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Abstract: 

 Neurons depend on mitochondria to produce ATP, regulate calcium 

signaling/homeostasis, and control apoptosis. Motor proteins of the kinesin and dynein families 

actively transport mitochondria through axons. Miro and Milton are two proteins responsible for 

linking kinesin to mitochondria, and Miro regulates dynein-based transport. Drosophila Miro 

(dMiro) has three isoforms (dMiro-M, -L, and –S). Milton has four: Milton-A, -B, -C, and -D. To 

study the role of the dMiro isoforms, we expressed a transgene of each in a dmiro null 

background, and examined their phenotypic effects on mitochondrial distribution, transport, and 

morphology in motor neuron axons by using live time-lapse imaging of GFP-tagged 

mitochondria. The potential role of the Milton-A isoform was examined by chronically or 

acutely overexpressing (OE) the transgene in motor neurons. We found that Milton-A OE causes 

a massive loss of mitochondria within 20 hours. In dMiro-L and –S rescues, compared to wild-

type, there was decrease the total mitochondrial density, but not the percent of motile 

mitochondria. To determine components of the signaling pathway controlled by Miro-L and -S, 

we performed a genetic screen to isolate dominant suppressor mutations of the lethal 

overexpression phenotypes of dMiro-L and -S. Many suppressor mutations were isolated and 

mapped to specific chromosomes. 
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Introduction:  

 Mitochondria produce ATP in eukaryotic cells by oxidative phosphorylation (OXPHOS) 

and maintain calcium homeostasis, and control apoptotic pathways (Guo et al, 2005). The major 

role of mitochondria is to produce ATP by OXPHOS (Chance and Williams, 1955). The five 

complexes of the electron transport chain of the mitochondrial matrix control the transport of 

electrons from NADH and FADH2 (generated by glycolysis) through a series of redox reactions. 

The energy released by electrons flowing through the electron transport chain is then used to 

transport protons (H
+
) across the inner mitochondrial membrane into the intermembrane space, 

creating a proton gradient and an electrical potential across the inner membrane. Protons can re-

enter the mitochondrial matrix through ATP synthase, which provides the energy for generating 

one ATP molecule for every three incoming protons (Nicholls and Budd, 2000).  

Mitochondria also play a role for many intracellular Ca
2+

 signaling pathways by storing 

Ca
2+

 and maintaining internal Ca
2+

 homeostasis. The organelle can accumulate Ca
2+

 whenever 

the intracellular local Ca
2+

 concentration exceeds a critical point and then release it again as 

needed (Nicholls and Budd, 2000; Werth and Thayer, 1994). Mitochondria also play an 

important part for the generation and control of reactive oxygen species (ROS) and control cell 

death via apoptosis (Nicholls and Budd, 2000). 

 Neurons are unique among cells in that they are polarized and can form long and 

complex protrusions that reach far away from the cell body. Neurons exhibit three functionally 

and structurally distinct regions: the cell body (soma), axon, and dendrites, which branch off to 

form often extensive dendritic arbors. The axon itself can be extremely long. In humans, motor 

axons of the sciatic nerve stretch from the cell body in the spinal cord to the tip of the big toe, a 

distance that can be greater than one meter (Hirokawa et al, 2010; Russo et al, 2009). This 
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polarized cellular structure allows neurons to receive, transmit, and process electrical signals and 

form neural circuits that provide the basis for perception, movement, behavior, and memory.  

Maintaining neuronal function comes with a high metabolic cost, however; the human 

brain makes up 2% of the total body weight, but consumes about 20% of the total energy at rest 

(Attwell and Laughlin, 2001). The energy demands can be further broken down, with 47% going 

towards the generation and transmission of action potentials, 34% to resolving the postsynaptic 

effects of glutamate, 13% to maintaining the resting potential, 3% towards glutamate recycling, 

and the final 3% used for basic cellular functions (Attwell and Laughlin, 2001). Many of these 

neuron-specific processes take place at the distal ends of axons and dendrites, far from the soma 

where most of the cellular machinery is located. Pre- and postsynaptic terminals, active growth 

cones, and nodes of Ranvier all require a large supply of ATP to maintain proper function 

(Sheng and Cai, 2012). Since ATP can’t diffuse over long distances in the cytosol due to the 

many ATP-binding proteins, and because it is not efficient to transport ATP molecules over long 

distances, mitochondria are transported to these distant areas to generate ATP. 

 Mitochondria are transported into axons and dendrites along microtubules (MTs) tracks. 

The mechanism of microtubule-based transport depends on polarity of MTs and their 

organization in the respective cellular compartment. Microtubule protofilaments are formed by 

!- and "-tubulin heterodimers, which aligned head-to-tail to create the polar microtubule 

structure. The two distinct ends known as the plus and minus ends (Desai and Mitchison, 1997). 

Additional tubulin monomers are added to a growing protofilament at the plus end while it is 

degraded from the minus end. In axons of Drosophila melanogaster motor neurons, the plus ends 

of all MTs are oriented towards the axon terminals while the minus ends point towards the soma 

(Burton and Paige, 1981; Heidemann et al, 1981). 
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 There are two types of motor proteins associated with microtubule-based transport: the 

kinesin protein superfamily (KIFs) and dyneins. Kinesin transports cargo towards the plus end of 

the microtubule while dynein moves in the opposite direction, towards the minus end (Hirokawa 

et al, 2010; Martin et al, 1999). Because microtubules are arranged uniformly in the motor axon 

with their plus ends pointing out to the axon terminal, kinesin is the major driving force for all 

anterograde transport towards the axon terminal while dynein is responsible for all retrograde 

transport back to the soma. The kinesin motor proteins that are associated with mitochondrial 

transport are Kinesin-Heavy-Chain (KHC) in D. melanogaster and KIF5A-C in mammals, which 

also use the kinesin proteins KIF1B! and KIF6.  

 Mitochondria undergoing antero- or retrograde transport in axons and elsewhere exhibit 

bidirectional motions (Fig. 1). Mitochondria frequently change direction, pause for short periods, 

or stop to become stationary for a long time (Morris and Hollenbeck, 1993; Hollenbeck and 

Saxton, 2005). In this way, saltatory (meaning that it moves in a step-like manner) mitochondrial 

transport is not different from the transport of most other cargos (Roos and Kelly, 2000). 

Changes in intracellular signaling driving axonal growth and/or activity can switch the 

mitochondrial state from stationary to motile and vice versa (Morris and Hollenbeck, 1993).  

 
Figure 1. Live imaging of mitochondrial transport in a proximal motor axon. GFP-labeled 

mitochondria are pseudo-colored red and can be seen moving in both the anterograde direction, 

towards the NMJ, and in the retrograde direction, towards the cell body. Kinesin mediates MT 

(+) end-driven motions while dynein mediates (-) end-driven motions.  

 

!"# !"##$%&'( 
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 How is the saltatory motion of mitochondria controlled to achieve effective net transport 

in one direction? Since both motors are attached at all times to an individual mitochondrion  

(Gross, 2003), there are two hypotheses concerning the regulation of the opposing motor 

activities. The first is the tug-of-war hypothesis, which proposes that one type of motor 

outcompetes the other. Regulation of such a system would involve controlling the transport bias 

by increasing the pulling force of one motor overpowering the other. This could be achieved by 

altering enzymatic activity, changing the average number of motors bound to the cargo, or 

modulating the amount of force generated by each type of motor (Gross, 2003). 

 Current evidence, however, favors the motor coordination hypothesis: that the motors are 

regulated such that they do not compete against each other. Instead, one motor is turned “off” 

while the other is tuned “on” and engaged with the microtubule track. Regulating the net 

direction would be a matter of keeping one set of motors engaged while the opposing motor is 

not (Gross, 2003; Gross et al, 2002). Experiments have shown that impairing dynein function 

impairs anterograde transport as well as retrograde transport. If the tug-of-war theory were true, 

then it would be expected that the inhibition of one motor protein would increase the activity of 

the other, not impair it as shown (Martin et al, 1999; Russo et al, 2009). Alternatively, if the 

system is regulated such that the engagement of one motor to the microtubule track leads to the 

disengagement of the other, then impairing one motor could negatively affect the ability of the 

other to bind, resulting in the impairment of anterograde transport when dynein is knocked out. 

 Kinesin attaches to mitochondria via adaptor proteins, two of which are the previously 

mentioned proteins Miro and Milton. Miro is a GTPase of the Ras superfamily (Boureux, 2007) 

and is highly conserved among eukaryotes, from yeast (Gem1p) over fruit flies (dMiro) to 

mammals (Miro1 and Miro2; Liu and Hajnóczky, 2009). Miro contains two GTPase domains in 
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the N and C termini, two Ca
2+

-binding EF hand domains, and a transmembrane domain at the C 

terminus, which anchors the C terminal tail of Miro into the outer mitochondrial membrane (Fig. 

2; Fransson et al., 2003; Frederick et al., 2004; Guo et al., 2005; Frederick and Shaw, 2007; 

Russo et al., 2009). Miro’s first GTPase is structurally similar to Rho GTPases  (Fransson et al, 

2006; Russo et al, 2009; Guo et al, 2005). However, Miro’s GTPase domains have been recently 

re-classified as Ras-like domains since they exhibit very little GTP hydrolysis activity on their 

own (Boureux, 2007).   

 
Figure 2. Structure of the dMiro protein, showing the two GTPase domains, the EF-hand 

domains, the variable domain, which changes between splice forms, and the transmembrane 

domain. 

 

 Miro has been shown to regulate both antero- and retrograde transport. In D. 

melanogaster, loss of function mutations of dMiro impair the dominant motor, either kinesin or 

dynein depending on the overall net direction of transport. In particular, loss of Miro greatly 

reduces the distance and duration of motions in the primary direction of transport, as well as 

increases the length of stops between individual motions. This is what would be expected if 

control over how long an attached motor can move along a microtubule track (motor 

processivity) was lost (Russo et al, 2009). This suggests that Miro promotes the processivity of 

the motor responsible for the overall direction of transport. The precise molecular mechanism 

behind this control is not yet well described in published literature (but forthcoming soon from 

Russo et al, to be submitted).  

 Since Miro has two Ca
2+

 binding sites as well as the two GTPase domains, it has been 

hypothesized that Miro is regulated, in part, by Ca
2+

 signaling (Wang and Schwarz, 2009). 



9 

Calcium binding to the Ca
2+

-sensing EF-hand domains of Miro arrests mitochondrial transport 

(Yi et al, 2004; MacAskill et. al., 2009b). Mechanistically, there are two competing models of 

how this is achieved: in the model proposed by MacAskill, mammalian Miro1 directly interacts 

with the motor protein KIF5. This linkage is disrupted by Ca
2+

 binding to Miro1, which would 

effectively stop transport by disconnecting the mitochondria from KIF5 (MacAskill et. al., 

2009b). The alternative model suggests that binding of Ca
2+

 results in a conformational change 

in Miro that allows it to interact directly with the motor domain of kinesin, while remaining 

indirectly bound to kinesin’s N-terminal domain through Milton. If true, this will prevent kinesin 

from interacting with the microtubule track, effectively halting anterograde transport (Wang and 

Schwarz, 2009). 
 

 In D. melanogaster, there are 3 different dMiro protein isoforms that are derived by 

alternative mRNA splicing: dMiro-M, -S, and –L (Fig. 3). The medium length isoform dMiro-M, 

is the only protein isoform that has been extensively studied. Preliminary studies of the short 

dMiro-S (652 amino acids) and long dMiro-L (673 amino acids) isoforms indicate that both 

contribute to mitochondrial transport but also likely have other functions. For example, all three 

splice forms expressed in dmiro null mutants will at least partially restore some defects of the 

null mutants in mitochondrial transport, but dMiro-L and –S expression will not restore viability 

in dmiro null mutants. This indicates that each protein product plays a slightly different role in 

the transport mechanism. 
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Figure 3. A) Gene map of dmiro showing the three different mRNA splice variants. The only 

difference between the three splice forms comes from alternative splicing of the 3’ variable 

domain. The entire variable domain is 63 nucleic acids long. In the long form none of this region 

is spliced out, while in dMiro-M the last 24 nucleic acids are removed and in dMiro-S the entire 

variable domain is spliced out. B) Amino acid sequence of the variable domain from human 

Miro, mouse Miro, and dMiro.  

 

 The adaptor protein Milton contains a coiled-coil domain that binds directly to the C-

terminal of the cargo-binding domain of KHC and KIF5 in mammals (Stowers et al, 2002; 

Brickley et al, 2005). There are two Milton orthologues in mammals, Trak1/OIP106 and 

Trak2/Grif1 (Brickley et al, 2005). All of these proteins have a Huntingtin-associated protein1 

(HAP1) N-terminal (HAPN) homologous domain, which is characteristic of the coiled coil 

domain (Liu and Hajnóczky, 2009). Additionally, Trak1 and 2 associate with mitochondria and 

kinesin, and are all involved in facilitating mitochondrial transport (Brickley et al, 2005). 
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 Milton forms a link between kinesin and Miro, and through this interaction the kinesin 

motor protein is linked to mitochondria (Glater et al, 2006).  In hippocampal neurons, the 

knockdown of Trak1 hindered mitochondria mobility while the knockdown of Trak2 did not 

have any affect. Additionally, both Trak1 and Trak2 rescued mitochondrial transport defects 

induced by Trak1 RNAi-mediated knockdowns, indicating that both Trak1 and Trak2 can 

facilitate mitochondrial movement (Brickley and Stephenson, 2011). It has also been shown that 

Miro recruits Trak2 to the mitochondria. In hippocampal neurons, uncoupling of Trak2 

recruitment to mitochondria by expressing a Trak2/Miro1 binding fragment greatly reduces 

axonal mitochondria transport, suggesting that Trak2/Miro1 interactions are important for 

mitochondria transport (MacAskill et al, 2009a). 

 By linking kinesin and Miro, Milton is a critical link to attach kinesin motors to 

mitochondria. Without Milton, the complex does not form and mitochondria are not transported. 

In photoreceptor axons of Milton mutants, mitochondria are absent but the general structure of 

the axon and their terminals remained intact. Vesicle transport also remained functional (Stowers 

et al, 2002; Górska-Andrzejak et al, 2003).  

 Milton has six mRNA splice forms that create four different protein products (Milton-A, -

B, -C, and -D). Each protein product is functionally distinct, and has a different effect on 

mitochondrial distribution. The six Milton transcripts share exons nine through eleven, but have 

different 5’ ends, which are predicted to result in different N terminal domains in each protein 

product (Glater et al, 2006). Milton-A, -B, and –D all coimmunoprecipitated with KHC, but 

Milton-C does not. Additionally, Milton-C does not recruit KHC to the mitochondria even 

though it contained the KHC association domain common to all the Milton variants (Glater et al, 

2006). Further study of the Milton isoforms may uncover other differences in their functionality.  
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 Miro, and possibly Milton, are also thought to play a role in mitochondrial fission and 

fusion; two events that are necessary for maintaining a functional population of mitochondria in 

the cell (Russo et al, 2009). Mitochondrial fission is the process in which a mitochondrion splits 

into two daughter mitochondria, while a fusion event is when two mitochondria fuse together. 

Cells that lack proteins necessary for fission and fusion (fusion: MFN1, MFN2, and OPA1; 

fission: DRP1 and FIS1) have a reduced respiratory ability (Detmer and Chan, 2007). Fusion and 

fission allows mitochondria to siphon off damaged lipids and proteins sort the damaged 

components into a single “bad” mitochondrion, which is then degraded through autophagy or 

mitochondria specific mitophagy. This results in the removal of damaged lipids and proteins 

from the mitochondrial population (Twig et al, 2008). The phenotypic effects of loss of dMiro 

activity and/or dMiro overexpression on the length of mitochondria suggests that Miro plays a 

modulatory role for mitochondrial fission and fusion (Frederick et al, 2008). In particular, the 

effects of dMiro overexpression on anterogradely moving mitochondria but not retrogradely 

moving mitochondria suggests that dMiro may be involved in a mechanism that coordinates 

mitochondrial fusion/fission with transport (Russo et al, 2009). For Milton, preliminary Milton-A 

overexpression data shows massive mitochondrial degradation in neurons (A. Wellington, 

unpublished), suggesting that Milton is also involved in the mitochondrial life cycle, and may 

possible have a role in mitochondrial fission/fusion and or maintaining mitochondrial health.  

 Other proteins, such as Pten-induced kinase 1 (Pink1), also play a role in regulating 

mitochondrial movement through interactions with Miro. Pink1 is important for mitochondrial 

fusion and fission, quality control, and the function of the electron transport chain. (Liu et al, 

2012). In Drosophila larvae, overexpression of dPink1 (Drosophila Pink1) inhibits both kinesin 

and dynein-mediated mitochondrial transport while knockdown of dPink1 promotes anterograde 
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movement but does not affect retrograde transport (Liu et al, 2012). In HeLa cells, 

overexpression of hPink1 (human Pink1) and hParkin resulted in the ubiquitination and 

degradation of human Miro (Wang et at, 2011; Liu et al, 2012). In Drosophila the overexpression 

of either dPink1 or dParkin was sufficient to reduce dMiro levels in the adult fly brain. The 

knockdown of Miro facilitates the removal of damaged mitochondria via Parkin-mediated 

mitophagy (Liu et al, 2012; Wang et al. 11). It has also been shown that Pink1 associates with 

the Miro/Milton multi-protein complex, and that Pink1 lacking its mitochondrial targeting 

sequence can still localize to mitochondria through its interaction with Miro and Milton 

(Weihofen et al, 2009; Pilsl and Winklhofer, 2012). This suggests that Miro and Milton may 

have a role in mitochondrial health and could potentially trigger mitochondrial degradation 

through mitophagy.  

 While the physical properties of Miro and Milton have been extensively studied, the 

mechanisms behind how they regulate mitochondrial transport are not well understood. A 

genetic screen was conducted to identify novel genes that mediate the badly understood role of 

Miro for fusion and fission and/or the maintenance of mitochondrial health. Since the roles of the 

different protein isoforms of Miro and Milton are not understood at all, I investigated the 

phenotypic effects of expressing the long and short forms of dMiro: dMiro-S and dMiro-L, on 

motile mitochondria. Either dMiro-S or dMiro-L was expressed in a dMiro null background, and 

the number of motile mitochondria was compared to the middle length splice form (dMiro-M), 

which partially restores normal mitochondrial transport (Russo et al. 2009). For Milton, the 

effects of overexpressing Milton-A was investigated. To obtain a better idea of the primary 

phenotypic effect, I used an inducible promoter that responds to mifepristone application to study 

the time frame of mitochondrial degradation in neurons overexpressing Milton-A.  
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Methods: 

Genetic Screen 

 Flies were raised at room temperature. Males from the strains w
1118

; P[w+, UAS-Miro-

RE] (UAS-dMiro-L) or w
1118

; P[w+, UAS-Miro-RD] (UAS-dMiro-S) were exposed to 25mM 

ethyl methanesulfonate (EMS) in 1% sucrose. Males were then crossed to females containing a 

Gal driver (w; p[elav-Gal4]). Progeny of this cross typically die unless the EMS exposure 

created a suppressor mutation. Hence, surviving flies indicate a potential suppressor mutation. 

These were backcrossed with the respective dMiro-S or –L expressing strain to isolate the 

suppressor mutation. The suppressor mutation was then mapped to either the 2
nd

, 3
rd

, 4
th

, or X-

chromosome. Further crosses were made to balance the suppressor on the 2
nd

, 3
rd

, 4
th

, or X-

chromosome. The balancer strains w
1118

;  CyO/In(2LR)Gla, Wg, Bc and w
1118

; CyO, 

P[w+,ActGFP] / In(2)LR noc[4], Sco[rv9r], b[1] were used to balance for suppressors mapped to 

the 2
nd

 chromosome while w
1118

; TM6 Tb, Sb, e / D was used for suppressors on the 3
rd

 

chromosome as outlined in Figure 4. 



15 

 
Figure 4. Overview of the suppressor screen. UAS-VD refers to either UAS-dMiro-L or UAS-

dMiro-S. 
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Imaging mitochondria in motor axons of larvae expressing dMiro splice forms. 

 Fly strains w
-
; OK6-Gal4;  (SD

32
mitoGFP) and Miro strains (w

-
; p[dMiro-

L] (8);  (p[dMiro-L]),  w
-
; p[dMiro-S] (40-1);  (p[dMiro-S]), and w

-
; 

p[dMiro-M] (2D);   (p[dMiro-M])) were kept and raised at room temperature. Crosses 

were raised in an incubator at 25°C. Four to five virgin SD
32

mitoGFP females were crossed to 

three p[dMiro-L], p[dMiro-S], or p[dMiro-M] males. Crosses were kept in an incubator at 25 °C. 

Larvae were selected based on the absence of the tubby phenotype, indicating that the variable 

domain was being expressed in a dMiro-null background. 

 Climbing third in-star larvae were dissected and imaged as previously described by Louie 

et al, 2008. The larvae were submerged and dissected in HL-6 solution with 7 mM L-glutamate 

and 0.6 mM CaCl2 (Louie et al, 2008; Russo et al., 2009). A dorsal incision was made along the 

length of the larvae, and the body cavity was exposed by pinning back the larval body wall. The 

brain, ventral nerve cord (VNC), and nerves were exposed by removing the digestive tissue and 

surrounding viscera.  

 Live images were taken of the exposed segmental nerves near the VNC. The larvae were 

oriented such that the VNC was on the right side of the image with the segmental nerves aligned 

horizontally across the image. Imaging was performed with an upright Olympus microscope 

BX50WI equipped with a confocal laser scanner (FluoView300) and a 60# water-immersion 

objective. The fluorescent tags were excited using a 488 nm excitation line of the multiargon 

laser (Mellet Griot, 150 mW), which was limited to 1-2% of its maximum power, with all other 

lasers turned off. Images of 1024 # 280 pixels (58.868 # 16.065 $M) were taken from the nerves 

next to the VNC. Two hundred images were taken at a rate of 1 frame per second (zoom factor 

! 

SD
32
mitoGFP

TM6Tb

! 

B682

TM6TbSb

! 

B682

TM6TbSb

! 

B682

TM6TbSb
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2#) and saved as 24-bit tiff files. Two time-lapse series were taken from two different nerves in 

each animal within 30 minutes of dissection (Russo et al., 2009). 

Analysis of Mitochondrial Motility: 

 Stationary and motile mitochondria were visualized by merging two differently pseudo-

colored images taken at two time points 120 seconds apart. The first, at t0, was colored green and 

the last, t120, was colored magenta. Merging of the green and magenta images labeled stationary 

mitochondria in white while motile mitochondria remained green or magenta. Green signals 

indicated that the mitochondrion was present in the image at t0 but moved out of frame during 

the subsequent 120 sec of imaging. Magenta signals indicated mitochondrion that moved into the 

image frame the 120 sec of imaging. The threshold for movement was determined to be roughly 

the size of a mitochondrion, about 2 µM (Russo et al, 2009). A one-way ANOVA test was used 

to determine statistically significant differences among genotypes, using a Bonferroni post-test. 

 

Imaging mitochondria in motor axons of larvae acutely overexpressing Milton-A: 

 Flies strains w
-
; 176; mitoGFP (176; mitoGFP) and w

-
; p[Milton A]; + (p[Milton A]) 

were raised at room temperature. 176; mitoGFP females were crossed to p[Milton A] males in an 

“embryo laying chamber”. Embryos were collected on untreated grape plates and allowed to 

develop. At various points in the larvae lifecycle, the larvae were transferred from the untreated 

grape plates to grape plates treated with 25 mg of mifepristone, which interacts the inducible 

promoter to activate transcription. The larvae were left on mifepristone grape plates for various 

time intervals before dissection (20 to 48 hours).  

 Live images were taken of mGFP labeled mitochondria in the VNC, proximal and distal 

segmental nerves, and the neural muscular junctions (NMJs) using a confocal laser microscope 
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using a similar procedure to what is described above. The laser intensity was set to 30% when 

viewing the VNC and to 70% when viewing the proximal axon, distal axon, and NMJs of the 

induced Milton-A OE; compared to 2-3% when viewing the same regions in the wild-type 

control. The increased laser intensity was necessary for imaging the induced Milton-A OE 

because the mitochondria were too dim to be seen at 2-3%. 
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Results: 

Genetic screen to identify mutations that suppress the lethality induced by dMiro-L or -S 

overexpression. 

 A total of 6690 UAS-dMiro-L and 630 UAS-dMiro-S male flies were exposed to EMS 

mutagen and crossed with elav-Gal4 females. A total of 26 possible suppressor mutations were 

identified for dMiro-L OE, and three possible suppressor mutations for dMiro-S OE. Of the 

dMiro-L OE suppressors, 20 have been identified as possible suppressors, two are in the 

mapping process, and four are in the balancing stages of the screen. The three suppressors of 

dMiro-S OE are all in the identification stage (Table 1). Of the mapped dMiro-L suppressors, 

four showed genetic linkage with the third chromosome. So far, none have been mapped to the 

2
nd

 or X-chromosome (Table 2). 

Table 1. Overview of the total number of suppressors identified and the stage of the screen each 

possible suppressor they are in. 

Stage of screen 

Number of strains in each stage 

 

dMiro-L dMiro-S 

EMS mutagenesis and 

identification of a suppressor 

20 3 

Genetic linkage analysis 

 

2 0 

Balancing 

 

4 0 

 

Table 2. Overview of the locations of the mapped suppressor mutations. 

Location of Suppressor 

Mutation 

Strain 

dMiro-L dMiro-S 

2
nd

 chromosome 

 

0 -- 

3
rd

 chromosome 

 

4 -- 

X-chromosome 

 

0 -- 
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Overexpression of dMiro splice forms did not significantly decrease the percentage of motile 

mitochondria. 

 The effects of expressing dMiro-L and –S in a dmiro null mutant genetic background on 

the percentage of motile mitochondria in motor axons were compared to wild-type (mito-GFP # 

w
1118

 (mitoGFP)). Time-lapsed images taken at t0 and t120 were merged. Consequently, 

mitochondria that were present in the image at t=0 and had moved in the subsequent 120 seconds 

of imaging appeared green at their t0 location. Mitochondria that moved into the image or to a 

different location within the image appeared in magenta. White punctae indicated the respective 

mitochondrion remained stationary for 120 seconds (Fig. 5).  

Expression of dMiro-M, -L, or –S significantly reduced the total density of mitochondria 

in motor axons of the imaged segmental nerve in comparison to control (Fig. 6a). However, 

there was no significant difference in the density of mitochondria between the three protein 

isoforms (Fig. 6a). This suggests that either the expression of each individual isoform in dmiro 

null mutants cannot restore the phenotype of dmiro nulls, or that the Ok6-driven expression of 

transgenes may result in higher expression levels than the endogenous Miro gene, which then 

may cause a dominant overexpression effect. The latter view is supported by genetic evidence 

(Russo et al. 2009), and higher than normal expression levels of Ok6-driven dMiro-M expression 

(Babic, unpublished) 

As with the total mitochondrial density axons, expression of dMiro-M, -L, and –S also 

significantly reduced the number of stationary mitochondria in comparison to wild type control 

(Fig. 6b). Again, there was no significant difference among the dMiro isoforms (Fig. 6c). This 

suggests that the reduction of total mitochondrial density in dMiro-M and dMiro-L is the result 
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of a reduction of the stationary mitochondrial density, not motile mitochondrial density, which in 

turn suggests a docking deficiency. 

Interestingly, dMiro-M expression increased the percentage of motile mitochondria, 

although there was no statistically significant difference to control (Fig. 6d). However, both 

dMiro-S and dMiro-M expression decreased the amount of motile mitochondria. Even though 

these decreases were not significantly different to control (likely due to the low N), the reduction 

induced by dMiro-S OE was significantly different to the increased induced by dMiro-M OE 

(Fig. 6d). On a preliminary basis, this suggests that dMiro-M function may oppose the function 

of dMiro-S and –L. 
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Figure 5. Merged images of proximal axons of motor neurons taken at t=0 (green) and t=120 

seconds (magenta). The green signal represents mitochondria that moved away from their 

position at t=0, magenta represents mitochondria that moved either into the image during the 120 

second long imaging period or changed their original t=0 position. White represents 

mitochondria that were stationary for 2 minutes. A-C) Merged images of control (white
1118

) (A), 
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dmiro null mutant larvae expressing dMiro-M (B), dMiro-L (C), or dMiro-S (D) in larval motor 

neurons with a Ok6 driver.  

 

 
Figure 6. A) Average total mitochondrial density in the proximal motor nerve of control 

(white
1118

), dmiro null mutant larvae expressing dMiro-M, dMiro-L, or dMiro-S in larval motor 

neurons with a Ok6 driver. Control animals show a significantly higher mitochondrial density 

than expression of dMiro-M, -L, and –S. B) Average density of stationary mitochondria. C) 

Average density of motile mitochondria. D) Average percentage of motile (versus stationary) 

mitochondria in proximal motor neurons. The percentage of motile mitochondria upon dMiro-S 

expression is significantly less than dMiro-M expression, but there is no significant difference 

between dMiro-M and dMiro-L or dMiro-L and dMiro-S. Statistical differences among 

genotypes are indicated by asterisks (p<0.5, ANOVA with Bonferroni post-test).   

 

Massive mitochondrial degradation is observed after as little as 20 hours of Milton-A OE. 

 Massive mitochondrial degradation in motor neurons was observed in flies 

overexpressing Milton-A in a wild-type genetic background. The number of mitochondria seen 

in the ventral nerve cord (VNC) and neuromuscular junctions (NMJs) of motor neurons was 

greatly reduced in Milton-A OE mutants compared to the wild-type control (Fig. 7). 
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Figure 7. Effects of Milton-A overexpression (OE) on mitochondria. Mitochondria were 

visualized by Ok6-driven co-expression of mitoGFP in the absence (control) or presence of 

Milton-A transgene (OE Milton-A). Dissected larvae were fixed and immonstained for mGFP. 

A-B) Mitochondral distribution in VNC of wild-type control (A) and larve OE Milton-A (B). 

Mitochondria are uniformly distributed to cell bodies, the neuropil containing dendrites and axon 

terminals, and the segmental nerves containing only axons. B) VNC from Milton-A OE, very 

few mitochondria are visible in the neuron. C-D) Mitochondral distribution in NMJ of a wild-

type control (A) and Milton-A OE (B).  Note that Milton-A OE causes a dramatic loss of 

mitochondria in the VNC and the NMJ. 

 

A massive loss of mitochondria was also observed in the motor neuronal axons. In wild-type 

control, mitochondria are found throughout the axon, while in Milton-A OE the axons were 

almost void of mitochondria. The outline of the nerve could be seen when the laser intensity was 

increased to 70% (compared to 2% needed to observe mitochondria in the wild-type control) 

(Fig. 8).  

 

A. Wellington 
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Figure 8. Effects of Milton-A overexpression (OE) on mitochondria in the proximal axon. 

Mitochondria were visualized by induced co-expression of mitoGFP in the absence (control) or 

presence of Milton-A transgene (OE Milton-A). A-B) Mitochondrial distribution in proximal 

axon of wild-type control (A) and Milton-A OE. A-B) Mitochondral distribution in VNC of 

wild-type control (A) and larve OE Milton-A (B). Milton-A OE causes a major loss of 

mitochondria in the axon. 

 

 In the chronic OE system, mitochondrial degradation had already taken place by the time 

the larvae could be imaged. To observe the process of mitochondria degradation, and to 

investigate the time frame and nature for the loss of mitochondria in larvae OEing Milton-A, an 

inducible promoter system was used that becomes activated by the addition of the drug 

mifepristone. Third-instar larvae were transferred from untreated grape juice plates to grape juice 

plates treated with mifepristone, then dissected and imaged after 48 or 20 hours of exposure. 

After 48 hours of exposure, massive degradation was observed in the VNC and NMJ (Fig. 9). A 

few bright mitochondria were seen in the VNC (Fig. 9b) that were not observed in the direct 

Milton-A overexpression. Overall the effects after 48 hours of Milton-A OE were very similar to 

chronic Milton-A OE. The same massive mitochondrial degradation was observed in both. 
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Figure 9. Effects of induced Milton-A overexpression (OE) on mitochondria in the VNC 

and NMJ after 48 hours. Mitochondria were visualized by induced co-expression of mitoGFP 

and Milton-A transgene (Milton-A OE). A) Induced mito-GFP in an otherwise wild-type 

background; it was exposed to mifepriston, the inducer, for 24 hours. B-C) They were exposed to 

the inducer, mifepristone, for 48 hours before being disected and imaged. Mitochondral 

distribution in VNC (B) and NMJ (C) of induced Milton-A OE. There has been massive 

mitochondrial degradation after 48 hours of Milton-A OE. 

 

After 20 hours of acutely overexpressing Milton-A, a massive loss of mitochondria was still 

observed in the VNC, axons, and NMJs (Fig. 10). Unlike for the chronic OE of Milton-A, a few, 

very faintly stained, stationary mitochondria were still seen in axons (Fig. 10c). Similarly to the 

48-hour exposure, bright and presumably healthy mitochondria also appeared in the VNC (Fig. 

10b) and at distal boutons of the NMJ (Fig. 11), suggesting that some of the mitochondria are 

able to escape the lethal effects of Milton-A OE. Overall the effects of 20 hours of Milton-A 

overexpression were similar to both 48 hour exposure and chronic Milton-A OE. 
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Figure 10. Effects of induced Milton-A overexpression (OE) on mitochondria in the VNC 

and NMJ after 20 hours. Mitochondria were visualized by induced co-expression of mitoGFP 

and Milton-A transgene (Milton-A OE). A) Induced mito-GFP in an otherwise wild-type 

background; it was exposed to mifepriston, the inducer, for 24 hours. B-D) They were exposed to 

the inducer, mifepristone, for 20 hours before being disected and imaged. Mitochondral 

distribution in VNC (B), the proximal axon (C), and the VNC (D) of induced Milton-A OE. 

There has been massive mitochondrial degradation after 20 hours of Milton-A OE. 
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Figure 11. Effects of induced Milton-A overexpression (OE) on mitochondria in terminal 

boutons after 20 hours. Mitochondria were visualized by induced co-expression of mitoGFP 

and Milton-A transgene (Milton-A OE). They were exposed to the inducer, mifepristone, for 20 

hours before being disected and imaged. The terminal bountons are seen filled with mGFP. 
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Discussion: 

Suppressor mutations discovered in the Miro variable domain screen: 

 Twenty-six suppressor mutations were identified that counteracted the lethal effects of 

dMiro-L overexpression. Four of the 26 suppressor strains were mapped to the 3
nd

 chromosome. 

For dMiro-S, three possible suppression mutations were identified that counteracted the effects 

of dMiro-S overexpression. Further experiments include balancing these four mutations and 

mapping the other 22 to a chromosome. Next, the suppressor mutations must be mapped to a 

particular region or gene on the chromosome. This would elucidate the identity of other proteins 

involved in the dMiro-L-OE-induced lethal phenotype, and potentially identify GAPs (GTPase 

activating proteins) and or GEFs (Guanine nucleotide exchange factors) that control the activity 

of dMiro. Alternatively, these mutants may identify downstream components of the Miro 

signaling pathway.  

 

Effects of dMiro-L and dMiro-S expression in dmiro null background on mitochondrial motility: 

 The three mRNA splice forms of dMiro were expressed in a dmiro null mutant genetic 

background and compared to wild-type control (white
1118

) animals. When expressed, dMiro-M, -

L, and –S rescues had a significantly reduced total mitochondrial density compared to the wild-

type. Specifically, they had fewer stationary mitochondria, while the motile mitochondrial 

density did not significantly decrease in dMiro-M and –L. Although there was a significant 

reduction in motile mitochondria in dMiro-S compared to wild-type. This indicates that the 

reduction in stationary mitochondrial density results in the reduction of the total mitochondrial 

density, which in turn suggests that there is a docking deficiency.  

Additionally, the only major difference between the protein isoforms was that dMiro-M 

expression increased the percentage of motile mitochondria while dMiro-S and –L expression 
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decreased it. Preliminarily, this suggests that dMiro-M function may oppose the function of 

dMiro-S and dMiro-L. Often there was no significant statistical difference among the genotypes, 

even though they were numerically different. Since the number of examined animals was low, it 

is expected that a greater number of imaged animals may produce statistical significance for 

many of the observed effects.  

 

Effects of Milton-A overexpression on mitochondria morphology: 

 It has been shown that overexpression of Milton-A in an otherwise wild type background 

causes a widespread loss of mitochondria and a cessation of transport. However, there are still 

some intact mitochondria left in NMJs, indicating that mitochondria were actively transported to 

these regions at some point in time. This suggests that transport itself was functional, and the 

lack of mitochondrial transport at later stages of development is a secondary result of widespread 

mitochondrial degradation.  

 The use of an inducible promoter helped to elucidate the time frame for mitochondrial 

degradation. After 20 hours of exposure to mifepristone and overexpression of Milton-A, 

mitochondria have already degraded. This indicates that mitochondria respond quickly to the 

overexpression of Milton-A. Attempts to narrow the time frame even further were not successful. 

The inducible promoter used triggered the expression of both Milton-A and mitochondrially-

targeted GFP (mito-GFP). By the time the mitochondria accumulated sufficient GFP to become 

visible, the toxicity of Milton-A OE had already caused their degradation. For future 

experiments, the expression of mito-GFP could be separated from Milton-A OE so that mito-

GPF is constitutively expressed. 
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