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Department of Biology, University of Padova, Italy

2Laboratory for Fluorescence Dynamics, Department of Biomedical Engineering, University of
California, Irvine, USA

Abstract

Background—Alpha-synuclein oligomerization is associated to Parkinson's disease
etiopathogenesis. The study of alpha-synuclein oligomerization properties in live cell and the
definition of their effects on cellular viability are among fields expected to provide the knowledge
required to unravel the mechanism(s) of toxicity that lead to the disease.

Methods—We used Number and Brightness method, which is a method based on fluorescence
fluctuation analysis, to monitor alpha-synuclein tagged with EGFP aggregation in living SH-
SY5Y cells. The presence of alpha-synuclein oligomers detected with this method was associated
with intracellular structure conditions, evaluated by fluorescence confocal imaging.

Results—Cells overexpressing alpha-synuclein-EGFP present a heterogeneous ensemble of
oligomers constituted by less than 10 monomers, when the protein approaches a threshold
concentration value of about 90 nM in the cell cytoplasm. We show that the oligomeric species are
partially sequestered by lysosomes and that the mitochondria morphology is altered in cells
presenting oligomers, suggesting that these mitochondria may be dysfunctional.

Conclusions—We showed that alpha-synuclein overexpression in SH-SY5Y causes the
formation of alpha-synuclein oligomeric species, whose presence is associated with mitochondrial
fragmentation and autophagic-lysosomal pathway activation in live cells.

General significance—The unique capability provided by the Number and Brightness analysis
to study alpha-synuclein oligomers distribution and properties, and the study their association to
intracellular components in single live cells is important to forward our understanding of the
molecular mechanisms Parkinson’s disease and it may be of general significance when applied to
the study of other aggregating proteins in cellular models.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Parkinson’s disease (PD) is the most common motor neurodegenerative disorder and it is
associated to the prevalent death of the dopaminergic neurons in the substantia nigra pars
compacta [1, 2].

A hallmark of PD is the presence of proteinaceous aggregates, termed Lewy bodies (LBs),
in the surviving neurons in parkinsonians brains. The main constituent of LBs is a beta-sheet
rich fibrillar form of alpha-synuclein (asyn), a 140 amino acids protein mainly expressed at
presynaptic terminals in mammalian brain, which is encoded by SNCA gene [3]. aSynisa
natively unfolded protein [4], but recently it was purified also in a purported alpha-helical
homotetrameric conformation from cells and erythrocytes [5]. However, other laboratories
failed to reproduce the results obtained by Bartels and co-workers [6], leaving the folding of
the protein in the cellular environment under debate.

The presence of aggregated asyn in LBs underlines the importance of this protein in the
etiopathogenesis of PD. Moreover, single point mutations in SNCA gene (A30P, E46K,
H50Q, G51D and A53T), gene duplication and triplication have been reported to cause

autosomal dominant forms of PD [7-13].

The presence of fibrillar asyn in parkinsonian’s brains and the different propensity of the
pathological mutants to aggregate observed in vitro [14, 15] imply that both the
characterization of asyn aggregation pathway(s) and the definition of asyn oligomers and
fibrils structures are crucial to unravel the mechanisms that link asyn to cytotoxicity in PD.

However, the in vitro studies aimed to the characterization of the aggregation process, which
were performed mainly by Circular Dichroism, fluorescence spectroscopy, NMR, atomic
force microscopy and transmission electron microscopy [16], are strongly dependent on the
experimental conditions used for the aggregation [17]. Consequentially, published results
showed differences in both the kinetic properties of the process and the morphology of the
aggregation products. Recently, a major effort has been put in the study of asyn aggregation
directly in cell models for PD, aiming to define the “in cells” aggregation, a choice that may
also allow correlating a toxic effect to defined intermediate products of asyn aggregation.

aSyn aggregation in cell models has been mostly studied using conventional microscopy
techniques or transmission electron microscopy on fixed, antibody labeled and/or treated
cells [18, 19]. Unfortunately, overexpression of asyn by itself in most of the cellular models
does not lead to the formation of detectable fibrils or inclusions. A good model to reproduce
LBs like object in cells was recently produced by triggering the aggregation process with the
addition of exogenous asyn fibril fragments (seeds), which act as nucleation centers [18, 19]
and induce the formation of large aggregates. This method, while probably relevant to the
propagation of the disease, remains scarcely effective in the detection of the early stages of
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asyn oligomerization and in unraveling the toxic effects exerted by these asyn aggregation
products in live cells.

To take imaging analysis to a higher level of complexity, advanced fluorescence microscopy
techniques have been applied to define the properties of the asyn aggregation products.
Bimolecular fluorescence complementation [20], fluorescence resonance energy transfer
(FRET) [21], fluorescence recovery after photobleaching (FRAP), confocal fluorescence
anisotropy measurements [22], allowed the visualization of asyn oligomers in live cells,
provided FRET efficiency, diffusion coefficients and fluorescence anisotropy of
fluorophore-labeled asyn aggregates or oligomers compared to asyn monomers,
respectively. These properties can provide information on the aggregates properties and on
the protein localization. However, a more precise characterization of asyn oligomerization is
still required in order to correlate the diverse oligomeric species to their possible cellular
toxicity.

In a recent paper [23], Ossato et al. used a new method, called Number and Brightness
(N&B) fluctuation spectroscopy analysis, to study the aggregation process of exonl of
huntingtin. The N&B method is based on the analysis of the mean and the variance of
fluorescence intensity distributions and allows measuring the number of molecules N and
their brightness B at each pixel in a stack of images. The brightness B is directly related to
the dimensions of the fluorescent molecules observed [24]. For this reason N&B method has
been successfully used to study protein aggregation state in live cells [23, 25].

In this study we applied N&B analysis to obtain novel information on asyn oligomerization
in live cells. We evaluated asyn oligomerization state, the oligomers subcellular localization
and estimated the asyn concentration required to initiate aggregation.

Having a quantitative method to study asyn aggregation in live cells provides also an assay
to associate asyn oligomers to possible toxic effects. In particular, we focused on the effects
due to the presence of asyn oligomers on mitochondrial morphology, which has been
previously related to asyn overexpression in cell models [26, 27].

2. Materials and methods

2.1 Cell culture and transfections

SH-SY5Y neuroblastoma dopaminergic cell line was cultured in F12/DMEM media, with
10% FBS, 50 U/ml penicillin and 50 pg/ml streptomycin (GIBCO, Invitrogen), at 37°C in
5% CO,. HEK293 cells were cultured in DMEM media, with 10% FBS, 50 U/ml penicillin
and 50 pg/ml streptomycin (GIBCO, Invitrogen), at 37°C in 5% CO,.

aSyn-EGFP plasmid was obtained by subcloning in a pEGFP-N1 vector (Clonetech) asyn
cDNA amplified by PCR with specific primers that introduced respectively at 5’ and at 3’ of
the sequence, Kpnl and BamHI recognition sites. A53T-EGFP plasmid was obtained by
mutagenic PCR: to introduce the pathological single point mutation, properly designed
primers (FOR 5’-gtggtgcatggtgtgacaacagtggctgag-3’ and REV 5°-
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ctcagccactgttgtcacaccatgcaccac-3’, Sigma Adrich) were used to amplify the asyn-EGFP
plasmid.

About 8.5-10° cells were plated in 35 mm dishes with a 14 mm microwell for imaging
(MatTek, Ashland, MA, USA) and coated with fibronectin (Invitrogen); asyn fused with
EGFP (asyn-EGFP) was then overexpressed using Lipofectamine (Invitrogen) as
transfection reagent, following manufacturer protocol. The amount of plasmid was 1 ug
(DNA:Lipofectamine = 1:5) in order to obtain in the expression an asyn concentration that
allows both asyn aggregation and N&B analysis after imaging.

2.2 Lysosomes and mitochondria staining

Lysosome detection was performed using LysoTracker Red (Invitrogen) to a final
concentration 100 nM in culture media for 45 minutes at 37° in 5% CO,.
Tetramethylrhodamine ethyl ester perchlorate (TMRE) (Sigma) was used to reveal
mitochondria. Cells were incubated in a TMRE in culture media solution at a final
concentration of 500 nM, for 30 minutes at 37° in 5% CO,.

2.3 Cells treatments

To verify if N&B method is able to detect any variations in asyn aggregation propensity due
to exogenous treatments, cells were treated by dopamine, which is known to promote asyn
oligomerization, or by bafilomycin A 1, which is able to block autophagic lysosomal
pathway. Dopamine was freshly prepared and transfected cells were treated for 3 hours with
100 uM dopamine. As reported by Klucken et al. (2012) [28], cells were treated overnight
after transfection with 200 nM bafilomycin A 1.

2.4 Confocal microscopy

Confocal microscopy data were acquired with an Olympus FluoView1000 confocal laser
scanning microscope, using an UPLSAPO 60 x water 1.2 NA objective.

N&B data were acquired using an excitation wavelength of 488 nm and laser power was set
at 0.1%, corresponding to a laser power of 0.2 m\W measured at the focal plane, and 100
frames were acquired for each cell, with a pixel dwell time of 20 us. The image size was
256x256 pixels and the 100 images of each stack were acquired in about 2 minutes. Pixel
size was set to be between 50 and 200 nm.

Signal from lysosomes or mitochondria, stained respectively with LysoTracker and TMRE,
were collected using an excitation wavelength of 561 nm.

Filters were set to 505-525 nm for green channel or to 505-605 nm when two channels
detection was needed and to 560-660 nm for the red channel.

At least 15 cells were imaged for each sample in 2 to 5 independent experiments. asyn-
EGFP oligomerization was measured in 5 different experiments, while staining with
mitochondrial or lysosomal dyes were done in 3 experiments. A53T-EGFP overexpression,
dopamine or Bafilomycin A 1 treatments were performed twice each.

Biochim Biophys Acta. Author manuscript; available in PMC 2015 June 01.
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2.5 Number and Brightness (N&B) analysis

N&B method is based on fluorescence fluctuation analysis and allows separating pixels with
many dim molecules, from pixels with few bright molecules. The aggregation state of a
protein is related to the first (average) and second moment (variance) of the fluorescence
intensity distribution. Considering an average, a small variance corresponds to a large
number of molecules that contribute to that average, while a large variance corresponds to
few bright molecules. The mathematical equations that describe the relationship between the
average (k) and the variance o of the intensity distribution and the apparent number of
molecules N and the apparent brightness B for every pixel are:

N=(k)?/o® ()

B=0"/(k) (2

N and B values can be expressed in term of the number of particles (n) in the volume of
excitation and the molecular brightness :

N=en/(e+1) (3)

B=e+1 (4)

The N and B values pixel per pixel and their distribution were obtained using SimFCS
software (www.Ifd.uci.edu). One of the parameter that has to be calibrated to use the method
is the Sgactor, Which is related to the characteristics of the microscope. The Sgactor Obtained
for the experiments described here with this instrumentation was 1.32 and is the parameter
transforming the photocurrent in photon counts [23, 24].

The pixel dwell time is important in N&B analysis being the method based on fluctuation
analysis. It should be shorter than the decay time of the fluctuations to obtain the variance
associated to the brightness and the number of molecules in the focal volume (at 1 ms the
fluctuations are elapsed), but longer than 1 ps to have fluctuations large enough to be
informative [24].

The apparent brightness B of the molecules in cells is affected not only by the fluctuation
due to fluorescence molecules movement, but also by photo bleaching and cell movements.
To correct for these unwanted contributions a high pass filter algorithm (detrend filter) was
applied to the stack of images. Detrend filter returns the average intensity at each pixel and
deletes the fluctuations due to motion and photo bleaching that are slower than the particle
fluctuation. The moving average parameter for the “detrend” filter, which is the number of
frames used to calculate the average intensity to be added to each pixel intensity to filter out
the unwanted contributions to fluorescence fluctuations should be maintained between 5 and
20 frames: we chose a moving average of 10, since in our experiments cell movements
cause an intensity variation over a scale of about 10 frames.

Biochim Biophys Acta. Author manuscript; available in PMC 2015 June 01.
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For a detailed discussion on these parameters and their evaluation see Digman et al. (2008),
Dalal et al. (2008) and Ossato et al. (2010) [23, 24, 29].

2.6 Calibration with monomeric EGFP

The laser power and the scanning conditions were calibrated transfecting SH-SY5Y with
EGFP and measuring the brightness value B for the non-aggregating monomeric EGFP. The
experiments to study the aggregation state of asyn were then performed overexpressing
asyn-EGFP in the same cell line and using the same conditions.

The oligomers size Swas then calculated considering the B value for the monomeric EGFP
and the different brightness values for the oligomers:

S:(Boligomcrs - 1)/(Bmonomcrs - 1) (5)

2.7 Calculating average concentration of asyn in live cells

Considering the average N value we could estimate asyn-EGFP concentration in each cell
showing oligomeric species, which were 52% of the total observed cells in the 3
independent experiments. The calculation was performed using the mean N value for each
cell obtained from the Gaussian fit of the N distribution calculated by SimFCS
(Supplementary Figure S1); this N value is the mean apparent number of molecules in the
focal volume of the microscope (Nayerage)- TO calculate the average molar concentration of
asyn molecules in a cell we use the following equation:

[asyn]:Naverage : ,Y/NAVOGADRO - Viocal (6)

The volume of the point spread function V¢yc4 for a confocal microscope of about 0.2
femtoliter and a y value of 0.353 were used to calculate the mean concentration of asyn in
the cells.

2.8 Mitochondria and lysosomes quantitative analysis

A tailored code (Matlab) for the quantitative analysis of mitochondria morphology and
distribution in live cells was developed. After the selection of a threshold to eliminate the
contribution due to the background of the TMRE stained mitochondria image, the distances
among all pixels showing intensity above threshold were calculated to obtain a distribution
representing the distance between pixels within mitochondria and among mitochondria, a
parameter that could be associated to mitochondrial dimensions and distribution in the cell
cytoplasm.

Oligomers, identified as pixels with B values higher than 1.34 (which is the average B value
for monomers 1.18 plus its standard deviation 0.16) setting a threshold to this value for the
analyzed B maps. After eliminating background contribution in the lysosomes images by
setting an intensity threshold, we produced a new image in which pixel above the threshold
in both images were colored in red, while the others in blue. The complete procedure is
detailed in the Supplementary materials (Figure S3). The percentage of oligomers-positive

Biochim Biophys Acta. Author manuscript; available in PMC 2015 June 01.
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pixels that colocalize with lysosome over the total oligomers-positive pixels was calculated
for the analyzed cells to quantify ALP activation.

3.1 Instrument calibration and B value for monomeric EGFP

To evaluate the brightness (B) of monomeric EGFP, we overexpressed EGFP in SH-SY5Y
cell line and acquire cell images under the conditions described in Materials and Methods
section. The results allowed us to estimate the background contribution. After background
correction, the B value solely due to monomeric EGFP in SH-SY5Y cells was estimated by
averaging the B values obtained for EGFP in about 15 cells. Figure 1A shows the B
distribution for EGFP in a representative cell. Fitting each cell histogram with a Gaussian
distribution provided a mean value and a standard deviation for B:

Bmonomer:]--].B + 0.16

Figure 1B reports the B color map and the N color map for a representative analyzed cell. B
map provides information on the distribution of B values in the cells: for EGFP transfected
cells the B color map shows a homogeneous blue color, representing the average value
obtained for the monomeric EGFP. The N map on the contrary is more heterogeneous,
indicating a heterogeneous distribution of EGFP molecules in the cytoplasm. The intensity
map and the N map are, as expected, similar, since the intensity per pixel in this situation is
due to the monomeric EGFP molecules.

3.2 aSyn-EGFP overexpressing SH-SY5Y cells present monomeric and oligomeric asyn

The time dependence of the fluorescence properties was investigated 24 hours after asyn-
EGFP transfection in SH-SY5Y: asyn-EGFP aggregation was evaluated at 24 hours, 36
hours and 48 hours after transfection. Interestingly, at every time point cells in the same
sample presented the same kind of heterogeneity in term of asyn aggregates in cell
cytoplasm.

A population of cells presented a B distribution centered at about 1.18, which is the B value
characteristic of the monomeric EGFP and can be identified with monomeric asyn-EGFP
(Figure 2). From this result we hypothesized that the protein, at least in the conditions
described here, is present as monomer in the cytoplasm. 24 hours after the transfection it
was possible to identify in some cells by N&B analysis, pixels presenting not only a B value
characteristic of the monomer, but also higher B values, compatible with oligomeric species.

Using Bmonomer Value as reference, we were able to identify cells presenting oligomeric
species from the brightness values. As can be seen in Figure 3A, the distribution of the
brightness for the representative cell transfected with asyn-EGFP starts to broaden and in
Figure 3B a more pronounced broadening is observed. When a pixel shows B values higher
than Bmonomer it indicates that at least some of the fluorescence in that pixel can be assigned
to asyn-EGFP oligomers. A gallery of images representing different cells and the related B
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maps presenting B values corresponding to oligomeric asyn-EGFP are shown in the
Supplementary Figure S4.

The distribution of brightness values for part of the imaged cells were very different and not
well separated from the Gaussian distribution centered on 1.18 representing the monomeric
asyn-EGFP. Moreover, it was not possible to separate the contribution of oligomers with
different dimensions; accordingly, the standard deviation of the B values for the oligomeric
species is 4-fold larger than the standard deviation of the B distribution of monomeric asyn-
EGFP. With this premise, we can only obtain an estimate of the mean brightness of the
entire heterogeneous ensemble. Considering different cells and different experiments, we
calculated a weighted average of the brightness of the entire ensemble of oligomeric species,
as described in the Materials and Methods section, that is:

B=1.98 £0.65

The equation 5, describing the relationship between the B values measured with N&B for a
monomer and for oligomeric species and the aggregation size, allowed us to calculate the
mean dimension of the oligomers found in asyn-EGFP transfected SH-SY5Y cells. On
average, the oligomeric species are constituted by 64 asyn monomers, which is in good
agreement with a very recent estimate on asyn early oligomers produced in vitro and
observed with single molecules fluorescence techniques (n<10) [30].

Imaging the cells at different time points after the transfection did not influence the
percentage of pixels showing oligomeric species that were detected: from about 8% to 30%
in different cells. This result suggests that both the B value, i.e. the average dimension of
asyn oligomers and the average percentage of pixels in cells presenting oligomers are
probably dependent on the protein concentration or on the activation of cellular clearance
mechanism(s) that can target both asyn monomers or oligomers leading to a reduction of
their amount in the cell cytoplasm.

As a control, the experiments mentioned above were also performed in HEK293 cells
obtaining comparable results both in term of asyn-EGFP oligomers dimension and
distribution. Therefore, we concluded that as detected by the N&B method, the conditions
that may differ between the two tested cell lines are not determinant in the aggregation
process and proceeded by testing only the neuroblastoma cell line SH-SY5Y.

3.3 Estimation of the asyn concentration threshold for oligomerization

We estimated the mean asyn concentration in cell cytoplasm for different cells
overexpressing asyn-EGFP as described in the Materials and Methods section. Surprisingly,
while the percentage of pixels showing oligomeric species in all analyzed cell is
significantly variable, the mean concentration of asyn calculated from the average N value
in these cells showing oligomers is around 175 nM (about 178+39 nM). Moreover, looking
at all the cells, we found a reasonable value for the threshold concentration needed for the
protein to form oligomers, which is about 90 nM. In the cells where a large part of pixels
showed the presence of asyn oligomers or a very high asyn concentration, we could not
observe a conversion of the oligomeric species into fibrillar structure or larger inclusions,
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consistently with what is reported in the literature concerning asyn aggregation in cell
models [20, 21, 31].

3.4 Oligomers are localized in specific regions of the cell

Looking at the B map for the cells presenting oligomers (Figure 3D), it is clear that the
distribution of pixels showing brighter particles is not homogeneous. The clustering of the
pixels presenting oligomeric species in specific regions of the cell cytoplasm could suggest
that there is a scaffolding effect: the oligomers could be bound to intracellular structures, i.e.
organelles, or be sequestered by lysosomes. Part of the oligomers seems also to be localized
at the inner side of the plasma membrane.

The movements of the cell membranes or organelles where asyn molecules can be bound
may affect the calculation of the brightness, causing an increase in the variance of the
fluorescence intensity distribution. To verify that the increase of the B values is due to the
formation of asyn oligomeric species and not to motion artifacts, a “detrend” filter was
applied to the images to obtain the B distribution and B map. This filter computationally
removes the contributions due to the photo bleaching and to slow-movements associated to
larger structures movements inside the cell [23]. The increase in the B value due to the
fraction of asyn-EGFP that is bound to membranes [32, 33] because of the membranes
movements was removed by the “detrend” filter. To further verify the complete removal of
unwanted contribution to B value calculation due to slow movements, an algorithm that
calculates the derivative of each stack of images and shows, pixel per pixel, the movements
of the cell and inside the cell was used (Figure Sb).

Interestingly, the N&B analysis showed that the regions where brightness B is higher, the
value of N decreases (Figure 2D), suggesting that in those pixels there are more oligomeric
species, but fewer particles. This lower value for N observed in correspondence of high B
values could account for a scaffolding effect, due to the sequestration of the oligomers into
lysosomes [34] or exosomes [35], or to their binding to mitochondria [26, 36].

Another possible explanation of low N value in these regions is that the asyn oligomers
could incorporate other proteins that are invisible to N&B technique being non-fluorescent;
therefore, these oligomers containing asyn and also other proteins can occupy more space in
the cell cytoplasm leading to the features we detect calculating N and B maps. The
capability of amyloid forming protein to sequester cytoplasmic proteins when aggregating
was reported for chimeric p-sheet amyloidogenic proteins [37] and is supported by the
presence of soluble complexes containing asyn and 14-3-3 proteins in cultured human
dopaminergic neurons [38] and in a A53T transgenic mice model [39].

3.5 aSyn-EGFP oligomers are partially sequestered by lysosomes

To verify if the confinement effect observed for the asyn’s signal while comparing the B
and the N maps of the cells presenting oligomers could be due to the presence of lysosomes
sequestration, we stained EGFP and asyn-EGFP overexpressing cells with LysoTracker
Red. From the B map for asyn-EGFP cells and the LysoTracker-stained lysosomes image
(Figure 4C and 4D) it is clear that there is a partial overlap. Colocalization analysis, as
represented in Supplementary figure S3, showed that about 25% of the pixels presenting B
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values corresponding to asyn oligomeric species (higher than 1.34) colocalize with
lysosomes. This result suggests that asyn oligomers are partially sequestered into lysosomes
and lead to the activation of the autophagic-lysosomal pathway (ALP) that is believed to be
responsible for the clearance of misfolded asyn [34, 40]. Noteworthy is the fact that in
lysosomes pH is around 5.0. This pH value can induce the quenching of EGFP fluorescence
[41] and influence the N and B values estimation. However, the control performed on cells
transfected with monomeric EGFP and stained with LysoTracker (Figure S6) does not show
any consistent variation in the brightness of the monomeric EGFP colocalized with
lysosomes. Therefore, the pH quenching effect may induce (if any) only a mild
underestimate of the B values, which cannot account for the higher brightness values due to
asyn oligomeric species.

To further test if lysosomes movements could affect the B value detected in asyn
overexpressing cells, we evaluated the efficacy of the “detrend” filter by comparing the B
maps obtained with or without detrending (Figure S7). These results suggest that the filter is
able to remove the contribution due to cells and organelles movements, leading to a proper
evaluation of B values for monomeric EGFP and oligomeric asyn-EGFP.

3.6 Alterations in mitochondria characteristics are due to asyn oligomers

As can be seen in Figure 4, not all the pixels presenting oligomeric species are enclosed into
lysosomes, accounting for a possibly progressive activation of the clearance system. In 2010
Nakamura and co-workers [26] proposed that one possible damaging mechanism that could
be ascribed to asyn is its direct interaction with mitochondrial membranes. They showed
that asyn overexpression causes mitochondrial fragmentation, but they could not verify the
conformation that asyn acquired while damaging mitochondria. Furthermore, they
previously showed by FRET that there is a specific interaction between asyn and
mitochondrial membranes [36], as reported also using an in vitro approach [42].

On these premises, the possibility of a damaging effect due to asyn oligomers on
mitochondrial characteristics was explored. To this aim, mitochondria were stained with a
mitochondrial dye (TMRE) to verify whether the presence of oligomers could be related to
the mitochondrial fragmentation as previously suggested by Nakamura et al. [26]. Figure 5
shows an example of a cell overexpressing EGFP or asyn-EGFP, where pixels presenting
oligomeric species were identified. The comparison between mitochondria stained with
TMRE in cells overexpressing EGFP or showing asyn-EGFP oligomers is shown in Figure
5C. The difference in mitochondrial morphology and distribution is clear, but a more precise
quantification of these variations is presented in Figure 6. The distribution of distances
between pixels that constitute mitochondria were calculated as described in the Materials
and Methods paragraph and reported in the graph for the two different cases. The histograms
carry the information about the distribution of the mitochondria in the cell and about their
dimensions. As shown, when asyn oligomers are present, the organelles are smaller and less
spread in the cell cytoplasm, suggesting that they underwent fragmentation, in agreement
with previous publications [26, 43, 44]. On the contrary, this result is apparently in contrast
with another study reporting the absence of mitochondrial morphology alterations in SH-
SY5Y cells overexpressing asyn [45].
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TMRE allows not only identifying mitochondria, but also to measure their membrane
potentials through Nernst equation. As published by Nakamura et al. [26], we could not
detect any difference in the mitochondrial potential based on this experiment.

3.7 Agents that may promote asyn-EGFP oligomerization in live cells

The possibility of using N&B to evaluate differences in the aggregation products found in
live cells was explored. We first treat asyn-EGFP overexpressing cells and EGFP
overexpressing cells as control with dopamine, which is known to lead to the formation of
stable asyn oligomeric species [46]. As reported in Figure S8, SH-SY5Y overexpressing
cells treated with dopamine did not show a considerable difference in term of oligomers
dimensions. Another possibility we explored was to overexpress A53T-EGFP pathological
mutant, which is known to have an increased aggregation propensity compared to wild-type
asyn [14]. Also in this case, the B values obtained are similar with the ones obtained in
asyn-EGFP overexpressing cells (Figure S9), suggesting that at the earliest stages of the
aggregation process the mutations does not affect the oligomers properties in live cells.

To further understand which are the mechanisms associated with asyn aggregation, we
inhibited autophagy using bafilomycin A 1 and verify if any variation in oligomers size or
amount could be measured. As previously published [28], we observed a consistent cell
death, while surviving cells showed asyn-EGFP concentration lower than 90 nM, which is
the limit to observe the oligomeric species we previously identified in untreated samples.

4. Discussion

aSyn aggregation process is widely studied in vitro, but the results obtained are strongly
dependent on the experimental conditions. Moreover, the transient oligomers and aggregates
in vitro cannot be isolated to relate these to possible mechanism(s) of toxicity. Recently,
some studies have been performed in cellular models, providing more relevant but still not
conclusive results. In particular, a more precise characterization of asyn aggregates
dimensions and aggregates related toxicity is still lacking. In this context, N&B method
emerges as a powerful tool to study asyn aggregation state in live cell. The physiological
state of the protein was characterized in the dopaminergic neuroblastoma SH-SY5Y cell line
overexpressing asyn-EGFP. It was observed that asyn is mainly present as a monomer in
cell cytoplasm, at least under the experimental conditions tested here. It may be questioned
that the presence of EGFP at the C-terminus of asyn interferes with a possible folding into
the tetramer reported in the literature [5]. However, it has been shown that the region
involved in the interactions that lead to the asyn tetramer is the folded N-terminus [47],
while the C-terminus where the EGFP is fused in our system is unfolded and free to move
also in the proposed tetrameric conformation, suggesting that the tag is not likely to hinder
the purported quaternary structure of the protein. Therefore, we concluded that in our
cellular model asyn is monomeric when its concentration is below 90 nM, while it starts
oligomerizing at higher cytoplasmic concentration.

The measured threshold concentration seems to be quite low compared to the values
reported for asyn concentration in neurons, which is in the micromolar range [30, 48].
However, asyn concentration in neurons is mainly estimated as 0.5%-1% of total soluble
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brain proteins as evaluated by western blot of brain homogenate [49, 50] and, to the best of
our knowledge, no direct measurements of asyn concentration in neurons are available.

It should also be mentioned that a plausible interpretation of the differences between the
N&B measured concentration and the estimated physiological asyn concentration in
neurons is the partition of the protein between cellular cytosol and neuronal membranes. It is
known that alphasynuclein can efficiently bind to lipid membranes [32] and to SNARE-
protein vesicle-associated membrane protein 2 [51] to promote SNARE-complex assembly
in neurons. It follows that total asyn concentration in neurons may result higher than the
value we reported for our cellular model in which the method used (N&B, based on
fluctuations) only detects the molecules that are mobile in the cell justifying the discrepancy
between the two reported concentrations. The average asyn concentration in cells showing
oligomeric species is around 175 nM, which is a concentration below the upper limit of the
N&B method sensitivity (about 1 pM). The detected oligomers are present 24 hours after the
transfection and their presence can be associated to mitochondrial fragmentation. However,
we cannot determine unambiguously if the oligomers directly damage mitochondrial
membranes or if other mechanisms are involved.

Based on these data, we propose that the concentration of asyn-EGFP in cell cytoplasm and
the formation of nucleation centers that trigger the aggregation are the two key factors in the
aggregation in cell cytoplasm. These results are in good agreement with the findings that the
level of asyn in neurons is crucial for the onset of PD, because duplication and triplication
of SNCA gene, encoding for asyn lead to severe and early onset PD forms [10, 13].N&B
method allowed us to characterize the average dimension of asyn oligomers, which are
constituted by 64 asyn monomers. However, the distributions of B values reflecting asyn
oligomers dimensions are very broad, meaning that the ensemble of oligomeric species is
heterogeneous. The heterogeneity is also a characteristic of the oligomeric species obtained
invitro, but in those experiments it may be difficult to discriminate between the intrinsic
heterogeneity of the sample and the one induced by the experimental conditions [17]. In a
very recent paper [30], the very early asyn oligomers obtained in vitro were studied using a
direct single molecule fluorescence technique. Cremades and co-workers could estimate
with a direct method the number of asyn monomers that constitute these first oligomers, i.e.
less than 10 molecules. However, in the literature the number of monomers in oligomeric
species obtained under different experimental conditions in vitro and detected with different
indirect techniques (as gel filtration or small angle X-ray scattering) can vary up to about
100 asyn monomers [30, 52-54]. For this reason, we believe that the most relevant results
are obtained in live cells without isolating oligomers, which per se may induce asyn
oligomeric species modifications.

It is worth noting that asyn oligomers could incorporate other proteins present in the cell
cytoplasm that co-aggregate with asyn [38, 39], producing larger aggregates. These
molecules go undetected because they are invisible to the technique presented here.
Moreover, the N&B method measures the average brightness of the particles in the volume
of excitation. If the distribution is very skewed toward few large oligomers, the method will
tend to underestimate the contribution of these large particles.
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Interestingly, we could not find any larger aggregates or fibrils in the cells we examined.
This result is in agreement with previous experiments reported in the literature [20, 21, 31]
and suggests that asyn oligomers, being the most toxic species [55], may induce cell death
[56] earlier than forming larger aggregates, at least in this PD cell model. A possibility is
that the rate of the oligomers formation in this model is much faster, because of asyn-EGFP
overexpression, than the rate in neurons in parkinsonian brains. A large amount of oligomers
in these SH-SY5Y overexpressing asyn leads to cell death, overwhelming the defense
mechanisms before asyn fibrils and LBs can be formed.

A higher aggregation rate and an associated higher toxicity in live cells may also be present
in Bafilomycin A 1 and dopamine treated cells, partially explaining the absence of any
difference between the treated or untreated samples. The same can be observed for A53T-
EGFP overexpressing cells, suggesting that the characterization of oligomers differences at
the early steps of the aggregation process in these different conditions is not trivial,
especially in live cells. As shown in the B map in Figure 3D, asyn oligomers localize in
certain cell regions. Considering the ability of asyn to bind to membranes characterized by
different lipid compositions [57], a “scaffolding effect” may be envisioned, partially due to
the localization of asyn oligomers at the numerous membranous structures present in the
cell cytoplasm and at the plasma membrane. This interpretation is supported by a model for
asyn aggregation where the early asyn oligomers are formed not only in the cell cytoplasm
but also at the membranes [32, 58], which can lead to calcium leakage [59] and to synaptic
vesicles homeostasis disruption in neurons [60].

Another explanation for this pattern is the sequestration of the toxic oligomeric species by
lysosomes. In the recent literature, several evidences support involvement of ALP in asyn
clearance [34, 40]. After staining asyn-EGFP overexpressing SH-SY5Y cells with
Lysotracker, we find that part of the oligomers present in cells cytoplasm co-localize with
lysosomes, as shown in a mice model by Mak et al. (2010) [34], supporting the activation of
ALP when these first toxic species form.

It is known that the acidic pH can quench EGFP fluorescence [41] and that pH is about 4.8
in the lysosomes. The effect on N&B estimations due to EGFP quenching at acidic pH is
that the brightness of the EGFP is lowered, leading to an underestimation of the actual B
value for asyn oligomers in the lysosomes. However, not all the oligomeric species that we
identified by N&B method were cleared by ALP and we tried to identify possible toxic
effects due to their presence in cell cytoplasm. Looking for elective targets for oligomeric
species, we stained asyn-EGFP overexpressing cells with a mitochondrial dye and
compared their mitochondria morphology with cells overexpressing EGFP. In the recent
past several studies associated asyn toxicity to mitochondria: Nakamura and co-workers
showed how asyn overexpression leads to mitochondria fragmentation by a direct
interaction using fluorescence imaging techniques and highly resolved transmission electron
microscopy. They hypothesized that the variations in mitochondria morphology are due to
the direct interaction of asyn oligomers with mitochondrial membranes. This idea is further
supported by the evidence of asyn interaction with mitochondria [36] and localization of
asyn at membranes mimicking mitochondrial membranes [42] or within mitochondria [61].
Moreover, it was proposed that asyn can inhibit mitochondrial fusion processes, again

Biochim Biophys Acta. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Plotegher et al.

Page 14

because of the protein special interactions with mitochondrial membranes [43] or that
mitochondrial fission is increased through an increased Drpl translocation to mitochondria
due to asyn overexpression [62].

The mitochondrial fragmentation due to asyn is associated with respiration impairments
after 48 hours from the transfection [26], but also with limitations in mitochondria dynamics
in the cell [44]. Moreover, asyn can translocate to mitochondria and accumulate, causing
complex | impairment [61, 63].

Our results, showing mitochondrial fragmentation, are in agreement with the literature [26,
43, 44, 62, 64], excluding Zhu et al. (2012) [45]. Moreover, our data suggest that there is a
relationship between the presence of asyn oligomers in the cytoplasm and variations in
mitochondria morphology, while others could only establish a link between asyn
overexpression and mitochondria conditions. Therefore, based on the result presented in the
literature and on the data reported in this manuscript, it is rather established that asyn
induces mitochondrial fragmentation, but still unclear is the precise mechanism(s) by which
this damaging occurs. Direct asyn-mitochondria interactions, alterations in mitochondrial
fusion-fission mechanisms due to asyn overexpression or aggregation and other indirect
mechanisms that alter mitochondrial morphology cannot be mutually excluded.

5. Conclusion

Our results indicate that asyn can oligomerize when it is overexpressed in SH-SY5Y cell
line and asyn concentration in cell cytoplasm is at least 90 nM. We show that asyn
oligomers constituted by 64 monomers may be partially sequestered into lysosomes and
their presence in live cells is associated with mitochondrial morphology alterations,
suggesting a putative role for these oligomeric species in mitochondrial dysfunction in PD.
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asyn alpha-synuclein

LBs Lewy bodies

TMRE tetramethylrhodamine ethyl ester perchlorate
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Figure 1. Determination of EGFP molecular brightness B
A. Distribution of the brightness B values of EGFP overexpressed in SH-SY5Y cells is

centered at B=1.18+0.16 and identifies the brightness of EGFP monomer under these
imaging conditions.

B. Average intensity image of a cell overexpressing EGFP (Intensity map), B map and N
map representing respectively the average brightness B and the average apparent number of
molecules N per pixel. The maps show a homogeneous B distribution in the cell cytoplasm,
as expected, while the N value distribution in the cell varies in good agreement with the
Intensity map (color scale, a. u). White bar 10 pm.
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Figure 2. syn-EGFP is present as a monomer in overexpressing SH-SY5Y cells
A. Distribution of the brightness B of asyn-EGFP overexpressed in SH-SY5Y cells is

centered, as expected, at B=1.18 and identifies the brightness B of asyn-EGFP in its
monomeric form under these imaging conditions.

B. Average intensity image of a cell overexpressing asyn-EGFP (Intensity map), B map and
N map representing respectively the average brightness B and the average apparent number
of molecules N per pixel. The maps show a homogeneous B distribution in the cell
cytoplasm, meaning that asyn-EGFP is monomeric in these conditions, while the N value
distribution in the cell varies in good agreement with the Intensity map (color scale, a. u.).
White bar 5 pm.
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Figure 3. asyn-EGFP can oligomerize in overexpressing SH-SY5Y cells
A. Distribution of the brightness B values of asyn-EGFP overexpressed in SH-SY5Y cells

starts to broaden at higher B values. This broadening represents pixels showing B values
higher than 1.18 and therefore oligomeric species of asyn-EGFP.

B. Distribution of the brightness B values of asyn-EGFP overexpressed in SH-SY5Y cells
shows a large broadening due to the presence of a larger amount of asyn-EGFP oligomers.
The B value distributions for the different oligomeric species cannot be separated from the B
distribution for monomeric asyn-EGFP, however calculating a weighted average of the B
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values accounting for the oligomeric species we obtained about 1.95. This overall B value
for the oligomers means that they are on average constituted by 6 asyn-EGFP monomers.
C. Average intensity image (Intensity map), B map and N map representing respectively the
average brightness B and the average apparent number of molecules N per pixel of a cell
overexpressing asyn-EGFP, corresponding to the Brightness distribution represented in
panel B. The maps show a homogeneous B value distribution in the cell cytoplasm, not
really accounting for the slight broadening in the B histogram representing the oligomeric
species. The N value distribution in the cell varies in the different regions in good agreement
with the Intensity map(color scale, a. u.). White bar 10 pm.

D. Average intensity image (Intensity map), B map and N map representing respectively the
average brightness B and the average apparent number of molecules N per pixel of a cell
overexpressing asyn-EGFP, corresponding to the Brightness distribution represented in
panel B. The maps show a heterogeneous B value distribution in the cell cytoplasm,
meaning that asyn-EGFP formed oligomers. The N value distribution in the cell varies in
good agreement with the Intensity map and where the B value is increased, the N value is
lower than the average (color scale, a. u.). White bar 10 pm.
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Figure 4. Lysotracker staining of a cell presenting asyn-EGFP oligomers
Average intensity image (Intensity map), N map and B map of a cell overexpressing asyn-

EGFP (Panel A, B and D, respectively) and showing localized oligomeric species, in
comparison with the same cell stained with Lysotracker (Panel C). In panel E a zoomed
region for the Lysotracker image and for the B map is shown: on the right, pixels presenting
colocalization between the pixels showing higher B values associated with the presence of
oligomeric species and pixels positive to Lysotracker staining are represented in red on a
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blue background and indicate that at least part of the asyn-EGFP oligomers are sequestered
into the lysosomes after ALP activation(color scale, a. u.). White bar 10 um.
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Figure 5. Mitochondrial staining highlights mitochondrial fragmentation in the presence of

asyn-EGFP oligomers

A. Intensity map of a cell overexpressing EGFP (left panel), as control (color scale, a. u.).
Corresponding distribution of B values versus fluorescence intensity for the same cell
(center panel), and associated Selection map where pixels selected with the red cursor in the
B distribution are highlighted in red (right panel). The slightly higher B values in this case
(red pixels in the right panel) are only accounting for the large FWHM of the B values

distribution as shown in Figure 1A. White bar 10 um.

B. Intensity map of a cell overexpressing asyn-EGFP (left panel, color scale, a. u.).
Corresponding distribution of B values versus fluorescence intensity for the same cell
(center panel), and associated Selection map where pixels selected with the red cursor in the
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B distribution are highlighted in red (right panel). The higher B values (red pixels in the
right panel) represent the oligomeric species present in this cell. White bar 10 pm.

C. TMRE staining of the two cells showed in Figure 5A (left panel) and in Figure 5B (right
panel). The mitochondrial morphology is clearly altered in the cell overexpressing asyn-
EGFP and showing asyn-EGFP oligomers, compared to the overexpressing EGFP cell.
White bar 10 pm.
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Figure 6. Distances distribution between pixels positive to mitochondria staining
The grey distribution represents the distances between pixels positive to mitochondrial

staining in the cells overexpressing EGFP (correspondent to Figure 4C, left panel), while the
black one shows the distances between pixels positive to mitochondrial staining in the cell
overexpressing asyn-EGFP and showing asyn-EGFP oligomers (correspondent to Figure
4C, right panel). Both distributions are normalized by distribution area. The difference
between the two distributions may account for mitochondrial fragmentation and alteration in
mitochondria morphology and distribution in the cells cytoplasm.
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