM Trip Kinetics 

 Ctrl 
N:20, n:349 

T25N 
N:14, n:115 

A20V 
N:15, n:490 

W1 
N:9, n:194 

T460N 
N:14, n:361 

K455V 
N:18, n:355 

W2 
N:13, n:97 

Null 
N:23, n:227 

+End Trip 
Distance 

8.67±0.96 2.91±0.80 5.31±0.75 0.46±0.07 11.13±0.69 5.45±0.70 0.76±0.29 2.68±0.59 

+End Trip 
Duration 

41.13±5.50 21.12±3.3 30.94±3.64 9.78±2.31 60.67±6.70 33.61±3.43 32.57±9.17 21.30±3.63 

+End Trip 
Velocity 

0.22±0.01 0.18±0.02 0.18±0.01 0.10±0.01 0.19±0.01 0.17±0.01 0.07±0.01 0.14±0.01 

-End Trip 
Distance 

0.28±0.01 0.50±0.10 0.36±0.04 0.30±0.03 0.33±0.04 0.35±0.03 0.35±0.02 0.31±0.02 

-End Trip 
Duration 

2.95±0.25 13.73±4.82 3.09±0.38 8.43±2.58 2.89±0.22 4.01±0.67 16.13±3.62 8.02±3.06 

-End Trip 
Velocity 

0.16±0.01 0.10±0.01 0.19±0.01 0.12±0.02 0.17±0.01 0.15±0.01 0.09±0.01 0.14±0.01 

B) RM Trip Kinetics 
 Ctrl 

N:19, n:273 
T25N 

N:20, n:216 
A20V 

N:15, n:275 
W1 

N:15, n:243 
T460N 

N:14, n:486 
K455V 

N:17, n:312 
W2 

N:16, n:165 
Null 

N:14, n:94 
+End Trip 
Distance 

0.48±0.06 0.60±0.09 0.49±0.04 0.37±0.03 0.49±0.3 0.42±0.03 0.29±0.02 0.34±0.03 

+End Trip 
Duration 

3.28±0.28 4.23±0.64 7.16±1.32 4.98±0.82 4.35±0.64 5.00±0.80 13.43±4.06 5.34±.93 

+End Trip 
Velocity 

0.18±0.01 0.19±0.02 0.14±0.01 0.18±0.02 0.18±0.01 0.16±0.01 0.10±0.01 0.13±0.02 

-End Trip 
Distance 

7.82±0.96 7.85±1.42 6.14±2.01 2.06±0.64 6.18±0.74 6.06±1.24 0.98±0.45 2.14±0.52 

-End Trip 
Duration 

20.68±2.86 20.84±3.10 21.78±4.56 8.38±0.91 21.20±2.84 22.27±3.20 28.82±7.04 22.61±3.20 

-End Trip 
Velocity 

0.36±0.02 0.34±0.03 0.23±0.02 0.24±0.04 0.29±0.03 0.25±0.02 0.08±0.01 0.19±0.03 

Table 7: Trip kinetics of GTPase mutant mitochondria 
Expression of wild-type Miro (Ctrl) or Miro GTPase mutation (T25N, A20V, W1, 
T460N, K455V, W2) in a miro null background. N = # of animals in data set; n = # of 
mitochondria in data set. The number format XX ± XX is the mean value ± standard error 
(S.E.M.). 
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A) AM Trip Distributions 

 Ctrl 
N:20, n:79 

T25N 
N:14, n:20 

A20V 
N:15, n:75 

W1 
N:9, n:12 

T460N 
N:14, n:93 

K455V 
N:18, n:70 

W2 
N:13, n:19 

Null 
N:23, n:30 

+Trip: +End Run 
Freq 

6.71±1.02 2.47±0.24 6.18±0.72 1.72±0.08 10.18±1.29 6.33±0.62 1.94±0.13 3.33±0.38 

+Trip: +End Run 
Dur 26.51±3.25 7.79±1.65 17.45±2.3 2.07±0.2 35.2±2.74 17.99±2.12 2.54±0.34 8.24±1.58 

+Trip: % +End 
Runs 67.74±2.77 51.78±6.39 58.1±2.02 45.96±5.73 59.61±2.14 56.77±2.94 22.96±4 50.77±3.35 

+Trip: Stop Freq 6.92±1.04 2.59±0.36 6.12±0.71 1.62±0.08 10.04±1.26 6.26±0.60 1.76±0.10 3.37±0.38 

+Trip: Stop Dur 14.52±2.77 17.42±5.13 13.72±1.67 7.72±2.34 25.6±4.28 15.78±1.96 31.18±9.14 13.29±2.64 

+Trip: % Stops 32.26±2.77 48.22±6.39 41.9±2.02 54.04±5.73 40.39±2.14 43.23±2.94 77.04±4.0 49.23±3.35 

-Trip: -End Run 
Freq 0.99±0.06 1.42±0.16 0.99±0.04 1.35±0.11 0.90±0.04 1.18±0.05 1.31±0.14 1.11±0.07 

-Trip: -End Run 
Dur 

1.03±0.07 1.85±0.31 1.13±0.06 1.42±0.11 1.02±0.07 1.35±0.08 1.46±0.15 1.28±0.09 

-Trip: % -End 
Runs 

57.67±5.10 36.91±6.60 59.29±3.55 51.83±5.09 55.31±4.88 63.09±3.64 31.01±5.55 52.0±5.73 

-Trip: Stop Freq 0.77±0.07 1.31±0.17 0.91±0.05 1.33±0.11 0.72±0.05 1.07±0.09 1.3±0.14 1.00±0.10 

-Trip: Stop Dur 1.64±0.25 10.98±4.52 1.67±0.32 7.02±2.49 1.4±0.17 2.65±0.6 13.84±3.44 6.52±2.97 

-Trip: % Stops 30.58±3.09 55.95±7.35 29.71±3.35 48.17±5.09 28.31±2.65 35.52±3.66 61.3±7.09 41.11±5.55 

B) RM Trip Distributions 
 Ctrl 

N:19, n:48 
T25N 

N:20, n:39 
A20V 

N:15, n:42 
W1 

N:15, n:18 
T460N 
N:14, n:69 

K455V 
N:18, n:52 

W2 
N:16, n:28 

Null 
N:14, n:19 

+Trip: +End Run 
Freq 

1.25±0.06 1.17±0.06 1.35±0.11 1.27±0.05 1.18±0.06 1.24±0.05 1.1±0.1 1.24±0.13 

+Trip: +End Run 
Dur 1.73±0.18 1.87±0.21 1.7±0.16 1.47±0.06 1.66±0.11 2.1±0.53 1.16±0.11 1.38±0.16 

+Trip: % +End 
Runs 67.5±3.17 67.78±4.94 44.33±3.86 64.98±5.68 59.15±3.98 56.17±3.47 33.28±5.34 50.77±6.35 

+Trip: Stop Freq 1.12±0.09 0.91±0.1 1.28±0.1 1.28±0.12 1.13±0.08 1.15±0.07 1.07±0.11 1.14±0.15 

+Trip: Stop Dur 1.69±0.26 2.27±0.63 5.47±1.32 3.62±0.81 2.61±0.32 3.08±0.42 9.72±2.75 3.69±0.84 

+Trip: % Stops 32.5±3.17 28.88±4.21 47.33±4.05 35.02±5.68 36.57±2.8 43.83±3.47 51.09±5.31 42.56±6.03 

-Trip: -End Run 
Freq 3.02±0.45 2.94±0.33 3.13±0.48 1.85±0.13 3.12±0.26 3.57±0.34 1.94±0.18 2.63±0.75 

-Trip: -End Run 
Dur 

15.02±1.86 14.88±2.67 13.19±3.72 4.79±0.98 13.03±1.48 14.08±2.16 3.26±1.01 4.97±0.77 

-Trip: % -End 
Runs 

72.48±2.46 70.33±3.71 58±3.58 67.89±4.39 65.68±2.94 64.76±1.85 29.89±4.46 47.54±5.39 

-Trip: Stop Freq 3.05±0.47 2.78±0.33 3.02±0.44 1.94±0.17 3.12±0.23 3.86±0.41 1.71±0.13 2.43±0.7 

-Trip: Stop Dur 6.12±1.4 6.15±1.04 8.97±1.95 3.65±0.61 8.28±2.06 8.22±1.14 26.47±7.02 15.17±3.17 

-Trip: % Stops 27.52±2.46 29.67±3.71 42±3.58 32.11±4.39 34.32±2.94 35.24±1.85 70.11±4.46 52.46±5.39 

Table 8: Trip distributions of Miro GTPase mutant mitochondria 
Expression of wild-type Miro (Ctrl) or Miro GTPase mutation (T25N, A20V, W1, 
T460N, K455V, W2) in a miro null background. N = # of animals in data set; n = # of 
mitochondria in data set. The number format XX ± XX is the mean value ± standard error 
(S.E.M.). 
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A) AM Duty Cycles 

 Miro OE 
N:20, n:79 

T25N 
N:14, n:20 

A20V 
N:15, n:75 

W1 
N:9, n:12 

T460N 
N:14, n:93 

K455V 
N:18, n:70 

W2 
N:13, n:19 

Flux (mitos/min) - - - - - - - 

Net Velocity (μm/min) 9.67±0.45 9.36±0.52 7.06±0.5 10.69±0.59 7.82±0.81 8.87±0.8 11.95±0.39 
Stops (min-1) 9.83±0.3 9.71±0.29 10.74±0.28 9.99±0.35 9.96±0.3 10.36±0.41 9.68±0.28 

Stop Duration (sec) 1.88±0.13 3.02±0.24 3.31±0.38 2.43±0.19 3.06±0.27 2.96±0.42 2.25±0.09 
Reversals (min-1) 7.96±0.44 1.94±0.23 3.34±0.33 2.4±0.42 3.82±0.42 3.37±0.41 2.02±0.24 

% Time: +End Runs 59.48±1.67 49.45±2.43 40.44±2.13 57.49±2.23 43.96±2.91 48.63±3.21 62.15±1.62 
% Time: -End Runs 9.24±0.61 1.88±0.23 4.6±0.62 2.52±0.49 5.96±0.98 4.39±0.61 1.98±0.25 

% Time: Stops 31.28±1.63 48.66±2.42 54.95±1.85 39.99±2.12 50.08±2.57 46.97±2.91 35.87±1.6 
% Time: +End Trips 85.59±0.94 94.41±1.15 85.41±2.15 93.52±1.33 84.5±2.36 87.63±2.33 95.56±0.71 
%Time: -End Trips 14.41±0.94 5.59±1.15 14.59±2.15 6.48±1.33 15.5±2.36 12.37±2.33 4.44±0.71 

B) RM Duty Cycles 
 Miro OE 

N:19, n:48 
T25N 

N:20, n:39 
A20V 

N:15, n:42 
W1 

N:15, n:18 
T460N 
N:14, n:69 

K455V 
N:18, n:52 

W2 
N:16, n:28 

Flux (mitos/min) - - - - - - - 

Net Velocity (μm/min) 13.45±1.07 11.02±0.96 9.55±1.3 15.39±1.07 9.12±1.32 12.01±2.16 14.38±0.93 
Stops (min-1) 8.49±0.4 9.39±0.29 9.55±0.5 7.96±0.39 11.09±0.53 10.08±0.52 7.97±0.31 

Stop Duration (sec) 1.7±0.11 2.82±0.2 3.11±0.28 2.68±0.23 2.49±0.17 2.38±0.23 2.93±0.24 
Reversals (min-1) 9.1±0.72 4±0.52 5.05±0.56 4.38±0.38 6.84±0.67 5.31±0.56 3.88±0.29 

% Time: +End Runs 13.96±1.32 5.5±0.83 10.35±1.83 5.54±0.57 12.86±1.66 8.39±1.42 4.81±0.56 
% Time: -End Runs 60.97±2.38 51.39±2.58 41.11±3.24 59.19±2.63 44.82±3.52 49.32±5.11 56.96±1.97 

% Time: Stops 25.07±1.97 43.12±2.51 48.54±3.3 35.27±2.51 42.33±3.07 42.3±4.52 38.23±1.94 
% Time: +End Trips 21.41±1.9 15.14±1.83 26.1±2.81 14.4±1.6 28.43±3.43 21±3.48 13.48±1.59 
%Time: -End Trips 78.59±1.9 84.86±1.83 73.9±2.81 85.6±1.6 71.57±3.43 79±3.48 86.52±1.59 

Table 9: Duty cycles of Miro GTPase mutant overexpression mitochondria 
Expression of wild-type Miro (Ctrl) or Miro GTPase mutation (T25N, A20V, W1, 
T460N, K455V, W2) in a miro null background. N = # of animals in data set; n = # of 
mitochondria in data set. The number format XX ± XX is the mean value ± standard error 
(S.E.M.). 
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A) AM Run Kinetics 

 Miro OE 
N:20, n:80 

T25N 
N:14, n:19 

A20V 
N:15, n:75 

W1 
N:9, n:12 

T460N 
N:14, n:72 

K455V 
N:18, n:70 

W2 
N:13, n:19 

+End Run Distance 1.25±0.09 0.97±0.1 0.73±0.05 1.2±0.11 0.97±0.09 0.94±0.09 1.31±0.08 
+End Run Duration 3.59±0.2 3.27±0.26 2.47±0.12 3.83±0.27 3±0.2 3.01±0.23 4.13±0.2 
+End Run Velocity 0.31±0.01 0.26±0 0.27±0 0.29±0.01 0.29±0.01 0.27±0.01 0.29±0 
-End Run Distance 0.31±0.01 0.21±0.01 0.33±0.03 0.22±0.01 0.38±0.04 0.32±0.04 0.25±0.01 
-End Run Duration 1.17±0.02 1.02±0.01 1.23±0.05 1.07±0.04 1.27±0.07 1.26±0.09 1.03±0.01 
-End Run Velocity 0.26±0.01 0.2±0.01 0.25±0.02 0.21±0.01 0.28±0.02 0.24±0.01 0.24±0.01 

B) RM Run Kinetics 
 Miro OE 

N:19, n:48 
T25N 

N:20, n:40 
A20V 

N:15, n:42 
W1 

N:15, n:18 
T460N 
N:14, n:69 

K455V 
N:17, n:52 

W2 
N:16, n:28 

+End Run Distance 0.41±0.04 0.37±0.03 0.38±0.04 0.32±0.02 0.43±0.03 0.33±0.03 0.31±0.02 
+End Run Duration 1.37±0.09 1.37±0.07 1.42±0.11 1.16±0.03 1.48±0.08 1.23±0.07 1.19±0.04 
+End Run Velocity 0.29±0.01 0.26±0.02 0.25±0.01 0.27±0.01 0.28±0.01 0.26±0.01 0.25±0.01 
-End Run Distance 2.17±0.26 1.52±0.2 1.65±0.24 2.46±0.27 1.35±0.16 1.68±0.28 2.42±0.3 
-End Run Duration 4.71±0.44 3.87±0.37 3.52±0.34 5.15±0.39 3.12±0.27 3.72±0.47 5.16±0.38 
-End Run Velocity 0.38±0.01 0.31±0.01 0.39±0.03 0.39±0.01 0.36±0.01 0.35±0.02 0.37±0.01 

Table 10: Run kinetics of GTPase mutation overexpression mitochondria 
Expression of wild-type Miro (Ctrl) or Miro GTPase mutation (T25N, A20V, W1, 
T460N, K455V, W2) in a miro null background. N = # of animals in data set; n = # of 
mitochondria in data set. The number format XX ± XX is the mean value ± standard error 
(S.E.M.). 
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A) AM Trip Kinetics 

 Miro OE 
N:20, n:349 

T25N 
N:14, n:115 

A20V 
N:15, n:490 

W1 
N:9, n:194 

T460N 
N:14, n:361 

K455V 
N:18, n:355 

W2 
N:13, n:97 

+End Trip Distance 3.95±0.47 8.39±0.95 5.25±0.81 12.13±1.77 5.83±1.07 5.38±0.68 12.56±1.3 
+End Trip Duration 17.11±1.94 55.87±5.04 35.39±3.66 63.57±8.47 32.57±4.45 30.47±3.48 61.89±6.4 
+End Trip Velocity 0.25±0.01 0.16±0.01 0.15±0.01 0.19±0.01 0.17±0.01 0.17±0.01 0.2±0.01 
-End Trip Distance 0.34±0.02 0.22±0.01 0.39±0.04 0.24±0.01 0.52±0.07 0.38±0.05 0.26±0.02 
-End Trip Duration 2.15±0.13 2.91±0.45 4.66±0.56 3.49±0.68 4.58±0.52 4.37±0.99 2.34±0.26 
-End Trip Velocity 0.22±0.01 0.15±0.01 0.16±0.02 0.14±0.01 0.15±0.01 0.16±0.01 0.18±0.02 

B) RM Trip Kinetics 
 Miro OE 

N:19, n:273 
T25N 

N:20, n:216 
A20V 

N:15, n:275 
W1 

N:15, n:243 
T460N 

N:14, n:486 
K455V 

N:17, n:312 
W2 

N:16, n:165 
+End Trip Distance 0.5±0.05 0.44±0.05 0.6±0.08 0.39±0.03 0.63±0.07 0.45±0.07 0.35±0.03 
+End Trip Duration 2.69±0.22 4.7±0.34 6.36±0.68 3.98±0.46 4.87±0.44 4.2±0.61 3.94±0.38 
+End Trip Velocity 0.23±0.01 0.15±0.02 0.11±0.01 0.16±0.01 0.16±0.01 0.15±0.01 0.14±0.01 
-End Trip Distance 5.09±0.82 7.17±1.14 5.05±1.04 8.75±1.42 4.25±1.13 5.31±1.29 8.03±1.06 
-End Trip Duration 13.69±1.88 31.19±4.55 19.32±2.83 25.46±2.77 15.11±3 17.76±2.66 28.26±3.26 
-End Trip Velocity 0.33±0.02 0.22±0.01 0.27±0.03 0.31±0.02 0.26±0.02 0.27±0.03 0.3±0.02 

Table 11: Trip kinetics of GTPase mutation overexpression mitochondria 
Expression of wild-type Miro (Ctrl) or Miro GTPase mutation (T25N, A20V, W1, 
T460N, K455V, W2) in a miro null background. N = # of animals in data set; n = # of 
mitochondria in data set. The number format XX ± XX is the mean value ± standard error 
(S.E.M.). 
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A) AM Trip Distributions 

 Miro OE 
N:20, n:79 

T25N 
N:14, n:20 

A20V 
N:15, n:75 

W1 
N:9, n:12 

T460N 
N:14, n:93 

K455V 
N:18, n:70 

W2 
N:13, n:19 

+Trip: +End Run Freq 3.22±0.4 9.63±1.85 6.81±0.56 10.73±2.15 5.47±0.58 5.43±0.64 10.18±1.48 
+Trip: +End Run Dur 12.3±1.56 28.94±2.9 17.71±2.33 39.09±5.35 18.02±3.02 17.46±2.15 40.43±4.23 
+Trip: % +End Runs 74.17±1.45 54.53±2.51 51.18±1.87 62.89±2.05 52.33±2.52 57.94±2.96 64.2±1.55 

+Trip: Stop Freq 3.37±0.47 9.49±1.77 6.79±0.52 10.67±2.13 5.26±0.57 5.46±0.53 9.75±1.47 
+Trip: Stop Dur 5.19±0.55 26.93±3.03 18.73±2.22 24.48±3.72 14.68±1.78 13.01±1.64 21.6±2.54 
+Trip: % Stops 25.83±1.45 45.47±2.51 48.82±1.87 37.11±2.05 47.67±2.52 42.06±2.96 35.8±1.55 

-Trip: -End Run Freq 1.08±0.02 0.89±0.11 1.02±0.06 0.75±0.14 1.11±0.07 1.13±0.07 0.88±0.07 
-Trip: -End Run Dur 1.26±0.04 0.94±0.07 1.28±0.1 0.84±0.09 1.5±0.17 1.42±0.16 0.9±0.07 
-Trip: % -End Runs 78.38±2.19 60.97±5.24 50.41±3.85 46.85±5.81 50.27±4.44 60.22±5.12 59.43±4.94 

-Trip: Stop Freq 0.93±0.05 0.62±0.12 0.91±0.08 0.71±0.14 1.12±0.06 0.97±0.07 0.68±0.07 
-Trip: Stop Dur 0.87±0.12 1.62±0.4 2.83±0.48 1.75±0.51 2.62±0.41 2.69±0.83 1.03±0.21 
-Trip: % Stops 19.43±1.83 25.08±3.94 37.3±3.46 24.95±4.18 38.61±4 32.89±4.41 22.21±3.19 

B) RM Trip Distributions 
 Miro OE 

N:19, n:48 
T25N 

N:20, n:39 
A20V 

N:15, n:42 
W1 

N:15, n:18 
T460N 
N:14, n:69 

K455V 
N:18, n:52 

W2 
N:16, n:28 

+Trip: +End Run Freq 1.23±0.05 1.09±0.07 1.67±0.16 1.17±0.09 1.37±0.09 1.24±0.11 1.07±0.06 
+Trip: +End Run Dur 1.68±0.13 1.49±0.16 2.31±0.26 1.37±0.09 2.07±0.23 1.6±0.18 1.3±0.07 
+Trip: % +End Runs 77.26±2.71 48.01±3.66 46.39±3.59 56.27±4.15 54.64±4.17 54.45±4.26 54.18±3.07 

+Trip: Stop Freq 1.11±0.1 1.13±0.1 1.84±0.3 1.02±0.13 1.4±0.09 1.15±0.14 1.04±0.07 
+Trip: Stop Dur 0.98±0.16 2.8±0.31 4.05±0.58 2.47±0.42 2.6±0.33 2.47±0.5 2.57±0.37 
+Trip: % Stops 20.61±2.18 42.32±3.4 53.61±3.59 38.73±3.87 41.01±3.83 41.01±3.9 43.49±2.97 

-Trip: -End Run Freq 2.14±0.16 4.45±0.74 3±0.37 3.4±0.28 2.81±0.5 3.12±0.41 4.06±0.68 
-Trip: -End Run Dur 11.01±1.63 18.73±2.77 11.2±2.11 18.34±2.39 9.88±2.44 11.92±2.48 18.8±2.41 
-Trip: % -End Runs 80±1.69 61.15±2.55 60.98±3.42 71.83±2.24 64.86±2.29 65.79±3.92 71.08±1.86 

-Trip: Stop Freq 2.26±0.23 4.24±0.73 2.78±0.37 3.33±0.25 2.75±0.49 3.18±0.44 4.16±0.66 
-Trip: Stop Dur 2.77±0.36 12.46±2.16 8.28±1.33 7.29±0.67 5.27±0.83 6.42±1.05 9.73±1.12 
-Trip: % Stops 20±1.69 38.85±2.55 39.02±3.42 28.17±2.24 35.14±2.29 34.21±3.92 28.92±1.86 

Table 12: Trip distributions of Miro GTPase mutant overexpression mitochondria 
Expression of wild-type Miro (Ctrl) or Miro GTPase mutation (T25N, A20V, W1, 
T460N, K455V, W2) in a miro null background. N = # of animals in data set; n = # of 
mitochondria in data set. The number format XX ± XX is the mean value ± standard error 
(S.E.M.). 
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