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Summary

We have identified EMS-induced mutations in Dro-
sophila Miro (dMiro), an atypical mitochondrial
GTPase that is orthologous to human Miro (hMiro).
Mutant dmiro animals exhibit defects in locomotion
and die prematurely. Mitochondria in dmiro mutant
muscles and neurons are abnormally distributed. In-
stead of being transported into axons and dendrites,
mitochondria accumulate in parallel rows in neuronal
somata. Mutant neuromuscular junctions (NMJs) lack
presynaptic mitochondria, but neurotransmitter re-
lease and acute Ca2+ buffering is only impaired during
prolonged stimulation. Neuronal, but not muscular,
expression of dMiro in dmiro mutants restored viabil-
ity, transport of mitochondria to NMJs, the structure
of synaptic boutons, the organization of presynaptic
microtubules, and the size of postsynaptic muscles.
In addition, gain of dMiro function causes an abnor-
mal accumulation of mitochondria in distal synaptic
boutons of NMJs. Together, our findings suggest that
dMiro is required for controlling anterograde trans-
port of mitochondria and their proper distribution
within nerve terminals.

Introduction

Mitochondria are critical for aerobic respiration, Ca2+

homeostasis, and apoptosis. The activity and subcellu-
lar distribution of mitochondria are not static, but
adaptable to physiological stresses and changes in the
metabolic demands of the cell (Karbowski and Youle,
2003; Rintoul et al., 2003; Hollenbeck, 1996). Control of
mitochondrial distribution is believed to be especially
important for neurons because of their high metabolic
*Correspondence: kez@neurobio.arizona.edu
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demands and their complex polar morphology (e.g., ax-
ons, dendrites, and synapses). Neuronal mitochondria
are enriched in regions of intense energy consumption,
including mobile growth cones, nodes of Ranvier, and
synaptic terminals (Bindokas et al., 1998; Shepherd and
Harris, 1998; Morris and Hollenbeck, 1993; Wong-Riley
and Carroll, 1984; Wong-Riley and Welt, 1980). For
example, synaptic terminals may consume up to 10%
of the total energy required for neuronal signaling
(Laughlin, 2001). Consistently, loss of mitochondria
from photoreceptor terminals is associated with blind-
ness and a failure of synaptic transmission in the Dro-
sophila mutant milton (Stowers et al., 2002). In cultured
hippocampal neurons, the number of dendritic mito-
chondria correlates with the number and plasticity of
dendritic spines and synapses (Li et al., 2004). In addi-
tion, mitochondrial transport responds specifically to
growth cone activity and nerve growth factor signaling
(Chada and Hollenbeck, 2004). Together, these studies
underscore the functional significance of controlling the
subcellular targeting of mitochondria.

The molecular mechanisms that control the subcellu-
lar distribution of mitochondria involve long-distance
transport along microtubules (MTs), which provide po-
lar tracks for plus end-directed kinesin and minus end-
directed dynein motor proteins. Mitochondria, like vesi-
cles, display bidirectional motion where the cargo
stops, starts, and often changes direction (Welte, 2004;
Vale, 2003; Hollenbeck, 1996). Assuming that mito-
chondria are simultaneously attached to two opposing
motors (De Vos et al., 2003), then net movement in one
direction may be determined by the motor with the
overall highest activity or, alternatively, only one of the
motors may be engaged with the MT track (Welte,
2004). However, the molecular mechanisms that
achieve specificity, directionality, and temporal control
of mitochondrial transport in response to intracellular
signals remain poorly understood. A better understand-
ing is highly desirable, as vulnerabilities of transport
systems to genetic and/or environmental insults often
result in human neurological or neurodegenerative dis-
eases (Goldstein, 2003; Crosby and Proukakis, 2002;
Goldstein, 2001).

The mitochondrial Rho-GTPase (Miro) protein family
may have the potential to link cellular signaling path-
ways with mitochondrial dynamics and function. Or-
thologs of human Miro (hMiro1 and 2) are all charac-
terized by the presence of two different GTPase
domains and two Ca2+ binding EF hand domains (Fred-
erick et al., 2004; Fransson et al., 2003). Overexpression
of constitutively active human Miro in COS7 cells
causes perinuclear mitochondrial aggregates and in-
creased apoptosis (Fransson et al., 2003). Yeast cells
lacking Miro (Gem1p) reveal a collapse of the tubular
mitochondrial network that is not caused by defects
in mitochondrial fission and/or fusion. Genetic studies
further indicate that both GTPase domains and both
EF-hand motifs are required for Gem1p function (Fred-
erick et al., 2004).

We have carried out a genetic screen for mutations
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that affect synaptic structure and function in Drosoph-
ila. From this screen, we have identified lethal muta-
tions in Drosophila Miro (dMiro). Our molecular and ge-
netic analyses suggest that dMiro is required for
anterograde axonal transport of mitochondria and their
proper subcellular distribution. Although dmiro mutant
motor terminals are structurally deformed and chroni-
cally lack mitochondria, they can sustain neurotrans-
mitter release at basic levels, but fatigue during high-
frequency stimulation. While presynaptic Ca2+ resting
levels are elevated, abnormal accumulations of Ca2+

occur only during prolonged periods of repetitive stim-
ulation.

Results

Identification of Mutations in the dmiro Gene
We have employed genetic screens to identify pre-
viously unknown genes required for axonal and synap-
tic function in Drosophila. To bypass the inefficiency of
lethal F3-screening methods, we took advantage of the
EGUF/Hid method (Stowers and Schwarz, 1999), which
produces genetically mosaic flies in which only the eye
is exclusively composed of cells homozygous for the
mutation. Since “blindness” is caused by a loss of
either phototransduction, nerve excitation, or synaptic F

(function, we screened for “blind” flies by assaying the
uphototactic behavioral response of Drosophila, using
m

the “counter-current apparatus” (Benzer, 1967). Tar- a
geting chromosome 3R, we screened w13,000 EMS- m
mutagenized F1 flies and recovered 102 mutations that (

pdisrupt phototaxis, but do not grossly affect eye mor-
(phology. Genetic complementation analysis revealed a
Gtotal of 53 lethal complementation groups, which were
2

further characterized by their genetic map position and R
their synaptic defects at larval NMJs. m

We selected the lethal mutation B682 for further a
fanalysis because it caused an unusual activity-depen-
adent defect in synaptic transmission and a lack of mito-
3chondria at nerve terminals. Deletion mapping limited
a

the B682 locus to a region containing 17 mostly pre- a
dicted genes at chromosomal position 95D7-11 (Figure s
1A). An independent genetic screen had also identified g
four lethal EMS-induced alleles that mapped to 95D7-
11 and caused defects in synaptic transmission (Bab-
cock et al., 2003). Further genetic analysis revealed that r

sB682 failed to complement the lethality of all four al-
leles (See Table S1 in the Supplemental Data available b

ewith this article online), suggesting that all five alleles
disrupt the same gene. a

tIdentification of the mutated gene was facilitated by
genetic fine mapping of the B682 mutation using site- r

tspecific male recombination (Chen et al., 1998). The
data placed the B682 locus between two P insertion e

tsites, containing three predicted genes (Figure 1A). Fur-
ther genetic analysis excluded one flanking gene (data (

dnot shown), leaving only two viable candidates: CG5977,
the fly homolog of human Spastin (Sherwood et al., s

g2004; Trotta et al., 2004; Kammermeier et al., 2003) and
CG5410, the fly ortholog of human Miro (Fransson et B

gal., 2003).
Sequencing of the spastin and miro genes in all five C

salleles, using genomic DNA and RT-PCR-derived cDNA,
igure 1. Genetic and Molecular Analysis of the dmiro Gene

A) Map of the dmiro gene locus. Breakpoints of the deficiencies
ncovering the dmiro locus are indicated. Triangles indicate P ele-
ents. Arrows show the relative map position of the dmiro locus,

s it was obtained by male recombination mapping for each P ele-
ent. Closed rectangles indicate the position of genes.

B) Exon/intron structure of the dmiro gene. RT-PCR revealed ex-
ression of three differently spliced mRNA transcripts.

C) Position of EMS-induced point mutations in dMiro. The two
TPase domains (GTP-D1 and GTP-D2) and two EF-hands (1 and
) are indicated. VD indicates a variable domain due to alternative
NA splicing (see [B]). TM indicates a transmembrane domain. The
utation B682 changes W105 to a UAG stop codon. Sd23 causes
G/A substitution, generating an abnormal RNA splice site, as con-

irmed by RT-PCR, which frameshifts the protein after 610 amino
cids (aa) and adds 35 abnormal aa (shown in red). Sd26 causes a
9 bp deletion and frameshifts dMiro at I427, adding 12 abnormal
a. Sd32 causes a 29 bp deletion and frameshifts dMiro at Y89,
dding 12 abnormal aa before terminating. Sd10 causes a C86Y
ubstitution and a deletion of 61 bp in the 3# UTR of the fly spastin
ene (data not shown).
evealed that four of the alleles (B682, sd23, sd26, and
d32) contained mutations in Drosophila miro (dmiro),
ut not in the spastin gene (Figure 1C). One allele, sd10,
xhibited mutations in both genes and is molecularly
double mutant. The dmiro and dspastin genes are

ranscribed in opposite directions, but are only sepa-
ated by w306 bp. To exclude effects of dmiro muta-
ions on spastin expression, we examined spastin RNA
xpression by RT-PCR. Only the predicted double mu-
ant sd10 showed reduced spastin RNA expression
data not shown). Together, the molecular and genetic
ata consistently suggest that the alleles B682, sd23,
d26, and sd32 are single gene mutations of the dmiro
ene. The premature truncation of dMiro protein in
682 and sd32 within the first GTPase domain sug-
ests that both alleles are presumably null mutations.
onsistently, phenotypes of homozygous B682 and
d32 mutants were indistinguishable from those of
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transheterozygous combinations involving the deletion
Df(3R)mbc-R.

The Atypical GTPase dMiro Is Associated
with Mitochondria
The dmiro gene spans w3.5 kb of genomic DNA, con-
sists of four exons, and expresses at least three mRNA
transcripts derived by alternative splicing of exon 3
(Figure 1B). The predicted dMiro protein sequences are
orthologous (51% identity; 330/645) to human Miro
(Fransson et al., 2003). Miro proteins contain two dif-
ferent GTPase domains and two conserved EF-hand
domains (Figure 1C). The N-terminal GTPase domain of
dMiro is most closely related to Rho-GTPases, while
the second GTPase domain is related more to Rab-
GTPases (data not shown). Like the human and yeast
orthologs, dMiro contains a conserved transmembrane
(TM) domain at its C terminus, which in yeast tail-
anchors Miro in the outer mitochondrial membrane
such that the functional domains are exposed to the
cytoplasm (Frederick et al., 2004).

To verify the predicted mitochondrial localization for
dMiro, we examined the subcellular localization of
EGFP-tagged dMiro protein in transiently transfected
COS7 cells. Strong ectopic overexpression of dMiro-
EGFP disrupted the subcellular mitochondrial distribu-
tion and caused a loss of mitochondria, but did not
grossly affect MTs (Figures 2A and 2B). Many cells also
showed signs of apoptotic cell death (data not shown).
To minimize these dominant effects on protein localiza-
tion, for analysis we used only weakly transfected
COS7 cells in which ectopically expressed dMiro colo-
calized with mitochondria that exhibited a relatively
normal distribution (Figure 2C). To confirm a mitochon-
drial localization in Drosophila, we generated neuronal
cell cultures from larval brains transgenically express-
Figure 2. Ectopically Expressed dMiro Pro-
tein Colocalizes with Mitochondria

(A) Strong overexpression of dMiro-EGFP in
COS7 cells disrupted the mitochondrial dis-
tribution and caused a loss of mitochondria.
COS7 cells were transiently transfected with
dMiro-EGFP and imaged 2 to 3 days later.
Mitochondria (red) were visualized with anti-
cytochrome c antibodies.
(B) Strong overexpression of dMiro-EGFP in
COS7 cells had no detectable effect on MTs
(red) as visualized by anti-tubulin antibodies.
(C) In weakly transfected COS7 cells the
mitochondrial distribution was maintained,
and dMiro-EGFP (red) colocalized with mito-
chondria (green).
(D) dMiro-V5 (red) colocalized with the mito-
chondrial marker Milton (green) in cultured
Drosophila neurons from larval ventral gan-
glia expressing dMiro-V5 with a neuron-spe-
cific APP-Gal4 driver. dMiro-V5 and Milton
were visualized with antibody stainings.
(E) The distributions of dMiro and the mito-
chondrial markers cytochrome c and Milton
are indistinguishable in 5%–25% glycerol
gradient fractions from adult fly head ex-
tracts.
ing V5-tagged dMiro protein. Double immunolabeling
showed that tagged dMiro protein colocalized with the
mitochondrial protein Milton (Stowers et al., 2002) in
neuronal cell bodies and in small punctae in neurites
(Figure 2D), which are reminiscent of mitochondria.
Subcellular fractionation of Drosophila head extracts,
using glycerol gradients, showed that dMiro, Milton,
and cytochrome c copurify in mitochondrial fractions
(Figure 2E). Together, these studies confirm that dMiro
is associated with mitochondria.

Loss of dMiro Progressively Impairs
Larval Locomotion
dmiro is an essential gene, since all examined dmiro
alleles are recessive larval to early-pupal lethals (Table
S1). Homozygous dmiro mutant larvae are slim and ex-
hibit abnormal locomotion (Figures S1A and S1B). Con-
trol larvae crawl steadily in a given direction, showing
rhythmic muscle contractions that run over the entire
body. In contrast, homozygous dmiro larvae tend to
wiggle on the spot and gain little distance (Figure S1B).
Posterior segments of dmiro larvae appear to be ex-
cessively sluggish and sometimes even paralyzed,
while anterior segments are often excessively bent, as
if to compensate for failing muscle contractions in the
more posterior segments. This abnormal crawling be-
havior indicates a progressive weakness of the larval
body-wall musculature that originates at posterior seg-
ments and eventually leads to paralysis.

Loss of dMiro Disrupts the Subcellular Distribution
of Mitochondria in Neurons and Muscles
To test whether dmiro mutations affect mitochondria,
we imaged live mitochondria by visualizing mito-
chondria selectively in neurons or muscles, using a
modified GFP that specifically labels mitochondria (Mi-
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toGFP). Neuronal expression of MitoGFP revealed an r
abnormal distribution of neuronal mitochondria in ven- s
tral ganglia of dmiro mutant larvae. In contrast to con- a
trols, MitoGFP fluorescence in dmiro mutants was en- c
riched in neuronal somata, but reduced in the neuropil d
(Figure 3A), reduced in segmental nerves close to the n
ganglia (Figure 3C), and absent in more distal nerve re- a
gions. At larval NMJs, presynaptic MitoGFP fluores- e
cence was, in general, not detectable (Figure 3B); only c
rarely mutant NMJs showed one or two punctae of GFP S
fluorescence while almost all synaptic boutons of con- n
trol NMJs were labeled (Figure 3B). The absence of pre- s
synaptic mitochondria at larval NMJs of dmiro mutants t
was confirmed by live dye staining using MitoTracker p
dyes (data not shown) and by an ultrastructural analysis t
(Figures 3E and 5D). Together, these results demon- t
strate that dmiro mutant mitochondria are retained in g
neuronal cell bodies and are not properly distributed t
into neuronal processes. a

Muscle-specific expression of MitoGFP revealed a s
highly regular and stereotypical pattern of mitochondria

a
in control muscles (Figure 3D), which is reminiscent of

bthe pattern revealed by actin-phalloidin stainings (Fig-
rure 3F). While the distribution of actin was normal in

dmiro mutant muscles, the mitochondrial distribution
owas severely disrupted: mitochondria were found in
asmall clusters that were distributed over the entire mus-
ocle (Figure 3D). The abnormal mitochondrial clusters in
2mutant muscles were not associated with nuclei, which
acontrasts with the abnormal, perinuclear mitochondrial
oclusters in mutant neurons.
I
dA Traffic Jam Arrests Axonal Transport of
sMitochondria in Neuronal Somata of dmiro Mutants
FAn ultrastructural analysis provided further insights into

the nature of the mitochondrial accumulations in neu- n
Figure 3. Abnormal Distribution of GFP-
Tagged Mitochondria in dmiro Mutant Neu-
rons and Muscles

(A) Distribution of neuronal mitochondria in
ventral ganglia from third instar larvae. Mito-
chondria accumulate in neuronal cell bodies
and are lost in segmental nerves of dmiro
mutants. Neuronal mitochondria were visual-
ized by expression of MitoGFP (green) with
the neuronal Gal4 driver elav. Genotypes are
indicated. Scale bar, 50 �m.
(B) Presynaptic mitochondria (MitoGFP,
green) are absent at dmiro mutant NMJs.
NMJs were counterstained with anti-HRP
antibodies (red) to visualize neuronal mem-
branes. Scale bar, 20 �m.
(C) Mitochondria are reduced in segmental
nerves in proximity to dmiro mutant ventral
ganglia. Scale bar, 20 �m.
(D) Abnormal distribution of mitochondria
(green) in muscle 6 of dmiro mutant larvae.
MitoGFP was expressed by the 24B-Gal4
driver. Scale bar, 20 �m.
(E) Representative electron microscopic
images of type 1b boutons from control and
dmiro mutant larval NMJs 6/7. Note the ab-
sence of mitochondria, the often diffuse dis-

tribution of synaptic vesicles, and the abnormal subdivision of dmiro mutant boutons. Arrowheads indicate synapses containing “T-bars.”
Scale bar, 500 nm.
(F) Actin-phalloidin staining of control and dmiro mutant larval muscles showed no differences, indicating normal arrangement of sarcomeres.
Scale bar, 10 �m.
onal somata. Sections of proximal larval nerves
howed reduced numbers of mitochondria in axons
nd in the processes of glial cells of dmiro mutants in
omparison to control larvae (Figures 4A and 4B). Re-
uced numbers of mitochondria were also found in the
europil of dmiro mutant ventral ganglia (Figures 4C
nd 4D). In contrast, neuronal somata of dmiro mutants
xhibited increased numbers of mitochondria, while
ontrol neuronal somata contained few mitochondria.
pecifically, dmiro mutant somata showed large, orga-
ized clusters of mitochondria, which were variable in
ize and close to Golgi apparati (Figures 4E–4I). Within
hese clusters, mitochondria were neatly lined up in
arallel rows, like “strings of pearls.” In many cases,
he mitochondria within a string showed a similar orien-
ation of their cristae (Figure 4H). The occurrence of or-
anized mitochondrial clusters in dmiro mutants has
wo implications: first, the “string of pearls” appear-
nce suggests that the clustered mitochondria are as-
ociated with the cytoskeleton, presumably with MTs;
nd second, it suggests that a MT-associated “road-
lock” or impaired anterograde motor activity may ar-

est anterograde mitochondrial transport.
Structural and/or functional changes in mitochondria

ften cause a redistribution of mitochondria and could
lso account for the defect in mitochondrial transport
f dmiro mutants (Miller and Sheetz, 2004; Chen et al.,
003; Karbowski and Youle, 2003). However, our EM
nalysis revealed no noticeable ultrastructural defects
f mitochondria in dmiro mutants (Figures 4H and 4I).

n addition, mitochondria in cultured neurons from both
miro mutant and control ganglia showed similar inten-
ities of MitoTracker staining (Figures S2A and S2B).
inally, labeling of mitochondria with JC-1 dye showed
o abnormalities in the membrane potential of dmiro
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Figure 4. Mitochondria Form Organized Clusters in Neuronal Somata of dmiro Mutants

(A and B) Ultrastructure of proximal third instar segmental nerves in control (A) and dmiroB682 mutants (B). Note the reduced number of
mitochondria (arrowheads) in dmiro mutant axons and glial processes.
(C and D) Mitochondria in the neuropil of control (C) and dmiroB682 third instar ventral ganglia (D). Note the reduction in number of mito-
chondria in the dmiro neuropil.
(E–G) Mitochondria in neuronal cell somata of control (E) and dmiroB682 (F and G). Note the increased number and highly ordered clustering
of mitochondria (closed triangles) in dmiro mutant cell bodies.
(H) Higher magnification of mitochondrial clusters in dmiro mutant cell bodies. Note the similar orientation of mitochondrial cisternae.
(I) Golgi apparati (arrows) are found close to mitochondrial clusters in dmiro mutant cell bodies.
mutant mitochondria (Figure S2C). Hence, it is unlikely
that structural or functional changes of mitochondria
underlie the abnormal transport of mitochondria in
dmiro mutants.

Vesicular Transport Is Impaired, but Not Blocked,
in dmiro Mutants
To test whether the arrest of mitochondrial transport
in dmiro mutants correlates with a defect in vesicular
transport, we examined larval nerves for the presence
of abnormal accumulations of synaptic vesicles, as
they are typically associated with mutations affecting
axonal transport (Gunawardena and Goldstein, 2001;
Bowman et al., 2000; Hurd and Saxton, 1996). Immuno-
stainings of dmiro mutant larval nerves revealed a sig-
nificant accumulation of immunopositive punctae for
the synaptic vesicle protein cysteine string protein
(CSP; p < 0.01; Figures S3A and S3C) and synaptotag-
min (data not shown). However, quantification of synap-
tic vesicle staining at NMJs revealed no significant dif-
ferences from controls (not shown), suggesting that the
defect in vesicular transport is weak and does not limit
vesicle supply. Similarly, immunostainings with mAb
nc82, a presynaptic marker for synapses (Wucherpfen-
nig et al., 2003), also showed an accumulation of dis-
crete nc82-positive punctae in dmiro mutant nerves
(Figure S3B), while the number of synapses at NMJs
was not reduced (Figures 5C and 5D). Since nc82-posi-
tive punctae are very small and sparsely distributed in
control nerves, the numerous large punctae in mutant
nerves suggest an abnormal accumulation of trans-
ported cargo vesicles. While these data suggest that
vesicular axonal transport is impaired in dmiro mutants,
these impairments are also qualitatively and quantita-
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Figure 5. Abnormal Organization of Synaptic
Boutons and MTs at dmiro Mutant NMJs

(A) Confocal images of third instar larval
NMJs of muscle 6/7 that were double immu-
nolabeled for neuronal membranes (anti-
HRP, green) and synaptic vesicles (anti-CSP,
red). Note a smaller bouton size and abnor-
mal clustering of synaptic boutons in dmiro
mutants. Genotypes are indicated. Scale bar,
10 �m.
(B) Dextran-conjugated dye filling of
dmiroB682 mutant axon terminals resolves
distinct subcompartments that often sur-
round a central compartment, giving the
structure a “cauliflower-like” appearance.
(C) Double staining of control and dmiroB682

mutant NMJs with anti-HRP (green) and mAb
nc82 (presynaptic marker for synapse, or-
ange). Note the often dense clustering of
mutant synaptic boutons containing numer-
ous synapses. Scale bars, 10 �m and 2 �m
(D) EM 3-D reconstruction using serial ultra-
thin sections of type 1b boutons of muscle
6/7 from control (left) and dmiroB682 mutants
(right). The images show a “transparent”
view (upper) illustrating bouton shape, the
localization of mitochondria (blue) and cis-
ternae (purple), and an “opaque” view

(lower) illustrating the localization of synapses (red). Note the altered bouton structure and absence of mitochondria in dmiro.
(E) Prominent MT loops are present in control (arrows) but not in dmiro mutant synaptic boutons. NMJs were double-stained with anti-HRP
(green) and anti-acetylated tubulin (magenta) antibodies. Scale bar, 5 �m.
tively different from the defects in mitochondrial trans- c
aport. Hence, it seems unlikely that both transport
ydefects are caused by the impairment of a common
rmechanism.
e
iMutations in dmiro Alter the Structure of Synaptic
nBoutons and the Organization of Presynaptic MTs
e

Consistent with the smaller body size of dmiro mutant
c

larvae, the length of larval body-wall muscles was re-
N

duced in homozygous dmiro mutants (p < 0.001). How- b
ever, the normalized length of the NMJ innervating the t
smaller muscle (NMJ/muscle ratio) of dmiro mutants N
was generally increased to w121% of that in controls t
(p < 0.007). In addition, dmiro mutant NMJs exhibited a
general increase in the number of boutons to w148% t
of that in controls after normalizing to the NMJ length d
(p = 0.001; Figure 5A), indicating synaptic overgrowth. o

Close examination of dmiro mutant synaptic boutons i
revealed an abnormal structure. The average volume of g
synaptic boutons was reduced, and the distance be- a
tween individual boutons was shortened such that they (
were often aggregated in cauliflower-like clusters. Dex- p
tran-conjugated dye fillings or double immunostainings c
revealed individual compartments within these clus- s
ters, containing synaptic vesicles and synapses (Fig- (
ures 5A–5C). An ultrastructural 3-D reconstruction from (
serial sections of synaptic boutons confirmed the smaller i
size of dmiro boutons, their tendency to form densely m
packed clusters, and the absence of mitochondria (Fig- s
ure 5D). As already indicated by immunostainings, each t
compartment or bouton within a cluster contained its l
own set of synapses (Figure 5D) and synaptic vesicles w
(data not shown). d

aTo determine whether the altered bouton structure
orrelates with an abnormal MT cytoskeleton, we ex-
mined presynaptic MTs, using anti-HRP and anti-acet-
lated tubulin double stainings. Control NMJs showed
obust presynaptic MT bundles extending through the
ntire NMJ, and large synaptic boutons exhibited easily

dentifiable MT loops (Figure 5E). In dmiro mutants the
umber of MT loops was significantly reduced at all
xamined NMJs (p < 0.05; Figure S4B). In contrast to
ontrols, presynaptic MT bundles at dmiro mutant
MJs also often failed to extend into the last synaptic
outon of axonal branches (Figure S4A). Hence, the al-

ered presynaptic MT cytoskeleton of dmiro mutant
MJs may contribute to the abnormal synaptic bou-

on structure.
The abnormal MT organization could be caused by

he loss of dMiro activity, the loss of other mitochon-
rial proteins, or by a depletion of ATP due to the loss
f presynaptic mitochondria. To address this, we exam-

ned MTs in dmiro mutant muscles where a steep ATP
radient seems unlikely because mitochondrial clusters
re uniformly distributed throughout the entire muscle
Figure 3D). MTs surrounding cell nuclei appeared more
ronounced in dmiro mutant muscles than in those of
ontrols (Figure S4C). However, quantification of MTs
urrounding individual nuclei showed no differences
data not shown), while quantification of peripheral MTs
arbitrarily defined as MTs midway between neighbor-
ng nuclei) showed a significant reduction of MT fila-

ent density in dmiro mutants (p < 0.001; Figure S4D),
uggesting that MT organization in the muscle is al-
ered under conditions in which ATP depletion is un-
ikely. In contrast, phalloidin staining of actin in muscles
as normal in dmiro mutants (Figure 3F), indicating that
miro mutations selectively affect the MT, but not the
ctin cytoskeleton.
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dMiro Is Required Presynaptically,
but Not Postsynaptically, at Larval NMJs
It seemed likely that mitochondrial transport requires
dMiro cell-autonomously. However, the structural de-
fects of dmiro nerve terminals may have been caused
by the loss of pre- or postsynaptic dMiro. To resolve
this, we selectively expressed normal dMiro protein in
either neurons or muscles of dmiro mutants, using two
independent transgenes, which produced similar re-
sults. Remarkably, neuronal, but not muscular, expres-
sion of dMiro rescued the lethality of dmiro mutants,
suggesting that dMiro activity is essential only for neu-
ronal, but not for non-neuronal, function. In addition,
neuronal, but not muscular, expression of dMiro re-
stored normal larval body shape and muscle size (Fig-
ures 6A and 6B). Neuronal expression did not rescue
the abnormal mitochondrial distribution and/or MT or-
ganization in dmiro mutant muscles (data not shown).
Hence, the smaller body and muscle size of dmiro mu-
tant larvae is not caused by muscle abnormalities, but
by an abnormally functioning nervous system compro-
mising the function of NMJs or neurosecretory ter-
minals.

Neuronal expression of dMiro in dmiro mutants re-
stored vesicular (Figure S3B) and mitochondrial trans-
port in neurons such that mitochondria were again
present at synaptic terminals of NMJs (Figures 6C–6E)
and in the neuropil of ventral ganglia (data not shown).
Presynaptic expression also restored normal synaptic
Figure 6. Neuronal Expression of Normal
dMiro Reverses Defects of dmiro Mutant
NMJs and Muscles

(A) Neuron-specific (neu-dMiro) but not mus-
cle-specific (mus-dMiro) expression of nor-
mal dMiro protein in dmiroB682 mutants re-
stored a normal larval body size. UAS-dMiro
transgenes containing a cDNA for the long-
est RNA splice form were driven with the
neuronal elav- or the muscular 24B-Gal4
driver.
(B) Neuron-specific (neu-dMiro) but not mus-
cle-specific (mus-dMiro) expression of dMiro
in dmiro mutants restored normal length for
muscle 6. Significant differences are indi-
cated (p < 0.05, n R10, n (larvae) R 5). Error
bars indicate SEM.
(C) Presynaptic expression of dMiro protein
(pre dMiro) in dmiro mutants restored mito-
chondrial transport to larval nerve terminals.
Images show MitoGFP fluorescence from
larval NMJs 6/7 of control and dmiroB682 mu-
tant larvae expressing dMiro with the elav-
Gal4 driver. Note the abnormal accumulation
of mitochondria in terminal boutons of “res-
cued” dmiro mutant NMJs. Scale bar, 20 �m.
(D) Images showing higher magnification of
“rescued” dmiro NMJs (as in [C]) that were
triple-labeled to visualize mitochondria (Mi-
toGFP, green), neuronal membranes (anti-
HRP, blue), and synapses (mAb NC82, red).
Note that a disproportionate accumulation,
as seen for mitochondria, is not observed for
synapses. Scale bar, 10 �m.

(E) Images of a “rescued” dmiro mutant NMJ (as in [C]) that was live-stained for mitochondria [DiOC2(5)] and double-labeled after fixation
with anti-HRP and anti-acetylated tubulin antibodies. Scale bar, 10 �m.
(F) Pre- but not postsynaptic expression of dMiro protein at dmiro mutant NMJs of muscle 6/7 reversed the lack of presynaptic MT loops.
Significant differences between genotypes are indicated (p < 0.05, n R 30, n (larvae) R 5). Error bars indicate SEM.
bouton structure and reversed the absence of presyn-
aptic MT loops at NMJs (Figures 6D–6F). However,
postsynaptic expression of dMiro in dmiro mutant
muscles neither reversed the defects in mitochondrial
transport of the presynaptic neuron (data not shown)
nor affected the abnormal structure of synaptic bou-
tons (data not shown) and presynaptic MTs (Figure 6F).
Together, these data suggest that dMiro is required pre-
synaptically to supply synaptic terminals with mito-
chondria and ensure normal structure of the NMJ.

While presynaptic expression of dMiro restored mito-
chondrial transport to dmiro mutant nerve terminals, it
did not lead to a normal distribution of mitochondria
(Figures 6C–6E); mitochondria accumulated abnormally
in the most distal synaptic bouton of each terminal
branch and were present in reduced numbers in most
of the remaining boutons. The abnormal accumulation
was also observed for DiOC2(5)-labeled mitochondria
(Figure 6E), confirming structural mitochondrial integ-
rity. Overexpression of dMiro in control neurons showed a
similar, excessive accumulation of mitochondria in the
terminal bouton of axonal branches (data not shown),
suggesting that this new phenotype is caused by a gain
of dMiro activity. This gain-of-function phenotype was
not observed for synaptic and cargo vesicles since nei-
ther synaptic vesicles (data not shown) nor synapses
were abnormally distributed (Figure 6D). Hence, reduc-
ing or increasing dMiro activity alters the subcellular
distribution of mitochondria such that abnormal mito-
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chondrial accumulations are switched from the cell I
mbody to the end of the axon, respectively. Accordingly,

we conclude that dMiro specifically controls the activity i
lof anterograde mitochondrial transport.
(
aActivity-Dependent Fatigue of Synchronous

Release at dmiro Mutant NMJs
PAll dmiro mutant alleles were identified by the loss of
Mphototaxis of EGUF-induced mosaic flies, which was
Tapparently caused by a defect in synaptic transmission,
mas indicated by the activity-dependent loss of Off tran-
psients in electroretinogram recordings from dmiro mu-
ptant eyes (Babcock et al., 2003). To examine in more
Ndetail the effects of the chronic loss of mitochondria
fon synaptic physiology, we recorded evoked excitatory
mjunctional potentials (EJPs) and miniature excitatory
ejunctional potentials (mEJPs) from larval NMJs. Less
sthan half of all dmiro mutant muscles examined showed
tdecreased resting potentials (< −40 mV) and/or a high
crate of spontaneous quantal release. The remaining
cmuscles exhibited a normal resting potential, deviating
iby no more than ± 5 mV from control, and a normal
lfrequency of spontaneous release. Since the resting
wpotential was normal for the majority of dmiro muscles,
gwe excluded partially depolarized muscles from the
csubsequent analysis, because their defects were likely
8secondary and degenerative.
pEvoked EJP amplitudes of dmiro mutants were nor-

mal at a low stimulation frequency of 0.2 Hz (Figure 7B).
cEven during prolonged stimulation at 1 Hz for 5 min,
nEJP amplitudes were normal (Figure 7C). However, dur-
iing stimulation at 5 Hz, EJP amplitudes showed a
Csteadily progressing fatigue after 90 s, and by 300 s, no
wmore EJPs were elicited (Figure 7C). Consistently,
ahigher stimulation frequencies caused a progressively
oearlier onset of fatigue; at 10 Hz, EJPs became de-
tpressed within 10 s, and after 15–20 s, almost all stimuli
Cfailed to elicit EJPs (Figures 7A and 7D). The activity-
sdependent fatigue of evoked release in dmiro was not
Cdue to a failure of action potentials because electroton-
tically elicited EJPs showed a similar fatigue (Figure 7E).
aA similar activity-dependent fatigue of evoked release
lwas observed for transheterozygous combinations of
oB682 with other dmiro alleles and a deletion uncovering
nthe locus (Figure 7D). Presynaptic expression of dMiro
mat dmiro-null mutant NMJs restored the activity-depen-
ndent fatigue of evoked release (Figure 7D).
iAn activity-dependent failure of EJP amplitudes often
eindicates a depletion of releasable synaptic vesicles
mdue to a defect in vesicle trafficking and/or endocyto-
dsis. However, the frequency of mEJPs at dmiro mutant

NMJs increased up to 5-fold during high-frequency
stimulation (see traces, Figure 7A) and persisted for ex- A

Mtended periods after stimulation (p < 0.001; Figures 7F
and 7G). The abnormal increase in mEJP frequency was O

mactivity dependent. Prolonged stimulation at 1 Hz over
5 min did not cause an increase in the frequency of a

sunitary quantal events at dmiro mutant NMJs, while
stimulation R5 Hz increased mEJP frequency (data not n

(shown). Hence, the activity-dependent increase in
mEJP frequencies makes it unlikely that a defect in ves- D

oicle recycling causes the fatigue of evoked release.
nterestingly, similar activity-dependent effects on trans-
itter release were observed upon acute pharmacolog-

cal inhibition of mitochondrial function and were corre-
ated with a severe loss of presynaptic Ca2+ clearance
David and Barrett, 2003; Talbot et al., 2003; Nguyen et
l., 1997).

resynaptic Ca2+ Homeostasis at dmiro Mutant
otor Nerve Terminals

o test whether the activity-dependent defects in trans-
itter release of dmiro mutants are linked to an im-
aired presynaptic Ca2+ homeostasis, we examined
resynaptic Ca2+ concentrations ([Ca2+]i) at dmiro
MJs. The resting [Ca2+]i was significantly elevated

rom 39 ± 4.8 nM in control to 84.7 ± 11.8 nM in dmiro
utant terminals (p < 0.05; Figures 8B and 8C). How-

ver, during stimulation at 80 Hz for 5 s, the peak cyto-
olic [Ca2+]i and the time course of [Ca2+]i decay in mu-
ant terminals were indistinguishable from those in
ontrols. This suggests that the chronic lack of mito-
hondria does not affect nerve-evoked Ca2+ levels dur-

ng brief periods of stimulation. Nerve-evoked Ca2+

evels during longer periods of stimulation (10 Hz/30 s)
ere initially similar between control and dmiro but pro-
ressively increased during stimulation to a signifi-
antly larger degree in dmiro mutants (p < 0.05, Figures
D–8F), suggesting that Ca2+ buffering during extended
eriods of high activity is impaired.
Assuming that mitochondria in control terminals ac-

umulate a significant amount of Ca2+ in response to
erve stimulation and subsequently slowly release it

nto the cytosol, one might expect that post-tetanic
a2+ decay might be altered in the mutants, but this
as not the case. In both mutants and controls, 3 s
fter stimulation ended, Ca2+ levels had fallen to w8%
f the plateau level achieved at the end of the stimula-
ion train (Figures 8E and 8F), indicating that cytosolic
a2+ clearance was effectively no different between
trains. Hence, these results suggest that cytosolic
a2+ handling is impaired only during prolonged repeti-

ive stimulation in dmiro mutants, while fast Ca2+ clear-
nce after stimulation is not affected. Hence, it is un-

ikely for two reasons that an abnormal accumulation
f Ca2+ during 10 Hz stimulation causes the desynchro-
ization of transmitter release in dmiro mutant ter-
inals: first, stimulated Ca2+ levels only reached w140

M after 30 s of 10 Hz stimulation (Figure S5), which is
n the physiological range for these terminals (Macleod
t al., 2004); and second, Ca2+ resting levels in dmiro
utant terminals before and after stimulation were in-
istinguishable.

ctivity-Dependent Ca2+ Uptake of Presynaptic
itochondria at Larval Motor Nerve Terminals
ur analysis of presynaptic Ca2+ dynamics in nerve ter-
inals that chronically lack mitochondria suggests only
minor role for mitochondria as presynaptic Ca2+

inks, which is much in contrast to the suggested domi-
ant role of mitochondrial Ca2+ sinks at other NMJs

David and Barrett, 2003, 2000; Ohnuma et al., 1999;
avid et al., 1998; Tang and Zucker, 1997). However,
ur results could be misleading for two reasons: first,
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Figure 7. Activity-Dependent Fatigue of Neurotransmitter Release at dmiro Mutant NMJs

(A) Typical traces of EJPs that were elicited at 10 Hz and recorded from control and dmiroB682 mutant NMJs 6/7 in the presence of 1 mM
Ca2+. Time after onset of stimulation is indicated. (B) Mean amplitudes are shown for EJPs elicited by 0.2 Hz stimulation at control and
dmiroB682 mutant NMJs. Recordings were from muscle 6 with 1 mM Ca2+. (C) Normalized EJP amplitudes elicited by 1 Hz and 5 Hz stimulation
for 5 min for control and dmiroB682. No significant differences were observed for 1 Hz stimulation. Note the significant fatigue of EJP ampli-
tudes in dmiro mutants after w120 s of 5 Hz stimulation. Genotypes are indicated. (D) Normalized amplitudes of EJPs elicited at 10 Hz.
Significant differences were observed after 10 s of stimulation (p < 0.05, n R 3). For rescue, expression of normal dMiro was driven by an
elav-Gal4 driver in homozygous dmiroB682 larvae. Genotypes are indicated. Error bars were omitted for sd23, sd26 and sd32, to allow clarity
of the graph. (E) Normalized amplitudes of electrotonically elicited EJPs (10 Hz) in the presence of TTX and 1 mM Ca2+. No significant
difference in EJP fatigue between electrotonically and nerve-evoked (in [D]) dmiroB682 EJPs was noted. (F) Activity-dependent increase in the
frequency of unitary quantal release during repetitive stimulation in dmiro mutants. Typical trace shows mEJPs recorded from homozygous
dmiroB682 NMJs before and after 10 Hz stimulation. (G) Mean mEJP frequencies for control and dmiroB682 before and after 10 Hz stimulation.
Recordings were from muscle 6 with 1 mM Ca2+. Significant differences are indicated (p < 0.05, n = 6). Error bars represent SD.
mitochondria at larval Drosophila motor terminals may
not sequester Ca2+ during stimulation; second, other
mechanisms may compensate for the chronic lack of
mitochondrial Ca2+ sinks. To test the first possibility, we
examined mitochondrial Ca2+ uptake at presynaptic
terminals of wild-type NMJs by employing the Ca2+ in-
dicator dihydrorhod-2 AM (rhod-2), which accumulates
specifically in mitochondria (Trollinger et al., 1997).

At rest, rhod-2 produced little measurable fluores-
cence, presumably due to low Ca2+ levels in mito-
chondria since rhod-2 fluorescence below 100 nM Ca2+

is effectively invisible in vitro (Molecular Probes). Upon
high-frequency nerve stimulation (80 Hz, 2 s), bright flu-
orescent punctae appeared that were within synaptic
boutons and had the same size and distribution as live-
stained mitochondria (Figures 9A–9C). The activity-
dependent increase in the intensity of rhod-2 fluores-
cence was dependent on the onset, but not on the
offset, of nerve stimulation; rhod-2 fluorescence faded
slowly after stimulation had ceased and became invisi-
ble only after w5 to 10 min (Figures 9D–9F). The slow
decay of rhod-2 fluorescence is consistent with a slow
release of mitochondrial Ca2+ and contrasts with the
exceedingly rapid time course of decay of cytosolic
Ca2+ indicators, like rhodamine-dextran or trans-
genically expressed G-CaMP (Figure 9F). Hence, we
conclude that presynaptic mitochondria at Drosophila
NMJs can sequester Ca2+ in response to high-fre-
quency nerve stimulation. However, as suggested by
the relatively normal Ca2+ homeostasis at dmiro ter-
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Figure 8. Presynaptic Ca2+ Dynamics at
dmiro Mutant Motor Nerve Terminals Lack-
ing Mitochondria

(A–C) Presynaptic [Ca2+]i during short stimu-
lation trains was measured using forward-
filled fura-dextran and HL-6 solution con-
taining 2 mM Ca2+. (A) Images of boutons
from control larva filled with fura-dextran
and excited alternately with 340 nm and 380
nm light (510 nm emission). Image pairs were
collected every 1.4 s. Period of nerve stimu-
lation and fluorescence intensity scale are
indicated. Scale bar, 5 �m. (B) Quantification
of stimulation-evoked changes in [Ca2+]i
from control and dmiroB682 terminals. The
difference in resting [Ca2+]i is emphasized
with the expanded ordinate scale to the right
(asterisk, p < 0.05). (C) Average stimulated
presynaptic peak [Ca2+]i (top) and resting
[Ca2+]i (bottom) from control and dmiroB682

terminals (asterisk, p < 0.05). (D–F) Relative
changes in presynaptic Ca2+ during long
stimulation trains were measured with Ore-
gon Green 488 BAPTA-1 (OGB-1) in HL-3 so-
lution containing 1 mM Ca2+. (D) Images of
boutons from control and dmiroB682 mutant
larva filled with OGB-1. Single images were
collected at 1 s intervals. Period of nerve
stimulation, time of image acquisition, and
fluorescence intensity scale are indicated.
Boxed region is 5 �m square. (E) Quantifica-
tion of stimulation-evoked changes in fluo-
rescence (DF/F) from synaptic boutons of
control and dmiroB682 terminals. (F) (Top)
Average % increase of fluorescence (DF/F)
over the duration of the stimulus trains for
control and dmiroB682 boutons (asterisk, p <
0.05). (Bottom) Average residual fluores-
cence (DF/F) measured at time points 37–39
s (indicated in [E]). All error bars represent
the SEM.
minals lacking mitochondria, their significance as t
short-term Ca2+ sinks at these nerve terminals is either l
very limited or easily compensated by other mecha- o
nisms. s

b
lDiscussion
v
pdMiro Is Required for Anterograde Axonal
mTransport of Mitochondria
aWe have determined that the conserved GTPase dMiro
lis essential for the proper distribution of mitochondria
minto dendrites and axon terminals. Although the true
Hcause for the slim body, the smaller muscle size, the
iprogressive deterioration of locomotion, and the pre-
tmature death of dmiro mutant larvae remains to be

established, it is remarkable that all of these deficien-
acies have an exclusively neuronal origin, since they
awere rescued by neuronal expression of normal dMiro.
cMotor nerve terminals of dmiro null mutants lack
emitochondria, but contain relatively undisturbed num-
abers of synaptic vesicles. Instead of being transported,
tmitochondria accumulate like “strings of pearls” in neu-
tronal somata, which indicates a traffic jam of mito-

chondria that are connected to MTs but cannot be r
ransported into axons and dendrites. This defect is un-
ikely to be caused by a structural or functional deficit
f mitochondria, since they exhibited neither an ultra-
tructural defect nor a reduced mitochondrial mem-
rane potential. The altered MT organization is also un-

ikely to cause the defect. Since both mitochondria and
esicles employ kinesin motors for anterograde trans-
ort, one would expect that a defect of MTs affects
itochondrial and vesicular transport in qualitatively

nd quantitatively similar ways. However, neither the
oss nor the gain of dMiro activity affected transport

echanisms of these organelles in the same way.
ence, it is unlikely that the altered organization of MTs

s the primary cause of the defect in mitochondrial
ransport.

The mitochondrial accumulations of dmiro mutants
re similar to the perinuclear accumulations of MT-
ssociated mitochondria in mouse mutants of the mito-
hondria-associated kinesin heavy chain Kif5B (Tanaka
t al., 1998). Mutations in Drosophila Milton, a potential
daptor protein that links mitochondria to kinesin mo-
ors, also caused mitochondrial accumulations in pho-
oreceptor somata and a loss of mitochondria at photo-
eceptor terminals (Gorska-Andrzejak et al., 2003;
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Figure 9. Ca2+ Uptake by Presynaptic Mitochondria at Larval NMJs
during Stimulation

(A) Live MitoGFP labeling of presynaptic mitochondria (center) in
type-1b boutons of wild-type (Canton S) that were forward-filled
with Texas Red 10 kDa (left). Scale bar, 5 �m for all panels.
(B) Live DiOC2(5) labeling of mitochondria (center) in type-1b and
1s boutons that were labeled by presynaptic expression of cyto-
solic GFP (left).
(C) Live dihydrorhod-2 AM (rhod-2) labeling of mitochondria (cen-
ter) in type-1b and 1s boutons expressing the cytosolic Ca2+ indi-
cator G-CaMP (left). Both images were taken during stimulation at
80 Hz.
(D) Rhod-2 loaded mitochondria (as in [C]) before (0 s, first left
panel) and 5 s (s) after 80 Hz stimulation (second panel from left).
operative action of Miro GTPase and EF-hand domains.

Stimulation was repeated at 900 s (middle) and 1800 s after the first
stimulation (right). Imaging was done in HL-6 solution containing
2 mM Ca2+ and 7 mM L-glutamic acid. Arrows indicate a single
fluorescent punctum attributed to mitochondrial Ca2+ uptake. Each
panel represents an average of 5 images (captured 0.68 s apart).
(E) Change of rhod-2 fluorescence (DF/F) in response to three con-
secutive stimulation trains was quantified for the fluorescent punc-
tum indicated by arrows in (D).
(F) Comparison of changes in fluorescence (DF/F) for mitochondrial
rhod-2 with the cytosolic Ca2+ indicators rhod-dextran (0.68 s sam-
ple interval) and G-CaMP (1 s sample interval; expressed by Ok6-
Gal driver) in response to 80 Hz, 2 s stimulation. Note that cytosolic
Ca2+ rises rapidly with stimulation and then declines rapidly to
baseline, while mitochondrial Ca2+ remains elevated after stimula-
tion. Following stimulation, there is no elevation above baseline for
the rhod-dextran DF/F signal, indicating that Ca2+ released from
mitochondria occurs at such a low rate that cytosolic Ca2+ resting
levels are unaffected.
Stowers et al., 2002). Accordingly, the mitochondrial
clusters in dmiro mutants are consistent with an impair-
ment of the anterograde transport machinery.

The effects of dMiro overexpression further support
a role in regulating mitochondrial transport. While ex-
pression of normal dMiro protein in dmiro mutants re-
stored the transport of mitochondria out of somata into
axons, it also caused an abnormal accumulation of
mitochondria in terminal boutons of NMJs. This new
defect is apparently induced by a gain of activity since
similar alterations were also observed upon overex-
pression of dMiro in otherwise wild-type flies. Hence,
loss and gain of dMiro activity consistently alter the
subcellular distribution of mitochondria in neurons in
opposite ways: while loss of dMiro arrests mitochon-
drial transport in cell bodies, gain of dMiro activity ac-
cumulates mitochondria at terminal synaptic boutons
of motor axons. Three possibilities may explain the gain-
of-function phenotype: excessive anterograde move-
ment, a failure to terminate anterograde movement, or a
failure in identifying appropriate subcellular target sites.
Although our study cannot distinguish among these
possibilities, the opposing effects induced by loss and
gain of dMiro activity consistently suggest that dMiro
is required for anterograde transport of mitochondria to
ensure a normal subcellular distribution. Such a role is
consistent with the suggestion that small GTPases, but
not heterotrimeric G proteins, regulate organelle trans-
port along axonal MTs (Bloom et al., 1993).

Assuming that Miro proteins, like other small
GTPases, provide “signaling nodes” that integrate sig-
nals to coordinate multiple downstream events (Jordan
et al., 2000), Miro proteins may provide an interface be-
tween cellular signaling pathways and mitochondrial
transport to control the subcellular distribution of mito-
chondria. Such a signal-integrating role is supported by
a structural analysis of yeast Miro, showing that both
GTPase domains and both Ca2+ binding EF-hands are
required for Gem1p function (Frederick et al., 2004). Ac-
cordingly, guanine nucleotide exchange and hydrolysis
factors or Ca2+ binding could potentially modulate
dMiro activity and mitochondrial mobility at “turn-
around” or stationary “target zones.” However, further
work will be required to resolve how mitochondrial
transport might be mediated by an independent or co-
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Consequences of Altering dMiro Function s
mfor the Organization of Drosophila NMJs
tThe subcellular distribution of mitochondria in neurons
nis assumed to be important for neuronal physiology, but
adirect evidence is scarce. In this study, we have uncov-
dered a connection between presynaptic mitochondria
fand the structure of NMJs. The loss of dMiro activity
oresulted in the loss of presynaptic mitochondria, an in-
tcreased number of synaptic boutons, and an altered
mbouton structure, suggesting that presynaptic mito-
schondria and/or mitochondrial proteins are important
cfor structurally organizing NMJs. However, presynaptic

mitochondria at NMJs are not required for the forma-
ction of new synaptic boutons, which contrasts with the
rrole that has been suggested for mitochondria in den-
Adritic spine formation (Li et al., 2004).
NLi et al. (2004) manipulated the GTPases Drp1 (dy-
cnamin-related protein 1) and Opa1 (optic atrophy),
owhich alter the morphology and distribution of mito-
tchondria by controlling mitochondrial fission and fusion
l(Karbowski and Youle, 2003). Manipulations that de-
rcreased the number of mitochondria in dendrites of cul-
ftured hippocampal cells reduced the number of syn-
tapses and dendritic spines. Reciprocally, increasing
mdendritic mitochondrial content or activity caused an
cincrease in the number of synapses and dendritic
Cspines, suggesting that dendritic mitochondria are rate
blimiting for the support of synapses (Li et al., 2004). The
ncontrasting lack of any correlation between synapse
Snumber and the number of presynaptic mitochondria at
1dmiro mutant NMJs may indicate different roles of pre-
sand postsynaptic mitochondria or differences between
cNMJs and central synapses. There also may be a criti-
ncal difference between a complete absence and a re-
sduction of mitochondria, since reduced numbers of
omitochondria in hippocampal dendrites did not affect
tdendritic patterns (Li et al., 2004), while the loss of
dmitochondria at dmiro mutant NMJs caused significant
wpresynaptic structural changes. Consistently, loss of
wDrp1 function in Drosophila neither alters the structure
enor increases the number of synaptic boutons at NMJs,
balthough the number of mitochondria is much reduced

(see Verstreken et al., 2005 [this issue of Neuron]).
iThe abnormal structure of synaptic boutons at dmiro
tmutant NMJs may be linked to the abnormal organiza-
ction of presynaptic MTs, as indicated by the loss of MT
wloops and bundles. The cause of the abnormal presyn-
baptic MT organization at dmiro mutant NMJs remains
ounknown, but chronic ATP depletion may be excluded
ebecause missing MTs were also observed in dmiro mu-
m

tant muscles in which the general prevalence of abnor-
s

mally clustered mitochondria is unlikely to result in
2

areas of ATP depletion. l
h

Synaptic Transmission and Effective Ca2+ Clearance n
Persist in the Absence of Presynaptic Mitochondria q
Motor nerve terminals of dmiro mutants, with their

Echronic absence of mitochondria, provide interesting
insights into the role of presynaptic mitochondria in

Esynaptic function. The high energy costs of synaptic
n

transmission, arising mostly from the ATP dependence t
of synaptic vesicle exo- and endocytosis, ion pumps, t

ttransporters, and transmitter metabolism, suggest that
ynaptic function requires the continuous presence of
itochondria (Laughlin, 2001). Although the presynap-

ic defects of dmiro mutant nerve terminals support this
otion, it is still surprising how well these synapses can
djust to the chronic lack of mitochondria. Since larval
miro motor terminals can maintain basic synaptic

unction for at least several days, the question arises
f how these terminals are supplied with ATP. Poten-
ially, diffusion of ATP from the cell body through the
otor axon, together with local glycolysis, could sub-

titute for oxidative ATP synthesis by presynaptic mito-
hondria.
Motor nerve terminals that chronically lack mito-

hondria provide a unique opportunity for studying the
ole of mitochondrial Ca2+ uptake in transmitter release.
cute pharmacological inactivation of mitochondria at
MJs of frog, lizard, and mouse suggested that mito-
hondrial Ca2+ uptake critically limits the accumulation
f presynaptic Ca2+ during repetitive stimulation,
hereby preventing desynchronization of evoked re-
ease (David and Barrett, 2003; Talbot et al., 2003). Our
ecordings of presynaptic Ca2+ and transmitter release
rom dmiro NMJs revealed remarkable differences be-
ween nerve terminals that acutely or chronically lack
itochondrial function. Chronic absence of mito-

hondria caused nanomolar increases in presynaptic
a2+ levels during comparable repetitive stimulation,
ut not micromolar increases as reported for acute ma-
ipulations (David and Barrett, 2003; Talbot et al., 2003;
uzuki et al., 2002; David, 1999; Tang and Zucker,
997). Since mitochondrial Ca2+ uptake occurs at Dro-
ophila motor nerve terminals, we suggest that mito-
hondrial Ca2+ uptake for Ca2+ homeostasis at these
erve terminals is either not required or easily compen-
ated by other mechanisms. Assuming that the latter
ccurs, then it is surprising how powerful and effective
hese compensatory mechanisms are. A likely candi-
ate for compensation is the endoplasmic reticulum,
hich interacts with mitochondria, exchanges Ca2+

ith mitochondria, and can act as a Ca2+ sink (Rizzuto
t al., 2000). Alternatively, Na+/Ca2+ exchange or mem-
rane Ca2+ ATPase activities may be altered.
Our study did not reveal a large, activity-dependent

ncrease in presynaptic Ca2+ levels that correlated with
he desynchronization of transmitter release, which
ontrasts with other studies in which mitochondria
ere acutely inactivated (David and Barrett, 2003; Tal-
ot et al., 2003). Consequently, the desynchronization
f transmitter release in dmiro mutants may be due
ither to the abnormal synaptic structure or the lack of
itochondrial ATP production impairing mobilization of

ynaptic vesicles in the reserve pool (Verstreken et al.,
005). In conclusion, our results reveal that the chronic

oss of presynaptic mitochondria at Drosophila NMJs
as severe consequences for presynaptic structure and
eurotransmitter release, but unexpectedly mild conse-
uences for presynaptic Ca2+ homeostasis.

xperimental Procedures

xperimental details regarding fly strains, the genetic screen, ge-
etic and molecular mapping of the dmiro locus, subcellular frac-
ionation, COS7 cell transfections, and the generation of dmiro
ransgenes are described in the Supplemental Data methods sec-
ions.
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Mitochondria Live Imaging
Mitochondria labeled with MitoGFP were imaged in dissected third
instar larvae in Schneider’s or HL-6 medium, using standard confo-
cal microscopy. To label mitochondria with MitoTracker Green FM
(Molecular Probes Inc., Eugene, OR), dissected larvae were incu-
bated in Schneider’s medium containing 100 nM dye for 30 min at
room temperature, washed 3× in Schneider’s medium, and imaged
after a 2 hr resting period. Mitochondria were stained with 3,3#-
diethyloxadicarbocyanine iodide (DiOC2(5); Molecular Probes) in
HL-6 solution containing 5 nM DiOC2(5) for 40 s. Cultured cells
were incubated with 100 nM MitoTracker for 15 min or 6 �m JC-1
dye for 5 min, washed once, and imaged after 1 hr. Schneider me-
dium was used for primary neuronal cell culture at 25°C and
DMEM, for COS7 cells at 37°C.

Immunostainings
Dissected third instar larvae were fixed with 3.5% paraformalde-
hyde for 1 hr at room temperature, 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 to 2 hr at room temperature, and washed three times with PBT
for 10 min. Antibodies and their dilutions were: mouse anti-CSP
1:100 (ab 49); rabbit anti-synaptotagmin 1:10,000 (DSYT-2; H.
Bellen, Baylor College of Medicine, Houston, TX); goat anti-HRP
Cy3-conjugated 1:300-400 (Jackson Laboratories, West Grove, PA);
anti-cytochrome c oxidase 1:200 (Santa Cruz Biotechnology Inc.,
Santa Cruz, CA); nc82 1:10 (E. Buchner, University of Wuerzburg,
Germany); anti-HRP-FITC 1:100 (Jackson Laboratories); mouse
anti-milton 1:10 (T. Schwarz, Children’s Hospital, Boston, MA);
mouse anti-acetylated tubulin 1:1000 (Sigma, St. Louis, MO); rabbit
anti-GFP Alexa488-conjugated 1:200 (Molecular Probes); rabbit or
mouse anti-GFP 1:200 (Molecular Probes); goat anti-V5-FITC 1:400
(Bethyl Laboratories, Inc., Montgomery, TX); anti-rabbit FITC-con-
jugated mouse antibody 1:100 (Jackson Laboratories); rabbit anti-
mouse Cy3-conjugated antibody 1:200 (Jackson Laboratories);
anti-mouse Alexa488-conjugated 1:400 (Molecular Probes); and
mouse anti-rabbit Cy3-conjugated antibody 1:200 (Jackson
Laboratories).

Electron Microscopy
Dissected ventral ganglia were fixed in Trump’s fixative (4% para-
formaldehyde, 1% glutaraldehyde, 100 mM cacodylate buffer (CB
[pH, 7.2]), 2 mM sucrose, 0.5 mM EGTA) for 1 to 2 hr at room tem-
perature and then overnight at 4°C. After washing in CB containing
264 mM sucrose (3× for 10 min), the tissue was postfixed with 1%
OsO4 in CB for 3 hr at room temperature, dehydrated in a series of
ethanol dilutions (50%, 70%, 95%, and 100%) followed by propyl-
ene oxide, and embedded in Epon/Araldite. Serial cross-sections
were poststained with 2% uranyl acetate and 1% lead citrate and
examined by electron microscopy on a JEOL 1200 EX microscope
(80 kV). Images were obtained with a Gatan Bioscan camera using
digital micrograph version 3.8.1 for Gatan Microscopy Suite.

For NMJs, the procedures were similar, but the fixative contained
1% paraformaldehyde and 3% glutaraldehyde and lacked sucrose;
2% OsO4 (1 hr) was used in postfixation. Staining was in 4% uranyl
acetate and Reynolds’ lead citrate. Images were obtained on a Hi-
tachi H7000 electron microscope using an AMT XR-60 camera and
AMT software version 5.0. Reconstructions were made using IMOD
version 3.1.0.

Electrophysiology
Intracellular whole-cell recordings were made with a single micro-
electrode filled with 3 M KCl (20–40 M�) essentially as described
(Dawson-Scully et al., 2000). All recordings were made from muscle
6, segment A4 or A5 of 3rd instar larvae in HL-3 medium containing
1 mM Ca2+, except where specified. For electrotonic stimulation, 5
�M TTX was slowly perfused until AP-elicited EJPs were fully
blocked. Subsequently, electrotonic EJPs were elicited by increas-
ing the stimulus intensity 10-fold.
Calcium Imaging
Motor neuron terminals were loaded with fura-dextran (10 kDa),
Oregon Green 488 BAPTA-1 (10 kDa), or rhod-dextran (10 kDa; all
from Molecular Probes) as described (Macleod et al., 2004, 2002).
Mitochondria were loaded with dihydrorhod-2 AM (Molecular
Probes) by incubating dissected larvae for 90 min at 4°C in Schnei-
der’s medium containing 6 �M dye, 0.3% DMSO, and 0.06% pluro-
nic acid and were rinsed in dye-free Schneider’s medium for 90 min
at room temperature. Calcium imaging with cytosolic Ca2+ indica-
tors and its analysis using ImageJ software (http://rsb.info.nih.gov/
ij/) was performed as described (Macleod et al., 2004).

Statistical Analysis
Comparisons between mutants and controls (FRT82B) were made
using Student’s t test or one-way ANOVA. Unless otherwise indi-
cated, p < 0.05 was deemed significant.

Supplemental Data
Supplemental data include five figures, one table, Supplemental
Experimental Procedures, and Supplemental References and can
be found with this article online at http://www.neuron.org/cgi/
content/full/cgi/47/3/379/DC1.
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