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To address questions about mechanisms of filament-based organelle transport, a system was developed to image and track
mitochondria in an intact Drosophila nervous system. Mutant analyses suggest that the primary motors for mitochondrial
movement in larval motor axons are kinesin-1 (anterograde) and cytoplasmic dynein (retrograde), and interestingly that
kinesin-1 is critical for retrograde transport by dynein. During transport, there was little evidence that force production
by the two opposing motors was competitive, suggesting a mechanism for alternate coordination. Tests of the possible
coordination factor P150S™ <9 suggested that it indeed influenced both motors on axonal mitochondria, but there was no
evidence that its function was critical for the motor coordination mechanism. Observation of organelle-filled axonal
swellings (“organelle jams” or “clogs”) caused by kinesin and dynein mutations showed that mitochondria could move
vigorously within and pass through them, indicating that they were not the simple steric transport blockades suggested
previously. We speculate that axonal swellings may instead reflect sites of autophagocytosis of senescent mitochondria
that are stranded in axons by retrograde transport failure; a protective process aimed at suppressing cell death signals and

neurodegeneration.

INTRODUCTION

Organelle transport is central to the organization, developmen-
tal fate, and functions of asymmetric cells. A bipolar neuron is
an extreme case, with the somato-dendritic region and the axon
containing different sets of proteins and organelles. In general,
much of the machinery for synthesizing and recycling neuro-
nal components is clustered near the nucleus. Because an axon,
often with an axial ratio of many thousands, usually contains
>99% of the neuronal cytoplasm, active transport of new com-
ponents away from the cell body and of spent components and
trophic materials back toward the cell body is critical. Disrup-
tions of axonal transport are thought to contribute to the pa-
thologies of Alzheimer’s, amyotrophic lateral sclerosis, and
other neurodegenerative diseases (reviewed by Mandelkow
and Mandelkow, 2002; Hirokawa and Takemura, 2005).
Long-distance organelle transport in axons is driven by
motor proteins that move along parallel microtubules whose
plus ends are mostly oriented toward the axon terminal
(reviewed by Hollenbeck and Saxton, 2005). There are mul-
tiple types of microtubule motors in postmitotic vertebrate
neurons, including kinesins that can move toward either
plus- or minus-ends and at least one cytoplasmic dynein that
moves toward minus-ends (Martin et al., 1999b; Hirokawa
and Takemura, 2005; Hollenbeck and Saxton, 2005). Which
motors bind and move which axonal components? When
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multiple types of motors bind a single cargo, do they col-
laborate or compete, how are they regulated, and how do
their combined activities generate an optimal distribution of
that type of cargo?

Axonal mitochondria are critical for the physiology of
neurons and are particularly well suited for studying active
transport mechanisms. They are large, readily distinguished
from other organelles, and they engage in long-range move-
ments consistent with microtubule-based transport as well
as short-range movements consistent with actin-based trans-
port (Hollenbeck and Saxton, 2005). It is evident that mitochon-
drial positioning mechanisms are influenced by local energy
requirements. In growing axons, mitochondria actively navi-
gate toward the growth cone where ATP consumption is high,
they accumulate there, and then they disperse when growth
cone activity stops (Morris and Hollenbeck, 1993). It has also
been shown that moving mitochondria preferentially fill in
gaps between anchored mitochondria and that they congregate
at sites along an axon where specific signaling pathways are
activated (Chada and Hollenbeck, 2003; Miller and Sheetz,
2004). This complex and purposeful behavior provides a rich
context for answering questions about motor activities and the
control of those activities by cellular cues.

To begin addressing questions about mitochondrial trans-
port mechanisms, we used an approach that allows digital
tracking of green fluorescent protein (GFP)-loaded mito-
chondria in motor axons of an intact Drosophila nervous
system. Our results suggest a model in which mitochondria
from the cell body are carried anterograde by kinesin-1 with
little interference by dynein, supporting the idea of alternat-
ing coordination of the opposing motors. Anterograde mi-
tochondria then switch to a stationary state, presumably to
satisfy local energy needs. In time, stationary mitochondria
that become metabolically impaired switch from a mainly
stationary to a retrograde state by activating cytoplasmic
dynein to drive movement back toward the cell body (Morris
and Hollenbeck, 1993; Miller and Sheetz, 2004). Surprisingly,
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retrograde transport by dynein requires kinesin-1, which sup-
ports the possibility that kinesin acts as a biochemical or bio-
physical activator of dynein (Martin et al., 1999a; Brendza et al.,
2002; Ligon et al., 2004). We discuss the idea that failed retro-
grade transport of spent mitochondria stimulates axonal auto-
phagy and axonal swellings as a means to suppress cell death
signals and neurodegeneration.

MATERIALS AND METHODS

Molecular Constructs and Fly Transformation

To create a Gal4-responsive mitochondria-targeted GFP transgene, a chimeric
gene encoding the N-terminal 31 amino acids of human cytochrome c oxidase
subunit VIII (cCoxVIII) followed by a gene encoding GFP(S65T) (Rizzuto et al.,
1995) was isolated from mito-GFP(S65T)/pBSK™ by digestion with EcoRI/Xhol.
The N-terminal 25 amino acids of cCoxVIII act as a cleavable presequence for
mitochondrial import (Rizzuto et al., 1989). The chimeric gene was ligated into the
Drosophila transformation vector pUAST, downstream of a GAL4-responsive
promoter to allow tissue-specific control of GFP expression (Brand and Perrimon,
1993). The resulting transposable element, Plw "¢ = UAS-mitoGFP.AP], was
injected into w; e/Sb P[ry™, A2-3] embryos that expressed transposase. Several
independent stably transformed lines were established.

A Glued RNA interference (RNAi) snapback construct was created with a
0.7-kb PCR fragment of Glued from the plasmid RE24170 (Drosophila Genom-
ics Resource Center, Bloomington, IN). The fragment was subcloned into the
3" splice site of the Drosophila RNAi vector pWIZ at the Nhel site (Lee and
Carthew, 2003). A complimentary fragment was subcloned into the 5’ splice
site of pWIZ at the Avrll site. The resulting transposable element containing
Glued inverted repeats (P[pWIZ = UAS-GluedRNAiSnap.AP]) was injected into w;
e embryos with a transposase-expressing helper plasmid.

Drosophila Culture and Genetics

Flies were cultured at 25°C in a 12-h light/dark cycle on standard soft medium
(0.5% agar, 7% molasses, 6% cornmeal, and 0.8% killed yeast) seeded with live
yeast. Descriptions of the mutant alleles and balancers used can be found in
FlyBase (http:/ /flybase.bio.indiana.edu/) and several publications (Saxton et al.,
1991; Gepner et al., 1996; Martin et al., 1999a). Standard meiotic recombination
approaches were used to generate third chromosomes with both a motoneuron
Gal4 driver, P[GawB]D42 (Yeh et al., 1995), and a GFP responder Plw™"C =
UAS-mitoGFP.AP]3. Recombinant chromosomes were balanced over TM6B(Tb
Hu e ca). Standard strain construction approaches were used to generate het-
erozygous Khc mutant flies that carried both driver and responder transgenes
(Khcmtant /Cyo; P{GawB]D42 Plw*™C = UAS-mitoGFP.AP13/P[GawB]D42 Plw*™< =
UAS-mitoGFP.AP]3). To obtain equivalent balanced Dhc64C, G, and P[WIZ =
UAS-GluedRNAi.AP] strains, meiotic recombination was used to generate
flies that carried Dhc64Cm#tant, GIt, or p{WIZ = UAS-GluedRNAi.AP] with
P[GawB]D42 P[w*™¢ = UAS-mitoGFP.AP]3.

Giant Cultured Neurons and Larval Immunostaining

Cells were dissociated from w; P[GawB]D42 Plw*™¢ = UAS-mitoGFP.AP]3
embryos 4 h after fertilization and then cultured on glass coverslips in the
presence of 2 pug/ml cytochalasin. This generated large polyploid cells that
differentiated into muscle and other cell types, including neurons with long
neuritic extensions (Wu ef al., 1990). Because GFP expression was driven by
D42, neurons could be identified by the expression of mitochondrial GFP. Over-
night cultures were incubated for 30 min at 20-23°C in modified Schneider’s
insect medium (Sigma-Aldrich, St. Louis, MO) containing 250 nM MitoTracker
Red CMXRos (Molecular Probes, Eugene, OR). Fixation was done for 15 min in
Schneider’s medium containing 3.7% paraformaldehyde. Coverslips were
washed four times in phosphate-buffered saline and mounted on glass slides
with 90% glycerol.

To localize Khc and Dhc67C in segmental nerves, wandering third instars
were dissected and prepared as described previously (Hurd and Saxton,
1996). The primary antibodies used were mouse monoclonal anti-Drosophila
Dhc64C at 1:100 (Sharp et al., 2000) and affinity-purified rabbit anti-Drosophila
Khc (AKINO1; Cytoskeleton, Denver, CO) at 1:100. Secondary antibodies used
were affinity-purified tetramethylrhodamine B isothiocyanate-conjugated
goat anti-mouse IgG (H+L) at 1:500 and affinity-purified Cy5-conjugated goat
anti-rabbit IgG (H+L) at 1:500 in phosphate-buffered saline/Tween (Jackson
ImmunoResearch Laboratories, West Grove, PA).

Imaging of fixed/stained cells and segmental nerves was done with a
PerkinElmer UltraVIEW LCI Spinning Disk confocal system on a Nikon
Eclipse TE200 microscope equipped with a Nikon 100X Planapo objective
(numerical aperture [NA] 1.40). Images were processed in NIH Image version
1.62b7 (National Institutes of Health, Bethesda, MD) and Adobe Photoshop
version 7.0 (Adobe Systems, Mountain View, CA).
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Time-Lapse Microscopy of Mitochondria

To image mitochondria in live cultured neurites, cells grown on coverslips
were placed over the well of a 2-ml Pyrex depression slide. Fresh Schneider’s
medium was perfused in every few minutes. Cells with GFP-mitochondria
were imaged with an MRC600 laser scanning confocal fluorescence system
(Bio-Rad, Hercules, CA) attached to a Nikon Optiphot microscope equipped
with a Nikon 60X objective (NA 1.40). Images were acquired at a rate of one
frame every 2.2 s for 220 s. Movement of GFP-mitochondria was active for
long periods. However, to minimize physiological variability, data were
collected within 1 h of mounting.

To image mitochondria in live segmental nerves, third instars were dis-
sected quickly (<5min) in Schneider’s medium (Hurd and Saxton, 1996). The
resulting neuromuscular preparations were spread on a glass coverslip with
their internal sides against the glass, mounted over a depression slide with
medium, perfused as described above, and viewed with the MRC600 confocal
at room temperature (~22°C), as described above.

To allow accurate long-range tracking of mitochondrial transport, a 55-um
region of the segmental nerve was photobleached for 15 s with 488-nm light at
full intensity from the MRC600 confocal laser (60X objective, zoom factor 4).
Immediately after photobleaching, images were collected at a rate of 1 frame/s
(zoom factor 2.5) for 300 s. The confocal output was coupled directly to the video
input of an Apple Macintosh Power PC 8500/150 equipped with a Scion AG-5
frame grabber video card. Images were acquired using NIH Image version 1.62b7
software. With frequent perfusion of culture medium, active transport of mito-
chondria in segmental nerves could be maintained for up to 2 h after dissection.
However, to minimize physiological variability, recordings were collected from
specimens only within 20 min of the start of dissection, and only one time-lapse
recording was acquired from each larva. Comparisons of mitochondrial move-
ment in bleached versus unbleached nerves did not reveal significant differences,
suggesting that the photobleaching routine used did not alter mitochondrial
transport.

Organelle Tracking and Data Analysis

To mark the positions of individual GFP-mitochondria, NIH Image version
1.62b7 was used with an object tracking macro based on software designed by
Kurt Anderson and Rob Cross and modified by A. Pilling. To minimize bias
in the selection of GFP-mitochondria for tracking in cultured cell neurites and
motor axons, all clearly imaged mitochondria that moved were analyzed. A
mouse-driven cursor was used to generate position data by marking the
center of a fluorescent mitochondrion in every consecutive confocal frame in
which it was visible. The distance moved between consecutive frames was
converted from pixels to real measurements based on calibration of the x- and
y-axes with a stage micrometer. For the MRC600 confocal used, the x and y
pixel dimensions were 108 and 95 nm, respectively.

To determine the accuracy of the marking system, nerves in a fixed larva
were imaged in time-lapse and the positions of 10 mitochondria were marked
in each frame. Mean displacement between frames, which should reflect
variation in judging the center of each mitochondrion plus stage drift, was
0.017 = 0.065 pm (n = 2990 measurements). A normal distribution calculated
with Z-scores corresponding to 95% of the tracking error distribution (+1 SD)
gave an interval score from 0.11 to 0.14 wm. From this, the probability of an
organelle displacement of 0.1 um (~1 pixel) between consecutive frames
being due to tracking error or stage drift was <2.4%.

To define the direction of motion, mitochondria displacements were mod-
eled as a two state binary system, consisting of plus-end (anterograde) or
minus-end (retrograde) movements in the x-coordinate plane. Before each
recording, the neuroblast or segmental nerve was oriented with its major axis
of displacement along the x-coordinate plane, and cell body to the left.
Anterograde displacements (right) were given a positive designation and
retrograde displacements (left) were given a negative designation.

To describe the transport behavior of GFP-mitochondria in detail and to
compare the effects of mutations on transport parameters, the chronological
records of mitochondrial motility were modeled as a three state system
consisting of plus-end runs, minus-end runs, and pauses, based on periods of
uninterrupted motion for runs or lack of motion for pauses. Because the
minimum measurable position change between consecutive frames was 0.10
pm (1 pixel), only movements with average velocities greater than 0.10 um/s
or less than —0.10 wm/s for at least three consecutive frames were designated
as runs. Periods with average velocities between 0.10 and —0.10 um/s for at
least two consecutive frames were designated as pauses. A run could be
preceded and ended by pauses or by oppositely-directed runs. Subsecond
pauses and runs at low velocities almost certainly occur, so our boundaries
between different states provide an approximation of the true run—pause
behavior of mitochondria; an approximation useful for comparing the effects
of experimental variables, such as genotype. After sorting each mitochondrial
transport record into the three states, transport parameters were calculated:
plus- and minus-end run velocities, run durations, run lengths, and pause
durations. The “duty cycles” of transport represent the percentage of time
mitochondria spent in each of plus-end runs, minus-end runs, and pauses.

To determine whether a single transport variable was significantly different
due to genotype, linear contrast algorithms were developed and used. Be-
cause the variances of run and pause parameters for individual mitochondria
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Figure 1. Fluorescence pattern of mitoGFP expressed by
the D42 driver. (A) A composite image of a fixed third
instar neuromuscular preparation from a larva homozy-
gous for both the D42 Gal4 driver and mitoGFP. GFP
fluorescence was strong in the presumptive optic lobes
and ventral ganglion (VG), segmental nerves (SN), and
neuromuscular junctions (NM]J). In this specimen, the
ventral ganglion is lying on its side with optic lobes pro-
jecting down. Abdominal segments A2 and A6 are indi-

Axonal Transport of Mitochondria
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single segmental nerve passing through segment A4. Sin-
gle axonal mitochondria usually were elongated (arrow)
but some were small and spherical. Anterior is to the left
in this, and all subsequent figures.

were small, to avoid repeated measures, motility parameters for different runs
and pauses were aggregated for each mitochondrion. Because the variances
for those aggregate parameters were large between mitochondria of an indi-
vidual larva, motility parameters were not aggregated for mitochondria
within a larva. Instead, the means for the individual mitochondria for each
larva within a mutant genotype were compared with those of wild-type.
Linear contrast analysis, using this genotype-by-larva approach, prevented
larvae with large variances or sample sizes from contributing disproportion-
ately to a single genotype mean. This also ensured smaller degrees of free-
dom, resulting in more stringent statistical contrasts. Motility parameters
showing a genotype-by-larva contrast significance of <0.05 were accepted as
significantly different. Equal variances were not assumed. Graphing, model-
ing, and statistical analysis of organelle tracking data were done using SPSS
Base 10.0 (SPSS, Chicago, IL) and Microsoft Excel (Microsoft, Redmond, WA).

Fractionation of Mitochondria and Western Blotting

To fractionate Drosophila tissues, 1 g of adult P[GawB]D42 Plw*™¢ = UAS-
mitoGFP.AP]3 flies was collected and homogenized using a mortar and pestle
in 10 ml of homogenization buffer (250 mM sucrose, 20 mM HEPES, 100 mM
K-acetate, 40 mM KCl, 5 mM EGTA, 5 mM MgCl,, 2 mM MgATP, pH 7.4 with
KOH, and one tablet of Complete protease inhibitors [Roche Diagnostics,
Indianapolis, IN]). Crude homogenate was centrifuged at low speed for 3 min
at 4°C in a benchtop centrifuge (550 X g) to pellet debris and nuclei. Super-
natant was collected and centrifuged for 5 min at 4°C (5500 X g) to pellet
intact mitochondria. That “P2” pellet was gently resuspended in the original
volume of homogenization buffer. To separate mitochondria from other or-
ganelles, 1 ml of resuspended P2 was loaded on a 10-ml sucrose step gradient
(1, 1.25, 1.50, 1.75, and 2.00 M) in mitochondria homogenization buffer (250
mM sucrose, 25 mM HEPES, 1 mM EDTA, and 2 mM MgCl,, pH 7.2 with
KOH) without protease inhibitors and then centrifuged at 55,000 X g for 3 h
at 4°C in a swinging bucket rotor. Fractions (1 ml) were collected from the top
of the gradient and stored at —80°C until use.

To identify proteins that cofractionated with mitochondria, gradient frac-
tions were subjected to SDS-PAGE and Western blotting. After blocking in
Tris-buffered saline/Tween 20 with 3% nonfat dry milk, blots were incubated
with the following primary antibodies diluted in blocking solution: mouse
anti-GFP (1:1000) (Clonetech), mouse anti-cytochrome ¢ (1:500) (BD Bio-
sciences PharMingen, San Jose, CA), rabbit anti-Drosophila Khc (1:500) (Cy-
toskeleton), rat anti-p50/Dynamitin (1:200) (Duncan and Warrior, 2002),
mouse anti-Drosophila Dhc64C (1:100) (Sharp et al., 2000), and rabbit anti-
p150€Mued (1:2000) (Fan and Ready, 1997). Blots were washed in blocking
solution and then incubated with the following secondary antibodies: horse-
radish peroxidase (HRP)-conjugated goat anti-rat IgG (1:10,000), HRP-conju-
gated goat anti-rabbit IgG (1:10.000), and HRP-conjugated goat anti-mouse
IgG (1:10,000) (Jackson ImmunoResearch Laboratories) diluted in blocking
solution. Secondary antibody localizations were detected using chemilumi-
nescence (Bio-Rad).
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RESULTS

Targeting GFP to Mitochondria in Drosophila
Motoneurons

To make mitochondria visible in the axons of an intact nervous
system, Drosophila were transformed with Plw*™" = UAS-
mitoGFP.AP] (abbreviated as mitoGFP below), a fusion gene
with a GAL4-responsive promoter and a mitochondrial import
sequence fused to Green Fluorescent Protein(S65T) (Brand and
Perrimon, 1993; Rizzuto et al., 1995). To drive mitoGFP expres-
sion in motoneurons, transgenic flies were crossed to mates
carrying a tissue-specific Gal4 driver (Yeh et al., 1995),
P[GawB]D42 (abbreviated as D42). Progeny with both the
D42 driver and the mitoGFP responder showed fluorescence
in neuronal tissues from late embryogenesis through adult-
hood. In dissected larvae, the pattern of GFP was consistent
with expression in motoneurons and some other cells of the
central nervous system (Figure 1A). At higher magnification,
GFP in segmental nerves was seen concentrated in struc-
tures with the elongated appearance of mitochondria (Fig-
ure 1B).

To determine whether those structures were indeed mito-
chondria, the pattern of GFP was compared with that of
MitoTracker Red. The abundance of mitochondria in larval
glial cells and muscles made it difficult to distinguish indi-
vidual MitoTracker-stained axonal mitochondria. To obtain
clearer views, cells dissociated from homozygous D42 mitoGFP
embryos were cultured, fixed, and stained. GFP fluorescence
was restricted to a subset of cells, including many with long
neuritic extensions. In those cells, the patterns of GFP and
MitoTracker Red were indistinguishable (Supplemental Figure
s1), confirming that the mitoGFP fusion protein was targeted to
mitochondria.

To determine whether GFP-loaded mitochondria move,
neurites of cultured neurons were imaged by time-lapse
confocal microscopy (Supplemental Video 1). Some mito-
chondria seemed stationary, others displayed short saltatory
movements with little net displacement, and some moved
vigorously. The long-range movement consisted of resolute
unidirectional runs separated by pauses. Most of those long-
range mitochondria exhibited a directional bias. Runs in the
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Figure 2. Transport of GFP-mitochondria in wild-type motor ax-
ons. A series of confocal images from a time-lapse movie of mi-
toGFP in motor axons of a segmental nerve in a dissected third
instar (see Supplemental Video 2). The central ~50-um region was
photobleached and then imaged at the times indicated (seconds).
Anterograde (Ant.) and retrograde (Ret.) directions are indicated by
arrows. Stationary mitochondria (s) are evident outside the bleached
zone. Anterograde mitochondria (a) entered the bleached zone from
the left boundary and retrograde mitochondria (r) entered from the
right.

primary direction of travel were more frequent than runs in
the opposite direction. However, this directional bias was
not absolute in cultured cells, i.e., conversions in primary
direction were observed. The net velocity of anterograde
mitochondria was 0.28 = 0.22 um/s (n = 200 tracking
points, 11 mitochondria) with a peak of 0.75 um/s. The net
velocity of retrograde mitochondria was 0.19 £ 0.32 um/s
(n = 447 tracking points, 11 mitochondria) with a peak of
1.51 um/s. Those values are consistent with transport by
microtubule motors; however, the retrograde mean was
lower than expected from prior studies of axonal mitochon-
dria (Morris and Hollenbeck, 1993). This raised doubts about
whether neurites of cultured embryonic neurons, which lack
regular synaptic partners and glial support cells, have nor-
mal axonlike transport physiology.

Mitochondrial Transport in True Motor Axons

To investigate transport in an intact nervous system, GFP-
mitochondria were observed by time-lapse microscopy in the
motor axons of larval segmental nerves, which are compound,
containing 60—-80 axons (Hurd and Saxton, 1996). To highlight
mitochondria undergoing transport, a photobleaching ap-
proach was used. After locating a nerve, a 55-um-long seg-
ment was photobleached, and then the movement of fluo-
rescent mitochondria entering the bleached zone was
recorded at 1 frame/s for 300 s (Figure 2 and Supplemental
Video 2). Some mitochondria remained in view across the
entire bleached zone. Others left or entered the confocal
optical section at various points. Based on the number of
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different transport paths seen, an optical section of a nerve
included five to 15 motor axons.

The directional imprinting for individual mitochondria in
larval motor axons was strong, i.e., conversions in primary
transport direction were never seen (104 mitochondria, 220
min of total tracking time). This allowed classification of
organelles that entered the bleached zone from the cell body
side (left side in all figures) as anterograde and those that
entered from the terminal side as retrograde. The apparent
absolute directional bias of individual mitochondria and the
distinctive high velocity of their retrograde runs (see below)
suggest that mitochondrial transport physiology in the ax-
ons of an intact nervous system is indeed different from that
in the neurites of cultured cells. Assuming that transport in
true axons better reflects normal mechanisms, further exper-
imentation was focused on larval nerves.

Anterograde Transport Bias in Motor Axons

To estimate the proportions of stationary, anterograde, and
retrograde mitochondria in axons, counts were made in four
identical rectangles 60 s after photobleaching; two on either
side of the anterior bleach zone boundary and two on either
side of the posterior bleach zone boundary. By comparing
organelle numbers in a bleached rectangle (moving mito-
chondria) and its neighboring unbleached rectangle (mov-
ing plus stationary mitochondria), it was determined that
57% of mitochondria were stationary, 29% moved antero-
grade, and 14% moved retrograde (n = 11 nerves, 11 larvae).
The twofold anterograde bias was reexamined by flux mea-
surement; counts of the number of mitochondria entering
the bleach zone per minute. Anterograde flux ranged from
2.0 to 6.8 mitochondria/min, and retrograde flux ranged
from 1.6 to 3.8/min. Comparison of means showed a 1.4-
fold anterograde bias that was significant (p < 0.048). The
discrepancy between the two approaches reflects the fact
that flux is determined by both the number of moving
organelles and their net velocities. The number of retrograde
mitochondria was approximately one-half that of antero-
grade, but retrograde net velocities were ~50% higher.

Three possibilities for the anterograde flux bias were con-
sidered. First, mitochondria might fuse in the distal axon
such that retrograde mitochondria were fewer but larger.
One apparent fusion event was observed in cultured cell
neurites, but neither fusion nor fission was seen in larval
axons. Furthermore, mean organelle length for anterograde
versus retrograde mitochondria in axons was not different
(anterograde = 0.91 = 0.52 um, n = 52; retrograde = 1.08 *
0.78 um, n = 52; p > 0.05). Second, axonal mitochondria
might be engulfed by autophagocytosis and degraded in lyso-
somes, before or during retrograde transport (Hollenbeck,
1993; Nixon and Cataldo, 1995; Tolkovsky et al., 2002). How-
ever, large autophagocytic and lysosomal organelles are rare in
wild-type larval axons (Gho et al.,, 1992; Hurd and Saxton,
1996). A more likely explanation for the anterograde transport
bias is physiological demand (Morris and Hollenbeck, 1993;
Ruthel and Hollenbeck, 2003; Chada and Hollenbeck, 2004).
During the 4-d period of larval development, axons and ter-
minals must grow substantially to keep pace with a 25-fold
increase in larval volume.

Quantification of Mitochondrial Transport Parameters

To address questions about transport mechanism in more
detail, individual mitochondria were tracked over time and
their behavior was parsed into runs and pauses (Figure 3
and Table 1). Runs in the primary direction of travel are
termed “forward,” and runs in the opposite direction are
termed “reverse.” Transport behavior was dominated by
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A. Anterograde mitochondria

Axonal Transport of Mitochondria

B. Retrograde mitochondria
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Figure 3. Comparison of transport parameters for an- Time (s) Time (s)
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positions of 10 randomly selected anterograde and retro- 20
grade mitochondria from nerves in five different wild-
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W Anterograde
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type larvae were plotted as a function of time. The starting 1]
position for each mitochondrion is arbitrary, selected to § 81
allow a clear view of each trace. Transport in both direc- =
tions consisted of forward runs separated by pauses, short g ¥
reverse runs, or both. Note the steeper but less regular 4
slopes of the retrograde class of organelles. (C and D) The

frequency distributions of forward run lengths (bins, 0.25 2
pum) and velocities (bins, 0.05 um/s) for anterograde and
retrograde mitochondria are shown. Note the clear bias of
the anterograde class toward shorter, slower runs.

forward runs and pauses with relatively little time spent in
reverse runs. Anterograde mitochondria spent <1% of their
time in reverse runs, whereas retrograde mitochondria spent
4% of their time in reverse runs, producing more irregular
transport tracks (compare Figure 3, A and B). Mean forward
run velocity for the anterograde class was 0.26 = 0.10 um/s.
Retrograde class forward run velocity was almost twofold
higher (045 = 0.11 wm/s). It was notable that although
forward and reverse runs were often separated by pauses,
rapid direction switching did occur, consistent with the idea
that individual organelles can simultaneously bind both
plus-end and minus-end motors (Hollenbeck, 1996; Welte et
al., 1998; Kural et al., 2005).

The range of individual forward run velocities within a
class was broad (anterograde, 0.1-1.79 um/s; retrograde,
0.1-2.86 um/s), suggesting that multiple motor types with
different intrinsic velocities might contribute to the transport
mechanisms. Candidate retrograde motors in Drosophila in-
clude cytoplasmic dynein and Ncd, a kinesin-14. The most
likely anterograde motors include members of the kinesin-1,
-2, and -3 families. Frequency distributions for forward run
velocities and lengths showed distinct profiles for anterograde
versus retrograde mitochondria, consistent with a polarized
microtubule array and class-specific transport motors (p <
0.01). However, clear indications of multiple types of motors
within a class, such as multiple run length or run velocity
peaks, were not seen (Figure 3, C and D).

Cytoplasmic Dynein Is Critical for Retrograde Transport

To identify microtubule motors that move axonal mitochon-
dria, the effects of genetic mutations were studied. To test
dynein, a hypomorphic allele of Dynein heavy chain 64C
(Dhc64C%19) was used in combination with an amorphic
allele (Dhc64C*19). This hypomorphic genotype avoids the
pleiotropic early physiological defects caused by Dhc64C
amorphic/null genotypes (Gepner ef al., 1996), allowing de-
velopment of classic neuronal phenotypes, including or-
ganelle-filled axonal swellings, paralytic tail flipping, and
axon terminal atrophy (Martin et al., 1999a). By observing
and tracking mitochondria in regions of Dhc64C mutant
nerves that lacked obvious swellings, it was evident that
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retrograde flux was reduced more than sixfold (Figures 4A
and 5, Table 1, and Supplemental Video 3). The few mito-
chondria that did move retrograde had 43 and 30% de-
creases, respectively, in forward run length and duration
(Figure 4B and Table 1). They also showed a substantial shift
from time spent in runs to time spent in pauses (Figure 6 and
Table 1). These results, derived from a hypomorphic geno-
type that avoided the pleiotropic physiological defects
caused by null genotypes, argue that cytoplasmic dynein is
the primary motor for long-distance transport of axonal
mitochondria toward the neuronal cell body.

Axonal Swellings Are Not Static Blockades

In previous studies of the effects of kinesin-1, dynein, and
dynactin mutations, we proposed that stationary organelles
stalled by weak motor function caused “traffic jams” that
grew into axonal swellings through simple blockage of both
anterograde and retrograde organelle passage (Hurd and
Saxton, 1996, Martin et al., 1999a). Consistent with this,
Dhc64C mutations, like Khc mutations, cause substantial ac-
cumulations of both synaptic vesicle precursors, thought to
reflect stalled anterograde transport, and large prelysosomal
bodies, thought to reflect stalled retrograde transport (Hurd
and Saxton, 1996; Martin ef al., 1999a). Several observations
from our time-lapse imaging of GFP-mitochondria refute
that traffic jam hypothesis. First, although in wild-type axons
~50% of mitochondria were stationary (Table 1 and Supple-
mental Video 2), swellings were rare (Hurd and Saxton,
1996; Martin et al., 1999a). Second, mitochondria in obvious
swellings were usually quite mobile and could exit as well as
enter (Supplemental Video 4). Third, despite the presence of
numerous swellings in Dhc64C mutant nerves, there were no
significant changes in anterograde flux or anterograde for-
ward run parameters (Figures 4A and 5 and Table 1). Thus,
steric hindrance from stationary organelles and swellings
does not have a major influence on the transport of mito-
chondria in regions of axons that lack swellings.

An additional argument that the effects of dynein muta-
tions on transport are direct comes from tracking of mito-
chondria in axons of Dhc64C*'?/+ larvae (Supplemental

2061



A. D. Pilling et al.

Table 1. Transport parameters for mitochondria in segmental nerve motor axons

Genotype Wild-type Dhc64C%19/Dhc64C*+19 Khc®/Khe?”
Organelle class Anterograde Retrograde Anterograde Retrograde Anterograde Retrograde
No. larvae (no. Mito) 5(52) 5(52) 5(92) 4(11) 4(24) 2 (5)
Total time (min) 120.5 102.9 176.15 19.15 51.22 5.75
Flux 4.02 +1.83 2.75 +0.80 464 £20 0.44 + 0.36* 1.00 = 0.76* 0.28 = 0.40*
Anterograde runs
% Tot. time 52.30 = 19.64 3.57 £4.78 54.79 * 14.67 1.76 = 2.81 50.31 = 19.78 4.03 = 3.99
Velocity (um/s) 0.26 = 0.10 0.20 = 0.07 0.22 + 0.04* 0.16 = 0.09 0.24 = 0.06* 0.19 = 0.04
Duration (s/run) 6.41 =243 2.59 £ 0.82 6.65 +2.19 2.29 = 0.64 6.47 + 3.81 2.53 = 0.50
Length (um/run) 1.82 = 1.19 0.51 £ 0.21 1.54 = 0.66 0.36 = 0.21 1.72 = 1.32 0.46 = 0.04
Retrograde runs
% total time 0.87 = 2.04 51.85 + 17.43 0.63 217 34.92 + 25.18* 1.97 = 3.19 50.51 = 26.04
Velocity (um/s) 023 +0.11 0.45 = 0.11 0.21 = 0.05 0.36 = 0.16 0.24 = 0.07 0.35 = 0.12
Duration (s/run) 2.64 £1.04 6.66 = 2.84 233 044 4.67 = 1.06* 290 = 1.08 5.83 £2.75
Length (um/run) 0.64 = 0.47 3.14 = 1.61 0.48 = 0.18 1.78 + 0.93* 0.71 = 0.30 234 *1.67
Pauses
% total time 46.82 +19.35 44.58 = 16.12 44.59 * 14.55 63.31 = 24.70* 47.72 = 19.39 45.46 + 22.31
Duration (s) 6.15 +3.90 5.70 = 3.26 5.71 = 3.88 14.78 = 17.19 5.93 * 3.09 4.86 =229
Genotype GI'/+ Glued RNAi Khc'7/Khe?”
Organelle class Anterograde Retrograde Anterograde Retrograde Anterograde Retrograde
No. larvae (no. Mito) 5(94) 5(64) 5(85) 5(67) 2(8) 2(6)
Total time (min) 153.22 95.87 176.25 105.98 12.03 12.37
Flux 472 + 145 2.80 + 1.59 4.68 + 2.41 229 + 1.60 0.40 % 0.40* 0.40 % 0.53*
Anterograde runs
% total time 62.66 + 19.8* 227 +3.61 56.95 = 20.39 3.49 + 449 64.47 * 19.04 5.77 = 4.03
Velocity (um/s) 0.31 = 0.11* 0.25 * 0.12* 0.33 = 0.10* 0.28 + 0.11* 0.26 = 0.04 0.26 + 0.09
Duration (s/run) 6.91 +3.90 2.37 + 041 6.99 +2.70 242 +0.50 7.66 + 2.94 2.68 + 0.54
Length (um/run) 2.30 = 1.61 0.58 = 0.27 2.52 + 1.30* 0.67 = 0.31* 2.10 = 0.86 0.66 = 0.26
Retrograde runs
% total time 1.00 = 2.04 55.93 + 24.06 0.80 = 1.72 52.85 * 21.33 0.40 = 1.12 53.87 = 30.07
Velocity (um/s) 0.22 = 0.07 0.54 = 0.18* 0.27 +0.08 0.62 % 0.19* 0.31 049 +0.13
Duration (s/run) 2.36 = 0.90 6.65 = 3.10 2.37 = 0.61 6.64 = 3.15 2.50 9.30 = 10.20
Length (um/run) 0.53 +0.25 4.02 =276 0.64 +0.25 4.51 + 2.81* 0.77 524 + 598
Pauses
% total time 36.34 * 19.39* 41.80 = 22.70 4226 = 19.77 43.66 = 20.09 35.13 *+ 18.07 40.36 = 28.9
Duration (s) 4.25 + 3.17* 6.02 = 6.58 5.89 +4.99 6.14 = 4.72 4.50 = 2.63 6.12 = 4.32

The center of each mitochondrion that entered a bleached zone by fast transport was marked in every frame (300 at 1/sec) of five movies from
five separate larvae for each genotype. Flux, run, and pause values reflect means = SD. Some mutant larva sample sizes were less than five,
because in some tests, no mitochondria of a particular directional class entered the bleached zone. Mutant parameters that were judged
significantly different from wild type by linear contrast (p < 0.05) are bold and followed by an asterisk (*). Sample sizes for Khc'”/Khc?” were
small and variances were large; consequently, other than for flux values, Khc'”/Khc?” statistical comparisons were not robust.

Results of particular note: 1) Dhc mutations inhibited retrograde flux and retrograde runs, suggesting that dynein is the primary retrograde
motor; 2) Khe mutations inhibited anterograde and retrograde flux, suggesting that kinesin-1 is the primary anterograde motor and that it
is required for dynein activity in axons; 3) Dhc mutations did not enhance anterograde runs and Khc mutations did not enhance retrograde
runs, suggesting that dynein and kinesin-1 generated forces alternate rather than opposing one another; and 4) GI' mutations and Glued

RNAI enhanced anterograde and retrograde runs, suggesting that axonal P1505™ed retards runs by kinesin-1 and dynein.

Table 1), which showed few or no swellings. The amorphic
allele, even when heterozygous, caused significant reduc-
tions in retrograde run lengths and durations. This confirms
the results from Dhc64C*19/Dhc64C%1° without the compli-
cations of axonal swellings and pleiotropic physiological
defects that can arise from severe loss of function genotypes.
It also suggests that the tracking and statistical approaches
used were sufficiently sensitive to detect subtle changes in
transport mechanisms. In summary, although the possibility
of contributions from minus-end-directed kinesins and cyto-
plasmic myosins remains, our results suggest that cytoplasmic
dynein is the primary long-distance retrograde motor for ax-
onal mitochondria.
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Kinesin-1 Is Critical for Both Anterograde and Retrograde
Transport

To assess the influence of the sole Drosophila kinesin-1 on
transport, Khc mutations were tested. Two different hypo-
morphic Khe alleles (Khe® or Khe'”) were used in combina-
tion with a null allele (Khc?”). Khc® alters coil 2 of the Khe
stalk (Rose and Saxton, unpublished data), a region thought
to be important for binding kinesin light chain and for
linkage to cargoes. Khc!” alters loop 11 of the motor domain,
inhibiting catalytic turnover rate and causing a 1.6-fold reduc-
tion of motor velocity in vitro (Brendza et al., 1999). In Khc®/
Khe?” and Khe'7/Khe?” nerves, it was striking that few mito-
chondria moved in either direction (Supplemental Video 5).

Molecular Biology of the Cell



A. Dhc mutant

Figure 4. Dynein mutations disrupt retro-
grade transport of mitochondria. (A) A series of
confocal images from a time-lapse movie of
mitochondria in motor axons of a larva carrying
Dhc64C1%/Dhc64C*1 (Supplemental Video 3).
Note that the number of retrograde mitochon-
dria (r) that entered the photobleached zone
was substantially reduced relative to antero-
grade mitochondria (a). A stationary mito-
chondrion (s) near the anterior bleach bound-
ary is marked for reference. (B) Frequency
distributions are plotted for two forward run
parameters of the five retrograde mitochon-
dria that entered bleached zones in 10 differ-
ent Dhc64C mutant larvae (gray bars). Black
line-tracings show analogous frequencies for
wild-type mitochondria. Note that despite
the small sample size from mutants, a signif-
icant shift to shorter retrograde runs is evi-
dent (p < 0.05; see Table 1).

Anterograde and retrograde flux reductions ranged from 70 to
90% (Figure 5 and Table 1). With the exception of the antero-
grade class in Khc®/Khc?” nerves, sample sizes were small (i.e.,
=2 larvae, 8 mitochondria, and 8 forward runs total per class).
Hence, strong interpretations of most Khc mutant transport
parameter means are not warranted. For the Khc®/Khc®” antero-
grade mitochondria, there was a significant reduction in an-
terograde run velocity, but it was not substantial (8%). Perhaps
the Khc® protein is impaired in initial cargo attachment, but
once bound, can drive normal anterograde motion. It is also
possible that residual wild-type maternal Khc contributed to
transport (Saxton et al., 1991).

The dramatic reduction in anterograde flux observed in the
Khe mutant animals is consistent with the idea that plus-end-
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Figure 5. Effects of dynein, kinesn-1 and dynactin mutations on
anterograde and retrograde flux of mitochondria. The mean num-
bers (+SD) of anterograde or retrograde mitochondria entering
bleach zones per minute are shown for the following genotypes:
+/+, wild-type (n = 11 larvae); D/D, Dhc64C*1%/Dhc64C*+? (n =
5); D/+, Dhc64C*+19/+ (n = 5); K°/K, Khc®/Khc?*” (n = 5); K'7/K,
Khe'’/Khe?” (n = 3); K/ +, Khe27/+ (n = 10); and G/+, GI'/+ (n = 5).
Note that flux is a compound parameter determined by net or-
ganelle velocities, the abundance of organelles in axons, and by the
fraction of axonal organelles moving in a given direction. Numerical
values are shown in Table 1 and Supplemental Table s1. To deter-
mine whether flux values were significantly different from wild
type, one-way descriptive statistic linear contrast tests using aggre-
gated larval data were used. Means showing a genotype by geno-
type contrast with p < 0.05 were accepted as significantly different
from wild type (*).
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Figure 6. Effects of dynein, kinesn-1, and dynactin mutations on
anterograde and retrograde class duty cycles. The percentage of
time spent in anterograde runs, pauses, and retrograde runs for
anterograde and retrograde class mitochondria are shown for the
following genotypes: +/+, wild-type (for both A and B, n = 52
mitochondria in 5 larvae); D/D, Dhc64C%1%/Dhc64C*+*9 (for A, n =
92 and 5; for B, n = 11 and 5); D/ +, Dhc64C*%/+ (for A, n = 44 and
5; for B, n = 43 and 5); K°/K, Khc®/Khc?” (for A, n = 24 and 4; for B,
n = 5 and 4); K/ +, Khe27/+ (for A, n = 85 and 5; for B, n = 118 and
5); and G/+) Gl'/+ (for A, n = 94 and 5; for B, n = 64 and 5). Bars
show SEs. Values can be found in Table 1 and Supplemental Table
s1. Means showing a genotype by genotype contrast significance of
p = 0.05 compared with wild type are noted by an asterisk.
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Khe'7/Khc?’
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Figure 7. Mutations in kinesin and dynein affect the distribution of
mitochondria in segmental nerves. (A) Single confocal optical sec-
tions of GFP-mitochondria in motor axons of segmental nerve A8 in
live preparations. Imaging parameters were identical for all prepa-
rations. Images from the anterior segment A2, proximal to motoneu-
ron cell bodies (Prox.), and from the posterior segment A7, distal to
the cell bodies (Dist.), are shown. (B) To quantify the effects of Khc
and Dhc64C mutations on the number of mitochondria in proximal
and distal regions, fluorescence intensity per unit area was mea-
sured in proximal and distal regions of A8 nerves from three larvae
for each genotype (n = 20 proximal and 20 distal measurements/
larva, 34.5 pm?/measurement). Bars show mean intensity values
(=SD). Means significantly different from wild type (p < 0.05) are
noted with an asterisk. Bar (A), 10 pm.

directed kinesin-1 is a major motor for axonal mitochondria.
However, there was also a dramatic reduction in retrograde
flux, most of which reflects minus-end—-directed transport by
cytoplasmic dynein. Because we saw no signs of mitochondrial
fission in axons and because there is evidence that biogenesis
occurs mainly near the nucleus (Davis and Clayton, 1996), it is
reasonable to think that mitochondria must be carried into
axons by kinesin-1 before they can engage in dynein-driven
retrograde transport. If so, then Khc mutants should have fewer
mitochondria in their axons. To address that possibility, the
relative fluorescence intensities of mito-GFP in segmental
nerve A8 were determined for wild-type and Khc'”/Khc?” lar-
vae (Figure 7 and Supplemental Table s2). Compared with
wild-type, mean fluorescence intensity, hence the number of
mitochondria, in the mutant nerves was decreased 50.5% in
segments A2-3. This explains a portion of the 90% reduction of
retrograde flux measured in Khe'”/Khe?” nerves (Figure 5) but
not all of it. The remainder may reflect a more direct functional
dependence of cytoplasmic dynein on kinesin-1 (Martin et al.,
1999a; Brendza et al., 2002; Ligon et al., 2004).

To test the effects of a milder reduction in Khe activity,
mitochondrial movements were tracked in Khc?’/+ nerves.
Mitochondria were abundant, and axonal swellings were
not evident. There was a small shift in the anterograde duty
cycle from forward runs to pauses (Figure 6A and Supple-
mental Table s1) and a 16% decrease in anterograde run
duration, suggesting that lowered Khc dosage reduced an-
terograde persistence of mitochondria. There were no sig-
nificant changes in retrograde class velocities or duty cycles.
There was, however, an increase in retrograde flux (Figure 5
and Supplemental Table s1), suggesting a regulatory shift
that elevated the number of mitochondria moving retro-
grade at the expense of the stationary class. Such an imbal-
ance favoring retrograde flux could not be a sustained state
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during larval development, because it would deplete mito-
chondria from the axons. No obvious depletion was ob-
served. Thus, it was likely a temporary state, perhaps in-
duced by developmental or other physiological cues (e.g.,
Chada and Hollenbeck, 2003) altered by the Khc genotype or
by unknown genetic variables. This highlights the impor-
tance of future investigations of developmental profiles for
mitochondrial flux, the regulatory systems that control shifts
between classes, and whether those systems are influenced
directly by motors.

P1505™4 Influences Anterograde and Retrograde
Transport Parameters

The dynactin complex is well known for a physical associ-
ation with cytoplasmic dynein and for positive functional
effects on dynein-mediated processes (reviewed by Schroer,
2004). Consistent with this, genetic tests of Glued (GI), which
encodes the Drosophila P150¢!¢¢ dynactin component, indi-
cate a synergistic functional relationship with Dhc64C in fast
axonal transport. However, Gl has an even stronger syner-
gistic axonal transport relationship with Khe (Martin et al.,
1999a). Biophysical studies of lipid droplet transport in Dro-
sophila embryos with the dominant-negative GI' allele and
with hypomorphic Dhc64C alleles suggest that P150C!ued
acts as a motor coordination factor on lipid droplets, pre-
venting simultaneous opposing force production by dynein
and an unknown anterograde motor (reviewed by Gross,
2003).

To assess the contributions of P150S¢d to mitochondrial
transport, we tested the effects of the GI* allele. As described
previously, GI'/+ larvae do not show tail flipping and ax-
onal swelling phenotypes (Martin et al., 1999a). Our time-
lapse tracking analysis of mitochondria in motor axons
showed significant increases in anterograde and retrograde
forward run parameters, rather than the decreases one
would expect if P150C!ued acted as either a simple dynein
activation factor or as a kinesin-1/dynein coordination fac-
tor (Table 1). For anterograde mitochondria, the duty cycle
showed a significant shift from pauses to forward runs and
forward (anterograde) run velocity was increased. For ret-
rograde mitochondria, duty cycles were not detectably af-
fected, but there was a significant increase in forward (ret-
rograde) run velocity.

The run parameter increases caused by Gl’/+ may not
reflect a simple inhibition of P150<'¢d in motoneurons.
First, although the GI' allele produces a truncated protein
that acts as a dominant-negative inhibitor of P150<™¢ in eye
development (McGrail et al., 1995), it might have an aberrant
gain of function effect in axonal transport. Second, the in-
creases could reflect an indirect GI* effect that alters axonal
transport regulatory signals to axons from glial or other
cells. Third, the increases could be due to unknown genetic
background effects. To address those possibilities, we used a
tissue-specific RNAi approach. Flies were generated that
carried a UAS-Glued-snapback RNAi transgene along with
UAS-mitoGFP and the D42-Gal4 motoneuron driver. Like
Gl'/+, GluedRNA:i flies were viable and showed little evi-
dence of paralysis or axonal swellings. However, tracking of
mitochondria in GluedRNAi larval axons showed significant
increases in anterograde and retrograde forward run veloc-
ities and lengths (Table 1). Although less severe, the RNAi
effects suggest that the GI” results do represent a dominant
negative phenotype in motoneurons. The two approaches
agree, suggesting that normal P150<'¢d in motor axons
reduces run velocity and persistence for both dynein- and
kinesin-1-driven transport of mitochondria.

Molecular Biology of the Cell
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Figure 8. Cofractionation of dynein, kinesin-1 and dynactin com-
ponents with neuronal mitochondria. Cytoplasm containing mito-
chondria from adult flies homozygous for D42 and mitoGFP was
initially fractionated by differential sedimentation (Supplemental
Figure s3) and then fractionated further by equilibrium density
gradient centrifugation. Western blots of gradient fractions are
shown stained with antibodies specific for cytoplasmic dynein
(Dhe), kinesin-1 (Khc), and the dynactin components P150G!ed
(p150) and p50/dynamitin (p50). Fractions containing mitochondria
were identified by anti-GFP and anti-cytochrome c (CytC) staining.

Physical Association of Kinesin-1 and Cytoplasmic
Dynein with Mitochondria

If kinesin-1, dynein, and P150Glued all contribute to normal
mitochondrial transport behavior in axons, they should all
associate with mitochondria. To test this, adult flies with
D42-Gal4—driven neuronal expression of mitoGFP were ho-
mogenized and fractionated by differential sedimentation. A
fraction enriched for neuronal mitochondria, as evidenced
by the presence of GFP and endogenous cytochrome ¢ (Sup-
plemental Figure s2), was fractionation further by equilib-
rium sucrose density gradient centrifugation. Western blots
of fractions showed the presence of some Khe, and Dhc64C
spread throughout the gradient, suggesting their association
with a variety of cytoplasmic components. However, Khc
and Dhc64C as well as p150Glued and p50/Dynamitin were
most abundant in the fraction with the highest levels of
mitochondrial markers (Figure 8). This and coimmunolocal-
ization tests in nerves (Supplemental Figure s3) support the
view that kinesin 1, cytoplasmic dynein, and the dynactin
complex do physically associate with neuronal mitochondria.

DISCUSSION

Motors for Axonal Transport of Mitochondria

To address questions about mechanisms of filament-based
organelle transport, we developed a system to image and
track mitochondria in an intact Drosophila nervous system.
Our results indicate that although they can rapidly switch
between anterograde runs, pauses, and retrograde runs, in-
dividual axonal mitochondria are strongly programmed for
one of three states: net anterograde motion, stationary, or net
retrograde motion. No direct switching between antero-
grade and retrograde classes was observed. Some conver-
sions to the stationary class may have been seen, but the
duration of our movies (300 s) made it difficult to distinguish
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such conversions from long pauses. Mutant analyses sug-
gest that the primary motors for mitochondrial movement in
larval motor axons are kinesin-1 (anterograde) and cytoplas-
mic dynein (retrograde), and interestingly that kinesin-1 is
critical for retrograde transport by dynein. During transport,
there was no evidence that force production by the two
opposing motors was competitive, suggesting a mechanism
for alternate coordination. Tests of the possible coordination
factor P150Ced suggest that it indeed influences both mo-
tors on axonal mitochondria, but we saw no evidence that its
function is critical for the motor coordination mechanism.
Cytoplasmic dynein, the most ubiquitous minus-end mi-
crotubule motor, has been regarded as a likely retrograde
axonal transport motor for many years, but tests of that
possibility have been largely indirect. For example, either
EHNA or vanadate, which both inhibit dynein and other
enzymes, inhibits axonal transport (Ekstrom and Kanje,
1984; Wang et al., 1995; Lalli et al., 2003). More specific
dynein inhibition by genetic mutation causes changes in
axonal organelle distributions consistent with transport de-
fects (Bowman et al., 1999; Martin ef al., 1999a; Koushika ef
al., 2004). The live analysis here shows that dynein muta-
tions inhibit specific retrograde run parameters and flux but
that they leave anterograde transport largely unchanged.
This relatively direct evidence, combined with the lack of
evidence for an alternative fast minus-end motor, provides a
strong case for cytoplasmic dynein as the primary motor for
long-distance retrograde mitochondrial transport in axons.
Multiple plus-end microtubule motors could contribute to
mitochondrial transport, but the most likely candidates in
axons are members of the kinesin-1 and kinesin-3 subfami-
lies (Hirokawa and Takemura, 2005). Kif1Ba, a mouse kine-
sin-3, can bind mitochondria and move them on microtu-
bules in vitro (Nangaku et al., 1994), and genetic tests in
Neurospora show that normal mitochondrial behavior re-
quires a kinesin-3 (Fuchs and Westermann, 2005). Kinesin-1
motors associate with mitochondria (Leopold et al., 1992;
Khodjakov et al., 1998), and a mouse kinesin-1 (Kif5) is
needed to prevent mitochondria from clustering near the
cell centers of extraembryonic cells, the presumed location of
microtubule minus-ends (Tanaka et al., 1998; Kanai et al.,
2000). More directly relevant to our study, two Drosophila
proteins thought to mediate linkage of kinesin-1 to mito-
chondria (Milton and Miro) are required for the accumula-
tion of mitochondria in larval axons (Stowers et al., 2002;
Guo et al., 2005). Our results with two different hypomorphic
Khe mutant genotypes indicate that inhibition of kinesin-1
severely limits anterograde mitochondrial transport. The
residual transport might be due to a kinesin-3, to traces of
maternally provided wild-type kinesin, or to partial function
of the mutant Khc proteins. Regardless, our findings com-
bined with the Miro and Milton findings provide a strong
case for kinesin-1 as the primary long-range anterograde
mitochondrial transport motor in Drosophila axons.

The Influence of Kinesin-1 on Dynein-driven

Retrograde Transport

The negative impact of the hypomorphic Khc mutant geno-
types on retrograde mitochondrial transport raises questions
about the relationship of anterograde and retrograde mo-
tors. We offer three nonexclusive explanations. First, if bio-
genesis of mitochondria is restricted to the vicinity of the
nucleus in neurons (Davis and Clayton, 1996), mitochondria
must be transported from the cell body into the axon by
kinesin-1 before dynein can transport them back. Second,
because most protein synthesis is thought to occur in the so-
mato-dendritic region and most axonal microtubules have plus
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ends distal, anterograde transport by kinesin-1 may be re-
quired for maintaining normal levels of dynein in the distal
axon (Pfister, 1999; Susalka et al., 2000). A third possibility is
that kinesin-1 acts as a biochemical or biophysical activator of
dynein in axons (Martin ef al., 1999a). In support of a direct
interaction, it has been reported that dynein intermediate
chains can bind kinesin-1 light chains (Ligon et al., 2004). Such
a physical/functional relationship could explain the striking
observation that Khe-specific antibodies, when injected into
cultured neurons or perfused into extruded axoplasm, cause a
rapid inhibition of organelle transport in both directions (Brady
et al., 1990; Theiss et al., 2005).

Coordination of Kinesin-1 and Dynein on Mitochondria

The presence of different types of motor proteins on one
organelle raises interesting questions about how they are
coordinated to accomplish proper cargo transport and dis-
tribution (Deacon et al., 2003; Gross, 2003; Welte, 2004).
Coordination of cytoplasmic dynein and an unidentified
plus-end motor on lipid droplets in Drosophila embryos is
sensitive to the dominant-negative Gl'allele, implicating the
P150€tued component of dynactin in the coordination mech-
anism (Gross et al., 2002). Our results are consistent with
cohabitation of dynein and kinesin-1 on axonal mitochon-
dria and with their activities being coordinated to avoid
antagonism, but the coordination mechanism was insensi-
tive to either the GI* allele or neuron-targeted G/ RNAi. Both
those inhibition approaches enhanced, rather than reduced,
plus- and minus-end mitochondrial runs in motor axons.
When a more complete disruption of P150¢™Med in larval
neurons becomes possible, perhaps a role in the coordina-
tion mechanism will become evident. However, our current
data suggest that axonal P150%™¢d slows mitochondrial runs
in both directions. It is an elongated protein with a micro-
tubule-binding site at one end that is thought to facilitate
dynein processivity by acting as a tether to hold the dynein
and its attached cargo near the microtubule (reviewed by
Schroer, 2004). Because mitochondria are sufficiently large to
accommodate many motor complexes and they are confined
near microtubules by the small diameter of axons, proces-
sivity in axons may not need assistance from P150<!ed. In
the confines of the axon, perhaps the microtubule-binding
action of P150™ed actually generates drag that retards
rather than facilitates mitochondrial runs.

Directional Programming

Our results are consistent with a model in which directional
programming is controlled by signals that partition mito-
chondria into distinct anterograde, stationary, and retro-
grade classes (Hollenbeck, 1996). We suggest that mitochon-
dria with fresh, cell body-derived components generate a local
signal that represses cytoplasmic dynein, activates kinesin-1,
and thus dictates anterograde transport toward the terminal. In
the axon, areas requiring ATP generate local signals that con-
vert anterograde mitochondria to stationary by activating static
cross-links with the cytoskeleton (Forman et al., 1987; Chada
and Hollenbeck, 2003; Wagner et al., 2003; Miller and Sheetz,
2004; Hollenbeck and Saxton, 2005). Over time, damage to
mitochondrial components from reactive oxygen species causes a
decline in energy-producing capacity (Hagen et al., 1997) that
triggers release from cytoskeletal anchoring, activation of dynein,
and repression of kinesin-1. After retrograde transport to the cell
body, senescent mitochondria are enclosed in membranes by au-
tophagocytosis and then are degraded by fusion with lysosomes
(Vargas et al., 1987; Abeliovich and Klionsky, 2001; Rodriguez-
Enriquez et al., 2004). Regulatory mechanisms that control transi-
tions between the three states may be triggered by extracellular
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signals, local ATP and ion concentrations, mitochondrial inner
membrane potential, or other internal cues from mitochondria
(Hollenbeck and Saxton, 2005). Definition of those control mech-
anisms should be an exciting endeavor in the coming years.

Axonal Swellings

The genesis and nature of axonal swellings is of great inter-
est because they are a prominent pathological feature of
Alzheimer’s and some motor neuron diseases (Hurd and
Saxton, 1996; Stokin et al., 2005). The discovery that kinesin-1
and dynein mutations in Drosophila cause axonal swellings
led to the proposal that they are a consequence of traffic
jams, i.e., halted organelles impede passage of others caus-
ing stochastic pile-ups that locally block transport and force
axon swelling (Hurd and Saxton, 1996). However, it is clear
from the direct observations presented here that organelles
in swellings can be quite mobile and that swellings do not
cause a general blockade of mitochondrial transport.

If axonal swellings are not caused by localized transport
blockades, what causes them? One answer is suggested by
the prominence of large autophagosomes and lysosomal
organelles within swellings (Gho et al., 1992; Hurd and
Saxton, 1996; Martin et al., 1999a). Mitochondria with dam-
aged proteins and weak membrane potential undergo a
membrane permeability transition that allows release of sig-
nals for apoptotic and necrotic cell death. That permeability
transition also triggers rapid autophagocytosis and lysoso-
mal degradation of mitochondria that presumably help sup-
press the cell death signaling (reviewed by Rodriguez-
Enriquez et al., 2004). We suggest that mitochondria stranded
by failed retrograde transport pass the permeability transition
in the axon, release cell death signals and stimulate local axonal
autophagocytosis. Structural and physiological changes that
accompany the autophagocytosis cause local enlargement
of axon diameter. If this hypothesis is true, then the swellings
associated with some neurodegenerative diseases may be trig-
gered by failed retrograde transport and the lingering presence
of spent mitochondria in axons.

Support for this stranded mitochondria hypothesis comes
from classic studies of physical blockades of axonal trans-
port. Anterograde organelles accumulate on the proximal
(cell body) side of a blockade, and retrograde organelles
accumulate on the distal side (Smith, 1980; Tsukita and
Ishikawa, 1980). Proximal organelles can return to the cell
body by switching to retrograde transport (Smith, 1980), but
distal organelles are trapped in the axon. Among the nor-
mal-looking organelles on the distal side, many autophago-
somes and lysosomal organelles accumulate (Smith, 1980;
Tsukita and Ishikawa, 1980; Hirokawa et al., 1991). The
source of those organelles has been puzzling, because they
are not common in normal axons. As proposed for auto-
phagocytic/lysosomal organelles in the axonal swellings of
Drosophila kinesin-1 and dynein mutants, those distal block-
ade-induced organelles could reflect local autophagy induced
by trapped mitochondria that have passed the membrane per-
meability transition. Further study of the relationship between
mitochondrial transport behavior, physiology, and autophagy
may provide new insight into the genesis of axonal swellings
and contribute to our understanding of the pathology of neu-
rodegenerative diseases.
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