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Defects in Mitochondrial Axonal Transport and Membrane
Potential without Increased Reactive Oxygen Species
Production in a Drosophila Model of Friedreich Ataxia
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Friedreich ataxia, a neurodegenerative disorder resulting from frataxin deficiency, is thought to involve progressive cellular damage from
oxidative stress. In Drosophila larvae with reduced frataxin expression (DfhIR), we evaluated possible mechanisms of cellular neuropa-
thology by quantifying mitochondrial axonal transport, membrane potential (MMP), and reactive oxygen species (ROS) production in
the DfhIR versus wild-type nervous system throughout development. Although dying-back neuropathy in DfhIR larvae did not occur
until late third instar, reduced MMP was already apparent at second instar in the cell bodies, axons and neuromuscular junctions (NMJs)
of segmental nerves. Defects in axonal transport of mitochondria appeared late in development in distal nerve of DfhIR larvae, with
retrograde movement preferentially affected. As a result, by late third instar the neuromuscular junctions (NMJs) of DfhIR larvae
accumulated a higher density of mitochondria, many of which were depolarized. Notably, increased ROS production was not detected in
any neuronal region or developmental stage in DfhIR larvae. However, when challenged with antimycin A, neurons did respond with a
larger increase in ROS. We propose that pathology in the frataxin-deficient nervous system involves decreased MMP and ATP production
followed by failures of mitochondrial transport and NMJ function.

Introduction
The health of neurons depends critically on the movement, dis-
tribution and function of their mitochondria (Hollenbeck and
Saxton, 2005). This is nowhere more evident than in a range of
mitochondrial dysfunctions that are manifested prominently or ex-
clusively as diseases of the nervous system (McKenzie et al., 2004;
Schapira, 2006; McFarland et al., 2007). Mitochondria supply ATP,
buffer cytosolic calcium and control apoptosis, but in addition to
these activities—indeed, as their consequence—mitochondria pro-
duce reactive oxygen species (ROS). Oxidative damage has been sug-
gested as the major source of pathology for many mitochondrial
diseases (Wallace, 2005), and for neurodegenerative diseases in
general (Fukui and Moraes, 2008). However, neuropathology
can result from other changes in mitochondrial functions, such as
the disruption of mitochondrial axonal transport (Zhao et al.,
2001; Baloh et al., 2007; De Vos et al., 2007), fission/fusion
(Alexander et al., 2000; Delettre et al., 2000; Kijima et al., 2005;
Verhoeven et al., 2006), protein import (Bauer and Neupert,
2001), and DNA replication (Schapira, 2006). To understand the

mechanisms by which mitochondrial disorders cause neuronal
dysfunction and death, it will be necessary to evaluate many ele-
ments of mitochondrial biology.

Friedreich ataxia (FRDA) is an autosomal recessive neurode-
generative disease caused by a GAA repeat expansion in intron 1
of the frataxin gene. The resulting deficiency in expression is
associated with a dying-back neuropathy affecting sensory neu-
rons and spinocerebellar and corticospinal motor tracts (Gibson
et al., 1996; Delatycki et al., 2000; Patel and Isaya, 2001; Puccio
and Koenig, 2002). Frataxin is thought to be an iron chaperone
responsible for formation of iron-sulfur (Fe-S) clusters, but its
deficiency is associated not only with diminished activity of Fe-
S-containing enzymes, but also with altered defense against oxi-
dative stress (Calabrese et al., 2005; Bencze et al., 2006). Evidence
that FRDA pathology involves increased ROS levels or suscepti-
bility to oxidative stress comes from studies of sera, tissues and
isolated cells of patients (Delatycki et al., 1999; Wong et al., 1999;
Emond et al., 2000; Schulz et al., 2000; Chantrel-Groussard et al.,
2001; Jiralerspong et al., 2001; Piemonte et al., 2001) and from
transgenic mice (Chantrel-Groussard et al., 2001; for review, see
Puccio and Koenig, 2002). However, recent data from transgenic
mouse models show that FRDA pathology can occur, associated
with deficient activities of the electron transport chain (ETC) and
other Fe-S enzymes, but without evidence of increased oxidative
stress (Seznec et al., 2004, 2005).

It is difficult to predict whether a particular defect in mito-
chondrial function will cause ROS production to increase, de-
crease, or remain unchanged (Pitkanen and Robinson, 1996;
Smeitink et al., 2004; for review, see Balaban et al., 2005; Fukui
and Moraes, 2008). Because frataxin affects the activity of many
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Fe-S enzymes (Rotig et al., 1997; Lodi et al., 1999; Bradley et al.,
2000), its deficiency should produce broader, more diffuse met-
abolic insufficiency than mutations in specific ETC components
(Taylor and Turnbull, 2005; Schapira, 2006). However, mito-
chondrial functions such as membrane potential or axonal trans-
port and distribution in axons and synapses have gone largely
unexamined in the disease and its models. We have examined
quantitatively the cellular neuropathology of frataxin deficiency
using the frataxin knock-down Drosophila strain of Anderson
(Anderson et al., 2005, 2008). We find that in the frataxin-
deficient nervous system, mitochondria show universally dimin-
ished membrane potential early in development, followed by
temporally and geographically specific axonal transport deficits
and abnormal synaptic distribution.

Materials and Methods
Genetics. A DfhIR Drosophila strain (“DfhIR1,” or “UDIR1”) produced
by Anderson et al. (2005) expressing an inhibitory RNA that specifically
inhibits frataxin expression was generously provided to us and its prop-
erties have been described in detail (Anderson et al., 2005, 2008). To
observe and quantify mitochondrial location and transport in frataxin-
deficient larvae, we crossed the DfhIR second chromosome into the
mito-GFP strain produced and described by Pilling et al. (2006) to obtain
the genotype: w; P{UAS-DfIR}w �/SM2; D42-GAL4 P{UAS-mitoGFP}
e/TM3. These were crossed together to obtain mito-GFP, homozygous
UAS-DfIR larvae for experiments. The control genotype was w; �; D42-
GAL4 P{UAS-mitoGFP} e/TM6B, Tb Hu e. To obtain a strain in which
we could observe synaptic (synaptobrevin-containing) vesicles under
frataxin-deficient conditions, a similar strategy was used to cross the
DfhIR chromosome into the D42-GAL4-syb-GFP background (Estes et
al., 2000) to obtain the genotype: w; daG32-GAL4 P{UAS-DfIR}w �/
CyO; P{D42-GAL4-syb} e/TM3. The control genotype was as follows: w; �;
P{D42-GAL4-syb} e/TM3.

Immunoblotting and immunostaining. Whole larvae were homoge-
nized in standard denaturing SDS-PAGE buffer and protein from 10
larvae was loaded per lane of an 8% polyacrylamide gel, electrophoresed,
and transferred to PDVF. Blots were probed with mouse monoclonal anti-
frataxin (Millipore Bioscience Research Reagents) or rabbit anti-GFP (Clon-
tech) and secondary IRDye-800CW goat anti-mouse or anti-rabbit
(Rockland), visualized using a Gel Doc EQ epi-illumination system (Bio-
Rad), and staining intensity of individual bands was quantified using
MetaMorph software (Molecular Devices). For immunostaining of
NMJs, partially dissected larvae were fixed with 4% paraformaldehyde,
rinsed with PBS, washed with PBS containing 0.1% Triton X-100 and 10
mg/ml BSA (PBSTx), then stained with mouse anti-HRP, washed with
PBSTx, stained with Alexa 568 goat anti-mouse (Invitrogen), mounted
and observed by laser scanning confocal microscopy (LSCM) (Bio-Rad)
with a 568 nm laser line.

Larval preparation for observing neuronal mitochondria. To observe,
track and stain mitochondria in live segmental nerves, larvae were pre-
pared by a variation on previously described methods (Hurd and Saxton,
1996; Pilling et al., 2006). Larvae at second to late third instar were pinned
down and opened with an incision through the cuticle on the dorsal side,
and the cuticle was peeled back slightly with forceps. Then the fat bodies
were pushed gently aside, exposing the ventral ganglion and segmental
nerves but leaving the axons connected to their cell bodies in the ventral
ganglion and to their peripheral muscle targets. A chamber was formed
around the dissected larvae by sandwiching them dorsal-side-up between
a glass coverslip and a slide using dental wax as a spacer, and the chamber
was filled with Schneider’s insect medium (Invitrogen). Mitochondria in
cell bodies, axons, and NMJs of motor neurons were observed by LSCM
of mito-GFP with a 488 nm laser line.

Quantification of mitochondrial transmembrane potential and ROS
levels. Tetrmethylrhodamine methyl ester (TMRM) (Invitrogen) was
added to the dissected larval preparation at 20 nM in Schneider’s medium
for 20 min, then replaced with 5 nM TMRM. Quantitative fluorescence
values were obtained for individual mitochondria and the adjacent cyto-

plasm, and the ratio of mitochondrial to cytoplasmic fluorescence was
calculated as a measure of mitochondrial membrane potential (Verburg
and Hollenbeck, 2008). The superoxide indicating dye MitoSOX Red
(Invitrogen) was applied at 5 �M in Schneider’s medium for 20 min, then
washed out with plain medium. Fluorescence values for mitochondria
and adjacent cytoplasm were obtained and ratioed as just described. The
superoxide indicating dye dihydroethidium (hydroethidine; Sigma) was
applied at 5 �M in Schneider’s medium for 20 min and washed out before
observation. As a positive control for ROS detection, the complex III
inhibitor antimycin A was added to larvae at 50 or 100 �M for 10 min.

Measuring mitochondrial axonal transport. Segmental nerves were ob-
served by LSCM in their proximal (segment A2), middle (segment A4)
and distal (segment A7) regions. To track GFP-mitochondria in motor
axons, a small region was bleached with the confocal laser as previously
described (Pilling et al., 2006) and mitochondria moving into the
bleached zone in both directions were observed. Images of mitochondria
were obtained every 1 s for 200 –250 s and stored as PICT files. Transport
was quantified by tracking individual mitochondria using ImageJ soft-
ware. The transport parameters calculated were as follows: velocity, duty
cycle and flux, for both anterograde and retrograde movement. In addi-
tion, anterograde, retrograde, and pause duty cycles were calculated for
both net anterograde and net retrograde moving mitochondria. Mito-
chondrial lengths were measured and compared in wild-type and DfhIR
axons using MetaMorph software.

Determination of mitochondrial density. Mitochondrial density was
calculated from LSCM images using MetaMorph software. In motor
cell bodies of the ventral ganglion, the area of mito-GFP fluorescence
in each cell body was divided by the area of the cell body. In NMJs,
paraformaldehyde-fixed larvae were immunostained with anti-HRP to
reveal the full outline of the NMJs, and the area of mito-GFP staining in
each NMJ was divided by the total NMJ area. Synaptic vesicle density in
NMJs was observed and quantified in identical fashion using larvae of the
DfhIR; D42-syb-GFP strain.

Preparation and staining of larval sections. Larvae were fixed with para-
formaldehyde, paraffin embedded, and cross sectioned at a thickness of
10 �m. Sections were subjected to Bodian stain, counterstained with
hematoxylin and eosin, and observed and recorded using a Nikon E800
microscope with a SPOT Flex color-mosaic camera (Diagnostic Instru-
ments). Quantitative morphometry was performed using MetaMorph
software with sections from second, early third and late third instar lar-
vae. The cortical area and number of motor cell bodies were determined
at all stages, and the cross sectional area of the segmental nerve was
quantified in the proximal (A2), middle (A4) and distal (A6 and A8)
regions of the nerve.

Results
DfhIR motor neurons show distal axonal degeneration and
cell body loss in the ventral ganglion by late third instar
To check that the DfhIR; mito-GFP strain retained the decreased
frataxin expression of the original DfhIR line (Anderson et al.,
2005), we performed anti-frataxin immunoblots using extracts of
whole DfhIR; mito-GFP larvae at second, early third and late
third instar (Fig. 1A). At all three stages, the DfhIR; mito-GFP
larvae showed decreased frataxin expression compared with the
wild-type mito-GFP larvae. To assess the overall neuropathology
of DfhIR larvae, we examined segmental nerves (Fig. 1B,C) and
motor cell bodies in the ventral ganglion (Fig. 1D–F) in sections
of larvae using Bodian and hematoxylin and eosin (H&E) stain-
ing. The DfhIR segmental nerves showed no morphological dif-
ference from wild type in any region from second to early third
instar, but pathology become apparent in the distal nerve late in
development. At late third instar the cross sectional area of the
distal nerve had declined to 72% of wild type at segment A6 and
further to 61% at A8 (Fig. 1B,C). The structure of the ventral
ganglion of DfhIR larvae was also indistinguishable from wild
type until late third instar, when the cortical area declined to 62%
of that in wild type, and the number of motor cell bodies per
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section was reduced to 61%, from a mean of just above 80 to just
under 50 (Fig. 1D–F). Thus, DfhIR larvae showed dying-back
neuropathy, but not until late in larval development.

To search for the underlying cellular basis of this pathology,
we went on to quantify three essential features of mitochondrial
activity in neurons within intact segmental nerves of these larvae:
mitochondrial transport, mitochondrial transmembrane poten-
tial, and ROS production. Each of these was assessed across time
and space: at three stages of larval development (second, early
third and late third instar) and, where applicable, in five regions
of the neurons: cell bodies in the ventral ganglion; axons in the
proximal (A2), middle (A4) and distal (A7) region of the nerve,
and neuromuscular junctions (NMJs).

The first and most pervasive defect in DfhIR neurons is loss of
mitochondrial transmembrane potential
To compare the activity of mitochondria between wild-type and
DfhIR neurons, we stained live larval preparations with a sub-
quenching concentration of the mitochondrial dye TMRM
(Farkas et al., 1989; Scaduto and Grotyohann, 1999; Verburg and
Hollenbeck, 2008). The partitioning of TMRM between the cy-
toplasm and mitochondrial matrix is driven by the inner mito-
chondrial membrane potential (MMP); thus we used the ratio of
mitochondrial to cytoplasmic TMRM fluorescence (Fm/Fc) as the
most sensitive and accurate available indicator of MMP. We
found that in all regions of the neuron and from the earliest stage
we observed, neurons in DfhIR nerves showed a significantly
lower MMP than wild type (Fig. 2). In cell bodies of the ventral
ganglion, Fm/Fc was 25% lower in DfhIR neurons at second instar
and declined further by late third instar (Fig. 2A,B). Mitochon-
dria throughout the length of DfhIR axons also showed lower
MMP than wild type, a difference that became more pronounced

with both larval age and position along the nerve. The Fm/Fc in
the distal region of DfhIR axons was already �70% of controls at
second instar and declined further to �50% by late third instar
( p � 0;05 for 2 vs L3, Fig. 2D). The most extreme MMP pheno-
type was seen in NMJs (Fig. 2E), where the TMRM signal in
DfhIR neurons declined to a mean of only 30% that of controls by
late third instar (Fig. 2G). More important, DfhIR NMJs contained
significant numbers of mitochondria that had no greater TMRM
fluorescence than the surrounding cytoplasm and were thus com-
pletely depolarized (Fig. 2E, apparent as GFP-positive mitochondria
with no yellow TMRM signal in the merged DfhIR image). Such
mitochondria are virtually never seen in wild-type NMJs.

DfhIR larvae show specific defects in axonal transport of
mitochondria in the distal axon, late in larval development
We observed and quantified mitochondrial transport by a mod-
ification of the method of Pilling et al. (2006), photobleaching the
mito-GFP in a region of segmental nerve and then following
mitochondria entering that region from the proximal and distal
sides. We tracked individual organelles from 250-frame se-
quences acquired in the proximal, middle and distal segmental
nerves at second, early third and late third instar (Fig. 3A,D).
From these data we calculated mitochondrial flux, duty cycle, run
length, run time, and pause time for the anterograde and retrograde
directions of movement in each region at each developmental stage
(supplemental Table 1, available at www.jneurosci.org as supple-
mental material).

In wild-type segmental nerves, mitochondrial flux was greater in
the anterograde than retrograde direction, and increased with larval
age (Fig. 3E) while declining with distance from the cell body (Fig.
3B). Wild-type mitochondrial movement also became less direc-
tionally persistent with increased distance from the ventral ganglion:

Figure 1. Axonal degeneration from the distal end and neuronal cell death in the ventral ganglion are apparent at third instar in DfhIR larvae. A, Anti-frataxin immunoblots were performed with
extracts of whole larvae, at second, early third and late third instar (2, E3 and L3, respectively) quantified, and normalized for GFP content using anti-GFP. DfhIR crossed into the mito-GFP background
resulted in a 30 – 40% reduction in whole-larval frataxin expression relative to wild type at the same stage. Bodian- and H&E-stained paraffin sections of larvae were used to quantitate changes
during development: B shows wild-type and DfhIR segmental nerve cross sections at L3 in the distal axon; D shows wild-type and DfhIR ventral ganglia at L3. C, Quantitive morphometry showed that
in wild-type larvae, the cross sectional area of the segmental nerve did not change during development, or along the proximodistal axis at any point during development. In DfhIR larvae, the cross
sectional area was significantly decreased in the distal region of the nerve (at segments A6 and A8) at L3. E, F, Morphometry of cell bodies in the ventral ganglion showed that in DfhIR larvae, both
the area of the cortical region of the ganglion (E) and the number of cell bodies (F ) were significantly decreased at L3 in DfhIR relative to wild type. All error bars represent the SD, and significant
differences between DfhIR and wild-type values for specific stages or regions are indicated (*p � 0.05, n � 40 for all experiments).
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for anterograde-moving organelles, the an-
terograde duty cycle declined in the distal
nerve while their retrograde and pausing
duty cycles increased; the converse was true
for retrograde-moving mitochondria. (Fig.
3C). However, the direction of movement
was more persistent in all regions of older
nerves than younger nerves (Fig. 3F).

In DfhIR segmental nerves, mitochon-
drial transport was similar to wild type in
all parameters at second instar, but began
to show small defects in the distal axons at
early third instar that rose to significance
at late third instar (Fig. 3G). Specifically,
anterograde and retrograde flux, duty cycle,
and velocity all declined significantly in dis-
tal DfhIR axons (Fig. 3H–J). The velocities
of anterograde- and retrograde-moving mi-
tochondria were almost equally affected,
dropping to 77% and 73% of wild type, re-
spectively. However, flux and duty cycle
were more profoundly affected in the retro-
grade direction: anterograde flux dropped
to 81% of wild type while retrograde flux
dropped to 70%, and anterograde duty cycle
dropped to 83% of wild type while retro-
grade duty cycle dropped to 70%. These
diminutions of the flux and duty cycle, but
not velocity, were significantly greater for
retrograde movement than for anterograde
movement (Fig. 3K). Thus, frataxin defi-
ciency causes an inhibition of mitochon-
drial transport that is manifested in the
distal axon late in larval development, and
preferentially affects retrograde move-
ment. The magnitude of these effects on
mitochondrial transport is similar to that
seen for hypomorphic mutant alleles of
the motor proteins kinesin and dynein
(Pilling et al., 2006) (our supplemental
Fig. 2, supplemental Table 2, available at
www.jneurosci.org as supplemental ma-
terial). Finally, measurements of mito-
chondrial length at late third instar
detected no difference between wild-type
axons (mean � SEM � 1.23 � 0.05 �m;
n � 71) and DfhIR axons (1.37 � 0.14
�m, n � 73).

DfhIR larvae accumulate excess
depolarized mitochondria in
their NMJs
Preferential diminution of retrograde trans-
port in the distal region would be expected
to result in an abnormal accumulation of
mitochondria in the NMJs of DfhIR lar-
vae. To test this, we measured the density of mitochondria in
NMJs of second, early third, and late third instar larvae using
mito-GFP and anti-HRP immunofluorescence signals (Fig. 4). As
a baseline, we first established the developmental pattern for mi-
tochondrial density in the cell bodies of these neurons in the
ventral ganglion of live wild-type and DfhIR larvae. The projected
area of mitochondria per cell body in LSCM cross sections did not

vary through development for either genotype, nor between wild-
type and DfhIR larvae (Fig. 4A). In NMJs of fixed wild-type larvae,
we found that the mitochondrial content and total area of NMJs
both increased modestly through development, yielding no in-
crease in mitochondrial density (Fig. 4D–F). However, in DfhIR
NMJs, the total NMJ area increased during development identi-
cally to wild type, but the NMJ mitochondrial content increased

Figure 2. Mitochondrial transmembrane potential is diminished throughout the neurons of DfhIR larvae compared with wild-
type. A, B, In individual cell bodies in the ventral ganglion, mito-GFP fluorescence was used to identify mitochondria (A, green) and
TMRM fluorescence was used to measure membrane potential (red, overlap is yellow in merged image). Note that the TMRM signal
includes mitochondria in sensory axons that do not express mito-GFP and were not included in any measurements. B, The ratio of
mitochondrial to cytoplasmic TMRM fluorescence values (FM/FC) was determined at second, early third, and late third instar (2, E3,
L3, respectively), divided by the wild-type second instar mean value to normalize and plotted, showing that DfhIR cell bodies had
diminished MMP throughout development relative to wild-type mito-GFP cell bodies. C, D, In segmental nerve axons, mitochon-
dria were observed throughout development in all three regions— here, images of mitochondrial GFP fluorescence and TMRM in
the distal axon at L3 show the diminished MMP in DfhIR axons. D, The mitochondrial FM/FC was determined in segmental nerves at
each stage and axonal region and divided by the wild-type proximal second instar value to normalize. Plots of these values show
that in wild-type larvae MMP did not vary with age or distance from the ventral ganglion (D, left); however, DfhIR larvae not only
showed diminished MMP at all stages and axonal positions, but also showed an increasing effect with age and distance from the
ventral ganglion (D, right). E–G, In neuromuscular junctions, mitochondrial TMRM fluorescence intensity per area of the NMJ had
already declined relative to controls by second instar, and dropped to �70% of control levels by late third instar (F ); the TMRM
fluorescence per mitochondrial area declined to less than half wild type (G). Merged images of TMRM (red) and mito-GFP fluores-
cence at right show that at late third instar, many mitochondria in DfhIR NMJs show complete depolarization (E). Scale bars: A, C,
E, 10 �m. *p � 0.05, **p � 0.01; error bars denote SD; n � 30 for all TMRM measurements.
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significantly more than did wild type at
late third instar, resulting in a 1.3-fold
higher mitochondrial density in DfhIR
NMJs (Fig. 4F). Thus, by late third instar,
frataxin deficiency leads an accumulation
of excess mitochondria in NMJs, many of
which are partially or completely depolar-
ized, as shown in Figure 2E–G.

To ascertain whether the accumulation
of organelles in the NMJs was specific to
mitochondria or more general, we also quan-
tified the density of synaptic (synaptobrevin-
containing) vesicles using an n-syb-GFP;
DfhIR strain (Estes et al., 2000). Using
n-syb-GFP fluorescence and anti-HRP im-
munostaining in fixed larvae (Fig. 5A), we
found that the synaptic vesicle density of
NMJs rose similarly through development
in both wild-type and DfhIR larvae, but that
by late third instar the DfhIR NMJs accu-
mulated synaptic vesicles to a 1.3-fold excess
over wild type (Fig. 5B), very similar to that
seen for mitochondria.

DfhIR neurons do not produce higher
levels of ROS, but are more susceptible
to complex III inhibition late in
development
The body of work on Friedreich ataxia and
frataxin deficiency suggests that a likely
component of the pathology is generation
of excess ROS (Calabrese et al., 2005;
Bencze et al., 2006). We used fluorescent
probes for superoxide to quantify the level
of ROS in the motor neurons of live larvae.
To detect superoxide levels in mitochon-
dria, we treated larval preparations with
MitoSOX red, a fluorescent lipophilic cation
that, like TMRM, partitions into mito-
chondria and has a fluorescence intensity
that increases with superoxide concentra-
tion (Mukhopadhyay et al., 2007). Using
the mito-GFP signal to identify mito-
chondrial pixels in the confocal images,
we determined MitoSOX fluorescence in
cell bodies, axons and NMJs throughout
larval development (Fig. 6). In wild-type
larvae, in all regions of the neurons, ROS
levels remained relatively constant during
development, but they responded sharply
to the application of the complex III in-
hibitor antimycin A (Staniek and Nohl,
2000; Chen et al., 2003), demonstrating
the capacity of the probe to detect in-
creases in [ROS] (Fig. 6B,D,F).

In cell bodies in the ventral ganglion,
elevated mitochondrial ROS levels were
not detected in DfhIR larvae relative to
wild type at any stage in development.
However, at late third instar, the DfhIR
cell bodies did respond to a 100 �M anti-
mycin A challenge with a 40% greater in-
crease in ROS than did wild type (Fig. 6B).

Figure 3. In segmental nerve axons of DfhIR larvae, mitochondrial flux, transport duty cycle and velocity are diminished compared with
wild type at late third instar. Mitochondrial movements were tracked in segmental nerves of second, early third and late third instar larvae,
in the proximal, middle and distal region of the nerves. All images are oriented with the cell bodies (ventral ganglion) to the left, so that
anterograde transport is from left to right. A shows images of mitochondria in a wild-type late third instar larva moving into a bleached
region in both directions in all three regions of the nerve. B, C, Both the flux of mitochondria (B) and their duty cycle (C) decline from the
proximal to distal axons. D shows mitochondria moving into a bleached region of the distal nerve of normal larvae in both directions, at
three stages of development. E, F, In axons of the distal nerve, both the flux of mitochondria (E) and their duty cycle (F ) increase during
development from second to late third instar. G compares mitochondrial movements between wild-type and DfhIR larvae at late third
instar in the distal region. H–K, In DfhIR larvae, mitochondrial flux (H ), duty cycle (I ) and velocity (J ) are significantly reduced in both
directions, but retrograde flux and duty cycle are more strongly affected than anterograde (K ). Scale bars, 10 �m. *p � 0.05, n �
30 for each experiment; error bars represent the SD.
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This pattern also occurred in axonal mito-
chondria: DfhIR axons showed no greater
ROS levels than wild type at any region or
stage of development, but in response to an-
timycin A, they showed significantly greater
mitochondrial ROS increases in the mid-
dle axons at late third instar (125% of wild
type), and in distal axons at early and late
third instar (145% and 155%, respec-
tively) (Fig. 6C,D). In NMJs, DfhIR larvae
also did not show increased ROS com-
pared with wild type until late third instar,
when DfhIR NMJs showed a much greater
ROS response to antimycin A challenge
(160%) than did wild type (Fig. 6G–I).
Very similar results were obtained using
dihydroethidium to detect total cytoplas-
mic superoxide: in unperturbed prepara-
tions, wild type and DfhIR did not have
detectably different ROS levels at any
stage of development or region of the neu-
rons, but an antimycin challenge elicited higher ROS levels in
cytoplasm of DfhIR cell bodies (170%), distal axons (175%) and
NMJs (160%) at late third instar only (supplemental Fig. 3, avail-
able at www.jneurosci.org as supplemental material). Thus, in
the unperturbed larval nervous system frataxin deficiency did not
result in detectably higher ROS levels, but it did produce hyper-
sensitivity to complex III inhibition late in development.

Discussion
Many defects in mitochondrial function are associated with dis-
eases of the nervous system (McKenzie et al., 2004; Wallace, 2005;
Schapira, 2006; McFarland et al., 2007), but in most cases we
understand neither which of these potential defects underlie
the cellular neuropathology, nor their temporal and causal
relationships. In this study we chose a model mitochondrial

Figure 4. DfhIR larvae show an abnormal accumulation of mitochondria in the NMJs by late third instar. A, The density of mitochondria in motor cell bodies of the ventral ganglion, determined
as the ratio of mito-GFP area to neuronal cell body area, remains nearly constant during development and is the same in wild-type and DfhIR larvae. B, A merged image of HRP immunostaining (red)
and mito-GFP (green, yellow in overlap with HRP) shows wild-type NMJs of second, early third, and late third instar larvae. C, A merged image of mito-GFP and HRP immunostaining shows that in
late third instar larvae, NMJs of DfhIR larvae have a higher mitochondrial density than those of wild type. D–F, Quantitation of the area of mito-GFP signal per NMJ (D), total NMJ area (E), and the
fraction of the NMJ occupied by mitochondria (F ) for wild-type and DfhIR larval NMJs from second through late third instar shows the increases in both mitochondrial and total NMJ area with
development, and confirms the excessive mitochondrial density of late third instar DfhIR NMJs. Scale bar, 5 �m. *p � 0.05, n � 40 for all experiments; error bars represent the SD.

Figure 5. DfhIR larvae accumulate excess synaptobrevin-containing vesicles in their synaptic NMJs at third instar compared
with controls. A, Synaptic (synaptobrevin-containing) vesicles in motor neurons were visualized by D42-syb-GFP (green) and NMJs
were counterstained with anti-HRP antibody (red, overlap with green shown as yellow); late third instar is shown here. B, Synaptic
vesicle densities were determined as the ratio of the number of syb-GFP pixels to the number of HRP pixels at second, early third
and late third instar. Late third instar DfhIR larvae show increased density of synaptic vesicles in their NMJs relative to wild type. All
error bars represent the SD and significant differences between DfhIR and wild-type NMJs are indicated (*p � 0.05, n � 40 for all
experiments). Scale bar, 2.5 �m.
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disorder, frataxin deficiency, and dis-
sected the cellular basis of its pathology
in the live, intact nervous system of Dro-
sophila larvae. We found evidence for a
developmentally ordered, counterintui-
tive series of defects in mitochondrial
function that preceded dying-back neu-
ropathy and did not involve apparent
excess ROS production.

Frataxin deficiency depresses
MMP early and widely in the
larval nervous system
The first abnormality of mitochondrial
function was also the most pervasive: DfhIR
mitochondria showed significantly reduced
MMP from the cell bodies throughout the
axons and into the NMJs, and from second
instar to late third instar. This is consistent
with frataxin’s proposed major role of sup-
porting the construction and maintenance
of Fe-S cluster-containing enzymes (Puccio
and Koenig, 2002). Since the Fe-S compo-
nents of the ETC complexes are absolutely
essential for oxidative phosphorylation,
DfhIR neurons are probably manifesting a
general deficiency in the ETC activity that
generates the MMP. This establishes, at
the whole-mitochondrial level, a basis for
evidence for reduced metabolic enzyme
activity in Friedreich ataxia patient mate-
rial (Rotig et al., 1997; Bradley et al.,
2000), animal models (Puccio et al., 2001;
Seznec et al., 2004; Anderson et al., 2005;
Lu and Cortopassi, 2007), and yeast or
cultured cell studies (Wilson and Roof,
1997; Stehling et al., 2004). However,
since the energy of the MMP is harnessed
for many functions of mitochondria, its
deficiency here raises the possibility that
the cellular neuropathology involves ad-
ditional elements in addition to energy me-
tabolism. Thus, mitochondrial calcium
uptake, transport of other ions and metab-
olites, protein import, fission and fusion,
all of which rely on the MMP, are poten-
tial targets in frataxin-deficient neurons.
It is unclear from first principles which of
these functions is most likely to be com-
promised by partial depolarization of mi-

Figure 6. DfhIR neurons do not produce intrinsically higher levels of ROS, but are more susceptible to treatment with the
complex III inhibitor antimycin. A–F, Fluorescence intensities of mitoGFP (green) and MitoSOX (red) were used to determine
relative levels of ROS production in cell bodies in the ventral ganglion (A, B), axons (C, D), and NMJs (E, F ) of DfhIR and wild-type
neurons, with and without antimycin treatment, and throughout larval development. Neither wild-type nor DfhIR cell bodies
showed increased ROS during development, and DfhIR cell bodies (B, top histogram) did not show higher ROS levels than wild type
(B, bottom histogram). Both 50 and 100 �M antimycin treatments elicited higher ROS levels in wild-type and DfhIR cell bodies at
all developmental stages, but at late third instar, DfhIR cell bodies responded to antimycin with higher ROS levels than did wild type
(B). In axons (C), there were also no significant differences between DfhIR and wild-type ROS levels in any region of the nerve or

4

time in development, but DfhIR axons showed higher ROS lev-
els in response to antimycin in the middle region of the axons
at late third instar, and in the distal region at early and late
third instar (D). There was also no difference between ROS
levels in DfhIR and wild-type NMJs through development, but
DfhIR NMJs at late third instar responded to antimycin with
higher ROS levels than wild type (E, F). For quantification, all
error bars represent the SD and significant differences be-
tween DfhIR and wild-type values are indicated (*p � 0.05,
**p � 0.01, n � 40 for all experiments).
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tochondria, but our data (discussed below) indicate that axonal
transport is affected.

MMP in the DfhIR nervous system was not only reduced rel-
ative to wild type in all locations and stages of development, but
also showed a significant further decline in the middle and distal
axons and NMJs late in larval development (Fig. 2), around the
time of the dying-back neuropathy. This could reflect the chal-
lenge of supporting Fe-S enzyme biosynthesis at the greatest dis-
tances from the cell body and nuclear genome, and probably in
turn underlies the specific deficits in axonal transport that we
observed at the same stage and locations.

Axonal transport deficits and accumulation of depolarized
mitochondria are concurrent with axonal neuropathy
The axon relies on the transport of mitochondria (Hollenbeck
and Saxton, 2005; Chang and Reynolds, 2006), and mutations in
motor proteins can cause neurodegeneration (Saxton et al., 1991;
Hurd and Saxton, 1996; Hurd et al., 1996; Gindhart et al., 1998;
Yonekawa et al., 1998; Zhao et al., 2001; Hafezparast et al., 2003;
Hirokawa and Takemura, 2004; Pilling et al., 2006). But neuro-
pathologies are also associated with transport defects in disorders
where motor proteins are not mutated, such as amyotrophic lat-
eral sclerosis (Bruijn et al., 2004; De Vos et al., 2007), Hunting-
ton’s disease (Gauthier et al., 2004) and Charcot-Marie-Tooth
disease type 2A (Baloh et al., 2007). Of particular relevance here,
a mouse model of hereditary spastic paraplegia (paraplegin-
deficient) showed accumulation of abnormal mitochondria in
synaptic terminals well before distal axonopathy or gross symp-
toms were detected (Ferreirinha et al., 2004). In addition, muta-
tions in proteins such as Milton (Stowers et al., 2002; Glater et al.,
2006), Miro (Guo et al., 2005), or Drp1 (Verstreken et al., 2005),
whose primary effect is to deny mitochondrial supply to the distal
axon, result in cellular and organismal neuropathies.

In frataxin-deficient nerves, we found that mitochondrial
transport was reduced in the distal axons at late third instar, the
same stage and location as the steepest declines in MMP. How-
ever, the nature of the transport deficit was counterintuitive: its
net effect was not failure to deliver mitochondria to the NMJs, but
failure to retrieve them. Nonetheless, because the excess mitochon-
dria accumulating in the NMJs were profoundly depolarized, the
distal axon and synapse were denied adequate mitochondrial func-
tion. Since the loss of MMP in DfhIR nerves began well before the
transport deficit or dying-back of axons, and because further depo-
larization in distal axons was matched by transport deficits at the
same stage and location, we suggest that the primary failure in the
DfhIR neurons was inadequate local production of ATP to sup-
port transport. Diminished ATP production has also been reported
in FRDA patient tissues (Lodi et al., 1999). The loss of MMP could
also affect axonal mitochondrial transport at an indirect, regulatory
manner, perhaps through changes in MMP-dependent calcium
homeostasis or altered ATP-dependent signaling. In either case,
we suggest that the more profound effect of DfhIR physiology on
mitochondrial duty cycle than on velocity reflects the fact that
velocity of movement is an intrinsic property of motor proteins,
which tend to be “on” or “off” without an intermediate, “hob-
bled” state.

The accumulation of not just mitochondria but also vesicles in
NMJs (Fig. 5) indicates that the deficit in transport was a broad
one, and in each case was retrograde-selective. This is not the first
report of a neurodegenerative phenotype associated with selec-
tive defects in the retrograde transport machinery (LaMonte et
al., 2002; Hafezparast et al., 2003; Puls et al., 2003; Edgar et al.,
2004; Horiuchi et al., 2005; Pilling et al., 2006). This selectivity

could result from a differential sensitivity of the retrograde trans-
port machinery to ATP concentration, or, again, to calcium- or
ATP-dependent signaling effects. It is worth noting that mild
mutant alleles of kinesin heavy chain and dynein have effects of
similar magnitude to those we observed for DfhIR (supplemental
Fig. 2, available at www.jneurosci.org as supplemental material)
(Pilling et al., 2006). A failure of retrograde transport might also
contribute to cell body loss and dying-back neuropathy by re-
stricting the retrograde flow of trophic support (McCabe et al.,
2003; Keshishian and Kim, 2004; Sanyal et al., 2004; Liu and
Butow, 2006; Marqués and Zhang, 2006; Ibáñez, 2007). Alto-
gether, our data suggest that the transport deficit is an effect of
deficient mitochondrial metabolism that precedes and may con-
tribute to dying-back neuropathy.

ROS production and sensitivity
Contrary to our expectations, in unperturbed DfhIR larvae we
were unable to detect any increase in ROS levels in any part of the
nervous system at any point in development. The efficiency of the
superoxide dismutase, glutathione peroxidase and peroxyre-
doxin systems, along with small molecule ROS scavengers (Hal-
liwell, 2006), ensures that the net ROS released to the cytoplasm
amounts to a very small fraction of the total generated within
mitochondria (Balaban et al., 2005)—which is itself probably 1–2
orders of magnitude smaller than often cited (Staniek and Nohl,
2000; St-Pierre et al., 2002). Thus, to ensure that we could detect
any increase in ROS production, we measured both cytoplasmic
and matrix ROS levels, and both methods were easily able to
detect the increase in ROS production that accompanied inhibi-
tion of complex III by antimycin A. While studies of yeast, verte-
brate cell lines, animal models and patient material indicate that
the pathology of FRDA/frataxin deficiency is associated with in-
creased susceptibility to oxidative damage and/or increased ROS
production (cited above), animal models have also recapitulated
FRDA neuropathology without evidence of increased oxidative
damage (Seznec et al., 2004).

In Drosophila, studies of three different frataxin-deficient
models have provided some insight. Studies in one frataxin-
deficient RNAi-based model showed an organismal phenotype
that included reduced life span and climbing activity, and an
excessive decline, in response to hyperoxia, of aconitase but not
succinate dehydrogenase activity (Llorens et al., 2007). In addi-
tion, Runko et al. (2008) have shown that overexpression of
frataxin in Drosophila increases both life span and resistance to
some oxidative stresses. Using a model expressing one copy of the
same DfhIR used in this study, Anderson et al. (2005) showed
that overexpression of the ROS-scavenging enzymes superoxide
dismutase or catalase did not rescue failed eclosion. However,
they subsequently determined that ectopic expression of catalase,
but not superoxide dismutase, rescued mitochondrial aconitase
activity and life span in DfhIR animals (Anderson et al., 2008).
Our studies showed that DfhIR larvae do produce excessive ROS
when challenged by complex III inhibition, but only late in de-
velopment, at a time when loss of distal axons and cell bodies is
already occurring.

We propose that the cellular neuropathology of FRDA in-
volves the following series of events: First, long before any gross
organismal phenotype is apparent, a loss of Fe-S enzymes leads to
deficient activity of the ETC, which is manifested as diminished
MMP. This gives rise to diverse possible downstream effects, in-
cluding reduced ATP production, calcium homeostasis and mi-
tochondrial maintenance, particularly in the distal axon. These in
turn result in an abnormal distribution of distal mitochondria,
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inadequate synaptic function, and neuronal degeneration. An
overall inhibition of retrograde retrieval or trophic factors may
also contribute to neuronal death. Since low MMP is likely to
produce many different downstream effects, we suggest that
FRDA be approached at the molecular and cellular level as a
multihit phenotype (Brookes et al., 2004). That is, several funda-
mental defects, in a causative chain or in parallel, exacerbated by
an impaired neuronal response during periods of increased envi-
ronmental and oxidative stress, give rise over time to the neuro-
degenerative phenotype. Finally, since it is clear that ROS are
essential signaling molecules in the nervous system (Floyd, 1999;
Maher and Schubert, 2000; Floyd et al., 2002), any consideration
of abnormal ROS levels should recognize that their major effects
may occur through the subversion of signaling pathways, in ad-
dition to nonspecific oxidative damage.
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