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ABSTRACT

a-synuclein (aSyn) expression is implicated in neurodegenerative
processes, including Parkinson’s disease (PD) and dementia with
Lewy bodies (DLB). In animal models of these diseases, axon
pathology often precedes cell death, raising the question of whether
aSyn has compartment-specific toxic effects that could require early
and/or independent therapeutic intervention. The relevance of axonal
pathology to degeneration can only be addressed through
longitudinal, in vivo monitoring of different neuronal compartments.
With current imaging methods, dopaminergic neurons do not readily
lend themselves to such a task in any vertebrate system. We
therefore expressed human wild-type aSyn in zebrafish peripheral
sensory neurons, which project elaborate superficial axons that can
be continuously imaged in vivo. Axonal outgrowth was normal in
these neurons but, by 2 days post-fertilization (dpf), many aSyn-
expressing axons became dystrophic, with focal varicosities or diffuse
beading. Approximately 20% of aSyn-expressing cells died by 3 dpf.
Time-lapse imaging revealed that focal axonal swelling, but not overt
fragmentation, usually preceded cell death. Co-expressing aSyn with
a mitochondrial reporter revealed deficits in mitochondrial transport
and morphology even when axons appeared overtly normal. The
axon-protective protein Wallerian degeneration slow (WIdS) delayed
axon degeneration but not cell death caused by aSyn. By contrast,
the transcriptional coactivator PGC-1a, which has roles in the
regulation of mitochondrial biogenesis and reactive-oxygen-species
detoxification, abrogated aSyn toxicity in both the axon and the cell
body. The rapid onset of axonal pathology in this system, and the
relatively moderate degree of cell death, provide a new model for the
study of aSyn toxicity and protection. Moreover, the accessibility of
peripheral sensory axons will allow effects of aSyn to be studied in
different neuronal compartments and might have utility in screening
for novel disease-modifying compounds.

KEY WORDS: PGC1a, Alpha synuclein, Axon, Mitochondria,
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INTRODUCTION
Parkinson’s disease (PD) is a movement disorder characterized
pathologically by the loss of dopaminergic cells in the midbrain, and
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by the appearance of Lewy bodies (Braak et al., 1999; Braak et al.,
2003), which are intracellular protein aggregates composed
primarily of ubiquitin and a-synuclein (aSyn) (Spillantini et al.,
1997, Spillantini et al., 1998). SNCA, the gene that encodes aSyn,
was the first gene to be associated with PD: duplications,
triplications and mutations in this gene are associated with rare
hereditary forms of the disease (Polymeropoulos et al., 1997; Kriiger
et al., 1998; Singleton et al., 2003; Fuchs et al., 2007), and variants
are also associated with the more common sporadic form of PD
(Satake et al., 2009; Simon-Sanchez et al., 2009; Wu-Chou et al.,
2013). aSyn is a synaptic protein (Maroteaux et al., 1988; Boassa et
al., 2013). Aggregate formation in the synapse and axon precedes
Lewy body formation and cell death in multiple cell types (Galvin
et al., 1999; Orimo et al., 2008; Schulz-Schaeffer, 2010; Nakata et
al., 2012). These recent findings have led to the hypothesis that PD
degeneration is initiated in the axon (O’Malley, 2010; Burke and
O’Malley, 2012). Whether axon degeneration leads to cell death or
proceeds independently, however, is unknown.

A number of lines of evidence support the hypothesis that
mitochondrial dysfunction contributes to PD pathogenesis.
Mitochondrial dysfunction has been observed in postmortem
samples from individuals with PD (Schapira et al., 1990; Penn et al.,
1995; Navarro et al., 2009), and a number of genes associated with
mitochondrial function are associated with hereditary forms of the
disease (Martin, 2006; Dodson and Guo, 2007; Sai et al., 2012).
Although aSyn itself is not a mitochondrial protein, it is capable of
binding mitochondria directly (Nakamura et al., 2011) and can
accumulate on the inner and outer mitochondrial membranes (Li et
al., 2007; Zhu et al., 2012). Its overexpression or mutation alters
mitochondrial morphology in a number of systems and cell types
(Martin et al., 2006; Li et al., 2007; Kamp et al., 2010; Nakamura et
al., 2011; Xie and Chung, 2012; Zhu et al., 2012), and is associated
with respiratory chain defects, oxidative stress and mitochondrial
fragmentation (Parihar et al., 2008; Chinta et al., 2010; Zhu et al.,
2012). A better understanding of the effect of aSyn on mitochondrial
transport and function in vivo could provide insight into PD
pathophysiology and potential therapeutic targets.

Each of the models used to study aSyn-induced degeneration has
advantages and limitations. /n vitro studies can shed light on the cell
biology of aSyn oligomerization and aggregation, but their relevance
to pathophysiology in living animals is unknown. By contrast,
studies in mammalian systems recapitulate some disease
phenotypes, but in vivo cell biological studies are difficult (Martin
et al., 2006; Chesselet, 2008). A better understanding of aSyn
toxicity requires a model system in which neurons can be visualized
and manipulated in vivo. Larval zebrafish are increasingly
recognized as being a genetically and pharmacologically tractable
model system useful in high-throughput screens for PD-associated
phenotypes (Bretaud et al., 2004; Flinn et al., 2008). Moreover, their
optical transparency permits the visualization of cellular processes
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TRANSLATIONAL IMPACT

Clinical issue

Accumulation of the neuronal protein a-synuclein (aSyn) is associated
with  multiple neurodegenerative disease processes, including
Parkinson’s disease. The sequence of subcellular events that underlie
neurodegeneration in these diseases is not well understood. However,
recent studies suggest that axon pathology might arise early in
pathogenesis and might lead to the functional deficits that precede and
eventually lead to cell loss. Attempts to preserve neuronal circuitry and
prevent neurodegeneration therefore require a better understanding of
the mechanisms by which axons degenerate, which can only be
achieved through longitudinal, in vivo monitoring of different neuronal
compartments.

Results

In this study, the authors establish an in vivo model for longitudinally
studying the effects of aSyn accumulation on axonal integrity by
expressing human wild-type aSyn in zebrafish peripheral sensory
neurons, which are accessible to imaging in living animals. They report
that the expression of aSyn induces cell death in peripheral sensory
neurons but that axon pathology occurs earlier and more frequently than
cell death. Time-lapse imaging reveals that axonal fragmentation does
not consistently proceed in a retrograde direction from the axon terminal
to the cell body. The authors then use in vivo imaging of axonal
mitochondria to reveal early defects in mitochondrial morphology and
transport, and eventual accumulation of the organelles in axonal
varicosities. Notably, the axon-protective protein Wallerian degeneration
slow (WIdS) delays the onset of axonopathy in the zebrafish model but
does not affect cell death or axonal fragmentation, whereas
overexpression of PGC-1a, which has roles in mitochondrial biogenesis
and reactive-oxygen-species scavenging, provides robust protection
against both axon pathology and cell death.

Implications and future directions

These results suggest that axonopathy is an early consequence of aSyn
accumulation, which only sometimes leads to cell death. They also
suggest that mitochondrial impairment might be relevant to the
pathophysiology of neurodegenerative diseases that involve aSyn
accumulation, and that PGC-1a-mediated protection could be a
promising therapeutic target. More generally, because the axonal
compartment is especially sensitive to disruptions in mitochondrial
function and transport, a better understanding of the relationship
between mitochondrial function and axonal integrity could identify new
therapeutic targets that act on pathways either upstream of or parallel to
cell death. Further use of the model system established here might
therefore yield new insights into the vulnerability of the axonal
compartment to aSyn toxicity, and into the relationship between axon
degeneration and cell death in neurodegenerative diseases.

in living animals, including mitochondrial transport (Plucinska et al.,
2012). The zebrafish model could therefore prove to be a useful tool
for studying the relationship between aSyn expression and
neurodegeneration at the cellular level.

We expressed human aSyn in zebrafish Rohon-Beard neurons,
peripheral sensory neurons in the developing spinal cord that
project sensory axons to the skin. Both the cell bodies and the
elaborate peripheral arbors of these cells can be monitored in vivo,
permitting visualization of axonal transport and degeneration
(Plucinska et al., 2012). Co-expressing aSyn and GFP resulted in
moderate cell death, and many axons exhibited diffuse or focal
swellings associated with degeneration of this compartment.
Expression of the axon-protective protein Wallerian degeneration
slow (W1dS) (Lunn et al., 1989; Coleman et al., 1998) delayed
axon degeneration, but did not affect cell death. Early defects in
mitochondrial morphology and transport suggested that
mitochondrial toxicity might be relevant to this observed
pathogenesis. Consistent with this hypothesis, expression of PGC-
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Fig. 1. Alpha-synuclein is moderately toxic to zebrafish sensory
neurons between 2 and 3 dpf. (A) Transgenes to express GFP (WT) or
aSyn-2A-GFP (aSyn) were injected into wild-type embryos at the one-cell
stage. The CREST3 enhancer drove expression in peripheral sensory
neurons. The Gal4-UAS system was used to amplify gene expression, and a
viral 2A sequence was cloned between aSyn and GFP to generate two
proteins from a single transcript. (B-D) Approximately 20% of aSyn-
expressing neurons died between 2 and 3 days post-fertilization (dpf) (WT 3-
dpf survival: 102.9+3.2%; aSyn: 81.7+4.4%; n=12 embryos, ***P=0.0010).
Some cells newly expressed GFP during the imaging period (yellow
arrowhead in C). Red arrowhead in D points to a cell that died between 2 and
3 dpf. Scale bars: 100 um.

la, a transcriptional coactivator with roles in mitochondrial
biogenesis and reactive oxygen species (ROS) detoxification,
prevented both axonopathy and cell death caused by aSyn.

RESULTS

Zebrafish Rohon-Beard neurons in the spinal cord arborize in the
skin, making them readily accessible to in vivo imaging of dynamic
intracellular processes. We generated transgenes to overexpress
aSyn in these cells, using a sensory-neuron promoter and the Gal4-
UAS binary transcription system to drive robust gene expression
(Fig. 1). To co-express aSyn and GFP, we used the viral 2A system
(Donnelly et al., 2001), which provides bright reporter expression
ecarlier than the aSyn-2A-DsRed transgene previously reported
(Prabhudesai et al., 2012). The viral 2A system permits visualization
of cells expressing the transgene, but circumvents the possibility of
increased aggregation that could potentially be observed with a
fusion protein. Consistent with a previous report (Prabhudesai et al.,
2012), immunostaining for human aSyn revealed protein expression
and aggregate formation by 2 days post-fertilization (dpf) in aSyn-
injected cells, but not in control cells expressing GFP alone
(supplementary material Fig. S1).

When the HuC promoter is used to drive aSyn expression in larval
zebrafish neurons, embryos exhibit massive cell death and gross
morphological abnormalities, and die within 2-3 dpf (Prabhudesai
et al., 2012). When we drove expression using a sensory-neuron
promoter, only a small number of embryos exhibited such defects;
most were morphologically normal. Only the latter were retained for
subsequent studies, and in these embryos lethality was not observed
at levels higher than in wild type.

Alpha-synuclein causes moderate cell death in larval
zebrafish sensory neurons

To determine whether aSyn caused early toxicity in sensory
neurons, we injected the aSyn-2A-GFP construct into transgenic
embryos from a stable line expressing DsRed in sensory neurons,
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and screened for reporter expression at 1 dpf. Cells were imaged
hourly between 32 and 44 hours post-fertilization (hpf)
(supplementary material Fig. S2A,B). Because transient aSyn-2A-
GFP expression was sparse, some neurons expressed only DsRed;
these served as an internal control for development and cell death.
Over the course of the imaging period, peripheral sensory axons
extended normally in aSyn-expressing neurons (supplementary
material Fig. S2B), and cell survival between the first and last time
point was not different between the two groups (supplementary
material Fig. S2C). These observations indicate that aSyn is not
toxic at early stages.

Having determined that aSyn expression does not impair
development of peripheral sensory neurons by 44 hpf, we
investigated whether it affected cell survival at later time points
(Fig. 1B-D). Cohorts of embryos expressing GFP (WT) or aSyn-2A-
GFP were monitored between 2 and 3 dpf, and Rohon-Beard
neurons were counted at each time point (Fig. 1B-D).
Approximately 20% of cells in aSyn-expressing embryos died
between 2 and 3 dpf (Fig. 1B; WT 3-dpf survival: 102.9+3.2%;
aSyn: 81.7+4.4%; n>12 embryos, P=0.0010).

Alpha-synuclein expression causes axonopathy

Axon pathology is often characterized by swelling or beading in the
axon that might precede fragmentation (Beirowski et al., 2010;
Niki¢ et al., 2011). To quantify axonal dystrophy in cells expressing
DsRed and either GFP or aSyn-2A-GFP at 2 and 3 dpf (Fig. 2A), we
developed a 5-point staging system (supplementary material Fig.
S3). At 2 dpf, before cell death had been observed, the majority
(14/19, 73.7%) of aSyn-expressing axons exhibited a beaded
morphology, quantified as degeneration stage 2-3 (Fig. 2; WT
degeneration stage: 1.08+0.08; aSyn: 2.05+0.14; n>12 axons,

P<0.0001). When the same axons were imaged the following day,
degeneration was further advanced (Fig. 2B; WT degeneration
stage: 1.42+0.33; aSyn: 3.05+0.35; n>12 axons, P=0.0033). One
control axon died between 2 and 3 dpf (degeneration stage 5), and
one exhibited mild beading (stage 2). The remaining ten control
axons were smooth and continuous (stage 1). Among aSyn-
expressing axons, by contrast, 17/19 axons (89.5%) received a
degeneration score of 2 or higher, with six degenerating entirely
(stage 5).

Axonopathy, but not axonal fragmentation, precedes cell
death in aSyn-expressing cells

It has recently been proposed that the axon degeneration observed
in PD represents an early, and potentially independent, process in
pathophysiology (O’Malley, 2010; Burke and O’Malley, 2012,
Jellinger, 2012). In zebrafish neurons expressing aSyn, the
percentage of cells with dystrophic axons between 2 and 3 dpf was
higher than the percentage of cells that died during that period. To
determine whether severe axonopathy always preceded cell death,
we conducted time-lapse imaging at 20-minute intervals between 56
and 68 hpf (Fig. 3A,B). In cells that died during the imaging period,
the onset of axonal dystrophy (beading or fragmentation) was
compared with morphological changes in the soma that herald cell
death. In all cases (n=9), focal or diffuse swellings (axonopathy
stage 2-3) were seen in axons several hours before cell death
(Fig. 3A,B). Axonal fragmentation, however, did not precede
apoptotic changes in the cell body (Fig. 3A,B, arrows). Overt axonal
breakdown therefore does not proceed directly to the death of the
cell body in this model. However, because axonal dystrophy
preceded cell death, it is likely that the axonal compartment is more
vulnerable to aSyn toxicity.
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Fig. 2. Early axonopathy in aSyn-expressing peripheral sensory neurons. Axon pathology was scored at 2 and 3 days post-fertilization (dpf) in WT and
aSyn-expressing axons, using the 5-point staging system described in supplementary material Fig. S3. (A) At 2 dpf (48-58 hpf) and 3 dpf (72-82 hpf), WT
axons were smooth and continuous (score of 1). (B) At 2 dpf, axonal beading (arrows) was observed in many aSyn-expressing cells. By 3 dpf, axonal
dystrophy in aSyn-expressing cells was more severe, with more diffuse beading (arrows) and larger varicosities (arrowheads). (C) Quantification of average
axonopathy stage in wild-type and aSyn-expressing embryos. aSyn-expressing axons were more dystrophic at both 2 dpf (WT degeneration stage: 1.03+0.08,
n=12 axons in 5 animals; aSyn: 2.05+0.14; n=19 axons in 8 animals; ***P<0.0001) and 3 dpf (WT: 1.42+0.34; aSyn: 3.05+£0.35; n=12 axons in =5 animals as
above; **P=0.0033). (D,E) Histograms representing frequency distribution of axonopathy stage. At 2 dpf (D), 11/12 wild-type axons (91.7%) were smooth and
continuous (stage 1); one exhibited mild beading (stage 2). By contrast, only 3/19 (15.8%) aSyn-expressing axons were at stage 1; 12/19 (63.2%) exhibited
mild beading (stage 2), and 4/19 (21.1%) exhibited more severe axonopathy (stage 3). (E) Frequency histogram of axonopathy distribution in the same cells at
3 dpf. One wild-type axon (8.3%) exhibited mild beading (stage 2), and one wild-type cell had undergone developmental cell death (stage 5). All remaining
wild-type axons (10/12, 83.3%) were smooth and continuous (stage 1). By contrast, only 2/19 (10.5%) aSyn-expressing axons remained at stage 1 by 3 dpf.
6/19 (31.6%) had fully degenerated (stage 5), and the remaining 11/19 (57.9%) were in intermediate stages of degeneration (8/19 in stage 2; 2/19 in stage 3;

1/19 in stage 4). Scale bars: 100 pm.
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Fig. 3. Axonopathy is not followed by ‘dying back’ or Wallerian-like degeneration in aSyn-expressing neurons. (A,B) Time-lapse imaging of
neurodegeneration. Cells were imaged every 20 minutes beginning 54 hours post-fertilization (hpf). Axons from at least 11 embryos from each group were
transected; representative images from aSyn-expressing animals are shown. Time stamps in images are relative to the start of the imaging period. Axonal
varicosities were observed (white arrowheads) several hours before cell death. White arrows point to morphological changes indicative of cell death. Inset
represents cell body magnified 2x. Asterisk in A indicates separation of the axon from the cell body. Axonal fragmentation (blue arrowheads) usually did not
occur before cell death, and was not stereotyped: it did not occur synchronously along the length of the axon, nor in a retrograde direction (yellow arrows point
to distal portions of the axon that are still intact). (C,D) Representative images of wild-type (C) and aSyn-expressing (D) axons undergoing WD after transection
with a two-photon laser. Axons were transected with a two-photon laser at 2 dpf, and embryos were imaged every 30 minutes for up to 12 hours. Red
arrowhead points to site of transection. After injury, in both wild-type and aSyn-expressing axons, fragmentation was synchronous along the length of the
transected axon (blue arrowheads). mpa, minutes post-axotomy. (E) There was no difference in the duration of the lag period between transection and
fragmentation (WT: 129.1+£10.0 minutes, n=11 axons from 11 animals; aSyn: 112.7+11.7 minutes; n=15 axons from 15 animals, P=0.3173). (F) The time
between fragmentation and clearance of all axonal debris was not significantly different between the two groups (WT: 58.2+6.9 minutes; aSyn: 69.1+8.3

minutes; P=0.3213). Scale bars: 50 pm.

Axonal injury increases cell death in aSyn-expressing
neurons

To further investigate the sensitivity of the axon and cell body to
aSyn toxicity, we examined the effect of aSyn expression on the rate
of Wallerian degeneration (WD) after injury. WD is the process by
which severed axons degenerate after separation from the cell body.
In most neuronal populations, including zebrafish peripheral sensory
neurons (Martin et al., 2010), WD after axonal transection is
compartment-specific: the distal fragment degenerates, whereas the
proximal axon and cell body survive. To determine whether aSyn
expression alters these characteristics, we transected axons at 2 dpf
and conducted time-lapse confocal imaging to visualize WD in vivo
(Fig. 3C,D). aSyn expression did not change the duration of the lag
phase before fragmentation (Fig. 3E), or the clearance of axonal
debris (Fig. 3F). WD in aSyn-expressing axons therefore proceeds
with the same rapid and stereotyped kinetics as in wild-type axons.
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In aSyn axons, as in wild type, fragmentation of the distal axon was
synchronous (Fig. 3C,D), unlike the axon degeneration observed in
uninjured aSyn-expressing cells (Fig. 3A,B).

Consistent with the compartment specificity of WD, in both wild-
type and aSyn-expressing axons the cell body and proximal axon
remained intact, whereas the distal fragment underwent degeneration
(data not shown). However, when we imaged transected cells at 3
dpf, 24 hours after injury, 50% of aSyn-expressing cells (5/10) had
died, whereas all axotomized WT cells (n=11) were still intact.
Because 20% of uninjured aSyn-expressing cells died between 2 and
3 dpf (Fig. 1B), this higher percentage suggests that direct axonal
injury exacerbates aSyn toxicity.

WidS delays axon degeneration caused by aSyn toxicity
To further characterize aSyn-induced degeneration, we sought to
determine whether it could be prevented by the axon-protective
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Fig. 4. WIdS delays axonopathy but does not prevent cell death caused by aSyn toxicity. (A) Transgenes used to visualize the effect of aSyn and WIdS
expression on peripheral sensory neurons. (B) Representative images of WIdS-expressing control cells at 2 (B) and 3 (B) days post-fertilization (dpf). Axons
were smooth and continuous. (C,D) Representative images of cells expressing both aSyn and WIdS. At 2 dpf, aSyn+WIdS-expressing axons were on average
more continuous (compare with aSyn in Fig. 2). WIdS did not prevent degeneration of axons in cells that died between 2 and 3 dpf (C,C’; yellow arrowhead
points to degenerated soma). Axons that remained connected to cell bodies were relatively preserved (D,D’). (E) WIdS did not affect survival of aSyn-
expressing cells between 2 and 3 dpf (WT: 95.65+4.35%; aSyn: 79.36+6.62%; WIdS+aSyn: 86.86+4.43%; n=22 animals per group; *P=0.3515). (F) Average
axonopathy stage at 2 and 3 dpf. WIdS-expressing aSyn axons were significantly protected at 2 dpf (aSyn: 2.05+0.14, n=19 axons from 8 animals;
WIdS+aSyn: 1.57+0.11; n=35 axons from 11 animals, *P=0.0114). By 3 dpf, this difference was no longer significant (aSyn: 3.05+0.35; WIdS+aSyn: 2.54+0.28;
P=0.2766). ***P<0.0001; **P=0.0033. (G,H) Frequency distribution of axonopathy scores at 2 (G) and 3 (H) dpf. At 3 dpf, axons that underwent cell death
(aSyn: 6/19, 31.6%; aSyn+WIdS: 9/35, 25.7%) had fully degenerated (axonopathy stage 5), regardless of whether or not WIdS was expressed. Wild-type and

aSyn axonopathy data were replotted from Fig. 2. Scale bar: 50 um.

protein WIdS (Fig. 4). This protein was first discovered to delay WD
of transected axons (Coleman et al., 1998; Mack et al., 2001) and
subsequently found to be protective of axons in many animal models
of neurodegenerative disease (Sajadi et al., 2004; Hasbani and
O’Malley, 2006; Press and Milbrandt, 2008; Cheng and Burke,
2010). aSyn and WIdS were co-expressed in peripheral sensory
neurons (Fig. 4A,C,D), and cell survival and axon pathology were
quantified between 2 and 3 dpf (Fig. 4C-H). WIdS did not
significantly protect against cell death induced by aSyn (Fig. 4E).
Axon degeneration, however, was delayed in WldS-expressing cells
(Fig. 4F-H). Degeneration scores were lower at 2 dpf in W1dS-
expressing cells but, by 3 dpf, this difference was no longer
significant (Fig. 4F). In cells that died between 2 and 3 dpf, W1dS
had no axon-protective effect (stage 5; Fig. 4C,H). However, a
higher percentage of cells expressing W1dS had healthy (stage 1)
axons at both 2 dpf (Fig. 4G) and 3 dpf (Fig. 4H) than cells
expressing aSyn alone. WIdS therefore provided moderate
protection against aSyn toxicity in the axonal compartment,
reducing the incidence of focal swellings in axons connected to
intact cell bodies. However, WIdS could delay neither aSyn-induced
cell death nor the axon degeneration associated with it.

Mitochondrial pathology in axons of aSyn-expressing
neurons

Multiple in vitro and histological studies suggest that both wild-type
and mutant aSyn interact with mitochondria (Martin et al., 2006;
Parihar et al., 2008; Banerjee et al., 2010; Chinta et al., 2010; Devi
and Anandatheerthavarada, 2010; Nakamura et al., 2011; Cali et al.,

2012; Reeve et al., 2012; Zhu et al., 2012). To determine whether
axonal mitochondria were affected by aSyn expression in our model,
DsRed fused to the cox8 mitochondrial matrix targeting signal was
co-expressed in sensory neurons with either GFP or aSyn-2A-GFP
(Fig. 5A-C). Mitochondrial density was significantly higher in aSyn-
expressing cells, even in the absence of overt axonopathy
(Fig. 5C,D). Mitochondria in aSyn-expressing axons were less
elongated than in wild-type cells (Fig. 5C,E; WT length/width:
2.01+0.11; aSyn: 1.48+0.05; #>54 mitochondria from >5 embryos;
P<0.0001), with a higher percentage of spherical mitochondria (ratio
of 1), a phenotype associated with respiratory chain dysfunction
(Benard and Rossignol, 2008). In dystrophic aSyn-expressing axons
(Fig. 5F), many mitochondria exhibited pathological swelling
characteristic of the mitochondrial permeability transition (Haworth
and Hunter, 1979; Kowaltowski et al., 1996; Brustovetsky et al.,
2002).

Because mitochondrial transport arrest is associated with axon
degeneration (Baloh et al., 2007; Kim-Han et al., 2011; Sterky et al.,
2011; Avery et al., 2012), we investigated whether aSyn expression
induced mitochondrial transport impairments at 2 dpf, prior to
axonal fragmentation and cell death. Mitochondrial transport was
evaluated along 50-um axonal segments for 6 minutes in wild-type
or aSyn-expressing sensory neurons. Kymographs were generated
to quantify overall motility, defined as the percentage of
mitochondria that moved within a 6-minute time-lapse movie.
Mitochondrial motility was significantly reduced in aSyn-expressing
axons (Fig. 5G). A higher percentage of the total distance traveled
by the remaining motile mitochondria was in the retrograde
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Fig. 5. Early mitochondrial pathology and transport impairments in aSyn-expressing axons. (A) Transgenes used to visualize mitochondria in GFP-
(WT) or aSyn-2A-GFP-expressing peripheral sensory neurons. Transgenes were co-injected into wild-type embryos at the one-cell stage. WT (B-B") and aSyn-
expressing (C-C") cells were imaged at 2 dpf. Yellow arrowheads point to elongated mitochondria in wild-type axons. (D) Mitochondrial density was higher in
aSyn-expressing cells (WT: 226.2+19.1 mitochondria/um, n=26 axons in 12 animals; aSyn: 302.0£29.8 mitochondria/um; n=20 axons in 10 animals, *P=0.031).
(E) Mitochondrial morphology was quantified as the ratio of length to width in individual mitochondria. Values were binned and the frequency distribution was
plotted on a histogram. Mitochondria in aSyn-expressing axons were more spherical than in wild-type axons, with fewer mitochondria exhibiting a high
length:width ratio. (F) Large, swollen mitochondria occupied the spheroids in dystrophic aSyn-expressing axons. Boxed region in F is represented in F'-F". Red
arrowheads point to enlarged mitochondria. [Note that the scale bar in F" is the same as in B" and C" (100 pm).] (G) Mitochondrial transport was evaluated
along 50-um axonal segments every second. Overall mitochondrial transport was significantly reduced in aSyn-expressing axons (WT % motile: 27.4+2.7%;
aSyn: 15.05+3.4%; n=20 axons in 210 animals per group, as above; **P=0.0061). (H) A higher percentage of distance traveled by motile mitochondria was in
the retrograde direction (WT % retrograde distance: 44.61+5.07%; aSyn: 62.17+6.06%; n=52 mitochondria; *P=0.0300). (I) Motile mitochondria spent less time
moving in the anterograde direction (WT: 36.44+4.80%; aSyn: 17.39+4.05%; n=52 mitochondria; **P=0.0063), and a greater percentage of time paused than in
wild-type axons (WT: 41.25+4.43%; aSyn: 54.82+4.85%; n=52 mitochondria; *P=0.0478).

direction (Fig. 5H). Motile mitochondria spent less time moving in
the anterograde direction, and a greater percentage of time paused
than mitochondria in wild-type axons (Fig. 5I). The speed of
uninterrupted runs in either the anterograde or retrograde direction,
however, was not significantly different between wild-type and
aSyn-expressing cells (WT anterograde speed: 0.56+0.04 um/s;
aSyn: 0.53+£0.06 pm/s; n>27 mitochondria, P=0.7137; WT
retrograde speed: 0.57+£0.04 pm/s; aSyn: 0.64+£0.07 pm/s; n>38
mitochondria from >10 embryos). Early mitochondrial pathology in
aSyn-expressing axons might therefore contribute to degeneration
in this model.

PGC-1a expression mitigates toxicity in aSyn-expressing
sensory neurons

Because mitochondrial defects appeared early in aSyn-expressing
axons, we hypothesized that mitochondrial dysfunction was directly
involved in degeneration. To investigate whether improved
mitochondrial function could prevent degeneration in aSyn-
expressing sensory neurons, the transcriptional coactivator PGC-1a
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was expressed in these cells. PGC-1a plays a number of regulatory
roles in mitochondrial biogenesis and ROS detoxification (Wu et al.,
1999; St-Pierre et al., 2006), and PGC-la overexpression is
protective in multiple models of neurodegeneration (St-Pierre et al.,
2006; Keeney et al., 2009; Shin et al., 2011; Mudo et al., 2012). We
have documented that PGC-1a expression in zebrafish peripheral
sensory neurons increases mitochondrial volume and density, and
prevents injury-induced changes in mitochondrial redox homeostasis
(O’Donnell et al., 2013). Co-expressing PGC-la and aSyn in
peripheral sensory neurons (Fig. 6A) robustly protected against aSyn
toxicity between 2 and 3 dpf (Fig. 6B-E). Unlike WIdS, PGC-1a
reversed both cell death (Fig. 6D) and axonopathy (Fig. 6E) in aSyn-
expressing cells. These results are consistent with mitochondrial
dysfunction playing a key role in aSyn-induced toxicity.

DISCUSSION

aSyn accumulation is associated with neurodegeneration, but the
cellular mechanisms that underlie its toxicity are not well
understood. We have expressed human wild-type aSyn in zebrafish
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peripheral sensory neurons, and observed aggregate formation and
moderate cell death. Cell death was often preceded by axonal
dystrophy, which coincided with aberrations in mitochondrial
morphology and transport. The transcriptional coactivator PGC-1a
but not WIdS prevented both cell death and axonopathy in aSyn-
expressing neurons, suggesting that regulation of mitochondrial
biogenesis and ROS production might be therapeutically relevant in
Vivo.

Wild-type human aSyn has been expressed in mice (Masliah et
al., 2000; van der Putten et al., 2000; Fleming et al., 2004), flies
(Feany and Bender, 2000; Auluck et al., 2002) and worms (Lakso et
al., 2003) in an effort to understand the relevance of this protein to
PD. None of these model systems recapitulates all aspects of
disease, but all have strengths that can be exploited to interrogate
various aspects of aSyn toxicity (Fernagut and Chesselet, 2004;
Chesselet, 2008; Lim and Ng, 2009). The limitations of the model
we describe include its rapid onset, high levels of synuclein
expression and confinement to peripheral sensory neurons, none of
which characterize human pathophysiology in PD. However, these
very limitations are also strengths of the system. Embryonic and
larval zebrafish are increasingly recognized as a promising model
organism for neurodegeneration research because early and robust
phenotypes permit high-throughput analysis of potential therapeutic
targets in a living vertebrate system (Tomasiewicz et al., 2002;
Bandmann and Burton, 2010). Moreover, the optical transparency
of zebrafish and the superficial location of peripheral sensory
neurons present a novel method for identification and interrogation
of compartment-specific degeneration pathways in aSyn toxicity.

aSyn causes axonopathy in peripheral sensory neurons

In postmortem neurons from individuals with PD, aSyn aggregates
are often observed in the axon prior to the cell body (Braak et al.,
1999; Galvin et al., 1999), a feature that has also been observed in
some disease models (Marui et al., 2002; Orimo et al., 2008; Schulz-
Schaeffer, 2010; Volpicelli-Daley et al., 2011; Boassa et al., 2013).
Early aggregation might result in early dysfunction at the
presynaptic terminal, causing defects in neurotransmission long
before cell death. In multiple models of PD, both toxin-induced
(Herkenham et al., 1991; Orimo et al., 2008; Li et al., 2009a; Cartelli
et al., 2010; Arnold et al., 2011; Kim-Han et al., 2011; Mijatovic et
al., 2011) and genetic (Li et al., 2009b; Decressac et al., 2012) axon

Cell survival 3dpf

Control aSyn

Axonopathy Stage

2 dpf

BEwr HaSyn

Fig. 6. PGC-1a mitigates aSyn toxicity.

(A) Transgenes co-injected to express PGC-1a
& and aSyn in sensory neurons. (B,C) Cells were
— imaged between 2 and 3 dpf. (D) PGC-1a
prevented cell death in aSyn-expressing cells at

3 dpf (aSyn: 79.36+6.62%; aSyn+PGC-1a:
98.61+0.95%; n218; *P=0.0129). (E) PGC-1a
prevented axonopathy at 2 dpf (aSyn
degeneration score: 2.05+0.14; aSyn+PGC-1a:
1.07£0.07; n=15; ***P<0.0001). At 3 dpf, PGC-
1a-expressing axons were still protected at a
level equivalent to controls (WT degeneration
score: 1.42+0.34, n=12 axons in 6 animals;
aSyn: 3.05+0.35, n=19 axons in 8 animals;
aSyn+PGC-1a: 1.40+0.22; n=10 axons in 5
animals; one-way ANOVA with Newman-Keuls
post-test, **P=0.0052). Scale bars: 50 pm. Wild-
type and aSyn data were replotted from Fig. 2.

aSyn + PGC-1a

3 dpf

[l aSyn + PGC-10

degeneration is observed prior to cell death, and in a higher
percentage of cells. This has raised the question of whether PD
represents a ‘dying back’ of dopaminergic neurons (Hornykiewicz,
1998), with synapse loss initiating a retrograde degenerative process
that leads to cell death. We observed early axon pathology in aSyn-
expressing cells, with focal swellings or widespread beading in the
axon, before cell death. A higher percentage of cells exhibited
axonopathy than cell death, suggesting that axon degeneration might
lead to death. However, time-lapse imaging revealed that, although
axonal varicosities were observed early, axonal fragmentation was
not stereotyped, and did not always occur prior to death of the cell
body. By contrast, after transection, WD of the distal axon
proceeded with stereotyped kinetics in aSyn-expressing axons, like
in wild-type cells. The early axonopathy observed in uninjured
axons therefore does not cause a ‘functional’ axotomy, and the
fragmentation that later occurs is not prevented by W1dS. Together,
these results suggest that aSyn-induced axon degeneration is not
Wallerian-like. They also indicate that degeneration is not a ‘dying
back’ process in which axon degeneration is required for cell death.
Nevertheless, the early axonopathy could be associated with
significant functional impairment, and likely represents an important
therapeutic target.

Our characterization of the relationship between axonal
fragmentation and cell death in this model does not rule out the
possibility that independent, compartment-specific degeneration
pathways are activated by aSyn. Indeed, dopaminergic neurons in
JNK2/3 double-knockout mice do not die after MPTP
administration, but their axons degenerate, suggesting that separate
mechanisms underlie degeneration in the two compartments in a PD
model (Ries et al., 2008). Likewise, WIdS is protective against axon
degeneration but not cell death after systemic MPTP treatment
(Hasbani and O’Malley, 2006; Antenor-Dorsey and O’Malley, 2012)
or application of 6-hydroxydopamine (Sajadi et al., 2004).
Retrograde axonal degeneration is therefore not required for cell
death in these acute models, but might benefit from independent
protection. In zebrafish peripheral sensory neurons, W1dS delayed
the early axonopathy caused by aSyn, and had no effect on cell
death, consistent with the aforementioned toxin studies. However,
in WIdS-expressing cells that died, axons were not preserved.
Because WIdS protection is dose-dependent (Mack et al., 2001), it
is possible that aSyn toxicity was initiated before levels were
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sufficient to provide lasting protection. Future studies with inducible
aSyn expression could address this question.

Mitochondrial dysfunction and axon degeneration
Mitochondrial dysfunction might be upstream of axon degeneration
in aSyn-expressing cells. At 2 dpf, we observed changes in
mitochondrial density and morphology that were consistent with
mitochondrial fragmentation, even in the absence of axonal
dystrophy. This phenotype is consistent with recent in vitro studies
indicating that aSyn associates directly with mitochondria, causing
mitochondrial fragmentation that is associated with respiratory chain
dysfunction and impaired calcium homeostasis (Chinta et al., 2010;
Kamp et al., 2010; Nakamura et al., 2011; Butler et al., 2012). In
mouse dopaminergic neurons, mitochondrial fragmentation causes
selective degeneration of the axonal compartment, leading to motor
deficits that occur before (Pham et al., 2012) or in the absence of
(Lee et al., 2012) nigral cell death. It is possible, then, that aSyn
increases mitochondrial fragmentation in vivo, impairing redox
homeostasis and ATP synthesis, and thus sensitizing the axonal
compartment to further insults such as mechanical injury, oxidant
stress or aSyn aggregation (Gu et al., 2010).

The early mitochondrial transport deficits we observed in aSyn-
expressing axons might also be pathologically relevant.
Mitochondrial motility was reduced, and motile mitochondria in
aSyn-expressing cells favored retrograde transport towards the cell
body. Deficits in anterograde transport of mitochondria are
associated with synaptic dysfunction and degeneration (Stowers et
al., 2002; Weihofen et al., 2009; Misko et al., 2010; Misko et al.,
2012). Mitochondrial transport deficits have been reported in the
MPTP model (Cartelli et al., 2010; Kim-Han et al., 2011), and in
cells expressing the PD-associated AS3T mutant form of aSyn (Xie
and Chung, 2012). The transport impairment we observed could
therefore underlie later dysfunction. Alternatively, reduced motility
could be a protective response to mitochondrial dysfunction. PINK1
and parkin orchestrate the transport arrest of depolarized
mitochondria (Wang et al., 2011; Cai et al., 2012; Liu et al., 2012),
which is thought to limit network impairment. The increased
retrograde transport in aSyn-expressing axons could thus represent
trafficking of damaged mitochondria to lysosomes in the cell body,
where mitophagy is thought to occur.

A better understanding of mitochondrial dysfunction in this model
could provide insight into PD pathogenesis. Many genes associated
with hereditary PD converge on mitochondrial function and quality
control (Cardoso, 2011; Sai et al., 2012), and both genetic and
pharmacological models of PD implicate mitochondrial dysfunction
in pathogenesis (Cassarino et al., 1997; Przedborski and Jackson-
Lewis, 1998; Exner et al., 2012; Van Laar and Berman, 2013). In
our model, focal varicosities in severely beaded axons were
occupied by swollen, rounded mitochondria, similar to mice
expressing a disease-associated form of human aSyn (A53T)
(Martin et al., 2006; Chinta et al., 2010). Mitochondrial swelling is
consistent with opening of the mitochondrial permeability transition
pore (mPTP), which is sufficient to induce axon degeneration in
some cell types (Barrientos et al., 2011). Opening of the mPTP is
induced by calcium overload in the mitochondria (Haworth and
Hunter, 1979; Gunter et al.,, 1994), and facilitated by ROS
accumulation (Costantini et al., 1996; Kowaltowski et al., 1996;
Vercesi et al., 1997). Normal pacemaking through L-type calcium
channels in dopaminergic neurons causes oxidant stress and might
lower the threshold for mPTP formation (Guzman et al., 2010;
Surmeier et al., 2011; Goldberg et al., 2012), which could underlie
the selective vulnerability of dopaminergic neurons to cell death in
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PD. Indeed, mitochondria isolated from the rat striatum are more
sensitive to calcium influx than cortical mitochondria (Brustovetsky
et al., 2003).

PGC-1a protects against aSyn toxicity

The transcriptional coactivator PGC-1a plays crucial roles in
regulating mitochondrial biogenesis and ROS scavenging, and could
be a therapeutically relevant target in the treatment of
neurodegenerative disease (Anderson and Prolla, 2009; Handschin,
2009; Zheng et al., 2010). Defects in PGC-1a activity were recently
reported in fibroblasts from individuals with early-onset, parkin-
deficient PD (Pacelli et al., 2011), and genome-wide association
studies identified reduced expression of many PGC-1a-regulated
genes in tissues from individuals with PD (Zheng et al., 2010). We
found that overexpression of mouse PGC-1a protects against aSyn
toxicity in both the axon and the cell body. Others have reported that
it protects mouse dopaminergic neurons from MPTP toxicity (St-
Pierre et al., 2006; Mudo et al., 2012). This effect seems to be
mediated by upregulation of ROS detoxification programs,
including increased expression of mitochondrial superoxide
dismutase (SOD2) (St-Pierre et al., 2006). Siddiqui and colleagues
recently reported that aSyn associates with PGC-1a during oxidative
stress, inhibiting these protective effects; however, overexpression
of PGC-1a reestablished protection (Siddiqui et al., 2012). PGC-1a.
and its downstream target genes might therefore be relevant
therapeutic targets in the treatment of synucleinopathies (Tsunemi
and La Spada, 2012).

MATERIALS AND METHODS

Fish

Fish were raised on a 14 hour/10 hour light/dark cycle at 28.5°C. Embryos
were kept in a 28.5°C incubator. Experiments were approved by the
Chancellor’s Animal Research Care Committee at the University of
California, Los Angeles.

Transgenes

A plasmid encoding aSyn and the viral T2A ¢cDNA sequence cloned into
pDsRed-Monomer N1 vector (Clontech) has been described elsewhere
(Prabhudesai et al., 2012), and was cloned into the p3E entry vector of the
Tol2/Gateway zebrafish kit (Kwan et al., 2007). The T2A sequence causes
ribosomal ‘skipping’ (Donnelly et al., 2001), generating two proteins from
a single open reading frame and resulting in stoichiometric expression of the
gene of interest and the fluorescent reporter (Tang et al., 2009). The T2A-
DsRed cDNA was cloned into the p3E entry vector of the Gateway system
(Invitrogen), downstream of a multiple cloning site (MCS) (Kwan et al.,
2007). Because GFP expression is brighter than monomeric DsRed and is
therefore preferable for axon imaging, the T2A sequence was also cloned
into the p3E entry vector between an MCS and GFP. aSyn was then cloned
into the MCS to generate p3E-aSyn-2A-GFP. WIdS or mouse PGC-la
(Hanai et al., 2007) (gift from Dr Shintaro Imamura) was inserted into the
p3E-MCS-T2A-DsRed plasmid. In all constructs, the CREST3 enhancer
(gift of H. Okamoto) (Uemura et al., 2005) in the pSE entry vector drove
expression of Gal4 and 14xUAS (Késter and Fraser, 2001) in pME, and
these were recombined with one of the p3E donor vectors to generate the
following transgenes:

A: CREST3:Gal4:UAS:GFP

B: CREST3:Gal4:UAS:aSyn-2A-GFP

C: CREST3:Gal4:UAS:DsRed

D: CREST3:Gal4:UAS:W1dS-2A-DsRed

E: CREST3:Gal4:UAS:PGC-1a-2A-DsRed.

To visualize mitochondria, a cox8 mitochondrial targeting sequence was
added to DsRed and cloned into the Gateway system to generate UAS-
mitoDsRed-polyA (mitoDsRed; gift of Carla Kohler laboratory, University
of California, Los Angeles, CA). This was co-injected with Plasmid A or B
above so that the CREST3 enhancer drove expression of GFP (+/— aSyn) and
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mitoDsRed in the same neurons. Approximately 15 pg of each transgene
were injected into embryos at the one-cell stage for transient, mosaic
transgene expression in sensory neurons, and embryos were screened at 1
and 2 dpf for reporter expression. Because DsRed maturation proceeds more
slowly than GFP, robust expression of DsRed reporter transgenes was not
observed until 2 dpf, so this was the earliest time point for all experiments.

Immunohistochemistry

At 48 hpf, embryos were dechorionated and fixed with 4% paraformaldehyde
in PBS, pH 7.4, at 4°C overnight. Fixed embryos were cryoprotected with
30% sucrose and embedded into OCT Compound (Electron Microscopy
Sciences) for frozen sectioning. 10-pum sections were produced using a
cryostat (Leica CM3050) and bonded to glass slides. Sections were washed
with PBS, blocked with 10% normal goat serum, and incubated with anti-aSyn
mouse IgG primary antibody (BD Biosciences) at 1:500 dilution at 4°C in a
humidified chamber overnight. Slides were again washed in PBS and
incubated with Alexa-Fluor-594-conjugated goat anti-mouse IgG (Invitrogen)
secondary antibody at 1:500 dilution for 2 hours at room temperature and with
4',6'-diamidino-2-phenylindole (DAPI) for nuclear staining. Single-channel
images were obtained with a fluorescence microscope (Eclipse €400, Nikon)
and merged using Adobe Photoshop software.

Imaging

Embryos were dechorionated, anesthetized in 0.01% tricaine, mounted in
1.2% low-melt agarose (Promega) in sealed chambers (O’Brien et al., 2009)
and imaged on a heated stage with a 20x air objective on a confocal
microscope (Zeiss LSM 510), using a 488 nm laser line for GFP and 543
nm for DsRed. Cell death was initially quantified in cells expressing only
GFP or aSyn-2A-GFP. The counts were also performed in embryos co-
injected with a DsRed reporter transgene, to allow later comparison with
WIdS- and PGC-1a-expressing cells.

For time-lapse analysis of axon degeneration and cell death, embryos
were imaged every 20-60 minutes for up to 12 hours. Images were compiled
into projections and movies with QuickTime software.

To determine the effect of aSyn expression on mitochondrial density and
morphology, mitoDsRed-expressing embryos were imaged at 2 dpf using a
40x oil objective and 3x digital zoom. Mitochondrial transport was
visualized by time-lapse imaging of a single optical section using only the
543 nm laser, at a frequency of ~1 Hz, for 6 minutes.

Axon transection

GFP- and aSyn-2A-GFP-expressing axons were cut using a Zeiss 710
microscope equipped with a multiphoton laser (O’Brien et al., 2009).
Embryos were imaged with a 25% water objective and 488/543 nm laser
scanning to identify the axonal region of interest, then 1-5 scans of the two-
photon laser (tuned to 910 nm) were used to transect an axonal region of
interest at 100x digital zoom.

Quantification of mitochondrial morphology and transport

All axons within an image were traced using ImagelJ software. Line length
was calibrated to convert pixels to distance, and the Measure plugin was
used to quantify total axon length. Density was calculated as
mitochondria/axon length. Mitochondrial morphology was calculated as the
ratio of length to width; all mitochondria within an image were quantified.
Mitochondrial motility was defined as the percent of total mitochondria that
moved in a 50-um axon segment during a 6-minute movie, and was
quantified using the Kymograph macro for ImageJ. A mitochondrion was
considered to be moving only if it traveled at least 2 um at a speed of at least
0.1 um/s (Misgeld et al., 2007). Speed was calculated as the slope of
distance (x) over time (y, in pixels) on the kymograph, and direction was
determined by the sign of the slope. Mitochondrial transport behaviors were
characterized by quantifying the percentage of time that motile mitochondria
spent paused or moving in the anterograde or retrograde direction.

Data analysis
Data were analyzed with GraphPad Prism software. Unpaired #-tests were
used to evaluate changes in mitochondrial morphology and transport

between WT and aSyn-expressing cells, and to quantify cell death in GFP-
and aSyn-2A-GFP-expressing cells. Minimal significance was set at P<0.05.
One-way ANOVA and planned, unpaired Student’s #-tests were used to
evaluate the effect of aSyn on cell death and axon degeneration, and the
ability of PGC-1a or WIdS to prevent those effects. One-way ANOVA was
followed by the appropriate post-test to correct for multiple comparisons.

Acknowledgements
We thank Meghan E. Johnson and Carla Koehler for the mitoDsRed construct, and
Dr Shintaro Imamura for mouse PGC-1a.

Competing interests
The authors declare no competing financial interests.

Author contributions

K.C.0O., J.M.B. and A.S. conceived and designed the experiments. K.C.O., N.D.W.,
A.L. and M.C.S. performed the experiments. K.C.O., A.L. and M.C.S. analyzed the
data. J.M.B. contributed reagents. K.C.O. and A.S. wrote the paper.

Funding

N.D.W. was supported by the California Alliance for Minority Participation and the
NIH Initiative for Maximizing Student Diversity. This work was supported by grants
to A.S. from the National Institutes of Dental and Craniofacial Research (RO1
DE018496) and the American Parkinson Disease Association Pilot Fund
(20082501). K.C.O. was supported by a training grant from the UCLA Training
Program in Neural Repair (NINDS T32 NS07449:13).

Supplementary material
Supplementary material available online at
http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.013185/-/DC1

References

Anderson, R. and Prolla, T. (2009). PGC-1alpha in aging and anti-aging interventions.
Biochim. Biophys. Acta 1790, 1059-1066.

Antenor-Dorsey, J. A. and O’Malley, K. L. (2012). WIdS but not Nmnat1 protects
dopaminergic neurites from MPP+ neurotoxicity. Mol. Neurodegener. 7, 5.

Arnold, B., Cassady, S. J., VanLaar, V. S. and Berman, S. B. (2011). Integrating
multiple aspects of mitochondrial dynamics in neurons: age-related differences and
dynamic changes in a chronic rotenone model. Neurobiol. Dis. 41, 189-200.

Auluck, P. K., Chan, H. Y., Trojanowski, J. Q., Lee, V. M. and Bonini, N. M. (2002).
Chaperone suppression of alpha-synuclein toxicity in a Drosophila model for
Parkinson’s disease. Science 295, 865-868.

Avery, M. A., Rooney, T. M., Pandya, J. D., Wishart, T. M., Gillingwater, T. H.,
Geddes, J. W,, Sullivan, P. G. and Freeman, M. R. (2012). WIdS prevents axon
degeneration through increased mitochondrial flux and enhanced mitochondrial
Ca2+ buffering. Curr. Biol. 22, 596-600.

Baloh, R. H., Schmidt, R. E., Pestronk, A. and Milbrandt, J. (2007). Altered axonal
mitochondrial transport in the pathogenesis of Charcot-Marie-Tooth disease from
mitofusin 2 mutations. J. Neurosci. 27, 422-430.

Bandmann, O. and Burton, E. A. (2010). Genetic zebrafish models of
neurodegenerative diseases. Neurobiol. Dis. 40, 58-65.

Banerjee, K., Sinha, M., Pham, C. L., Jana, S., Chanda, D., Cappai, R. and
Chakrabarti, S. (2010). Alpha-synuclein induced membrane depolarization and loss
of phosphorylation capacity of isolated rat brain mitochondria: implications in
Parkinson’s disease. FEBS Lett. 584, 1571-1576.

Barrientos, S. A., Martinez, N. W., Yoo, S., Jara, J. S., Zamorano, S., Hetz, C.,
Twiss, J. L., Alvarez, J. and Court, F. A. (2011). Axonal degeneration is mediated
by the mitochondrial permeability transition pore. J. Neurosci. 31, 966-978.

Beirowski, B., Nogradi, A., Babetto, E., Garcia-Alias, G. and Coleman, M. P.
(2010). Mechanisms of axonal spheroid formation in central nervous system
Wallerian degeneration. J. Neuropathol. Exp. Neurol. 69, 455-472.

Benard, G. and Rossignol, R. (2008). Ultrastructure of the mitochondrion and its
bearing on function and bioenergetics. Antioxid. Redox Signal. 10, 1313-1342.

Boassa, D., Berlanga, M. L., Yang, M. A., Terada, M., Hu, J., Bushong, E. A,,
Hwang, M., Masliah, E., George, J. M. and Ellisman, M. H. (2013). Mapping the
subcellular distribution of a-synuclein in neurons using genetically encoded probes
for correlated light and electron microscopy: implications for Parkinson’s disease
pathogenesis. J. Neurosci. 33, 2605-2615.

Braak, H., Sandmann-Keil, D., Gai, W. and Braak, E. (1999). Extensive axonal Lewy
neurites in Parkinson’s disease: a novel pathological feature revealed by alpha-
synuclein immunocytochemistry. Neurosci. Lett. 265, 67-69.

Braak, H., Del Tredici, K., Riib, U., de Vos, R. A., Jansen Steur, E. N. and Braak, E.
(2003). Staging of brain pathology related to sporadic Parkinson’s disease.
Neurobiol. Aging 24, 197-211.

Bretaud, S., Lee, S. and Guo, S. (2004). Sensitivity of zebrafish to environmental
toxins implicated in Parkinson’s disease. Neurotoxicol. Teratol. 26, 857-864.

Brustovetsky, N., Brustovetsky, T., Jemmerson, R. and Dubinsky, J. M. (2002).
Calcium-induced cytochrome c release from CNS mitochondria is associated with
the permeability transition and rupture of the outer membrane. J. Neurochem. 80,
207-218.

579

(2}
e
@
c
®©
L=
©)
()
=
o8
@
)
©
@)
=
(O]
n
©
()
@2
a



RESEARCH ARTICLE

Disease Models & Mechanisms (2014) doi:10.1242/dmm.013185

Brustovetsky, N., Brustovetsky, T., Purl, K. J., Capano, M., Crompton, M. and
Dubinsky, J. M. (2003). Increased susceptibility of striatal mitochondria to calcium-
induced permeability transition. J. Neurosci. 23, 4858-4867.

Burke, R. E. and O’Malley, K. (2013). Axon degeneration in Parkinson’s disease. Exp.
Neurol. 246, 72-83. PubMed

Butler, E. K., Voigt, A., Lutz, A. K., Toegel, J. P, Gerhardt, E., Karsten, P.,
Falkenburger, B., Reinartz, A., Winklhofer, K. F. and Schulz, J. B. (2012). The
mitochondrial chaperone protein TRAP1 mitigates a-Synuclein toxicity. PLoS Genet.
8, e1002488.

Cai, Q., Zakaria, H. M., Simone, A. and Sheng, Z. H. (2012). Spatial parkin
translocation and degradation of damaged mitochondria via mitophagy in live cortical
neurons. Curr. Biol. 22, 545-552.

Cali, T., Ottolini, D., Negro, A. and Brini, M. (2012). o-Synuclein controls
mitochondrial  calcium homeostasis by enhancing endoplasmic reticulum-
mitochondria interactions. J. Biol. Chem. 287, 17914-17929.

Cardoso, S. M. (2011). The mitochondrial cascade hypothesis for Parkinson’s disease.
Curr. Pharm. Des. 17, 3390-3397.

Cartelli, D., Ronchi, C., Maggioni, M. G., Rodighiero, S., Giavini, E. and
Cappelletti, G. (2010). Microtubule dysfunction precedes transport impairment and
mitochondria damage in MPP+ -induced neurodegeneration. J. Neurochem. 115,
247-258.

Cassarino, D. S, Fall, C. P, Swerdlow, R. H., Smith, T. S., Halvorsen, E. M., Miller,
S. W.,, Parks, J. P, Parker, W. D., Jr and Bennett, J. P., Jr (1997). Elevated
reactive oxygen species and antioxidant enzyme activities in animal and cellular
models of Parkinson’s disease. Biochim. Biophys. Acta 1362, 77-86.

Cheng, H. C. and Burke, R. E. (2010). The WId(S) mutation delays anterograde, but
not retrograde, axonal degeneration of the dopaminergic nigro-striatal pathway in
vivo. J. Neurochem. 113, 683-691.

Chesselet, M. F. (2008). In vivo alpha-synuclein overexpression in rodents: a useful
model of Parkinson’s disease? Exp. Neurol. 209, 22-27.

Chinta, S. J., Mallajosyula, J. K., Rane, A. and Andersen, J. K. (2010).
Mitochondrial a-synuclein accumulation impairs complex | function in dopaminergic
neurons and results in increased mitophagy in vivo. Neurosci. Lett. 486, 235-239.

Coleman, M. P., Conforti, L., Buckmaster, E. A., Tarlton, A., Ewing, R. M., Brown,
M. C., Lyon, M. F. and Perry, V. H. (1998). An 85-kb tandem triplication in the slow
Wallerian degeneration (WIds) mouse. Proc. Natl. Acad. Sci. USA 95, 9985-9990.

Costantini, P., Chernyak, B. V., Petronilli, V. and Bernardi, P. (1996). Modulation of
the mitochondrial permeability transition pore by pyridine nucleotides and dithiol
oxidation at two separate sites. J. Biol. Chem. 271, 6746-6751.

Decressac, M., Mattsson, B., Lundblad, M., Weikop, P. and Bjorklund, A. (2012).
Progressive neurodegenerative and behavioural changes induced by AAV-mediated
overexpression of a-synuclein in midbrain dopamine neurons. Neurobiol. Dis. 45,
939-953.

Devi, L. and Anandatheerthavarada, H. K. (2010). Mitochondrial trafficking of APP
and alpha synuclein: Relevance to mitochondrial dysfunction in Alzheimer’s and
Parkinson’s diseases. Biochim. Biophys. Acta 1802, 11-19.

Dodson, M. W. and Guo, M. (2007). Pink1, Parkin, DJ-1 and mitochondrial
dysfunction in Parkinson’s disease. Curr. Opin. Neurobiol. 17, 331-337.

Donnelly, M. L., Luke, G., Mehrotra, A., Li, X., Hughes, L. E., Gani, D. and Ryan, M.
D. (2001). Analysis of the aphthovirus 2A/2B polyprotein ‘cleavage’ mechanism
indicates not a proteolytic reaction, but a novel translational effect: a putative
ribosomal ‘skip’. J. Gen. Virol. 82, 1013-1025.

Exner, N., Lutz, A. K., Haass, C. and Winklhofer, K. F. (2012). Mitochondrial
dysfunction in Parkinson’s disease: molecular mechanisms and pathophysiological
consequences. EMBO J. 31, 3038-3062.

Feany, M. B. and Bender, W. W. (2000). A Drosophila model of Parkinson’s disease.
Nature 404, 394-398.

Fernagut, P. O. and Chesselet, M. F. (2004). Alpha-synuclein and transgenic mouse
models. Neurobiol. Dis. 17, 123-130.

Fleming, S. M., Salcedo, J., Fernagut, P. O., Rockenstein, E., Masliah, E., Levine,
M. S. and Chesselet, M. F. (2004). Early and progressive sensorimotor anomalies in
mice overexpressing wild-type human alpha-synuclein. J. Neurosci. 24, 9434-9440.

Flinn, L., Bretaud, S., Lo, C., Ingham, P. W. and Bandmann, O. (2008). Zebrafish as
a new animal model for movement disorders. J. Neurochem. 106, 1991-1997.

Fuchs, J., Nilsson, C., Kachergus, J., Munz, M., Larsson, E. M., Schiile, B.,
Langston, J. W., Middleton, F. A., Ross, O. A., Hulihan, M. et al. (2007).
Phenotypic variation in a large Swedish pedigree due to SNCA duplication and
triplication. Neurology 68, 916-922.

Galvin, J. E., Uryu, K., Lee, V. M. and Trojanowski, J. Q. (1999). Axon pathology in
Parkinson’s disease and Lewy body dementia hippocampus contains alpha-, beta-,
and gamma-synuclein. Proc. Natl. Acad. Sci. USA 96, 13450-13455.

Goldberg, J. A., Guzman, J. N., Estep, C. M., llijic, E., Kondapalli, J., Sanchez-
Padilla, J. and Surmeier, D. J. (2012). Calcium entry induces mitochondrial oxidant
stress in vagal neurons at risk in Parkinson’s disease. Nat. Neurosci. 15, 1414-1421.

Gu, Z., Nakamura, T. and Lipton, S. A. (2010). Redox reactions induced by
nitrosative stress mediate protein misfolding and mitochondrial dysfunction in
neurodegenerative diseases. Mol. Neurobiol. 41, 55-72.

Gunter, T. E., Gunter, K. K., Sheu, S. S. and Gavin, C. E. (1994). Mitochondrial
calcium transport: physiological and pathological relevance. Am. J. Physiol. 267,
C313-C339.

Guzman, J. N., Sanchez-Padilla, J., Wokosin, D., Kondapalli, J., llijic, E.,
Schumacker, P. T. and Surmeier, D. J. (2010). Oxidant stress evoked by
pacemaking in dopaminergic neurons is attenuated by DJ-1. Nature 468, 696-700.

Hanai, J., Cao, P., Tanksale, P., Imamura, S., Koshimizu, E., Zhao, J., Kishi, S.,
Yamashita, M., Phillips, P. S., Sukhatme, V. P. et al. (2007). The muscle-specific

580

ubiquitin ligase atrogin-1/MAFbx mediates statin-induced muscle toxicity. J. Clin.
Invest. 117, 3940-3951.

Handschin, C. (2009). The biology of PGC-1a and its therapeutic potential. Trends
Pharmacol. Sci. 30, 322-329.

Hasbani, D. M. and O’Malley, K. L. (2006). WId(S) mice are protected against the
Parkinsonian mimetic MPTP. Exp. Neurol. 202, 93-99.

Haworth, R. A. and Hunter, D. R. (1979). The Ca2+-induced membrane transition in
mitochondria. II. Nature of the Ca2+ trigger site. Arch. Biochem. Biophys. 195, 460-
467.

Herkenham, M., Little, M. D., Bankiewicz, K., Yang, S. C., Markey, S. P. and
Johannessen, J. N. (1991). Selective retention of MPP+ within the monoaminergic
systems of the primate brain following MPTP administration: an in vivo
autoradiographic study. Neuroscience 40, 133-158.

Hornykiewicz, O. (1998). Biochemical aspects of Parkinson’s disease. Neurology 51
Suppl. 2, S2-S9.

Jellinger, K. A. (2012). Neuropathology of sporadic Parkinson’s disease: evaluation
and changes of concepts. Mov. Disord. 27, 8-30.

Kamp, F., Exner, N., Lutz, A. K., Wender, N., Hegermann, J., Brunner, B., Nuscher,
B., Bartels, T., Giese, A., Beyer, K. et al. (2010). Inhibition of mitochondrial fusion
by a-synuclein is rescued by PINK1, Parkin and DJ-1. EMBO J. 29, 3571-3589.

Keeney, P. M., Quigley, C. K., Dunham, L. D., Papageorge, C. M., lyer, S., Thomas,
R. R., Schwarz, K. M., Trimmer, P. A., Khan, S. M., Portell, F. R. et al. (2009).
Mitochondrial gene therapy augments mitochondrial physiology in a Parkinson’s
disease cell model. Hum. Gene Ther. 20, 897-907.

Kim-Han, J. S., Antenor-Dorsey, J. A. and O’Malley, K. L. (2011). The parkinsonian
mimetic, MPP+, specifically impairs mitochondrial transport in dopamine axons. J.
Neurosci. 31, 7212-7221.

Koster, R. W. and Fraser, S. E. (2001). Tracing transgene expression in living
zebrafish embryos. Dev. Biol. 233, 329-346.

Kowaltowski, A. J., Castilho, R. F. and Vercesi, A. E. (1996). Opening of the
mitochondrial permeability transition pore by uncoupling or inorganic phosphate in
the presence of Ca2+ is dependent on mitochondrial-generated reactive oxygen
species. FEBS Lett. 378, 150-152.

Kriiger, R., Kuhn, W., Miiller, T., Woitalla, D., Graeber, M., Kosel, S., Przuntek, H.,
Epplen, J. T., Schoéls, L. and Riess, O. (1998). Ala30Pro mutation in the gene
encoding alpha-synuclein in Parkinson’s disease. Nat. Genet. 18, 106-108.

Kwan, K. M., Fujimoto, E., Grabher, C., Mangum, B. D., Hardy, M. E., Campbell, D.
S., Parant, J. M., Yost, H. J., Kanki, J. P. and Chien, C. B. (2007). The Tol2kit: a
multisite gateway-based construction kit for Tol2 transposon transgenesis constructs.
Dev. Dyn. 236, 3088-3099.

Lakso, M., Vartiainen, S., Moilanen, A. M., Sirvié, J., Thomas, J. H., Nass, R.,
Blakely, R. D. and Wong, G. (2003). Dopaminergic neuronal loss and motor deficits
in Caenorhabditis elegans overexpressing human alpha-synuclein. J. Neurochem.
86, 165-172.

Lee, S., Sterky, F. H., Mourier, A., Terzioglu, M., Cullheim, S., Olson, L. and
Larsson, N. G. (2012). Mitofusin 2 is necessary for striatal axonal projections of
midbrain dopamine neurons. Hum. Mol. Genet. 21, 4827-4835.

Li, W. W,, Yang, R, Guo, J. C., Ren, H. M., Zha, X. L., Cheng, J. S. and Cai, D. F.
(2007). Localization of alpha-synuclein to mitochondria within midbrain of mice.
Neuroreport 18, 1543-1546.

Li, L. H., Qin, H. Z., Wang, J. L., Wang, J., Wang, X. L. and Gao, G. D. (2009a).
Axonal degeneration of nigra-striatum dopaminergic neurons induced by 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine in mice. J. Int. Med. Res. 37, 455-463.

Li, Y., Liu, W., Oo, T. F., Wang, L., Tang, Y., Jackson-Lewis, V., Zhou, C., Geghman,
K., Bogdanov, M., Przedborski, S. et al. (2009b). Mutant LRRK2(R1441G) BAC
transgenic mice recapitulate cardinal features of Parkinson’s disease. Nat. Neurosci.
12, 826-828.

Lim, K. L. and Ng, C. H. (2009). Genetic models of Parkinson disease. Biochim.
Biophys. Acta 1792, 604-615.

Liu, S., Sawada, T., Lee, S., Yu, W,, Silverio, G., Alapatt, P., Millan, I., Shen, A.,
Saxton, W., Kanao, T. et al. (2012). Parkinson’s disease-associated kinase PINK1
regulates Miro protein level and axonal transport of mitochondria. PLoS Genet. 8,
€1002537.

Lunn, E. R, Perry, V. H., Brown, M. C., Rosen, H. and Gordon, S. (1989). Absence
of Wallerian Degeneration does not Hinder Regeneration in Peripheral Nerve. Eur. J.
Neurosci. 1, 27-33.

Mack, T. G., Reiner, M., Beirowski, B., Mi, W., Emanuelli, M., Wagner, D.,
Thomson, D., Gillingwater, T., Court, F., Conforti, L. et al. (2001). Wallerian
degeneration of injured axons and synapses is delayed by a Ube4b/Nmnat chimeric
gene. Nat. Neurosci. 4, 1199-1206.

Maroteaux, L., Campanelli, J. T. and Scheller, R. H. (1988). Synuclein: a neuron-
specific protein localized to the nucleus and presynaptic nerve terminal. J. Neurosci.
8, 2804-2815.

Martin, L. J. (2006). Mitochondriopathy in Parkinson disease and amyotrophic lateral
sclerosis. J. Neuropathol. Exp. Neurol. 65, 1103-1110.

Martin, L. J., Pan, Y., Price, A. C., Sterling, W., Copeland, N. G., Jenkins, N. A.,
Price, D. L. and Lee, M. K. (2006). Parkinson’s disease alpha-synuclein transgenic
mice develop neuronal mitochondrial degeneration and cell death. J. Neurosci. 26,
41-50.

Martin, S. M., O’Brien, G. S., Portera-Cailliau, C. and Sagasti, A. (2010). Wallerian
degeneration of zebrafish trigeminal axons in the skin is required for regeneration
and developmental pruning. Development 137, 3985-3994.

Marui, W., Iseki, E., Nakai, T., Miura, S., Kato, M., Uéda, K. and Kosaka, K. (2002).
Progression and staging of Lewy pathology in brains from patients with dementia
with Lewy bodies. J. Neurol. Sci. 195, 153-159.

L=
©)
()

=

o8

@
)

©
@)

=
(O]
n
©
()
@2
a



RESEARCH ARTICLE

Disease Models & Mechanisms (2014) doi:10.1242/dmm.013185

Masliah, E., Rockenstein, E., Veinbergs, l., Mallory, M., Hashimoto, M., Takeda, A.,
Sagara, Y., Sisk, A. and Mucke, L. (2000). Dopaminergic loss and inclusion body
formation in alpha-synuclein mice: implications for neurodegenerative disorders.
Science 287, 1265-1269.

Mijatovic, J., Piltonen, M., Alberton, P., Mé&nnist6, P. T, Saarma, M. and
Piepponen, T. P. (2011). Constitutive Ret signaling is protective for dopaminergic
cell bodies but not for axonal terminals. Neurobiol. Aging 32, 1486-1494.

Misgeld, T., Kerschensteiner, M., Bareyre, F. M., Burgess, R. W. and Lichtman, J.
W. (2007). Imaging axonal transport of mitochondria in vivo. Nat. Methods 4, 559-
561.

Misko, A., Jiang, S., Wegorzewska, l., Milbrandt, J. and Baloh, R. H. (2010).
Mitofusin 2 is necessary for transport of axonal mitochondria and interacts with the
Miro/Milton complex. J. Neurosci. 30, 4232-4240.

Misko, A. L., Sasaki, Y., Tuck, E., Milbrandt, J. and Baloh, R. H. (2012). Mitofusin2
mutations disrupt axonal mitochondrial positioning and promote axon degeneration.
J. Neurosci. 32, 4145-4155.

Mudo, G., Makeld, J., Di Liberto, V., Tselykh, T. V., Olivieri, M., Piepponen, P.,
Eriksson, O., Médlkia, A., Bonomo, A., Kairisalo, M. et al. (2012). Transgenic
expression and activation of PGC-1a protect dopaminergic neurons in the MPTP
mouse model of Parkinson’s disease. Cell. Mol. Life Sci. 69, 1153-1165.

Nakamura, K., Nemani, V. M., Azarbal, F., Skibinski, G., Levy, J. M., Egami, K.,
Munishkina, L., Zhang, J., Gardner, B., Wakabayashi, J. et al. (2011). Direct
membrane association drives mitochondrial fission by the Parkinson disease-
associated protein alpha-synuclein. J. Biol. Chem. 286, 20710-20726.

Nakata, Y., Yasuda, T., Fukaya, M., Yamamori, S., ltakura, M., Nihira, T., Hayakawa,
H., Kawanami, A., Kataoka, M., Nagai, M. et al. (2012). Accumulation of a-
synuclein triggered by presynaptic dysfunction. J. Neurosci. 32, 17186-17196.

Navarro, A., Boveris, A., Bandez, M. J., Sanchez-Pino, M. J., Gémez, C., Muntané,
G. and Ferrer, I. (2009). Human brain cortex: mitochondrial oxidative damage and
adaptive response in Parkinson disease and in dementia with Lewy bodies. Free
Radiic. Biol. Med. 46, 1574-1580.

Niki¢, I., Merkler, D., Sorbara, C., Brinkoetter, M., Kreutzfeldt, M., Bareyre, F. M.,
Briick, W., Bishop, D., Misgeld, T. and Kerschensteiner, M. (2011). A reversible
form of axon damage in experimental autoimmune encephalomyelitis and multiple
sclerosis. Nat. Med. 17, 495-499.

O’Brien, G., Rieger, S., Martin, S., Cavanaugh, A., Portera-Cailliau, C. and Sagasti,
A. (2009). Two-photon axotomy and time-lapse confocal imaging in live zebrafish
embryos. J. Vis. Exp. 24, pii: 1129. doi: 10.3791/1129.

O’Donnell, K. C., Vargas, M. E. and Sagasti, A. (2013). WIdS and PGC-1a regulate
mitochondrial transport and oxidation state after axonal injury. J. Neurosci. 33,
14778-14790.

O’Malley, K. L. (2010). The role of axonopathy in Parkinson’s disease. Exp Neurobiol
19, 115-119.

Orimo, S., Uchihara, T., Nakamura, A., Mori, F., Kakita, A., Wakabayashi, K. and
Takahashi, H. (2008). Axonal alpha-synuclein aggregates herald centripetal
degeneration of cardiac sympathetic nerve in Parkinson’s disease. Brain 131, 642-650.

Pacelli, C., De Rasmo, D., Signorile, A., Grattagliano, ., di Tullio, G., D’Orazio, A.,
Nico, B., Comi, G. P.,, Ronchi, D., Ferranini, E. et al. (2011). Mitochondrial defect
and PGC-1a dysfunction in parkin-associated familial Parkinson’s disease. Biochim.
Biophys. Acta 1812, 1041-1053.

Palanca, A. M,, Lee, S. L., Yee, L. E., Joe-Wong, C., Trinh, L. A., Hiroyasu, E.,
Husain, M., Fraser, S. E., Pellegrini, M. and Sagasti, A. (2013). New transgenic
reporters identify somatosensory neuron subtypes in larval zebrafish. Dev.
Neurobiol. 73, 152-167. PubMed

Parihar, M. S., Parihar, A., Fujita, M., Hashimoto, M. and Ghafourifar, P. (2008).
Mitochondrial association of alpha-synuclein causes oxidative stress. Cell. Mol. Life
Sci. 65, 1272-1284.

Penn, A. M., Roberts, T., Hodder, J., Allen, P. S., Zhu, G. and Martin, W. R. (1995).
Generalized mitochondrial dysfunction in Parkinson’s disease detected by magnetic
resonance spectroscopy of muscle. Neurology 45, 2097-2099.

Pham, A. H., Meng, S., Chu, Q. N. and Chan, D. C. (2012). Loss of Mfn2 results in
progressive, retrograde degeneration of dopaminergic neurons in the nigrostriatal
circuit. Hum. Mol. Genet. 21, 4817-4826.

Plucinska, G., Paquet, D., Hruscha, A., Godinho, L., Haass, C., Schmid, B. and
Misgeld, T. (2012). In vivo imaging of disease-related mitochondrial dynamics in a
vertebrate model system. J. Neurosci. 32, 16203-16212.

Polymeropoulos, M. H., Lavedan, C., Leroy, E., Ide, S. E., Dehejia, A., Dutra, A.,
Pike, B., Root, H., Rubenstein, J., Boyer, R. et al. (1997). Mutation in the alpha-
synuclein gene identified in families with Parkinson’s disease. Science 276, 2045-
2047.

Prabhudesai, S., Sinha, S., Attar, A., Kotagiri, A., Fitzmaurice, A. G., Lakshmanan,
R., Ivanova, M. I, Loo, J. A,, Kldrner, F. G., Schrader, T. et al. (2012). A novel
“molecular tweezer” inhibitor of a-synuclein neurotoxicity in vitro and in vivo.
Neurotherapeutics 9, 464-476.

Press, C. and Milbrandt, J. (2008). Nmnat delays axonal degeneration caused by
mitochondrial and oxidative stress. J. Neurosci. 28, 4861-4871.

Przedborski, S. and Jackson-Lewis, V. (1998). Mechanisms of MPTP toxicity. Mov.
Disord. 13 Suppl. 1, 35-38.

Reeve, A. K., Park, T. K., Jaros, E., Campbell, G. R,, Lax, N. Z., Hepplewhite, P. D.,
Krishnan, K. J., Elson, J. L., Morris, C. M., McKeith, I. G. et al. (2012).
Relationship between mitochondria and a-synuclein: a study of single substantia
nigra neurons. Arch. Neurol. 69, 385-393.

Ries, V., Silva, R. M., Oo, T. F,, Cheng, H. C., Rzhetskaya, M., Kholodilov, N.,
Flavell, R. A., Kuan, C. Y., Rakic, P. and Burke, R. E. (2008). JNK2 and JNK3

combined are essential for apoptosis in dopamine neurons of the substantia nigra,
but are not required for axon degeneration. J. Neurochem. 107, 1578-1588.

Sai, Y., Zou, Z., Peng, K. and Dong, Z. (2012). The Parkinson’s disease-related
genes act in mitochondrial homeostasis. Neurosci. Biobehav. Rev. 36, 2034-2043.
Sajadi, A., Schneider, B. L. and Aebischer, P. (2004). Wids-mediated protection of
dopaminergic fibers in an animal model of Parkinson disease. Curr. Biol. 14, 326-

330.

Satake, W., Nakabayashi, Y., Mizuta, |., Hirota, Y., Ito, C., Kubo, M., Kawaguchi, T,,
Tsunoda, T., Watanabe, M., Takeda, A. et al. (2009). Genome-wide association
study identifies common variants at four loci as genetic risk factors for Parkinson’s
disease. Nat. Genet. 41, 1303-1307.

Schapira, A. H., Cooper, J. M., Dexter, D., Clark, J. B., Jenner, P. and Marsden, C.
D. (1990). Mitochondrial complex | deficiency in Parkinson’s disease. J. Neurochem.
54, 823-827.

Schulz-Schaeffer, W. J. (2010). The synaptic pathology of alpha-synuclein
aggregation in dementia with Lewy bodies, Parkinson’s disease and Parkinson’s
disease dementia. Acta Neuropathol. 120, 131-143.

Shin, J. H, Ko, H. S., Kang, H., Lee, Y, Lee, Y. I, Pletinkova, O., Troconso, J. C.,
Dawson, V. L. and Dawson, T. M. (2011). PARIS (ZNF746) repression of PGC-1a
contributes to neurodegeneration in Parkinson’s disease. Cell 144, 689-702.

Siddiqui, A., Chinta, S. J., Mallajosyula, J. K., Rajagopolan, S., Hanson, ., Rane,
A., Melov, S. and Andersen, J. K. (2012). Selective binding of nuclear alpha-
synuclein to the PGC1alpha promoter under conditions of oxidative stress may
contribute to losses in mitochondrial function: implications for Parkinson’s disease.
Free Radic. Biol. Med. 53, 993-1003.

Simoén-Sanchez, J., Schulte, C., Bras, J. M., Sharma, M., Gibbs, J. R., Berg, D.,
Paisan-Ruiz, C., Lichtner, P., Scholz, S. W., Hernandez, D. G. et al. (2009).
Genome-wide association study reveals genetic risk underlying Parkinson’s disease.
Nat. Genet. 41, 1308-1312.

Singleton, A. B., Farrer, M., Johnson, J., Singleton, A., Hague, S., Kachergus, J.,
Hulihan, M., Peuralinna, T., Dutra, A., Nussbaum, R. et al. (2003). alpha-
Synuclein locus triplication causes Parkinson’s disease. Science 302, 841.

Spillantini, M. G., Schmidt, M. L., Lee, V. M., Trojanowski, J. Q., Jakes, R. and
Goedert, M. (1997). Alpha-synuclein in Lewy bodies. Nature 388, 839-840.

Spillantini, M. G., Crowther, R. A., Jakes, R., Hasegawa, M. and Goedert, M.
(1998). alpha-Synuclein in filamentous inclusions of Lewy bodies from Parkinson’s
disease and dementia with lewy bodies. Proc. Natl. Acad. Sci. USA 95, 6469-6473.

St-Pierre, J., Drori, S., Uldry, M., Silvaggi, J. M., Rhee, J., Jdger, S., Handschin, C.,
Zheng, K., Lin, J., Yang, W. et al. (2006). Suppression of reactive oxygen species
and neurodegeneration by the PGC-1 transcriptional coactivators. Cell 127, 397-408.

Sterky, F. H., Lee, S., Wibom, R., Olson, L. and Larsson, N. G. (2011). Impaired
mitochondrial transport and Parkin-independent degeneration of respiratory chain-
deficient dopamine neurons in vivo. Proc. Natl. Acad. Sci. USA 108, 12937-12942.

Stowers, R. S., Megeath, L. J., Gérska-Andrzejak, J., Meinertzhagen, I. A. and
Schwarz, T. L. (2002). Axonal transport of mitochondria to synapses depends on
milton, a novel Drosophila protein. Neuron 36, 1063-1077.

Surmeier, D. J., Guzman, J. N., Sanchez-Padilla, J. and Schumacker, P. T. (2011).
The role of calcium and mitochondrial oxidant stress in the loss of substantia nigra
pars compacta dopaminergic neurons in Parkinson’s disease. Neuroscience 198,
221-231.

Tang, W., Ehrlich, 1., Wolff, S. B., Michalski, A. M., Wolfl, S., Hasan, M. T., Liithi, A.
and Sprengel, R. (2009). Faithful expression of multiple proteins via 2A-peptide self-
processing: a versatile and reliable method for manipulating brain circuits. J.
Neurosci. 29, 8621-8629.

Tomasiewicz, H. G., Flaherty, D. B., Soria, J. P. and Wood, J. G. (2002). Transgenic
zebrafish model of neurodegeneration. J. Neurosci. Res. 70, 734-745.

Tsunemi, T. and La Spada, A. R. (2012). PGC-1a at the intersection of bioenergetics
regulation and neuron function: from Huntington’s disease to Parkinson’s disease
and beyond. Prog. Neurobiol. 97, 142-151.

Uemura, O., Okada, Y., Ando, H., Guedj, M., Higashijima, S., Shimazaki, T., Chino,
N., Okano, H. and Okamoto, H. (2005). Comparative functional genomics revealed
conservation and diversification of three enhancers of the isl1 gene for motor and
sensory neuron-specific expression. Dev. Biol. 278, 587-606.

van der Putten, H., Wiederhold, K. H., Probst, A., Barbieri, S., Mistl, C., Danner, S.,
Kauffmann, S., Hofele, K., Spooren, W. P., Ruegg, M. A. et al. (2000).
Neuropathology in mice expressing human alpha-synuclein. J. Neurosci. 20, 6021-
6029

Van Laar, V. S. and Berman, S. B. (2013). The interplay of neuronal mitochondrial
dynamics and bioenergetics: Implications for Parkinson’s disease. Neurobiol. Dis.
51, 43-55. PubMed

Vercesi, A. E., Kowaltowski, A. J., Grijalba, M. T., Meinicke, A. R. and Castilho, R.
F. (1997). The role of reactive oxygen species in mitochondrial permeability
transition. Biosci. Rep. 17, 43-52.

Volpicelli-Daley, L. A., Luk, K. C., Patel, T. P, Tanik, S. A., Riddle, D. M., Stieber,
A., Meaney, D. F.,, Trojanowski, J. Q. and Lee, V. M. (2011). Exogenous a-
synuclein fibrils induce Lewy body pathology leading to synaptic dysfunction and
neuron death. Neuron 72, 57-71.

Wang, X., Winter, D., Ashrafi, G., Schlehe, J., Wong, Y. L., Selkoe, D., Rice, S.,
Steen, J., LaVoie, M. J. and Schwarz, T. L. (2011). PINK1 and Parkin target Miro
for phosphorylation and degradation to arrest mitochondrial motility. Cell 147, 893-
906

Weiho.fen, A., Thomas, K. J., Ostaszewski, B. L., Cookson, M. R. and Selkoe, D. J.

(2009). Pink1 forms a multiprotein complex with Miro and Milton, linking Pink1
function to mitochondrial trafficking. Biochemistry 48, 2045-2052.

581

L=
©)
()

=

o8

@
)

©
@)

=
(O]
n
©
()
@2
a



RESEARCH ARTICLE

Disease Models & Mechanisms (2014) doi:10.1242/dmm.013185

Wu, Z., Puigserver, P., Andersson, U., Zhang, C., Adelmant, G., Mootha, V., Troy,
A., Cinti, S., Lowell, B., Scarpulla, R. C. et al. (1999). Mechanisms controlling
mitochondrial biogenesis and respiration through the thermogenic coactivator PGC-
1. Cell 98, 115-124.

Wu-Chou, Y. H., Chen, Y. T,, Yeh, T. H., Chang, H. C., Weng, Y. H., Lai, S. C.,
Huang, C. L., Chen, R. S., Huang, Y. Z., Chen, C. C. et al. (2013). Genetic
variants of SNCA and LRRK2 genes are associated with sporadic PD susceptibility:
A replication study in a Taiwanese cohort. Parkinsonism Relat. Disord. 19, 251-
255.

582

Xie, W. and Chung, K. K. (2012). Alpha-synuclein impairs normal dynamics of
mitochondria in cell and animal models of Parkinson’s disease. J. Neurochem. 122,
404-414.

Zheng, B., Liao, Z., Locascio, J. J., Lesniak, K. A., Roderick, S. S., Watt, M. L.,
Eklund, A. C., Zhang-James, Y., Kim, P. D., Hauser, M. A. et al.; Global PD Gene
Expression (GPEX) Consortium (2010). PGC-1a, a potential therapeutic target for
early intervention in Parkinson’s disease. Sci. Transl. Med. 2, 52ra73.

Zhu, M., Li, W. and Lu, C. (2012). Role of alpha-synuclein protein levels in
mitochondrial morphology and cell survival in cell lines. PLoS ONE 7, e36377.

L=
©)
()

=

o8

@
)

©
@)

=
(O]
n
©
()
@2
a



	Alpha-synuclein causes moderate cell death in larval zebrafish sensory neurons
	Fig.€1. Alpha-synuclein
	Alpha-synuclein expression causes axonopathy
	Axonopathy, but not axonal fragmentation, precedes cell death in aSyn-expressing
	Fig.€2. Early
	Axonal injury increases cell death in aSyn-expressing neurons
	WldS delays axon degeneration caused by aSyn toxicity
	Fig.€3. Axonopathy
	Mitochondrial pathology in axons of aSyn-expressing neurons
	Fig.€4. WldS
	PGC-1± expression mitigates toxicity in aSyn-expressing sensory neurons
	Fig.€5. Early
	aSyn causes axonopathy in peripheral sensory neurons
	Fig.€6. PGC-1±
	Mitochondrial dysfunction and axon degeneration
	PGC-1± protects against aSyn toxicity
	Transgenes
	Immunohistochemistry
	Imaging
	Axon transection
	Quantification of mitochondrial morphology and transport
	Data analysis

