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ABSTRACT Aggregates of misfolded «-synuclein are a distinctive feature of Parkinson’s disease. Small oligomers of
a-synuclein are thought to be an important neurotoxic agent, and a-synuclein aggregates exhibit prion-like behavior, propagating
misfolding between cells. a-Synuclein is internalized by both passive diffusion and active uptake mechanisms, but how uptake
varies with the size of the oligomer is less clear. We explored how a-synuclein internalization into live SH-SY5Y cells varied with
oligomer size by comparing the uptake of fluorescently labeled monomers to that of engineered tandem dimers and tetramers.
We found that these a-synuclein constructs were internalized primarily through endocytosis. Oligomer size had little effect
on their internalization pathway, whether they were added individually or together. Measurements of co-localization of the
a-synuclein constructs with fluorescent markers for early endosomes and lysosomes showed that most of the «-synuclein
entered endocytic compartments, in which they were probably degraded. Treatment of the cells with the Pitstop inhibitor sug-
gested that most of the oligomers were internalized by the clathrin-mediated pathway.

SIGNIFICANCE The protein a-synuclein aggregates in neurons in Parkinson’s disease, and misfolded aggregates can
spread within and between cells in a prion-like way. Understanding how a-synuclein is taken up into cells is an important
part of understanding propagation among cells. We explored how small a-synuclein oligomers are internalized to test for
any size dependence in the uptake pathway and determine where the proteins end up in the cell. Uptake was dominated by
endocytosis, with most molecules entering endocytic compartments where they could be degraded. This work shows that
oligomers enter cells primarily through active transport with larger oligomers more dependent on clathrin-mediated
endocytosis.

INTRODUCTION tant for disease (14,15), acting as seeds to accelerate mis-
folding and aggregation (16—18), enhancing neurotoxicity
in vivo (19) and in vitro (20), causing mitochondrial damage
(21) and lysosome dysfunction (22), and leading to dysregu-
lated calcium inflow into cells (23). Because of the role of
a-synuclein in Parkinson’s disease, the development of
novel molecular and pharmacological chaperones for inhib-
iting aggregation has been sought as a therapeutic strategy
(24-26).

A remarkable property of misfolded a-synuclein is that it
can show prion-like behavior, converting native a-synuclein
to propagate misfolding within and between cells (27,28).
Understanding how a-synuclein oligomers are taken up
into cells is thus essential. Previous work has found that
a-synuclein can enter cells by passive transport, specifically
diffusion across the membrane, simply via interactions with
membrane lipid and proteins (29,30). It can also enter cells
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The formation of aggregates of misfolded proteins is a
neuropathological hallmark of many neurodegenerative dis-
eases, including Alzheimer’s disease, Creutzfeldt-Jakob dis-
ease, amyotrophic lateral sclerosis, and Parkinson’s disease
(1-3). Such aggregates can potentially disrupt cell signaling
(4), result in cell apoptosis (5), and be neurotoxic (6). In the
case of Parkinson’s disease, this misfolding is manifested in
Lewy bodies (7), fibrillar aggregates consisting primarily of
misfolded a-synuclein, a protein that is enriched in neurons
(8,9). Several point mutations leading to more-easily mis-
folded forms of a-synuclein are among the mutations
associated with familial Parkinson’s disease. Misfolded
a-synuclein is neurotoxic both in vitro and in vivo
(10-13), but small oligomeric forms may be the most impor-
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by clathrin-mediated endocytosis (35)), ending up in endo-
somes and ultimately lysosomes (36,37). a-Synuclein local-
ized to lysosomes has been found to be released from cells
via exocytosis, permitting re-uptake by neighboring cells
and propagation of misfolding (38—40). Even though inter-
nalization by both diffusion and endocytosis has been
observed for monomers and larger oligomeric aggregates,
it is unclear whether the uptake differs for monomers and
small oligomers of different sizes.

To understand better those factors that may affect prion-
like propagation of a-synuclein, here we explore whether
the internalization pathways of monomers and small oligo-
mers of a-synuclein differ, the degree to which they are
taken up together, and the extent of co-localization with en-
docytic compartments in the cells. To study small oligomers
of controlled size, we used engineered tandem-repeat pro-
teins consisting of multiple repeats of the monomeric
form of the protein connected head-to-tail by short peptide
linkers and expressed as a single polypeptide (41). Such tan-
dem oligomers have been used previously to study small
oligomers of numerous aggregation-prone proteins,
including af (42,43), PrP (44,45), SH3 (46,47), and a-syn-
uclein (48), as they provide one of the few means of study-
ing very small oligomers under controlled conditions. We
imaged the distribution of a-synuclein monomers, dimers,
and tetramers internalized by live SH-SY5Y cells, exploring
the time-dependent behavior after internalization. We
imaged pairs of constructs added simultaneously to deter-
mine whether they follow similar fates. We probed the co-
localization of oligomers with markers for early endosomes
and lysosomes to determine if a-synuclein oligomers are
found there. Finally, we studied the uptake of «-synuclein
oligomers in cells pretreated with an inhibitor of clathrin-
mediated endocytosis to determine whether this uptake
pathway is dominant.

MATERIALS AND METHODS
a-Synuclein constructs

Monomers of a-synuclein (denoted as «S-1), as well as tandem dimers
(denoted as «S-2) and tetramers (denoted as «S-4) in which monomer units
were connected head-to-tail by tripeptide GSG linkers, were expressed and
purified as described previously (41). Each construct contained a Cys res-
idue added to the C-terminus, which was used to functionalize the proteins
with fluorescent dyes (Oregon Green 488, Cy3, or CyS5), as described
previously (48). For cellular uptake experiments, labeled a-synuclein con-
structs were prepared in phosphate-buffered saline (PBS) to the desired
concentration.

SH-SY5Y cell culture

Human bone marrow neuroblastoma SH-SYSY cells (American Type Cul-
ture Collection, Manassas, VA) were cultured in a 1:1 mixture of F-12K and
Dulbecco’s modified eagle medium (Invitrogen, Carlsbad, CA), supple-
mented with 10% fetal bovine serum (Invitrogen). Cells were grown
at 37°C and 5% CO, in an incubator. At 80% cell surface confluence
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(7-10 days), cells were passaged at 1:5 dilution, using 0.25% Trypsin-
EDTA, onto 35-mm glass-bottom dishes and incubated at 37°C and 5%
CO, for another 4-5 days until 60% cell confluency was reached. 1 mL
of media was replaced in each dish every day until experiments were begun
after reaching 60% confluency.

Continuous exposure of live cells

At 60% cell surface confluency, cells were exposed to 100 uL of 8 uM
monomer-equivalent concentrations of the a-synuclein constructs (8 uM
for aS-1, 4 uM for «S-2, and 2 uM for aS-4) in 1 mL with fresh culture
media. These concentrations were chosen to have equivalent masses of
protein in each case, ensuring that differences in uptake were not driven
by differences in the mass of protein being imported and to be consistent
with previous studies of aggregation of these protein constructs. Cells
were exposed to unseeded a-synuclein constructs for 2 h and incubated
at 37°C with 5% CO,. The cells were then washed at room temperature
with PBS, fixed in 1 mL 4% paraformaldehyde (PFA) at room temperature
for 10 min, and washed with PBS for a final time before imaging.

Pulse-chase exposure of live cells

At 60% cell surface confluency, cells were exposed to 100 uL of 8 uM
monomer-equivalent concentrations of the «-synuclein constructs in
1 mL of fresh culture media. Cells were incubated at 37°C with 5% CO,
for 2 h (“pulse” stage); then, the media containing «-synuclein was
removed, the cells were washed with PBS, 1 mL of fresh media was added,
and the cells were incubated for an additional 1, 2, 4, or 24 h (“chase”
stage). After the chase incubation, the cells were washed at room tempera-
ture with PBS, fixed in 1 mL 4% PFA at room temperature for 10 min, and
washed with PBS for a final time before imaging.

Simultaneous exposure to different constructs

Cells were exposed to 100 uL. of one a-synuclein construct labeled with
Cy3 and 100 uL of a second construct labeled with Cy5 (8-uM mono-
mer-equivalent concentration in each case) in 1 mL of cell culture media
and incubated at 37°C with 5% CO, for 2 h. The cells were then washed
with PBS, fixed with 1 mL of 4% PFA for 10 min at room temperature,
and washed with PBS for a final time before imaging.

Co-localization of a-synuclein and endocytic
compartments

The early endosomal and lysosomal compartments were labeled using an-
tibodies specific to the protein markers Rab5 and LAMP-1, respectively
(49). Monoclonal primary antibodies (Abcam, Cambridge, UK) from two
different species (mouse and rat) were used, and polyclonal secondary an-
tibodies (Abcam; Cell Signaling Technology, Danvers, MA) labeled with
fluorescent probes (Alexa Fluor 488, Cy3, and Alexa Fluor 555) were added
to bind the primary antibodies. Cells were exposed to 100 uL of the desired
a-synuclein construct at 8-uM monomer-equivalent concentration and
incubated at 37°C with 5% CO, for 2 h, and then washed with PBS and
fixed with 1 mL 4% PFA for 10 min at room temperature. The cells were
washed again with PBS and incubated with 1 mL of PBS with 0.3% Triton
X-100 detergent at 37°C with 5% CO, for 15 min to permeabilize the cell
membrane so that antibodies could access the intracellular compartments.
The cells were then removed from the incubator, washed with PBS, and
incubated for 1 h (with 100 uL of 3% bovine serum albumin in PBS to pre-
vent nonspecific intracellular binding of antibodies upon labeling). The
cells were next washed with PBS, labeled with the primary antibody
(diluted 100-fold in PBS) by adding 100 uL of the primary antibody and
incubating overnight at 4°C, washed again with PBS, and incubated with



the secondary antibody (diluted 500-fold in PBS) for 90 min at room tem-
perature. Cells were then washed with PBS before imaging.

Endocytic uptake inhibition

At 60% cell surface confluency, cells were exposed to 20 uM Pitstop, a
clathrin-mediated endocytosis inhibitor (50), incubated at 37°C with 5%
CO, for 30 min, and then washed at room temperature with PBS. Cells
were exposed to a-synuclein constructs for 2 h (8-uM monomer-equivalent
concentration) and incubated at 37°C with 5% CO,. The cells were
then washed at room temperature with PBS, fixed in 1 mL 4% PFA at
room temperature for 10 min, and washed with PBS for a final time before
imaging.

Confocal microscopy imaging

Cells were imaged with a laser scanning confocal microscope (710; ZEISS,
Oberkochen, Germany) with a 63 x 1.4 NA differential interference
contrast (DIC) plan-apochromat lens. An argon-ion laser was used for exci-
tation at 488 nm, a solid-state laser for excitation at 561 nm, and a HeNe
laser for excitation at 633 nm. For all imaging, the detectors were set to
detect wavelengths within specific ranges: 489-564 nm for excitation of
Oregon Green, 561-620 nm for excitation of Cy3 and Alexa Fluor 555
probes, and 633—-697 nm for excitation of Cy5 and Alexa Fluor 647. The
pinhole was set to 1 Airy unit, pixel dwell time was 3.15 us with an average
of two line scans, and a zoom 14 was used to achieve a pixel size of
~20 nm, ensuring oversampling by ~10 pixels per beam width. Each image
comprised 512 x 512 pixels, resulting in a 10 X 10-um image for image
correlation spectroscopy (ICS) analysis. For each measurement, 2540 im-
ages were collected on different cells in the sample. For cells containing
two fluorescent dyes and hence using two excitations wavelengths, the de-
tectors were optimized to minimize cross talk between the channels, and
their alignments were checked to ensure overlap of the illumination
volumes.

ICS

Images were analyzed with ICS (51) to characterize the a-synuclein con-
structs within the cells. The normalized autocorrelation function, g(e, ),
was obtained from the normalized intensity fluctuations, 6l,(x, y), at
different positions in the image:

Cellular uptake of a-synuclein oligomers

FIGURE 1 Uptake of a-synuclein constructs by
live SH-SYSY cells. Top row: representative low-
magnification images of SH-SYSY cells merging
confocal fluorescence and DIC channels are shown.
Cells were fixed after 2-h continuous exposure to
Cy-5-labeled aS-1, aS-2, and aS-4. Bottom row:
representative higher-resolution images showing
punctate (squares) and diffuse (circles) distributions
of fluorescence from «S-1, «S-2, and «aS-4 are
shown. To see this figure in color, go online.

gle, B) = (0L,(x,y)0L,(x + a,y+ B)), 1)

where o and 3 represent spatial lags in the x and y axes, respectively, [ is
the fluorescence intensity, and the average is taken over the entire image
for a given « and (. The amplitude g(0, 0) yielded the variance of the auto-
correlation function (52); assuming an intensity proportional to the con-
centration of fluorescent species in clusters, g(0, 0) then provided an
estimate of the average number of fluorescent clusters in the observation
region, (N¢), via

8(0, 0) = 1/{Nc). ()

The average number of fluorescent particles per unit area or cluster den-
sity, CD, was found as

CD = (N¢)/m?, (©)

where o is the beam radius. Finally, the average number of monomers per
cluster or relative degree of aggregation, DA, was found from the product of
the average intensity in the image and the autocorrelation amplitude:

DA = (I(x,))g(0, 0) = ¢(Nu)/(Nc), C)

where (Ny) is the average number of fluorescence particles, and ¢ is a con-
stant reflecting the properties of the microscope system (e.g., emission
collection efficiency) and fluorescent probe (e.g., quantum yield and molar
adsorption coefficients) measured experimentally (51).

An extension of ICS for studying correlations between the intensities
from two species labeled with different colors, image cross correlation
spectroscopy (ICCS), was used to characterize co-localization of different
a-synuclein species and of a-synuclein with the different endocytic com-
partments. Defining the autocorrelation amplitudes from each color as
gr(0, 0) and g(0, 0) (for colors R and G) and the cross correlation ampli-
tude as grg(0, 0), the average number of clusters containing species of both
colors was found from

<NRG> = gRG(Oa O)/[gR(Oa O)gG(O7 O)} (5)

The extent of co-localization, expressed as the fraction of all clusters con-
taining red species that also contained green species, fr|g, or the converse,
far» was then given by
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fR\G = <NRG>/<NR> = gra(0, O)/&’G(Q 0) a”dfG\R
(Vi) / (NG)

= gxc(0, 0) / 2x(0, 0). 6)

For both ICS and ICCS analysis, ImageJ software was used to obtain the
normalized auto- and cross correlation function amplitudes, the average inten-
sity, and the laser beam width. Regions of interest (ROIs) were selected from
the full images to ensure that the region analyzed was entirely within the cell.

Subpopulation intensity analysis

Internalization leads to two types of fluorescence within the image: high in-
tensity regions (puncta of fluorescence) and low intensity regions (diffuse
fluorescence). To determine whether these were affected differently by treat-
ment with Pitstop, we calculated the average intensity for 0.142 um? (20
pixels x 20 pixels) ROIs, corresponding to fluorescence arising from
different regions of the cell. The ROIs were chosen to measure within regions
of diffuse fluorescence, puncta, and dark regions considered background.
Four ROIs were measured for each type of fluorescence (12 square regions
total) in one cell and averaged to yield one value for each fluorescence
type in that cell. The background fluorescence intensity was subtracted
from the puncta and diffuse fluorescence intensities. This analysis was
repeated for 10 cells in each sample and averaged to yield the final back-
ground-corrected intensities values for puncta and diffuse fluorescence.

RESULTS AND DISCUSSION

a-Synuclein constructs are internalized by live
cells

To test the extent to which a-synuclein monomers («S-1),
tandem dimers (aS-2), and tandem tetramers («S-4) could

FIGURE 2 Pulse-chase exposure of live cells to
a-synuclein. Each image shows one SH-SYSY cell
that was fixed 2 h after rinsing off Cy-5-labeled
aS-1, aS-2, or aS-4, to which the cells were exposed
for 2 h. To see this figure in color, go online.

be internalized, we exposed live SH-SYSY cells to each
of the Cy5-labeled a-synuclein constructs for 2 h before
fixing the cells for imaging. Examining fluorescence and
DIC images of a whole cell (Fig. 1, top row), the overlap
of these two images suggested that the brightest fluores-
cence was found in intracellular vesicular compartments.
Images at higher magnification images (Fig. 1, bottom
row) showed that for each of the a-synuclein constructs,
most of the fluorescence was in distinct puncta within the
cells, suggesting internalization into distinct compartments,
but some appeared as a diffuse background, suggesting dis-
tribution within the cytosol. There were no immediately
apparent differences between the behavior of aS-1, aS-2,
and «S-4; each construct had a similar distribution within
the cells, suggesting that internalization of the small oligo-
mers does not differ qualitatively from that of monomers.
To obtain a more quantitative assessment of the uptake of
the different constructs, we analyzed 20-30 images from
different cells by ICS (see Materials and methods). ICS
monitors spatial fluctuations of the fluorescence intensity
within images, allowing properties like the number and den-
sity of clusters and the degree of aggregation to be deter-
mined (53-57). We found that the average total intensity
for the three constructs was similar in magnitude, varying
by only ~10% (ranging from 167 to 186 fluorescence units),
suggesting that they were all internalized to a similar extent
within the 2-h period studied. The autocorrelation amplitude
for each construct was also quite similar, revealing that there
were a similar number of clusters present in each case (clus-
ter density of 0.8—1.2/um?). Likewise, the degree of aggre-
gation (average number of molecules per cluster) was
similar for all constructs at ~300-500 molecules per cluster.

FIGURE 3 Change in ICS parameters with chase
time. (A) Change in fluorescence intensity (amount
of internalized protein) as a function of chase time
is shown. (B) Change in cluster density is shown.
(C) Change in degree of aggregation is shown. Error
bars show SEM. All statistically significant (95%
confidence level) differences from results at 1 h
are indicated with asterisks. Shown are «S-1 (black),
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32 aS-2 (red), and aS-4 (cyan). To see this figure in co-
lor, go online.
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Distribution of a-synuclein varies with time

We next examined the a-synuclein construct distributions
over time using pulse-chase experiments to determine their
fate. In these experiments, the extracellular a-synuclein was
rinsed off the cells after 2 h of exposure, but the cells were
not fixed and imaged until a variable amount of time had
elapsed (a chase duration of 1-24 h). Representative images
taken after a 2-h chase before cell fixation (Fig. 2) showed
no qualitative difference from the images taken without a
chase time before fixation (Fig. 1). However, some trends
were evident at longer chase times relative to 1 h (Fig. 3)
when 20-30 images of each were analyzed by ICS. This
analysis provides information about the possible stability
through the intensity analysis and the distribution through
the cluster density analysis. At 24 h, the total fluorescence
intensity had decreased for aS-1 and aS-2 (p < 0.01) but
not aS-4, possibly because of degradation of the smaller
constructs. The cluster density appeared to increase (with
a corresponding decrease in the degree of aggregation) for
aS-1 and «S-2 after 24 h (p < 0.01), consistent with
dispersal of the fluorescence into a larger number of smaller
compartments. Little change was apparent in either the in-
tensity or the cluster density for aS-4 at 24 h (p > 0.05), sug-
gesting that the larger construct may be slightly more
resistant to degradation.

Uptake distribution does not depend on oligomer
size

To test if the different a-synuclein constructs were taken up
into the same intracellular compartments, we imaged cells
exposed simultaneously to two different constructs and
tracked the co-localization of the two constructs. Represen-
tative images of cells exposed to different pairs of con-
structs for 2 h before immediate fixation (Fig. 4) showed
extensive co-localization of the different constructs within
the same compartments, seen as yellow or orange puncta in
the images. To quantify the extent of co-localization, we
used ICCS analysis for every possible pair of constructs
to calculate the average fraction of clusters containing
construct «S-i that also contained construct «S-j, denoted
as fus-ilas-j (Table 1). We found that the extent of co-local-
ization was at or close to 100% in almost all cases, indi-
cating that when two different oligomers were presented

Cellular uptake of a-synuclein oligomers

aS-2 & aS-4

FIGURE 4 Simultaneous uptake of different
a-synuclein constructs by live cells. Shown are im-
ages of cells that were fixed after 2-h exposure to
aS-1 and aS-2, aS-1 and aS-4, or «S-2 and «S-4.
Each image shows one SH-SYSY cell. Shown are
smaller construct (red) and larger construct (green).
To see this figure in color, go online.

to the cells simultaneously, they were almost always
taken up together. This result suggests that the uptake
pathway for all constructs led to the same intracellular
compartments.

Internalized a-synuclein co-localizes with
endocytic compartments

The largely punctate distribution of the internalized a-syn-
uclein constructs suggested that they might have been taken
up into endocytic compartments. To confirm that the con-
structs were captured in the endocytic pathway, we tested
for co-localization with early endosomes and lysosomes us-
ing fluorescently tagged protein markers believed to be spe-
cific to each compartment: Rab5 for early endosomes and
LAMP-1 for lysosomes. Representative images of cells
exposed to one of aS-1, aS-2, or aS-4 and tagged for either
Rab5 (Fig. 5, top) or LAMP-1 (Fig. 5, bottom) showed at
first glance only modest qualitative evidence of localization
of a-synuclein in early endosomes and lysosomes, because
many of the green puncta (reflecting the endosomal com-
partments) had little overlap with the red puncta (reflecting
the internalized protein).

To quantify the co-localization, we used ICCS to calcu-
late the average fraction of a-synuclein clusters contained
in early endosomes and lysosomes, respectively fys.irabs
and fys-iiL.amp-1, as well as the fraction of early endosomes
and lysosomes containing «-synuclein, respectively
Sravs|as-i and fiamp-1jas-i (Table 2). These calculations
revealed that ~40-60% of the a-synuclein clusters were
associated with Rab5-marked compartments, and another
35-45% were associated with compartments marked with
LAMP-1. Because there is some overlap of Rab5 and
LAMP-1 makers (58), the total fraction of a-synuclein
localized in endocytic compartments is somewhat less
than the sum of the results for Rab5 and LAMP-1 individu-
ally. Nevertheless, it is clear that the majority of the a-syn-
uclein molecules present in the cells were localized to these

TABLE 1 Fractional co-localization of a-synuclein constructs
Sas-1jas-2 0.79 = 0.07 fas2las-1 1.00 = 0.04
Jas-1]as-4 0.93 + 0.03 fas-alas-1 0.98 + 0.04
Jas2las-a 1.00 £ 0.01 Jas-ajas2 1.00 = 0.01

Error represents SEM.
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endocytic compartments. However, only a small fraction
(under 10%) of all the compartments marked with Rab5
or LAMP-1 contained a-synuclein, accounting for the initial
impression of only modest co-localization in the images.
These results indicate that the active uptake involved endo-
cytic pathways (e.g., clathrin- or caveolin-mediated endocy-
tosis), leading to associations with endocytic compartments
like early endosomes and lysosomes. The minority of inter-
nalized a-synuclein not co-localizing with either the early
endosomes or lysosomes was presumably either present in
the diffuse fraction or possibly localized in the late
endosomes.

Internalization of a-synuclein constructs can be
inhibited

Finally, we sought to determine if inhibition of clathrin-
mediated endocytosis by Pitstop (50) affects the internaliza-
tion of the a-synuclein constructs. Cells incubated with
Pitstop for 30 min before 2 h of exposure to dye-labeled
a-synuclein were washed, fixed, and imaged by confocal
fluorescence microscopy (Fig. 6). The fluorescence inten-
sities in these images suggested qualitatively that cells pre-
treated with Pitstop contained lower levels of a-synuclein
overall than untreated cells, indicating that Pitstop sup-
pressed the internalization to some extent.

TABLE 2 Fractional co-localization of a-synuclein constructs
with early endosomes and lysosomes

Sas-1]Rabs 0.58 = 0.09 SRabs|as-1 0.08 = 0.02
Jas2|Rabs 0.41 £ 0.07 JRabs|as-2 0.06 = 0.01
Sas-4/Ravbs 0.45 = 0.07 JRabs|as-4 0.07 = 0.01
Sas-1lLAMP-1 0.35 = 0.07 JLAMP-1]as-1 0.10 £ 0.02
fas2Lamp-1 0.42 = 0.08 SLamP-1]as2 0.07 = 0.01
Sas-alLAMP-1 0.45 £ 0.07 JLAMP-1]as-4 0.07 = 0.03

Errors represent SEM.
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FIGURE 5 Co-localization of a-synuclein with
markers of endocytic compartments after uptake
by live cells. Images of cells that were fixed after
2-h exposure to aS-1, aS-2, or aS-4. Rab5 (top)
and LAMP-1 (bottom) markers shown in green and
e a-synuclein in red. Each image shows one SH-
: g SYSY cell. To see this figure in color, go online.

To obtain a more quantitative assessment of the effect of
Pitstop on the extent of internalization, we used ICS to
compare the average total intensities, the autocorrelation
amplitudes, and degree of aggregation for each construct
(Fig. 7). Pitstop was seen to decrease the fluorescence inten-
sity, the autocorrelation amplitude, and the degree of aggre-
gation in all cases but to varying degrees. The average total
intensities in the images of the three constructs in cells pre-
treated with Pitstop decreased by about half for «S-1 and by
about two-thirds for aS-2, and aS-4 (Fig. 7 A), suggesting
that at least half of the internalization occurred via the cla-
thrin-mediated pathway. The autocorrelation amplitudes
also decreased in the presence of Pitstop in all cases
(Fig. 7 B), indicating that there were fewer large clusters
within the cells, and correspondingly, the degree of aggrega-
tion decreased significantly. Interestingly, we observed a
clear size dependence in the effect of Pitstop; the monomer
was least sensitive to the treatment, whereas «S-4 was most
sensitive. In all cases, there was still at least some internal-
ization in the presence of Pitstop, suggesting that the protein
was able to enter the cell through pathways other than cla-
thrin-mediated endocytosis. However, the distribution
within the cells was more diffuse, particularly for aS-4, sug-
gesting that some of this residual fluorescence was within
the cytosol rather than within compartments.

The observation that the residual fluorescence after
Pitstop treatment was more diffuse and featured fewer clus-
ters suggests that Pitstop differentially inhibited the uptake
of material into the endosomes and lysosomes. To test this
hypothesis, we analyzed how Pitstop treatment changed
the fluorescence intensity seen in small ROIs containing
either puncta of high fluorescence (clusters) or diffuse
fluorescence. The decrease in fluorescence intensity was
the same for both the regions containing puncta (Fig. 8§,
solid bars) and those containing just diffuse fluorescence
(Fig .8, open bars), indicating that Pitstop inhibited both
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populations to the same extent. The clusters were thus not
inhibited more by Pitstop. As in the ICS analysis, the effect
of the Pitstop was again much greater for the dimer and the
tetramer compared to the monomer, revealing a size depen-
dence in the inhibition process. We note that applying a
similar analysis to regions of punctate and diffuse fluores-
cence in the images from the chase time experiments
(Fig. 3) showed that the two subpopulations (punctate and
diffuse) changed to the same extent over the time period
of 24 h. These two populations were therefore likely not
independent.

CONCLUSIONS

This work aimed at a better understanding of the factors that
may affect the prion-like propagation of a-synuclein by
studying the uptake and distribution of small oligomers us-
ing fluorescence imaging techniques. The discrete puncta
observed in fluorescence images suggest localization of
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FIGURE 7 ICS analysis of effects of Pitstop. The change in (A) intensity,

(B) autocorrelation amplitude, and (C) degree of aggregation in cells treated
with Pitstop to inhibit clathrin-mediated endocytosis compared with the re-
sults in cells without Pitstop treatment. Error bars show SEM. All statisti-
cally significant (95% confidence level) differences in results are
indicated with asterisks. To see this figure in color, go online.

aS-4 & Pitstop

Cellular uptake of a-synuclein oligomers

FIGURE 6 Effect of Pitstop on oligomer uptake.
(A) Shown are untreated cells exposed to constructs
for 2 h and then fixed before imaging. (B) Cells pre-
treated with Pitstop before 2-hr incubation with con-
structs showed less fluorescence. Punctate and
diffuse distribution of fluorescence shown with
square and circles, respectively. To see this figure
in color, go online.

the a-synuclein to intracellular compartments, consistent
with an active transport process like endocytosis. These re-
sults are consistent with previous work in which uptake of
extracellular a-synuclein (monomers and larger oligomeric
aggregates) was observed through receptor-mediated endo-
cytosis (31). Indeed, the majority of the clusters were found
to coincide with early endosomes or lysosomes, even though
only a small fraction of these compartments contained sig-
nificant amounts of proteins, consistent with previous
work studying the association of a-synuclein with Rab5A
and LAMP-1 (37,59). The observed co-localization of inter-
nalized monomers and oligomers indicates that they are all
taken up by similar processes, and all are inhibited to
varying degrees by Pitstop. This result is consistent with
previous work showing suppression of a-synuclein uptake
by endocytosis inhibitors (60-64) and supporting the
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FIGURE 8 Fluorescence intensity analysis of subpopulations. The
change in fluorescence intensity upon treatment by Pitstop was the same
in regions of diffuse (open bars) and punctate (solid bars) fluorescence
but was smallest for «S-4 and largest for aS-4. Error bars show SEM.
All statistically significant (95% confidence level) differences in results
are indicated with asterisks. To see this figure in color, go online.
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conclusion that they are internalized to a large extent by cla-
thrin-mediated endocytosis. Finally, the time evolution of
the distribution of fluorescence suggests that there is some
degradation of the proteins (40,65,66) and that the tetra-
meric construct is slightly more resistant to this process,
which may be why higher oligomeric states are more infec-
tious. These results are consistent with previous work
showing that aggregated «-synuclein species (oligomers
and fibrils) exhibited more pronounced accumulation within
recipient cells than did monomers (59).
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