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Microtubule-based transport of mitochondria into dendrites and axons is vital for sustaining neuronal function. Transport along microtubules tracks proceeds in a series of plus- and minus-end directed movements that are facilitated by kinesin and dynein motors. How the opposing movements are controlled to achieve effective transport over large distances remains unclear. Previous studies showed that the conserved mitochondrial GTPase Miro is required for mitochondrial transport into axons and dendrites and serves as a Ca2+ sensor that controls mitochondrial mobility. 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 both anterograde and retrograde mitochondrial transport by selectively impairing kinesin- or dyneinmediated movements, depending on the direction of net transport. Net anterogradely transported mitochondria exhibited reduced kinesin- but normal dynein-mediated movements. Net retrogradely transported mitochondria exhibited much shorter dynein-mediated movements while kinesinmediated movements were minimally affected. 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 suggest 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.
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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 and Kovacs, 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 bidirectional 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 and Gross, 2004; Welte, 2004; Hollenbeck and Saxton, 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 and Shaw, 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., 2009a). Miro also binds directly to KIF5 in a Ca2+-dependent manner (MacAskill et al., 2009b). Both binding mechanisms facilitate mitochondrial transport (Glater et al., 2006; Saotome et al., 2008; MacAskill et al., 2009a; MacAskill et al., 2009b; Wang and Schwarz, 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., 2009b; Wang and Schwarz, 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.
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To directly address how Miro facilitates effective mitochondrial transport, we analyzed the kinetics of mitochondrial movements in Drosophila motor axons upon 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.



Materials and Methods Fly Stocks Flies were raised on standard medium with dry yeast at 25°C unless otherwise stated. The strain w1118, P[w+; UAS::mito-GFP] (abr. mitoGFP) expressing 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 [w+, OK6::Gal4], which drives expression in motor neurons and some interneurons of the J Neurosci. Author manuscript; available in PMC 2009 October 29.
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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]) expresses an untagged dMiro cDNA (RM) as described by Guo et. al. (2005). The following genotypes were examined: control: w1118; P[w+, OK6-Gal4]/ +; P[w+, UAS::mGFP]/+. dmiro null: w1118; P[w+, OK6-Gal4]/+; dmiroSD32, P[w+, UAS::mGFP]/ dmiroB682. Rescue: w1118; P[w+, OK6-Gal4]/P[w+. UAS::dMiro-RE]; dmiroSD32, P[w+, UAS::mGFP]/ dmiroB682. Overexpression (strains OE-10 and OE-5): w1118; P[w+, OK6-Gal4]/P[w+. UAS::dMiro]; +/+. OE-5 expresses N-terminally myctagged but otherwise normal dMiro protein. Generation of myc-tagged dMiro transgenes dMiro cDNA (RE) was sequentially PCR-amplified to replace the original ATG start codon with a consensus Kozak sequence followed by a N-terminal myc tag (primer1: 5′ATCTCTGAAGAAGATCTGGGACAGTACACGGCGTCG-3′; primer 2: 5′ATGGAGCAGAAACTCATCTCTGAAGAAGATCTG-3′; primer 3: 5′AATTAATGCGGCCGCACCATGGAGCAGAAACTCATC-3′). The PCR fragment was then sub-cloned into a pCR2.1-TOPO vector. After confirming the DNA sequence by DNA sequencing, the myc-tagged cDNA was subcloned into a pUAST P element vector and transgenic strains containing P were generated as described (Song et al., 2002).
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Immunostainings Dissected third instar larvae were fixed with 3.5% paraformaldehyde for 1 hour at RT, washed twice with PBT (PBS, pH 7.4 containing 0.2% Triton X-100) for 10 min, blocked with PBT containing 1% BSA and 5% normal goat serum (PBTB) for 30 min, incubated with primary antibody in PBTB overnight at 4°C, washed with PBT, incubated with secondary antibody in PBTB for 1-2 hours at RT, and washed three times with PBT for 10 min. Antibodies and their dilutions: mouse-anti-Myc 1:100 (Invitrogen Inc.); goat anti-HRP Cy3-conjugated 1:500 (Jackson Laboratories, West Grove, Pa); rabbit anti-GFP Alexa488-conjugated 1:500 (Molecular probes). Time Lapse Imaging of Mitochondria
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Mitochondria in motor neurons of dissected climbing third larvae were imaged as described previously (Louie et al., 2008). The dissected preparation was submersed in HL-6 solution (containing 7 mM L-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 N.A. 0.9). Larvae were orientated such that the ventral ganglion (VG) appeared on the right of the acquired image and segmental nerves were aligned horizontally across the image. The 488 nm excitation line of the multi-argon laser (Mellet Griot, 150mW) was attenuated to 2-4% of its maximum power, with all other lasers at 0%. Fluorescence emission was monitored through a low-pass optical filter with a cut-off at 510 nM (BA510IF, Olympus). The pinhole was fully opened to allow maximum “focal depth”. Images of 1024 × 280 pixels (58.868 μm × 16.065 μm) were acquired from individual segmental nerves just next to the ventral ganglion. A centered 872 × 278 pixel (50 μm × 16 μm) region of interest (ROI) was photobleached for 180 seconds 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 seconds (zoom factor 2X), and saved as 8-bit multi-tiff files. Time-lapse images were acquired only from one nerve per animal within 30 minutes of dissection.
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Visualization and Analysis of Stationary Mitochondria
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Motile and stationary mitochondria in larval motor axons were visualized by merging two differently pseudo-colored images taken at time 0 (green) and time (red). This labeled stationary mitochondria in yellow and motile mitochondria in red or green. Green signals indicated mitochondria that were present at this position at time 0 but moved away during the indicated time interval. Threshold of movement was a displacement of roughly the size of an individual mitochondrion (2 μm). The density of motile mitochondria (green) and stationary mitochondrial clusters (yellow) was determined by counting the total number of yellow signals and normalizing it to the examined area of the nerve. In dmiro null mutants, individual immobile mitochondria were distinguished from stationary mitochondrial clusters by the intensity of their normalized mitoGFP fluorescence, using a cut-off of 65 AFU (Suppl. Fig. 1). Tracking of Mitochondrial Movements
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Movements of mitochondria into or through the photobleached ROI were tracked by 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/). The displacement of a mitochondrion from one frame to the next was converted from pixels to real distances by calibrating the x-y axes of the analyzed images in MTtrackJ. Up to 12 clearly labeled, motile mitochondria were tracked per animal as long as each remained visible in consecutive frames for no less than 60 frames. In addition, at least 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 Excel-based software as described earlier (Louie et al., 2008). Briefly, x-y tracking coordinates of motile mitochondria were normalized to reduce the influence of movement artifacts. Mitochondrial movement was 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/sec and the end of a run by a minimal displacement of 0.12 μm/sec. After identifying runs and stops, mitochondrial tracks were sorted into two classes: mitochondria showing net anterograde movement (AM) or net retrograde movement (RM). The following motility parameters were calculated: duration, distance, and velocity of plus end-directed and minus end-directed trips and runs, duration and frequency of stops, frequency of reversals in direction, velocity of net transport (total net distance during entire tracking time) and the percentage of time allocated to trips and runs (duty cycles). Statistical Analysis
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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 Prism software (Graphpad Software, Inc., 2007). N and n indicate number of animals and mitochondria, respectively. P values of 
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