Formation of a-synuclein Lewy neurite-like
aggregates in axons impedes the transport
of distinct endosomes

Laura A. Volpicelli-Daley>®, Karen L. Gamble¢, Christine E. Schultheiss®, Dawn M. Riddle®,
Andrew B. West?, and Virginia M.-Y. Lee®

2Department of Neurology and “Department of Psychiatry and Behavioral Neurobiology, University of Alabama,

Birmingham, Birmingham, AL 35294; ®Department of Pathology and Laboratory Medicine, Institute on Aging,

and Center for Neurodegenerative Disease Research, University of Pennsylvania School of Medicine, Philadelphia,

PA, 19104

ABSTRACT Aggregates of a-synuclein (a-syn) accumulate in neurons in Parkinson’s disease
and other synucleinopathies. These inclusions predominantly localize to axons even in the
early stages of the disease, but their affect on axon function has remained unknown. Previ-
ously we established a model in which the addition of preformed a-syn fibrils to primary
neurons seeds formation of insoluble a-syn inclusions built from endogenously expressed a-
syn that closely recapitulate the neuropathological phenotypes of Lewy neurites found in
human diseased brains. Here we show, using live-cell imaging, that immobile a-syn inclusions
accumulate in axons from the recruitment of o-syn located on mobile a-syn—positive vesicles.
Ultrastructural analyses and live imaging demonstrate that a-syn accumulations do not cause
a generalized defect in axonal transport; the inclusions do not fill the axonal cytoplasm, dis-
rupt the microtubule cytoskeleton, or affect the transport of synaptophysin or mitochondria.
However, the a-syn aggregates impair the transport of Rab7 and TrkB receptor-containing
endosomes, as well as autophagosomes. In addition, the TrkB receptor-associated signaling
molecule pERK5 accumulates in o-syn aggregate-bearing neurons. Thus a-syn pathology
impairs axonal transport of signaling and degradative organelles. These early effects of a-syn
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accumulations may predict points of intervention in the neurodegenerative process.

INTRODUCTION

Intracellular pathological amyloid inclusions are a common feature
of neurodegenerative diseases. These aggregates accumulate in
the soma and throughout axons. In Parkinson’s disease (PD) and
other synucleinopathies such as dementia with Lewy bodies (DLB)

This article was published online ahead of print in MBoC in Press (http://www
.molbiolcell.org/cgi/doi/10.1091/mbc.E14-02-0741) on October 8, 2014.

Address correspondence to: Laura A. Volpicelli-Daley (volpicel@uab.edu).

Abbreviations used: a-syn, a-synuclein; BDNF, brain-derived neurotrophic factor;
DIV, days in vitro; EM, electron microscopy; GFP, green fluorescence protein; HRP,
horseradish peroxidase; LB, Lewy body; LN, Lewy neurite; mRFP, monomeric red
fluorescent protein; PBS, phosphate-buffered saline; PD, Parkinson'’s disease; PFF,
preformed fibrils; YFP, yellow fluorescent protein.

© 2014 Volpicelli-Daley et al. This article is distributed by The American Society
for Cell Biology under license from the author(s). Two months after publication it
is available to the public under an Attribution-Noncommercial-Share Alike 3.0
Unported Creative Commons License (http://creativecommons.org/licenses/by-
nc-sa/3.0).

“ASCB®,” “The American Society for Cell Biology®,” and “Molecular Biology of
the Cell®” are registered trademarks of The American Society for Cell Biology.

4010 | L. A Volpicelli-Daley et al.

the axonal accumulation of a-synuclein (oi-syn) into amyloid fibrils of
distinct morphology, called Lewy neurites (LNs), is particularly abun-
dant relative to Lewy bodies (LBs) in the soma. In brain areas such as
the amygdala and striatum, these axonal LNs predominate over per-
ikaryal LBs and appear early in the disease process (Braak et al.,
1999, 2003; Duda et al., 2002). Thus axonal accumulation of o-syn
as LNs could disrupt axonal transport, compromising neuron func-
tion and survival (Salinas et al., 2008; Morfini et al., 2009; Perlson
et al., 2010) and thus contributing to neurodegeneration.

Primary neuron models and live-cell microscopy provide the
spatial and temporal resolution for the visualization and quantifica-
tion of organelle transport. The effect of LNs on transport in the
neurodegenerative process has been poorly understood because
of a lack of suitable primary neuronal models to study this process.
For example, in transgenic mouse models overexpressing mutant
o-syn, pathological aggregates only form in aged animals, and in-
clusion formation is coincident with the death of the animals
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(Masliah et al., 2000; Giasson et al., 2002; Lee et al., 2002). In addi-
tion, primary neurons generated from these transgenic mice do not
form o-syn aggregates such as LNs. Overexpression of wild-type (wt)
or mutant a-syn through transfection or viral vector transduction also
does not form aggregates that faithfully recapitulate the pathologi-
cal features of LBs/LNs found in diseased synucleinopathy brains.

Our recent development of a novel neuronal a-syn aggregation
model in primary neurons provides a major advance in analyzing a-
syn aggregate formation that recapitulates many of the features
found in diseased brains, such as LNs (Volpicelli-Daley et al., 2011).
Ad(dition of a-syn preformed fibrils (PFFs) generated from recombi-
nant a-syn protein to primary neurons seeds the recruitment of nor-
mal, endogenously expressed o-syn into pathological aggregates
that, similar to LBs and LNs in synucleinopathies, are insoluble,
hyperphosphorylated, ubiquitinated, and filamentous by electron
microscopy (Volpicelli-Daley et al., 2011). a-Syn aggregates follow
a lag phase in which no aggregates are initially detectable, but by
4-7 d, small, insoluble aggregates first form in axons, followed by
the formation of somatodendritic a-syn inclusions. Formation of o-
syn pathology is accompanied by defects in neuronal synchroniza-
tion early in the disease process, and cell death occurs weeks after
initial o-syn aggregate formation. Thus the temporal and spatial
nature of o-syn aggregation allows for the investigation of both
early- and late-stage defects caused by LNs, and later both LNs and
LBs, at time points well delineated from cell death.

Here we show that formation of axonal LNs leads to early and
selective alterations in axonal transport. Whereas the transport of
mitochondria and synaptic vesicle precursors remain relatively unim-
peded, Rab7-positive and TrkB-positive endosomes, as well as au-
tophagosomes, show major perturbations in transport. We also
show that major abnormalities in endosome morphology, autopha-
gosome acidification, and autophagosome/lysosome fusion corre-
late well with o-syn aggregates. Together these observations con-
tribute to growing evidence implicating abnormalities in endosomes
as a mechanism contributing to neurodegeneration in PD.

RESULTS

Previously we showed that high-density neuronal cultures develop
o-syn aggregates resembling LNs in the majority of axons treated
with exogenously applied a-syn PFFs. To visualize and monitor in
real time the templated recruitment of endogenous o-syn into LN-
like aggregates in axons, we expressed C-terminally tagged o-syn—
green fluorescent protein (GFP) in primary neurons by transfection.
For these experiments, we used hippocampal neurons generated
from o-syn—knockout (KO) mice, so that all a-syn evaluated repre-
sented o-syn—-GFP and not endogenous o-syn, which may coaggre-
gate with a-syn—-GFP. The expression of a-syn-GFP was approxi-
mately equivalent to expression of endogenous a-syn (Supplemental
Figure S2A). In addition, phosphate-buffered saline (PBS)-treated
and PFF-treated a-syn KO showed no abnormalities in overall neu-
ritic morphology (Supplemental Figure S2B), and neurons lacking
o-syn do not have significant changes in synaptic ultrastructure or
physiology (Chandra et al., 2004). In control, PBS-treated neurons
(i.e., no a-syn PFF exposure), a-syn-GFP (Figure 1, A and C, top left)
localized to small puncta in neurites and showed diffuse localization
in the neuronal soma. a-Syn-GFP was completely extracted by 1%
Triton X-100, as shown previously for endogenous, soluble a-syn
(Volpicelli-Daley et al., 2011). In PFF-treated neurons, a-syn-GFP
aggregates were found in neurites and soma (Figure 1, A and B) that
were morphologically similar to the inclusions formed by PFF-in-
duced recruitment of endogenous (i.e., untagged) a-syn (Volpicelli-
Daley et al., 2011). The PFF-induced o-syn-GFP aggregates
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remained after extraction with 1% Triton X-100 and thus were insol-
uble, a defining feature of pathological a-syn aggregates.

Because a-syn-GFP pathological inclusions were biochemically
similar to a-syn aggregates formed from unmodified endogenous
o-syn, we next determined whether o-syn-GFP in PFF-treated neu-
rons undergoes similar posttranslational modifications, such as
phosphorylation and ubiquitination, which characterize LBs and LNs
in human brains.. We performed immunofluorescence on 1% Tx-
100-extracted neurons using monoclonal antibody (mAb) 81A,
which, at high dilutions (1:10,000), recognizes only abnormal, phos-
phorylated a-syn in PFF-treated cells with minimal background fluo-
rescence in control neurons. In PBS-treated o-syn KO neurons, there
was no immunofluorescence signal for phosphorylated a-syn (p-o-
syn; Figure 1A). In PFF-treated neurons, insoluble o-syn-GFP aggre-
gates colocalized extensively with mAb 81A (Figure 1A), indicating
that the aggregates were phosphorylated. Furthermore, cotransfec-
tion of a-syn-GFP with monomeric red fluorescent protein (mRFP)-
ubiquitin and live imaging showed that o-syn-GFP inclusions colo-
calize extensively with ubiquitin (Figure 1B), another feature of LBs
and LNs in pathological brain tissue. Thus, similar to endogenous
o-syn, PFF treatment causes recruitment of a-syn—GFP, to insoluble
phosphorylated and ubiquitinated aggregates that resemble LNs in
the axons and LBs in the soma. Moreover, use of a-syn-GFP allows
direct visualization of a-syn pathology formation in live neurons.

Having established that o-syn-GFP distribution and recruitment
into aggregates are similar to those with endogenous o-syn (Figure
1), we performed live imaging to analyze their growth and mobility.
C-terminally tagged axonal a-syn—GFP particles in PBS-treated neu-
rons can undergo fast axonal transport similar to N-terminally tagged
GFP-o-syn demonstrated previously (Roy et al., 2007; Figure 1C).
However, in neurons 7 d after exposure to PFFs, there was a signifi-
cant decrease in the percentage of mobile syn-GFP particles in the
anterograde direction (Figure 1, C and D). However, the remaining
mobile o-syn—GFP vesicles in PFF- treated neurons had similar ve-
locities to PBS-treated neurons (Figure 1E).

When imaged over a more prolonged time course, it was appar-
ent that the larger o-syn—-GFP aggregates in PFF-treated neurons
remained relatively immobile (Figure 1F and Supplemental Movies
S1). However, smaller, mobile o-syn-GFP particles could be seen to
travel along the axon and merge with the larger, elongated struc-
tures, suggesting recruitment of endogenous a-syn-GFP into the
larger accumulations (Figure 1F; arrows indicate mobile vesicles;
arrowheads indicate merging of these vesicles with larger aggre-
gates). In addition, smaller o-syn—-GFP aggregates can be seen
breaking off from and remerging with the larger structures. Overall,
these studies provide insights into the temporal and spatial dynam-
ics of the recruitment of endogenous axonal o-syn into LN-like
structures in live neurons.

Ultrastructure of inclusions, microtubules, and endosomes

Because the large o-syn-GFP aggregates were relatively immobile,
we conducted immuno—electron microscopy (EM) in control PBS-
and PFF-treated neurons to determine the spatial relationship be-
tween p-0i-syn aggregates, membrane organelles, and the cytoskel-
eton. These experiments were performed in wild-type primary
neurons that express o-syn endogenously, since GFP fluorescence
was unnecessary. In PBS-treated neurons, microtubules and mito-
chondria can be seen in axons with (Figure 2A) and without varicosi-
ties (Figure 2, B and C). p-a-Syn aggregates in the axons of neurons
14 d after PFF addition (day in vitro [DIV] 19) were visualized using
horseradish peroxidase (HRP)-conjugated anti-mouse secondary
antibody (Figure 2, D and E) and immunogold (Figure 2, F-I). We
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PFFs induce formation of o-syn-GFP aggregates that are immobile and grow by recruitment of mobile o-syn
vesicular carriers. Primary hippocampal neurons from a-syn KO mice were transfected with o-syn-GFP and treated with
PBS or PFFs and imaged 7 d later. Syn-GFP, number of particles analyzed, 484 for PBS and 387 for PFF (18 axons, PBS;
22 axons, PFF). (A) In PBS-treated neurons (top), a-syn-GFP localized to puncta corresponding to presynaptic terminals.
0-Syn-GFP was soluble and thus extractable when fixed with paraformaldehyde containing 1% Triton X-100. PBS-treated
neurons showed minimal p-a-syn immunoreactivity. Seven days after PFF treatment, o-syn-GFP localized to longer,
more serpentine aggregates and small puncta. These aggregates were not extractable with 1% Triton X-100. The
insoluble aggregates were extensively phosphorylated, as revealed by immunofluorescence with an antibody specific
for p-Ser-129. Scale bar, 50 pm (low magnification), 20 pm (high magnification). (B) Neurons were cotransfected with
o-syn-GFP and mRFP-ubiquitin and imaged 7 d post-PFF. Neurons were imaged with the spinning disk confocal, and
mRFP-ubiquitin could be seen to coaccumulate with o-syn-GFP aggregates. (C) Live movies of o-syn-GFP were captured
every 1 s for 3 min. Top two snapshots show o-syn-GFP in PBS- and PFF-treated neurons. Small axonal puncta were
visible in the PBS-treated neurons, whereas longer a-syn-GFP serpentine aggregates were visible in axons from PFF
treated neurons. Bottom two kymographs demonstrate that in PBS-treated neurons, there were some mobile and some
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FIGURE 2: Ultrastructure of endosomes in a-syn inclusion-bearing axons. (A, D, E) Immuno-EM of HRP-labeled p-o-syn
inclusions in axons. (B, C, F-l) Immunogold-labeled p-o-syn inclusions in axons. (A-C) Three examples of PBS-treated
neurons. No HRP immunoreactivity was found in PBS-treated controls. (D-I) Six examples of neurons 14 d after PFF
exposure. p-0-Syn aggregates were visible with HRP (asterisks). Imnmunogold labeling allowed visualization of the 10- to
15-nm filamentous o-syn inclusions. Note that the inclusions did not fill the entire axonal cytoplasm. Arrows point to
examples of membrane organelles juxtaposed to the aggregates. Scale bar, 500 nm.

found that the a-syn aggregates did not fill the width of the axonal
cytoplasm with (Figure 2, D-F) or without (Figure 2, G-l) varicosities,
suggesting that transport of organelles along the axon could occur.
For example, mitochondria could be seen adjacent to filamentous
accumulations with enough distance between the aggregates and
axonal membrane that they could bypass them. In addition, micro-
tubules also appeared intact and thus could potentially support ax-
onal transport (Volpicelli-Daley et al., 2011). These representative
images demonstrate that LN-like o-syn aggregates do not necessar-
ily fill the axonal cytoplasm and would be unlikely to sterically hinder
or block axonal transport.

0-Syn aggregates do not impair fast axonal transport

of synaptophysin or mitochondria

To test the hypothesis that o-syn aggregates do not block axonal
transport, we performed live-cell imaging of organelle markers in
primary hippocampal cultures derived from wild-type (i.e., non-
transgenic) mice expressing endogenous levels of o-syn treated
with PBS or a-syn PFFs. Transport of specific organelles was evalu-
ated in mature neurons 7 d after PFF addition (DIV12), when ag-
gregates are apparent in axons throughout the culture but not in
the soma or in dendrites and there is no neuron death (Volpicelli-
Daley et al., 2011)

Synaptophysin-GFP traversed axons in punctate carriers (Figure
3A). The mobility of these particles appeared similar in control neu-
rons that did not harbor a-syn pathology and PFF-treated neurons
bearing axonal LN-like aggregates (PFF-treated; Supplemental
Movie S2). There were no significant differences in the percentage
of mobile particles between control neurons and neurons harboring

o-syn inclusions (Figure 3B). In addition, there were no significant
differences in the abundance of particles per 50 um of axonal mem-
brane (Figure 3C) or in the number of particle pauses or reversals
(Figure 3, D and E). Because the velocities from the PBS- and PFF-
treated groups did not fit a normal distribution, a Poisson regression
analysis was performed on binned synaptophysin-GFP velocities.
This analysis revealed no statistically significant differences between
PBS and PFF groups for anterograde or retrograde transport (Figure
3, F and G). Plotting the velocities of mobile vesicles as the median
and interquartile range also revealed no differences in the velocities
of synaptophysin-GFP in control and o-syn aggregate—bearing
axons.

In addition, despite the presence of axonal o-syn aggregates,
analyses of transport of a larger organelle such as the mitochondria
using yellow fluorescent protein (YFP)-Mito (Figure 4A) revealed no
difference between PBS- and PFF-treated groups for percentage of
mobile particles (Figure 4B), abundance of YFP-Mito puncta (Figure
4C), number of pauses (Figure 4D), or number of reversals (Figure
4E). In addition, the Poisson regression analysis revealed no signifi-
cant differences in anterograde or retrograde YFP-Mito velocities
(Figure 4, F and G). Thus the presence of o-syn aggregates did not
affect transport of synaptophysin or mitochondria.

o-Syn aggregates impair retrograde axonal transport

of Rab7 endosomes

Our ultrastructural images showed accumulations of membranous
organelles approximately the size and morphology of endosomes
near o-syn pathology in axons (see arrows in Figure 2, D and E).
Rab7 localizes to endosomes and plays a major role in transport of

immobile a-syn-GFP particles. In the PFF-treated neurons, there appeared to be more immobile particles that were
larger in size. The mobile a-syn-GFP particles seem to approach an immobile o-syn-GFP aggregate but not bypass it.
Scale bar, 10 pm. (D) Quantified percentage of mobile anterograde and retrograde particles. There was a significant
decrease in the percentage of anterograde-moving mobile 0-syn-GFP particles in neurons 7 d after PFF treatment.

(E) Scatter plot of median velocities of mobile particles with interquartile range. The Mann-Whitney test did not reveal a
significant difference between velocities. (F) Neurons expressing a-syn-GFP were treated with PFFs and imaged 7 d
later. Images were captured every 3 min over 5 h. The larger aggregates were immobile (arrowheads). Smaller, mobile
puncta can be seen to merge with the larger aggregates (arrows). At 240 min, a syn-GFP aggregate can be seen to
break away from the larger aggregate, but it remerged at 290 min. Scale bar, 10 pm.
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FIGURE 3: Normal transport of synaptophysin-GFP in neurons with o-syn aggregates. Primary
hippocampal neurons were transfected with synaptophysin-GFP, treated with PBS or PFFs, and
imaged 7 d later. Synaptophysin-GFP, number of particles analyzed, 2044 for PBS and 1944 for
PFF (19 axons, PBS; 17 axons, PFF). (A) Top, images from movies captured every 1 s for 3 min;
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scale bar, 10 pm. Kymographs shown below the images were generated as visual

representations of distance traveled over time. (B) Of the mobile particles, the percentages of
anterograde and retrograde particles were also quantified. There were no significant differences
between the PBS- and PFF-treated groups. (C) There were no significant differences in the mean
number of synaptophysin-GFP particles per 50 ym of axonal membrane. In addition, there were
no significant differences in the number of pauses (D) or reversals (E) between the two groups.

A Poisson regression on velocities binned with 10 cut points was not statistically significant

between PBS and PFF groups for anterograde synaptophysin-GFP velocities (Wald %2 = 1.420,

p = NS; F) or for retrograde synaptophysin-GFP velocities (Wald 2 = 3.246, p = NS; G).

(F, G) Right, median and interquartile ranges of the velocities of the mobile synaptophysin-GFP

particles. The Mann-Whitney test did not produce significant differences for anterograde or
retrograde velocities.
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these organelles along the axon (Deinhardt
et al., 2006). The presence of abnormal a-
syn fibrils in axons did not affect the overall
mobility of GFP-Rab7 in axons (Figure 5B),
the abundance of GFP-Rab7 particles along
the membrane (Figure 5C), or the number of
pauses (Figure 5D). In addition, a Poisson
regression on binned velocities of antero-
grade traveling particles (Figure 5F) was not
statistically significant between PBS and PFF
groups However, for retrograde GFP-Rab7
velocities, there was a significant difference
between the PBS- and PFF-treated groups
(Figure 5@), with a significant reduction in
the median velocities in the PFF-treated
group. This reduction in velocities could be
accounted for by the increase in number of
reversals (Figure 5E). Thus the presence of
o-syn pathology disrupts the axonal trans-
port of Rab7-positive late endosomes in the
retrograde direction.

Dramatically impaired axonal transport
of TrkB receptors in a-syn aggregate—
bearing neurons treated with brain-
derived neurotrophic factor

To determine whether the retrograde trans-
port of other organelles are compromised,
we analyzed the movement of TrkB recep-
tors, since these receptors are known to un-
dergo predominantly retrograde axonal
transport in endosomes (Deinhardt et al.,
2006; Zhou et al., 2012). The most striking
change in velocities was found in analysis of
retrograde TrkB-GFP transport in brain-de-
rived neurotrophic factor (BDNF)-treated,
o-syn inclusion-bearing neurons (Figure 6G
and Supplemental Movie S3). Furthermore,
the mobility of TrkB-GFP in both the antero-
grade andretrograde directions also showed
significant reductions (Figure 6B), which was
reflected by significant increases in the num-
ber of pauses (Figure 6D) and reversals
(Figure 6E), although the number of parti-
cles per 50 um is unchanged (Figure 6C). In
BDNF-treated neurons bearing o-syn inclu-
sions, the velocities of TrkB-GFP showed a
significant shift into the lower-velocity bins
relative to the control neurons (Figure 6G).
In addition, analysis of the median velocities
revealed a significant decrease in the neu-
rons exposed to PFFs compared with PBS-
treated controls. Images of TrkB-GFP in
BDNF-treated neurons with axonal o-syn
fibrillar aggregates showed that TrkB-GFP
appeared to be localized to more discrete
puncta compared with control axons (Figure
6A), possibly reflective of its reduced mobil-
ity. The kymographs provide a visual repre-
sentation of the retrograde movement of
TrkB-GFP in BDNF-treated neurons, and it
can be seen in both the kymographs and
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FIGURE 4: Normal transport of YFP-Mito in neurons with o-syn aggregates. Primary
hippocampal neurons were transfected with YFP-Mito, treated with PBS or PFFs, and imaged
7 d later. YFP-Mito, number of particles analyzed, 162 for PBS and 244 for PFF (10 axons, PBS;
9 axons, PFF). (A) Top, images from movies captured every 1 s for 3 min; scale bar, 10 pm.
Kymographs shown below the images were generated as visual representations of distance
traveled over time. (B) Of the mobile particles, the percentages of anterograde and
retrograde particles were quantified. There was no significant difference between the PBS-
and PFF-treated groups. There were no significant differences in the mean number of
YFP-Mito particles per 50 pm of axonal membrane (C), number of pauses (D), or number of
reversals (E). A Poisson regression on velocities binned with 10 cut points was not statistically
significant between PBS and PFF groups for anterograde YFP-Mito velocities (Wald %2 =0.713,
p = NS; F) or for retrograde synaptophysin-GFP velocities (Wald 2 = 2.886, p = NS; G).

(F, G) Right, median and interquartile ranges of the velocities of the mobile synaptophysin-
GFP particles. The Mann-Whitney test did not produce significant differences for anterograde
or retrograde velocities.
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overall quantitation that there were fewer
mobile TrkB-GFP particles in neurons ex-
posed to PFFs with o-syn aggregates.

In neurons not treated with BDNF, there
were decreases in the mobility and veloci-
ties of TrkB-GFP transport in the PFF-ex-
posed neurons in the retrograde direction
(Supplemental Figure S3A). However, there
were no significant differences in the num-
ber of pauses or reversals or number of par-
ticles per unit membrane. There were also
no significant differences in the mobility of
TrkB-GFP in the anterograde direction.
Overall in neurons harboring o-syn aggre-
gates, the mobility of TrkB-GFP retrograde-
traveling particles is dramatically slowed,
particularly upon BDNF treatment.

Accumulation of TrkB/Rab7 endosomes
and pERKS in a-syn aggregate-bearing
neurons

In the soma of control neurons treated with
BDNF, TrkB-GFP appeared to localize both
to the plasma membrane and intracellular
puncta that showed partial overlap with
mRFP-Rab7 (Figure 7A). In o-syn aggregate—
bearing neurons, TrkB-GFP showed accu-
mulations in enlarged Rab7-positive puncta.
Colocalization of TrkB-GFP with mRFP-Rab7
was increased in neurons with abnormal o-
syn aggregates (Figure 7B), suggestive of
trapping of TrkB receptors in endosomes
such that they cannot be targeted to lyso-
some for degradation. Alternatively, the in-
ability to recycle back to the plasma mem-
brane could also account for this intracellular
accumulation.

To provide additional evidence for de-
fective TrkB retrograde transport, we exam-
ined the distribution of pERKS, which has
been shown to travel with TrkB along the
axon to the soma (Watson et al., 2001; Val-
dez et al., 2005). The immunofluorescence
staining for pERKS in neurons without o-syn
aggregates was low (Figure 7C). However, in
neurons with o-syn aggregates, p-ERKS im-
munofluorescence was more intense and
localized to puncta that appeared to be as-
sociated with the skein-like a-syn LB-like in-
clusions in the soma. Thus a-syn aggregates
caused both cytosolic accumulation of the
TrkB receptor and increase in an associated
signaling molecule, pERK5.

Altered autophagosome transport in
o-syn aggregate-bearing axons

We also analyzed the transport of autopha-
gosomes, since they are retrogradely trans-
ported (Lee et al., 2011; Maday et al., 2012),
and we recently showed that the autophagy
markers LC3Il and p62 increase in expres-
sion and colocalize with PFF-induced a-syn

4015



A GFP-Rab7
Retrograde Retrograde

[} © 407 ®

3 e

[<} - °

E 8.30 e ..o °®

N 8 20 Sar . 26® '.oo'.noo

S
£10{ “eecs’
0.0- c

PBS PFF

anterograde retrograde

O
m

# pauses/100 um
o o -
° @a @

# reversals/100 um
o o

» B

(P <0.0001)

PBS PFF 00 PBS PFF

F Anterograde transport of GFP-Rab7
(P =NS)
40+
-0 PBS ] ®
® PFF £ 2.0 °

Percentage of mobile
GFP-Rab7
- N w
QO o ©
Velocities
e O = =
9o &
%
.. ..
@
[ ]

000 20.40.60.81.01.21.41.61.82.0 ’ PI'BS Pl':F
Velocities (mm/sec)

Retrograde transport of GFP-Rab7

®

(P < 0.001) 20 (P <0.001)
2 - PBS ] e .
S 304 ®
o ® PFF = 1.54 °
E S 5 o.’.o
o & 201 2 1.01 e, .
g& -F: ° .:.
S © 10- 8 0.5 0.. .0
5 > VA ‘% v
9 >
“ o 0.0 - ;
0.00.20.40.60.81.01.21.41.61.82.0 PBS PFF

Velocities (mm/sec)

FIGURE 5: Reduced retrograde transport of GFP-Rab7—-positive late endosomes in neurons with
o-syn aggregates. Primary hippocampal neurons were transfected with GFP-Rab7, treated with
PBS or PFFs, and imaged 7 d later. Rab7, number of particles analyzed, 260 for PBS and 179 for
PFF (19 axons, PBS; 24 axons, PFF). (A) Top, images from movies captured every 1 s for 3 min;
scale bar; 10 um. Kymographs shown below were generated as visual representations of
distance traveled over time. (B) Of the mobile particles, the percentages of anterograde and
retrograde particles were quantified. There was no significant difference between the
percentages of mobile particles between PBS- and PFF-treated groups. There was no significant
difference in the mean number of GFP-Rab7 particles per 50 um of axonal membrane (C) or
number of pauses (D). There was, however, a significant increase in the number of reversals (E).
(F) A Poisson regression on velocities binned with 10 cut points was not statistically significant
between PBS and PFF groups for anterograde GFP-Rab7 velocities (Wald % = 2.316, p = NS).
Right, median and interquartile ranges of the velocities of the mobile GFP-Rab7 particles. The
Mann-Whitney test did not produce significant differences for anterograde velocities. (G) For
retrograde GFP-Rab7 velocities, there was a statistically significant difference between the

PBS- and PFF-treated groups (Wald 32 = 13.1, p < 0.001). The odds ratio of 1.30 indicates that
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aggregates, concomitant with impairment
of autophagy (Tanik et al., 2013). Thus we
asked whether the axonal transport of au-
tophagosomes is altered using GFP-LC3
(Figure 8). There was a significant decrease
in the overall mobility of GFP-LC3 in neu-
rons harboring a-syn aggregates in both the
anterograde and retrograde directions
(Figure 8, A and B). There were no changes
in the overall abundance of GFP-LC3 parti-
cles within the axons of o-syn aggregate—
bearing neurons (Figure 8C) or in the num-
ber of pauses (Figure 8D) or reversals (Figure
8E). However, of the GFP-LC3 particles that
remained mobile, there was an increase in
their velocities in both the anterograde and
retrograde directions (Figure 8, F and G).
This can be seen in the kymographs (Figure
8A); there was an increase in immobile GFP-
LC3 autophagosomes in neurons bearing
o-syn aggregates, but the autophagosomes
that do move, do so rapidly.

o-Syn aggregates alter endosome
morphology and autophagolysosome
acidification and fusion
What is the fate of the autophagosomes
once they reach the neuronal soma? We
previously demonstrated an increased
abundance of autophagy markers in
HEK293 cells with a-syn aggregates and
that Lamp1-positive late endosomes/lyso-
somes are dramatically enlarged, suggest-
ing that autophagosome/lysosome fusion is
likely impaired (Tanik et al., 2013). Autopha-
gosomes can merge with Lamp1-positive
late endosomes/lysosomes to form au-
tophagolysosomes in which autophagy
substrates are degraded (Xie and Klionsky,
2007). We confirmed that Lamp1-positive
endosomes/lysosomes were also enlarged
in primary neurons (Figure 9, A, B, and D). In
PBS-treated neurons, Lamp1 appeared as
small puncta throughout the cytoplasm. In
neurons with axonal o-syn accumulations,
small Lamp-1 puncta were still apparent,
but a population of enlarged, Lamp1-posi-
tive endosomes appeared. The scatter plot
presented in Figure 9D demonstrates an in-
crease in the abundance of larger Lamp1-
positive endosomes.

Ultrastructural analysis confirmed abnor-
malities of endosome morphology in a-syn
pathology-bearing axons. Figure 9B shows

the PBS-treated group is 30% more likely
to be in the higher-velocity group. Right,
median and interquartile ranges of the
velocities of the mobile GFP-Rab7 particles.
The Mann-Whitney test was significantly
different for retrograde velocities.

Molecular Biology of the Cell
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FIGURE 6: Reduced transport of TrkB receptor in BDNF-treated neurons. Primary hippocampal
neurons were transfected with TrkB-GFP and imaged 7 d after PBS or PFF addition. Images
were captured every 1 s for 3 min. Neurons were treated with BDNF for 30 min before imaging,
and BDNF was included in the imaging media. BDNF-treated cultures: TrkB, number of particles
analyzed, 453 for PBS and 416 for PFF (19 axons, PBS; 17 axons, PFF). (A) Top, images from
movies captured every 1 s for 3 min; scale bar, 10 pm. Kymographs shown below were
generated as visual representations of distance traveled over time. (B) Of the mobile particles,
the percentages of anterograde and retrograde particles were quantified. There was a
significant difference between the percentage of mobile particles between PBS- and PFF-
treated groups for particles traveling in both the anterograde and retrograde directions.

(C) There was no significant difference in the mean number of TrkB-GFP particles per 50 pm of
axonal membrane. Neurons with o-synuclein inclusions showed a significant increase in (D) the
number of pauses and (E) the number of reversals. (F) A Poisson regression on velocities binned
with 10 cut points was statistically significant between PBS and PFF groups for anterograde
TrkB-GFP velocities (Wald %2 = 61.65, p < 0.0001). The odds ratio of 1.83, indicates that the
PBS-treated group is 83% more likely to be in the higher-velocity group. Right, median and
interquartile ranges of the anterograde velocities of the mobile TrkB-GFP particles in BDNF-
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a late endosome in a control neuron, with its
characteristic limiting membrane and inter-
nal vesicles of uniform diameter (arrow-
head). In PFF-treated neurons with a-syn
pathology, the late endosome was enlarged
and devoid of uniform internal vesicles
(Figure 9B, arrowhead). Moreover, abnormal
endosomes with nonuniform internal vesi-
cles could also be seen embedded within
p-oi-syn—positive aggregates (Figure 2, B
and C, arrows).

Because abnormal endosome morphol-
ogy could reflect functional defects in these
organelles, we used a mCherry-GFP-LC3
construct (Kimura et al., 2007) to probe
more directly defects in late/endosome lys-
osome acidification in o-syn fibril~bearing
neurons (Figure 9C). When LC3 enters late
endosomes/lysosomes, the acidic environ-
ment of these organelles quenches the GFP,
whereas the mCherry remains visible. This
was the case in PBS-treated, non-aggre-
gate-bearing neurons, since the mCherry
tag of LC3 is visible as puncta in the soma,
but because LC3 is in an acidic environment,
the fluorescence from the GFP tag is faint
and diffuse (Figure 9C). However, in PFF-
treated neurons bearing axonal a-syn pa-
thology, the GFP fluorophore remained
bright, with a punctate or vacuolar appear-
ance typical of late endosomes/lysosomes,
indicative of impaired endosome/lysosome
acidification. Finally, we examined the over-
lap of LC3 autophagosomes with LAMP1
late endosomes/lysosomes. The amount of
colocalization between the two markers was
reduced in neurons with o-syn inclusions
(Figure 9E). These data suggest that there is
a defect in the fusion of autophagosomes
with late endosomes/lysosomes.

DISCUSSION

A common defining feature of most neuro-
degenerative diseases is the formation of
insoluble, amyloid protein aggregates. In
particular, the accumulation of a-syn filamen-
tous structures as LNs in axons or as LBs in
somatodendritic compartments is a predo-
minant feature of PD and synucleinopathies

treated neurons (Mann-Whitney test, p =
NS). (G) For retrograde TrkB-GFP velocities in
BDNF-treated neurons, there was a
statistically significant difference between the
PBS- and PFF-treated groups (Wald %2 =73.3,
p < 0.0001). The odds ratio of 2.48 indicates
that the PBS-treated group was 148% more
likely to be in the higher-velocity group. The
scatter plot on the right shows a striking
decrease in the velocities of mobile vesicles,
and the Mann-Whitney U test revealed a
statistically significant decrease (p < 0.0001).
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(Braak et al., 1999, 2003; Duda et al., 2002). However, because o-syn
pathology develops concomitant with the loss of normal localization
of endogenous a-syn, it has been difficult to determine the contribu-
tion of arsyn aggregates and loss of normal o-syn function in
PD pathogenesis. Indeed, beneficial effects of o-syn aggregates
have been reported in which such aggregates may sequester numer-
ous soluble toxic species and provide neuroprotection, at least in
the short term (Kopito, 2000; McNaught et al., 2002; Kramer and
Schulz-Schaeffer, 2007). On the other hand, insoluble aggregates
may themselves represent the toxic and transmissible species, with
their formation and spread directly responsible for the neurodegen-
erative phenotypes. Part of the problem in elucidating the role of a-
syn pathology has been the lack of model systems with which to
study the acute effects of o-syn aggregation occurring in real time in
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individual neurons. Here we were able to use a recently developed
neuron-based culture system and begin to unravel how neuron func-
tionality is affected during the process of a-syn aggregation.
Cumulatively the most conspicuous phenotype in PFF-treated
neurons is the accumulation of large LN-like o-syn aggregates in
axons, which would be suggestive of impairment of axonal trans-
port. Impaired axonal transport has been implicated in neurodegen-
erative diseases such as Huntington’s disease, amyotrophic lateral
sclerosis, and motor and sensory neuropathies, but a role in PD
pathogenesis has been less clear (Perlson et al.; Salinas et al., 2008;
Morfini et al., 2009). We found that axonal transport of organelles
such as synaptic vesicle precursors and mitochondria remains nor-
mal. Moreover, our ultrastructural analysis demonstrates that o-syn
aggregates do not occlude the axon or cause a disruption in the

Molecular Biology of the Cell
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FIGURE 8: Altered transport of GFP-LC3 autophagosomes. Primary hippocampal neurons were
transfected with GFP-LC3, treated with PBS or PFFs, and imaged 7 d later. (A) Top, images from

movies captured every 1 s for 3 min; scale bar, 10 pm. Kymographs shown below were

generated as visual representations of distance traveled over time and used to calculate average
velocities as distance traveled over time. Two examples of kymographs generated from
independent movies. LC3, number of particles analyzed, 571 for PBS and for 341 PFF (50 axons,
PBS; 30 axons, PFF). (B) Percentages of mobile, anterograde and retrograde GFP-LC3 velocities.
The Mann-Whitney test revealed significant decreases in the percentage of mobile GFP-LC3
particles in the PFF-exposed neurons. There was no significant difference in the number of
GFP-LC3 particles per 50 um of axonal membrane (C) in PBS- vs. PFF-treated neurons or in
number of pauses (D) or number of reversals (E). (F) A Poisson regression on velocities binned
with 10 cut points was statistically significant between PBS and PFF groups for anterograde

microtubule cytoskeleton, demonstrating
that some aspects of axonal transport can
remain normal. However, we found impair-
ments in endosome and autophagosome
transport in o-syn aggregate-bearing ax-
ons. Our EM images also show membranous
organelles with the morphology of endo-
somes embedded in the aggregates, remi-
niscent of early neuropathological analyses
of PD brains showing accumulations of mem-
brane vesicles near LBs and accumulations
of autophagic vesicles along the axon (Duffy
and Tennyson, 1965; Forno and Norville,
1976; Watanabe et al., 1977; Hayashida
et al., 1993). Taken together, these data
implicate selective defects in endosome/
autophagosome transport and impaired
function of these organelles as a major
pathogenic event caused by a-syn inclu-
sions in the etiology of PD and other
synucleinopathies.

TrkB  receptor—containing endosomes
show the most robust decrease in axonal
transport in o-syn aggregate-bearing neu-
rons. The TrkB receptor travels via endo-
somes from the presynaptic terminal to the
neuronal soma (Deinhardt et al., 2006; Zhou
et al., 2012). Retrograde transport of TrkB
and other growth factor receptors and asso-
ciated signaling molecules such as activated
PERKS is important for neuronal survival
(Watson et al., 2001; Valdez et al., 2005).
Thus slowed transport of TrkB and accumula-
tion of pERKS in the cytoplasm of a-syn ag-
gregate—bearing neurons may cause defects
in signaling pathways crucial for survival,
which could lead to cell death. Indeed, path-
ological studies show accumulation of p-ERK
signaling molecules near LBs in PD and DLB
brains (Ferrer et al., 2001), confirming that
our findings in primary neurons may be rel-
evant for disease. Furthermore, treatment
with growth factors has been suggested for
PD, but with minimal success (Lewis and
Standaert, 2010; Decressac et al., 2012). Our
findings suggest a potential mechanism by
which the effectiveness of growth factor
treatments may be diminished.

In addition to defects in TrkB receptor—
and Rab7-positive endosome transport, the
axonal mobility of axonal autophagosomes

difference between the PBS- and PFF-treated
groups, (Wald 2 = 18.84, p < 0.0001). The
scatter plot on the right shows the median
and interquartile range of the velocities of
the anterograde GFP-LC3 particles. The

GFP-LC3 velocities (Wald x2 = 15.98, p < 0.0001). The scatter plot on the right shows the median  y-axis is broken to help visualize the entire

and interquartile range of the velocities of the anterograde GFP-LC3 particles. The y-axis is
broken to help visualize the entire range of velocities. The Mann-Whitney test revealed a
statistically significant increase in the velocities of the anterograde GFP-LC3 particles. (G) For
retrograde GFP-LC3 velocities, the Poisson regression revealed a statistically significant
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range of velocities. The Mann-Whitney test
revealed a statistically significant increase in
the velocities of the anterograde GFP-LC3
particles.
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of the median and interquartile range reveals an increase in the larger Lamp1 endosomes in o-syn aggregate-bearing
neurons. Mann-Whitney test, p < 0.0001. (E) Percentage overlap of LC3 with LAMP1 quantified from confocal images.
The data fit a normal distribution. There was a statistically significant decrease in the overlap of LC3 autophagosomes

with LAMP1 late endosomes/lysosomes (t(23) = 4.275, p = 0.0003).

was substantially reduced. We previously demonstrated an overall
increase in autophagy markers in cells and neurons with a-syn inclu-
sions, with a decrease in autophagic flux (Tanik et al., 2013). Here we
detect clear decreases in the normal acidification of autophagolyso-
somes in the soma of o-syn aggregate—bearing neurons and re-
duced colocalization of LC3 with LAMP1, suggesting impaired au-
tophagosome/lysosome fusion. Previous findings showed that
pharmacological treatments that impair endosome/lysosome pro-
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teolysis or acidification cause selective defects in axon transport (Lee
etal., 2011). Defects in autophagosome function could cause neuro-
degeneration (Nixon, 2013). In our neuron-based model of a-syn
inclusion formation, we do not observe cell death until 2 wk after PFF
exposure. It is likely that because autophagosome transport is not
completely abolished (indeed, the autophagosomes that remain
mobile have increased velocities), the cumulative impairments in au-
tophagosome transport and function over time ultimately lead to a
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progressive reduction in neuron function and, ultimately, neuron
death.

What could account for the selective decreases in axonal trans-
port? Lipid composition distinguishes distinct membrane organ-
elles, and aberrant interaction of o-syn with membranes may con-
tribute to their impaired transport. The results that support this
possibility are as follows. First, a-syn is normally associated with
acidic phospholipid—containing membranes through interaction of
its amino-terminal heptad repeats with membrane lipids (Davidson
etal., 1998; Westphal and Chandra, 2013). Second, a-syn has been
shown to associate with endosomes and lysosomes, and increased
accumulation of a-syn at these membrane structures perturbs their
morphology (Rockenstein et al., 2005; Boassa et al., 2013). Third,
studies in yeast overexpressing o-syn demonstrate an accumulation
of endosomes and impaired membrane traffic (Gitler et al., 2008;
Soper et al., 2008, 2011). Further, whereas in vitro studies demon-
strate nonselective association of a-syn with acidic phospholipids, it
is possible that in vivo, a-syn, particularly the misfolded form, associ-
ates with phosphatidylinositol-3-phosphate and phosphatidylinosi-
tol 3,5-bisphosphate, phosphoinositides enriched in endosomes
and in which impaired metabolism has been linked to neurodegen-
erative diseases (Gillooly et al., 2000; Rutherford et al., 2006; Volpi-
celli-Daley and De Camilli, 2007).

Association of a-syn with select adaptors and scaffolding pro-
teins involved in axonal transport may also cause the distinct effects
of the inclusions on endosome/autophagosome transport. For ex-
ample, neurotrophin-induced phosphorylation of dynein IC-1B is
crucial for the transport of TrkB receptors and Rab7 but not mito-
chondria (Mitchell et al., 2012). Snapin has also been shown to be a
selective adaptor for transport of TrkB- and Rab7-containing endo-
somes and for autophagosomes/lysosomes (Cai et al., 2010; Zhou
etal., 2012). Future experiments will determine whether o-syn inclu-
sions sequester any adaptors or scaffolding proteins selectively in-
volved in late endosome and autophagosome transport.

In conclusion, our findings demonstrate that aberrant axonal
transport may be one of the mechanisms that leads to impaired
neural transmission and ultimately cell death in synucleinopathies
such as PD. Altered transport of endosomes and autophagosomes
could lead to cell death by altering signaling pathways associated
with cell survival, lead to an accumulation of damaged proteins and
organelles, and impair neuronal function. Moreover, because differ-
ent strains of a-syn PFFs can also cross-seed the recruitment of the
microtubule-associated protein tau (Guo et al., 2013), it will be
of great interest whether aggregates of different compositions can
produce distinct and even more profound effects on axonal trans-
port. Finally, we now add pathological accumulations of a-syn to the
growing list of gene products implicated in PD that alter endosome/
lysosome/autophagosome pathways, such as glucocerbrosidase
(Mazzulli et al., 2011), lysosomal type 5 P-type ATPase (Dehay et al.,
2012; Usenovic et al, 2012), leucine-rich repeat kinase-2, and
Rab7L1 (Macleod et al., 2013), and it is possible that altered trans-
port of these organelles may be a common feature contributing to
the etiology of this disease.

MATERIALS AND METHODS

Reagents

Timed pregnant CD1 mice were obtained from Charles River
(Wilmington, MA), and a-syn KO mice were obtained from the
Jackson Laboratory (Bar Harbor, ME). GFP was ligated in-frame at
the C-terminus of a-syn and cloned into the pcDNA3.1 vector to
generate the o-syn-GFP plasmid. Other plasmid constructs include
APP-YFP (Kaether et al., 2000), synaptophysin-GFP (Kaether et al.,
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2000), and pEYFP-Mito (Clontech, Mountain View, CA). The follow-
ing plasmids (followed by plasmid number) were obtained from
Addgene (Cambridge, MA): GFP-Rab7 (12605), mRFP-Rab7 (14436),
GFP-LC3 (21073), TrkB-GFP (32500), RFP-Ub (11935), and mCherry-
GFP-LC3 (22418).

Primary neuronal cultures and transfections

All procedures were performed according to the National Institutes
of Health Guide for the Care and Use of Experimental Animals
and were approved by the University of Pennsylvania Institutional
Animal Care and Use Committee. Dissociated hippocampal neu-
rons were plated onto poly-b-lysine-coated coverslips in a 24-well
plate (1 x 10%well) or MatTek dishes (MatTek Ashland, MA) at 5 x
10° cells/dish. Neurons were cultured in neuronal medium (Neu-
robasal medium, B27, GlutaMAX; Life Technologies, Grand Island,
NY) without penicillin/streptomycin. Neurons were transfected with
various cDNAs using Lipofectamine 2000 (Life Technologies) 4 d
after plating. For one MatTek dish, a total of 1 pg of plasmid DNA
was diluted in 50 pl of prewarmed DMEM (Life Technologies), and 1
pl of Lipofectamine 2000 was diluted into 50 pl of DMEM and al-
lowed to incubate at 25°C for 5 min. The DNA/DMEM and Lipo-
fectamine 2000/DMEM were mixed and incubated at 25°C for 20
min and then added directly to the medium in each dish. Four hours
later, the entire medium was exchanged for a 50/50 mixture of con-
ditioned and fresh neuronal media.

PFF treatment

Full length, wild-type a-syn PFFs were prepared, and neurons were
treated with 5 pg/ml PFF at DIVS as described previously (Volpicelli-
Daley et al., 2011, 2014).

Live imaging

Imaging was performed 7 d after adding PFFs at 37°C, 5% CO,,
with buffer containing 136 mM NaCl, 2.5 mM KCI, 2 mM CaCly,
1.3 mM MgCl,,10 mM glucose, and 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid. For BDNF treatments, neurons
were treated with 50 ng/ml BDNF (PeproTech, Rocky Hill, NJ) for
1 h before imaging. BDNF was also included in the imaging buf-
fer. Epifluorescence imaging was performed with a Nikon
TE-2000-E (Nikon, Tokyo, Japan) inverted microscope with a 60x
oil immersion objective. Regions of thin axons at least 100 pm
away from growth cones or adjacent cell bodies were chosen.
Unless otherwise stated in the figure legends, images were cap-
tured every second for a total of 3 min at 300-ms exposure time.
Spinning disk confocal images were captured with an Olympus
IX81 (Center Valley, PA) inverted microscope and an iXon3 elec-
tron-multiplying charge-coupled device camera (Andor, South
Windsor, CT) at the University of Pennsylvania Cell and Develop-
mental Biology Microscopy Core Facility. Scanning confocal mi-
croscopy was performed using a TCS SP5 Visible-Upright Confo-
cal Microscope (Leica Microsystems, Buffalo Grove, IL) at the
University of Alabama-Birmingham Center for Neurodegenera-
tion and Experimental Therapeutics.

Image analysis

Image analysis was performed using ImageJ (National Institutes of
Health, Bethesda, MD). Kymographs from individual axons were
generated, and average velocities were determined manually using
the kymographs. All of the lines generated in the kymograph were
used in the analyses, and none were rejected. Average velocity was
determined by drawing a line from the beginning of a particle tra-
jectory to the end, measuring total distance traveled and total time
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traveled, and the average velocity was calculated as total distance
divided by total time (Supplemental Figure S1). Mobile vesicles
were defined as puncta that move 0.1 pm/s (e.g., 20 um over 3 min).
Reversals were counted as a reversal in direction of movement for
>5 pm. A pause counted as movement of <0.1 um/s at any point
during the trajectory of a mobile vesicle. Data were analyzed using
SPSS software (IBM, Armonk, NY) or Prism (GraphPad, La Jolla, CA).
Because the velocities for all experiments did not fit a normal distri-
bution (as determined by the D’Agostino and Pearson omnibus nor-
mality test), the velocity data were analyzed using Poisson regres-
sion on velocities binned with 10 cut points. The Mann-Whitney or
Kruskal-Wallis test was also used to test for significant differences
among groups. In the case of analyzing the number of particles per
50-um membrane, the velocities fit a normal distribution, and thus
an independent t test was performed.

Electron microscopy

Transmission electron microscopy and immunolabeling with HRP or
immunogold electron microscopy for p-a-syn inclusions using the
mAb 81A (Waxman and Giasson, 2008) were performed as de-
scribed previously (Volpicelli-Daley et al., 2011). Primary neurons
were grown on Thermanox plastic coverslips (Electron Microscopy
Sciences, Hatfield, PA). Neurons were fixed in 2.5% glutaraldehyde
in 0.1 M cacodylate buffer, pH 7.4, and postfixed for 1 hin 1% OsOy,
and 1.5% potassium ferrocyanide in 0.05 M cacodylate buffer.
Images were captured using a Jeol 1010 electron microscope (Jeol,
Peabody, MA) at the University of Pennsylvania’s Biomedical Imag-
ing Core.

Immunofluorescence

Immunofluorescence was performed as described previously
(Volpicelli-Daley et al., 2011). Briefly, neurons were fixed with 4%
paraformaldehyde/4% sucrose or 4% paraformaldehyde/4%
sucrose/1% Triton X-100 in PBS, followed by permeabilization
and blocking with 0.1% Triton X-100/3% bovine serum albumin.
Neurons were incubated in primary antibodies, followed by
Alex Fluor—conjugated secondary antibodies (Life Technologies,
Carlsbad, CA). Primary antibodies include mAb 81A (Waxman and
Giasson, 2008), LAMP1 (1D4B; Developmental Studies Hybridoma
Bank, University of lowa, lowa City, IA), NeuN (MAB377; EMD
Millipore, Billerica, MA), and pERKS5 (sc-16564; Santa Cruz Bio-
technology, Dallas, TX).
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