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A B S T R A C T

We recently identified a truncated and phosphorylated form of α-synuclein, pα-syn*, as a key neurotoxic α-
synuclein species found in cultured neurons, as well as in mouse and Parkinson's disease patients' brains. Small
pα-syn* aggregates localize to mitochondria and induce mitochondrial damage and fragmentation. Herein, we
investigated the molecular basis of pα-syn*-induced toxicity. By immunofluorescence, we found phosphorylated
MKK4, JNK, ERK5 and p38 MAPKs in pα-syn* inclusions. pJNK colocalized with pα-syn* at mitochondria and
mitochondria-associated ER membranes where it was associated with BiP and pACC1, markers for the ER and
energy deprivation, respectively. We also found that pα-syn* aggregates are tightly associated with small ptau
aggregates of similar size. Pα-syn*/ptau inclusions localized to areas of mitochondrial damage and to mitophagic
vesicles, showing their role in mitochondrial toxicity, mitophagy induction and their removal along with da-
maged mitochondrial fragments. Several MAPKs may act cooperatively to phosphorylate tau, notably JNK, p38
and GSK3β, a non-MAPK that was also found phosphorylated in the vicinity of pα-syn*/ptau aggregates. These
results add insight into the mechanisms by which pα-syn* exerts its toxic effects that include the phosphor-
ylation of several kinases of the MAPK pathway, as well as the formation of ptau at the mitochondrial membrane,
likely contributing to mitotoxicity. Thus pα-syn* appears to be the trigger of a series of kinase mediated pa-
thogenic events and a link between α-syn pathology and tau, another protein known to aggregate in Parkinson's
disease and other synucleinopathies.

1. Introduction

Parkinson's disease (PD) is the second most common age-related
neurodegenerative disease after Alzheimer's disease (AD).
Approximately 1–2% of the population over the age of 60 suffers from
PD (Lang and Lozano, 1998a; Lang and Lozano, 1998b). Motor im-
pairment is due to the degeneration of dopaminergic neurons of the
substantia nigra pars compacta (SNpc) and subsequent loss of dopamine
innervation in the striatum (Olanow and Tatton, 1999). There is cur-
rently no disease-modifying treatment for PD (Fox et al., 2018).

Approximately 85–90% of PD cases are considered idiopathic and
constitute the late-onset, common form of PD. Genome-wide associa-
tion studies have identified 41 genes associated with disease risk
(Chang et al., 2017). Mutations in several genes have been shown to
increase the risk of PD or cause early-onset PD (SNCA, GBA, LRRK2,
Parkin, PINK1 and DJ-1) (Dawson and Dawson, 2003; Farrer, 2006;

Klein and Schlossmacher, 2007; Martin et al., 2011; Pankratz et al.,
2009; Zhao et al., 2016). Alpha-synuclein (α-syn), a 140 amino-acid
long protein encoded by SNCA, has emerged as a central player in PD
including in familial forms linked to mutations and overexpression of α-
syn (Athanassiadou et al., 1999; Eriksen et al., 2005; Ki et al., 2007;
Kruger et al., 1998; Markopoulou et al., 1999; Spira et al., 2001;
Zarranz et al., 2004). In PD patients brains, α-syn undergoes phos-
phorylation and misfolding, and forms fibrillar aggregates called Lewy
bodies (LBs) and Lewy neurites (Spillantini et al., 1997). Alpha-synu-
clein also accumulates in other disorders such as Dementia with Lewy
Bodies (DLB) or multiple systems atrophy, collectively referred to as
synucleinopathies (Arima et al., 1998; Forman et al., 2005; Galvin
et al., 2001; Lippa et al., 1999; Spillantini et al., 1998). Oligomeric α-
syn inhibits long-term potentiation (La Vitola et al., 2018), promotes
complex-I dependent mitochondrial dysfunction (Luth et al., 2014) and
interacts with Tom 20, a mitochondrial outer membrane protein,
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inhibiting mitochondrial protein transport (Di Maio et al., 2016). Mi-
tochondrial dysfunction has emerged as the link between toxin models
of PD and α-syn proteinopathy (Betarbet et al., 2006; Yun et al., 2018)
and a possible target for therapeutic intervention (Schapira et al.,
2014).

We recently identified a non fibrillar neurotoxic form of α-syn that
we called pα-syn* (Grassi et al., 2018). Pα-syn* was first identified in
cultured neurons seeded with preformed α-syn fibrils (PFFs) that pro-
pagate in cultured neurons in a prion-like manner (Hansen et al., 2011;
Kordower et al., 2008; Li et al., 2008; Luk et al., 2012; Luk et al., 2009).
Pα-syn* is also present in mouse brains injected with PFFs as well as in
the brains of PD patients alongside LBs (Grassi et al., 2018). Pα-syn*
was found in an N- and C-terminally truncated form and results from
the incomplete proteolytic processing of pα-syn fibrils (pα-synF) during
their autophagic degradation. Pα-syn* forms small aggregates/inclu-
sions that attach to mitochondrial tubules, induce ER stress and recruit
mitochondria-associated ER membranes (MAMs). Pα-syn* also induces
inner membrane depolarization, cytochrome C release and metabolic
stress as reported by the accumulation of pACC1 tightly associated with
pα-syn* aggregates. As a result of pα-syn* induced damage, mi-
tochondria undergo fragmentation and mitophagy. Pα-syn* therefore
appears as a major player in α-syn-induced neurotoxicity. The focus of
the present study was to gain understanding of the molecular pathways
by which pα-syn* exerts mitotoxicity.

Mitogen-activated protein kinases (MAPKs) are activated by diverse
extracellular and intracellular stimuli including peptide growth factors,
cytokines, hormones, and various cellular stressors such as oxidative
stress and endoplasmic reticulum stress. Persistent activation of the
MAPK pathway has been implicated in the development of several
human diseases including Alzheimer's disease (AD), Parkinson's disease
(PD), and amyotrophic lateral sclerosis (ALS)(Kim and Choi, 2010). c-
Jun N-terminal kinase (JNK) and p38 MAPKs activation induces the
intrinsic apoptotic (mitochondrial) death pathway (Liu and Zhou,
2017) and both kinases are found to be activated in the brains of PD
patients (Ferrer et al., 2001; Hunot et al., 2004). Activated p38 phos-
phorylates parkin, thereby preventing protective parkin-mediated mi-
tophagy in mice overexpressing A53T α-syn (Chen et al., 2018). An-
other MAPK, extra cellular signal-regulated kinase 5 (ERK5),
accumulates in pα-syn aggregates bearing neurons (Volpicelli-Daley
et al., 2014a). Collectively, these data point to a role of MAPKs in
neurodegenerative mechanisms underlying PD pathogenesis and in
particular mitochondrial dysfunction. We therefore decided to in-
vestigate the involvement of MAPKs in pα-syn*-induced neurotoxicity.

Tau, a protein well-known to aggregate and form neurofibrillary
tangles in Alzheimer's disease, has been shown to aggregate in
Parkinson's disease and other synucleinopathies (Haggerty et al., 2011;
Irwin et al., 2013; Sengupta et al., 2015). Because small tau aggregates
have been shown to localize to mitochondria (Lasagna-Reeves et al.,
2011), we investigated if pα-syn* might be a link between pα-syn pa-
thology and the formation of mitochondrial ptau aggregates.

Herein, we show that pα-syn* triggers the activation of several
MAPKs including MKK4, JNK, pERK5 and p38 as well as the phos-
phorylation of tau at the mitochondrial membrane. pTau aggregates are
tightly associated with pα-syn*, and both likely act in concert to induce
mitochondrial toxicity.

2. Material and methods

2.1. Antibody list

2.1.1. Primary antibodies
Alpha-syn antibodies specific for phospho-S129 α-syn recognizing

pα-synF, but not pα-syn*, were mouse anti pS129 α-syn clone 81A from
Biolegend (IF concentration 1/5000, IHC concentration 1/500) and
rabbit anti pS129 α-syn antibody GTX54991 from GeneTex (IF con-
centration 1/350). The alpha-syn antibody specific for pS129 α-syn

recognizing pα-syn*, but not pα-synF, was rabbit anti pS129 α-syn
antibody GTX50222 from GeneTex, lot 821,505,177 (IF concentration
1/1000, IHC concentration 1/200, WB concentration 1/250). Other
antibodies were rabbit anti phospho-acetyl-CoA carboxylase Ser79 from
Thermo Fisher (IF concentration 1/150); rabbit anti BiP clone C50B12
from Cell Signaling Technologies (IF concentration 1/100); rabbit anti
phospho-cJun Ser73 from Thermo Fisher (IF concentration 1/150); goat
anti catalase from Novus Biological (IF concentration 1/150); mouse
anti cytochrome C clone 6H2·B4 from BD Pharmingen (IF concentration
1/150); rabbit anti EEA1 clone C45B10 from Cell Signaling
Technologies (IF concentration 1/100); mouse anti phospho-ERK1
Thr202/Tyr204 clone 4B11B69 from Biolegend (IF concentration 1/
125); goat anti phospho-ERK5 Thr218/Tyr220 from Santa Cruz (IF
concentration 1/200); chicken anti GFAP from Biolegend (IF con-
centration 1/4000); goat anti LAMP1 from R&D Systems (IF con-
centration 1/400); rabbit anti phospho-GSK3β Ser9 from Thermo Fisher
(IF concentration 1/125); rabbit anti phospho-JNK1+ JNK2+ JKN3
Thr183/Tyr185 from Thermo Fisher (IF concentration 1/650, IHC
concentration 1/200), chicken anti phospho-JNK Thr183/Tyr185 from
Thermo Fisher (IF concentration 1/500); rabbit anti phospho MKK4
Ser80 from GeneTex (IF concentration 1/100); rabbit anti phospho
MKK4 Thr261 from GeneTex (IF concentration 1/150); rabbit anti
phospho MKK7 Ser271/Thr275 from Bioss (IF concentration 1/150);
mouse anti NeuN clone A60 from EMD Millipore (IF concentration 1/
150); rabbit anti phospho-p38 Thr180/Tyr182 from Thermo Fisher (IF
concentration 1/250); mouse anti parkin (PRK8) from Santa Cruz
Biotechnology (IF concentration 1/50); mouse anti phospho-Tau
Ser202/Thr205 clone AT8 from Thermo Fisher (IF concentration 1/
250); rabbit anti phospho-Tau Ser199 clone 2H23L4 from Thermo
Fisher (IF concentration 1/100); mouse anti Tom20 clone 2F8.1 from
EMD Millipore (IF concentration 1/75); rabbit anti tyrosine hydro-
xylase from Abcam (IHC concentration 1/750).

2.1.2. Secondary antibodies
We used the following secondary antibodies from Jackson

ImmunoResearch Laboratories: Alexa Fluor® 488-conjugated Donkey
anti Rabbit IgG (H+ L), Alexa Fluor® 488-conjugated Donkey anti
Chicken IgG (H+L), Alexa Fluor® 594-conjugated Donkey anti Rabbit
IgG (H+ L), Alexa Fluor® 594-conjugated Donkey anti Mouse IgG
(H+ L), Alexa Fluor® 594-conjugated Donkey anti Goat IgG (H+ L),
Alexa Fluor® 594-conjugated Donkey anti Chicken Fab2 fragment IgG
(H+ L), Alexa Fluor® 647-conjugated Donkey anti Chicken IgG
(H+ L). Molecular Probes (Invitrogen) antibodies were: Alexa Fluor®

488-conjugated anti Mouse IgG (Fab2), Alexa Fluor® 647-conjugated
anti Mouse IgG (Fab2), Alexa Fluor® 647-conjugated anti Rabbit IgG
(Fab2), Alexa Fluor® 647-conjugated Donkey anti Goat IgG (H+L).

All secondary antibodies were used for IF at a concentration of 1/
1500–1/2000.

2.2. Primary neuronal cultures and PFFs seeding

Primary neuronal cultures were prepared from E16-E18 C57BL/6J
mouse brains (Charles River Laboratories) using standard procedures.

For immunofluorescence experiments, dissociated hippocampal or
cortical neurons were plated onto poly-L-lysine coated glass coverslips
placed in 24-well plates, at a cell density of 125,000 cells/well.

During plating, the cells were maintained in DMEM plus 10% horse
serum and penicillin/streptomycin for 1 h. Thereafter, the medium was
replaced and neurons were cultured in a serum free, neuron-specific,
medium (Neurobasal® medium, N2, B27, sodium pyruvate and
GlutaMAX®, Gibco). Cultures were maintained in a humidified 37 °C
incubator with 5% CO2.

Neuronal cultures were seeded with PFFs at 5–6 days in vitro (DIV).
Recombinant full length, wild-type α-syn PFFs were purified and pre-
pared as described previously (Volpicelli-Daley et al., 2014b; Volpicelli-
Daley et al., 2011). Briefly, α-syn PFFs were generated by incubating
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purified α-syn (5mg/ml in PBS) at 37 °C with constant agitation for
5 days, followed by the preparation of aliquots and storage at −80 °C.
Just before seeding, PFFs were diluted in PBS at 0.1 mg/ml, sonicated
during 30 s (0.5 s ON, 0.5 s OFF, power 30%), and diluted in neuronal
media. Two μg/ml PFFs (final) per well were added on 24-well plates
for immunofluorescence experiments. In the case of control conditions,
an equivalent volume of PBS was added to the neuronal cultures.

Addition of α-syn monomers at a concentration of 4 μg/ml of
monomer per well on 24-well plates was done as a control.

2.3. Immunofluorescence experiments

Neurons were fixed for 30min at room temperature with 4% (w/v)
paraformaldehyde in PBS containing 4% (w/v) sucrose. Neurons were
washed with PBS, permeabilized with 0.2% (v/v) Triton X-100 in PBS
for 6min, washed again in PBS and blocked for 1 h at room tempera-
ture. After labeling with a first primary antibody (overnight at 4 °C) and
washing with PBS, cells were incubated with an Alexa Fluor 488, 594 or
647 conjugated secondary antibody (1 h at room temperature in the
dark) and washed with PBS, stained with DAPI and mounted on mi-
croscopy slides with ProLong Gold antifade reagent.

Assays involving the use of Mitotracker Red CMXRos were per-
formed as follow. Cells were loaded with Mitotracker Red CMXRos at a
concentration of 250 μM and incubated at 37 °C for 30min. Thereafter,
the cells were washed with PBS and fixed with 4% (w/v) paraf-
ormaldehyde in PBS containing 4% (w/v) sucrose for 30min.
Subsequent steps (blocking, labeling and mounting) were similar as
described previously. Of note, MitoTracker Red CMXRos is a red-
fluorescent dye that stains mitochondria in live cells and its subcellular
colocalization requires the existence of a membrane potential.

2.4. Confocal microscopy

The cells were visualized using a spectral confocal microscope
(Olympus FV1000). Images were captured and digitized using Olympus
Fluoview Viewer software. Figs. 3, 4, 7 and supplementary Figs. 1, 2
and 3 are Z-stack reconstructions (of 4—6 confocal images). Other
figures are composed of confocal images (0.2 μM). In some cases, the
images were analyzed using ImageJ software. All images were pro-
cessed using Adobe Photoshop.

2.5. Quantitative colocalization studies

Colocalization analysis was performed using the ImageJ plugin
JACoP https://imagej.nih.gov/ij/plugins/track/jacop.html, (Bolte and
Cordelieres, 2006). The Mander's colocalization coefficient (MCC) was
used to measure the fraction of one protein colocalizing with another
protein independently of the existence of a linear correlation between
signal intensities (Dunn et al., 2011; Zinchuk and Grossenbacher-
Zinchuk, 2014).

Statistical analyses were performed using the two-tailed t-test when
two values were compared, and ANOVA for multiple comparisons
(Prism v7).

2.6. Anisomycin treatment

Neurons were treated with anisomycin or the DMSO vehicle
(A9789, Sigma) at a concentration of 25 μg/mL and incubated at 37 °C
for 30min. Following treatment, cells were washed with PBS and fixed
with 4% (w/v) paraformaldehyde in PBS containing 4% (w/v) sucrose
for 30min. Subsequent steps (blocking, labeling and mounting) were
similar as described previously.

2.7. Alpha-syn PFFs injections in mice

All animal experiments were performed in accordance with

protocols approved by the Scripps Florida Institutional Animal Care and
Use Committee (IACUC). Three months old male C57BL/6 J mice
(Jackson Laboratories) weighing in the range of 25 to 30 g were used.
They were randomly divided into two groups to receive saline (n=6)
or α-syn PFFs (n=6). Mice were acclimated for 1 week prior to in-
itiation of study, and then anesthetized via an intraperitoneal injection
of ketamine and xylazine and placed into a stereotaxic frame
(Stoelting). Unilateral injections (one single dose per animal) were
made into the right side of mice striatum at stereotaxic coordinates AP
+0.2mm, ML +2.0mm and DV -2.6mm. A volume of 2.5 μl of saline
containing α-syn PFFs at a concentration of 2 μg/μl or a corresponding
amount of saline alone was injected with a 26-gauge Hamilton syringe
and a motorized stereotaxic injector (Stoelting) at a rate of 0.5 μl/min.
The needle was left in place for 5min following each injection before
retracting to prevent backfilling along the injection tract. Formation of
α-syn aggregates was allowed to proceed for 30 days. At that point,
brains were collected for IHC.

Animals were euthanized by an overdose of ketamine and xylazine,
followed by cardiac perfusion with 0.9% saline and then with 4%
paraformaldehyde. The brains were removed and further post-fixed in
4% paraformaldehyde at 4 °C for 1 day, followed by immersion on 30%
sucrose (for cryoprotection) during 3 to 4 days. Brains were embedded
and frozen in optimal cutting temperature (OCT) compound and stored
frozen at −80 °C until sectioning. Symmetrical 40 μm thick sections
were cut on a cryostat (Leica CM3050S) from +0.2 to −4.0 mm re-
lative to the bregma, and some sections including portions of striatum
or substantia nigra (~21–24 slices) were processed for IHC by the free-
floating method. Briefly, free floating brain sections were placed into
PELCO Prep-Eze™ 24 well plate mesh inserts (TedPella Inc.) under
constant agitation and washed several times with TTBS 0.1% to remove
excess of OCT and cryoprotectant. Then, samples were pretreated with
0.3% hydrogen peroxide for 15min, washed with TTBS 0.1% and then
blocked with 4% bovine serum albumin (BSA) for 1 h at room tem-
perature. After labeling with a first primary antibody (overnight at 4 °C)
and washing with TTBS 0.1%, brain sections were incubated with an
Alexa Fluor 488 or 594 conjugated secondary antibody (2 h at RT in the
dark) and washed again with TTBS 0.1%. Sections were mounted on
Superfrost Plus slides, and a drop of Fluoroshield mounting medium
with DAPI (1:4) was applied to each section. Slides were then sealed
using coverslips and nail polish and stored at 4 °C.

It is noteworthy to mention that, for proper identification of the
substantia nigra pars compacta (SNpc), some brain sections were in-
cubated overnight at 4 °C with antibody against tyrosine hydroxylase
(TH). Those slices adjacent to TH-positive sections were then selected to
staining with for pS129 α-syn specific antibodies.

Brain sections were visualized using a spectral confocal microscope
(Olympus FV1000). Images were captured and digitized using Olympus
Fluoview Viewer software. In some cases, the images were analyzed
using ImageJ software. All images were processed using Adobe
Photoshop.

2.8. Postmortem human brain tissues

Fixed brain necropsies sections of frontal cortex of elderly subjects
ranging from 65 to 90 years old were kindly donated by the National
Brain and Tissue Resource for Parkinson's Disease and Related
Disorders, Banner Sun Health Research Institute (Sun City, Arizona) -
The Brain and Body Donation Program (BBDP) (http://www.
brainandbodydonationprogram.org). Samples received included 40 μm
free floating sections fixed in 4% buffered formaldehyde from 8 control
patients, 8 PD patients classified as “low Lewy Bodies”, and 8 PD pa-
tients classified as “high Lewy Bodies”. Subjects were classified ac-
cording to Braak's scoring from II to V. Non Parkinson's disease subjects
were used as control cases in this study.

A standard protocol for the neuropathological evaluation of all
BBDP autopsied brains was used (with slight modifications). Briefly,
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Fig. 1. Time-course of appearance of pJNK inclusions in PFF-seeded neurons.
Primary hippocampal mouse neurons were exposed to preformed fibrils (PFFs) at DIV7 and examined by ICC at various time points from day 2 to 14. Cells similarly
treated with PBS alone constitute the control. Pictures show labeling for pα-synF and pJNK in green and red, respectively, and DAPI staining in blue for the nuclei.
Neurons from the PBS control were labeled similarly, the merged image is shown. No pJNK signal was observed in control cells in our experimental conditions. Scale
bars= 10 μm.
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40 μm thick free floating brain sections were sectioned in small pieces,
placed into PELCO Prep-Eze™ 24-well plate mesh inserts (TedPella Inc.)
under constant agitation and washed several times in PBS plus Triton X-
100 0,1% in PBST 0,1% to remove the cryoprotectant. Thereafter,
sections were incubated with formic acid 70% at 37 °C for 10min
(antigen retrieval), washed again with PBST 0,1% and then blocked
with horse serum 10% at room temperature for 2 h. After labeling with
a first primary antibody (overnight at 4 °C) and washing with PBS,
sections were incubated with an Alexa Fluor 488 or 594 conjugated
secondary antibody (2 h at room temperature in the dark) and washed
with PBS, stained with DAPI and mounted on microscopy slides plus
coverslips with ProLong Gold antifade reagent and stored at 4 °C.

Brain sections were visualized using a spectral confocal microscope
(Olympus FV1000). Images were captured and digitized using Olympus
Fluoview Viewer software. In some cases, the images were analyzed
using ImageJ software. All images were processed using Adobe
Photoshop.

3. Results

3.1. Early appearance of pJNK positive inclusions

Our objective was to determine which molecular pathway(s) are
involved in the mitochondrial toxicity induced by pα-syn*. Since JNK
phosphorylation has been shown in the brains of PD patients and in PD
mouse models (Ferrer et al., 2001; Hunot et al., 2004) we first labeled
PFF-exposed primary mouse neurons with an antibody against pJNK.
pJNK labeling appeared as small inclusions present as early as 2 days
after seeding, the number of which progressively increased in the cul-
ture in a manner highly reminiscent of pα-syn* propagation (Grassi
et al., 2018) (Fig. 1). No pJNK labeling was detected after exposure of
primary neurons to monomeric α-syn (Fig. S1). pJNK labeling was
specific to neuronal cells (Fig. S2). Of note, by “pJNK labeling”, we
describe pJNK labeling found exclusively in PFF-treated neurons in
experimental conditions where physiological axonal pJNK was not de-
tected, i.e. the concentration of pJNK antibodies used was appropriate
for the detection of somatic pJNK aggregates without significant
staining of the physiological levels of axonal pJNK.

3.2. pJNK positive inclusions correspond to pα-syn* aggregates

pJNK inclusions tightly co-localized with small pα-syn* aggregates,
but not pα-synF fibrils (Fig. 2). Pα-syn* and pα-synF are recognized by
two different α-syn antibodies. Pα-syn*/JNK labeling and pα-synF la-
beling were mutually exclusive. As described previously (Grassi et al.,
2018), pα-syn* inclusions were released from pα-synF, with pJNK
being present in pα-syn* positive inclusions as early as these were
observable. Fig. 2 A1 & B1 show several indents in pα-synF fibers, with
the presence of newly formed pJNK positive pα-syn* aggregates.

3.3. JNK is also activated in brains of PFF-injected mice and PD patients

We observed pJNK positive inclusions in the brains of mice ste-
reotaxically injected with PFFs and in PD patients brains, confirming
the biological relevance of the findings in primary neuronal cultures
(Fig. 3 and Fig. S3).

3.4. Pα-syn* inclusions triggers phosphorylation of several members of the
MAPK family of kinases

pJNK activation was not related to canonical Jun phosphorylation
(Fig. 4). We further observed that other members of the MAPK family of
kinases were phosphorylated in pα-syn* inclusions (Figs. 5 and 10). The
activated form of MKK4, a kinase that activates JNK and p38 (Cuenda,
2000), exhibited tight colocalization with pJNK. Abundant T261-
phosphorylated (activated) MKK4 was present in pα-syn*/pJNK inclu-
sions (Fig. 5A), contrasting with very rare S80-phosphorylated (in-
activated) (Crittenden and Filipov, 2011) MKK4 (Fig. 5B), indicating
that pα-syn* was associated with the accumulation of the activated, but
not the inactivated form of the enzyme. Phosphorylated p38 was also
co-localizing with pα-syn*/pJNK inclusions, as well as pERK5 (Fig. 5C-
D). On the contrary, pMKK7 and pERK1/2 did not colocalize with pα-
syn*/pJNK inclusions (Fig. S4), and pGSK3β, a kinase not belonging to
the MAPK pathway, exhibited partial colocalization (Fig. 5E).

3.5. Pα-syn* inclusions are associated with ptau aggregates

Oligomeric ptau aggregates have been described at the mitochon-
dria, and it has been suggested that these represent a toxic form of tau

Fig. 2. pJNK colocalizes with pα-syn* but not pα-synF.
pJNK positive inclusions coincide completely with pα-syn* inclusions. The intensity of the staining may vary, leading to inclusions exhibiting a predominance of
green or red in the merged image. On the other hand, pα-synF antibody labeled fibrillary structures that excluded pJNK labeling. In insets A1 and B1, several indents
in pα-synF labeling can be seen, corresponding to the formation of pα-syn* from partial digestion of pα-synF (Grassi et al., 2018). Pictures show labeling for pα-syn*,
pJNK and pα-synF in green, red and blue respectively. Scale bars= 5 μm.
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(Lasagna-Reeves et al., 2011). Moreover, tau pathology is found in PD
patients and animal synucleinopathy models (Haggerty et al., 2011;
Irwin et al., 2013; Sengupta et al., 2015), and tau is a substrate for
phosphorylation by several MAPK proteins (Martin et al., 2013). We
therefore investigated if pα-syn*, via the tightly associated activated
kinases identified above, might be the culprit in triggering tau phos-
phorylation, by co-immunolabeling for pJNK and/or pα-syn*, and ptau.
While pα-syn* and pJNK were completely colocalizing (Fig. 6A), pα-
syn* and ptau aggregates were either largely overlapping (Fig. 6B&D)
or juxtaposed (Fig. 6C&D). These observations suggest that pα-syn*
triggers MAPKs phosphorylation, and that activated MAPKs then induce
tau phosphorylation and aggregation in the vicinity of pα-syn*.

3.6. Pα-syn*/ptau aggregates colocalize at damaged mitochondria

In Fig. 2, we demonstrated that JNK was activated in early pα-syn*
aggregates shed from pα-synF fibrils. In Fig. 7, we show that pJNK was
still associated with mature pα-syn* aggregates localized to the mi-
tochondria. pJNK/pα-syn* inclusions colocalized with Tom20, a
marker of the outer mitochondrial membrane, but pα-synF did not.
Fig. 7C-E depicts highly fragmented mitochondria in areas of abundant
pα-syn*/pJNK inclusions. Similar to what we described for pα-syn*
(Grassi et al., 2018), pJNK labeling colocalized exquisitely with areas of
mitochondrial damage as shown in Fig. 8 by the following 1) loss of
membrane potential (Fig. 8A), 2) pACC1 sequestration (Fig. 8B, Fig.
S5B), 3) cytochrome C staining (Fig. 8C, Fig. S5A). Colocalization with
BiP, a resident protein of mitochondria associated ER membranes
(MAMs), indicates that pα-syn*/pJNK inclusions occur at MAMs
(Fig. 8C, Fig. S5C). Mitotracker CMXRos labeling, a marker of mi-
tochondrial potential, was missing in the direct vicinity of pJNK
punctae (Fig. 8A). Pα-syn* and ptau were both found surrounded by

abundant cytochrome C staining at the mitochondria (Fig. 8D), sup-
porting previous suggestions that ptau contributes to mitochondrial
toxicity in synucleinopathies. We found a small proportion of pJNK
positive aggregates juxtaposed to catalase positive peroxisomes (Fig.
S5). No colocalization was found with EEA1 positive early endosomes
(Fig. S5).

3.7. Pα-syn*/ptau aggregates are associated with mitophagy

We previously showed that pα-syn* induced mitochondrial frag-
mentation and mitophagy. Here, we observed that pJNK positive in-
clusions colocalized with Tom20 in parkin-positive LAMP1 vesicles
(Fig. 9A-B, Fig. 9A also shows fragmented mitochondria), showing that
pa-syn*/pJNK-bearing mitochondria underwent mitophagy. pTau co-
localized with pJNK inclusions in mitophagic vesicles (Fig. 9C-D).

3.8. Quantitative colocalization

Ninety percent of pα-syn* staining co-localized with pJNK staining,
and vice-versa (Fig. 10A). Importantly, nearly all pα-syn* inclusions
(and all pα-syn* positive neurons) were positive for pJNK. At times,
pJNK staining in a given inclusion was more intense than pα-syn*
staining, or inversely pα-syn* was more intensely stained than pJNK
(shown in Fig. 2). Colocalization reached comparable levels with acti-
vated pMKK4, pp38 and pERK5, but not pGSK3β (Fig. 10A).

pJNK/pα-syn* inclusions did trigger extremely few phosphorylation
events of MKK4 at the inhibitory site S80, hence the poor colocalization
of pJNK with pMKK4 (S80) (red bars); however, the few positive
pMKK4 (S80) dots were colocalizing with pJNK (green bars). The dif-
ference in colocalization of pJNK with either pMKK4 (T261) or pMKK4
(S80) was highly significant statistically.

Fig. 3. Detection of pα-synF and pJNK positive inclusions in the brains of PFF-injected mice and PD patients.
Upper panels: Mouse hippocampal or cortical primary neurons seeded with PFFs develop pα-synF aggregates and pJNK positive inclusions. Middle panels: Mice
stereotaxically injected with PFFs in the striatum develop pα-synF aggregates and pJNK positive inclusions in the cortex and substantia nigra, with morphologies and
subcellular localization identical to the cell cultures. Lower panels: pα-synF aggregates and pJNK positive inclusions were observed in the cortex of 3 LB positive
patients with PD. The LBs are detected using the pα-synF specific antibody. Pictures show labeling for pα-synF, pJNK and nuclear DAPI staining in green, red and
blue, respectively. Scale bars= 20 μm.

Fig. 4. PFF seeding induces non-canonical JNK activation.
A. PFFs-seeded neurons accumulate pJNK in the extranuclear but not the intranuclear compartment, and do not accumulate pcJun. B. Neurons treated with
anisomycin, a compound known to activate the canonical pathway of JNK and used herein as a positive control, exhibit pJNK as well as pcJun labeling in the nucleus.
A-B. PBS treated control cells exhibit faint basal pcJun labeling detectable in some, but not all, nuclei. Pictures show labeling for pcJun, pJNK and nuclear DAPI
staining in green, red and blue respectively. Scale bars= 10 μm.
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Fig. 5. P-αsyn* induces MAPK pathway activation.
A. pJNK positive inclusions colocalize with MKK4 phosphorylated at T261 (activated MKK4). B. Very few dots corresponding to MKK4 phosphorylated at S80
(inactive MKK4) are detected, however pMKK4 (T80) positive dots colocalize to pJNK positive inclusions. C-D. pp38 and pERK5 labelling largely overlaps with pJNK
positive inclusions. E. pGSK3β positive dots are detected in close proximity to pJNK positive inclusions with no or only partial overlap. Cells were labeled with
phosphorylation-site specific pMKK4, pGSK3β, pp38 or pERK5, and pJNK antibodies and DAPI, color-coded respectively as green, red and blue in the merged image.
Scale bars= 10 μm.
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Finally, about 60% colocalization was found between pα-syn*/
pJNK positive aggregates and ptau, consistent with the observation of
both protein aggregates being juxtaposed or colocalizing (Fig. 10 A&B).
Occasionally, pα-syn* inclusions were found without ptau. However,
ptau was always seen colocalizing with pα-syn* aggregates. In our
view, the most logical interpretation for these findings is that pα-syn*
activates kinases that then phosphorylate tau. The phosphorylation
cascade as well as the recruitment of tau by pα-syn* are not yet es-
tablished in early pα-syn* aggregates, hence the presence of some pα-

syn* aggregates in the absence of ptau. This cascade of events is de-
scribed in Fig. 11.

Fig. 10C shows that 80% of pα-syn* and pJNK co-localize with
LAMP1, in accordance with the fact that pα-syn* is found abundantly in
mitophagic vesicles. Close to 70% of ptau colocalized with LAMP1.
Parkin did not associate directly with pα-syn* inclusions (30% colo-
calization with pα-syn*, ptau or pJNK). A lower degree of colocaliza-
tion of protein aggregates with parkin is to be expected since parkin
ubiquinates outer mitochondrial membrane proteins to trigger selective

Fig. 6. P-αsyn* aggregates co-localize with ptau aggregates.
A. pJNK localizes to pα-syn* inclusions. B–C. pTau positive inclusions were juxtaposed with or colocalized with pJNK positive inclusions. This was found with both
ptau antibodies used, targeting either pS199 (B) or pS202/T205 (C). D. Triple labeling showing the colocalization of pα-syn* and pJNK, with ptau inclusions being
either colocalized or directly juxtaposed. A-D. Cells were labeled with phosphorylation-site specific ptau or pα-syn*, and pJNK antibodies as well as DAPI staining,
color-coded respectively as green, red and blue in the merged images. Scale bars= 10 μm.
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autophagy as a response to mitochondrial damage and PINK1 accu-
mulation at the outer membrane (Pickrell and Youle, 2015).

4. Discussion

We recently identified pα-syn*, a conformationally distinct, small
aggregate of pα-syn, resulting from incomplete autophagic degradation
of Lewy body type pα-syn fibrils (pα-synF). After exiting autolyso-
somes, pα-syn* attaches to mitochondrial tubules, inducing metabolic
stress, membrane depolarization and mitochondrial fragmentation. Pα-
syn* is finally localized in mitophagic vacuoles surrounded by mi-
tochondrial debris (Grassi et al., 2018).

In the present study, we defined some key molecular actors in the
toxic pathway elicited by pα-syn*. Strikingly, we observed 80–90%
colocalization of pα-syn* with phosphorylated JNK (pJNK, Figs. 2, 6
and 10). pJNK colocalized with pα-syn* early, i.e. as soon as pα-syn*
was released from pα-synF, and was completely excluded from pα-synF
(Figs. 1&2). Therefore, in some experiments, pJNK was used as a sur-
rogate marker for pα-syn* aggregates. The pα-syn*/pJNK aggregates
also colocalized with phosphorylated MKK4, a MAP kinase kinase
(MAPKK) phosphorylating and activating JNK and p38 (Cuenda, 2000)
(Figs. 5 and 10). Pα-syn* led to MKK4 phosphorylation overwhelmingly
at its activation site T261 (as opposed to S80 leading to the inactivation
of the kinase). We also found pα-syn*/pJNK aggregates colocalizing
with pp38. On the contrary, MKK7, the second JNK-activating MAPKK,
was not found to be phosphorylated in the vicinity of pα-syn* (Fig. S4).
Altogether, these data strongly suggest molecule- and site-specific ac-
tivation of MKK4 by pα-syn*, with pMKK4 then activating JNK and

p38. We also found a high degree of colocalization of pα-syn* with
pERK5, a MAPK of the MKK5/ERK5 pathway previously found to be
activated in pα-syn aggregates bearing neurons (Volpicelli-Daley et al.,
2014a).

pERK5 is involved in the regulation of energy metabolism. Indeed,
ERK5 is activated and partially co-localized to mitochondria when
oxidative phosphorylation is increased in leukemia cells (Charni et al.,
2010). ERK5 has also been found to regulate mitochondrial function in
cardiomyocytes (Liu et al., 2017). In cultured neurons, it has been
suggested that ERK5 activation is involved in neuroprotective ‘pre-
conditioning’ in the presence of reactive oxygen species (Su et al.,
2014). The JNK family of kinases comprises 3 members. JNK1 and 2 are
ubiquitously expressed, whereas JNK3 is expressed mostly in the brain
(Yamasaki et al., 2012). P38 and JNK3 are phosphorylated in the brains
of PD patients (Ferrer et al., 2001; Hunot et al., 2004). JNK3 is also
increased in human cases of Alzheimer's disease and is involved in Aβ42
production (Yoon et al., 2012). Both Jnk2 and Jnk3 knockout (KO) in
mice is protective against acute 1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine (MPTP) intoxication compared to both wild type and
Jnk1 knockout mice, manifested as a 3-fold increase of the number of
TH-positive neurons (Hunot et al., 2004). JNK inhibitors have been
shown to protect dopaminergic neurons in toxin models of PD in ro-
dents (Chambers et al., 2011; Choi et al., 2010; Pan et al., 2015; Wang
et al., 2004; Xia et al., 2001). P38 is involved in MPTP-induced neu-
rotoxic signaling and is phosphorylated in mice expressing A53T α-syn
(Ray et al., 2015; Wu et al., 2016; Chen et al., 2018). Therefore, our
data suggest that activation of the MAPK pathway is directly involved
in the mitotoxic effects of pα-syn*.

Fig. 7. pJNK colocalizes with pα-syn* at the mitochondrial membrane.
A-B. pJNK positive inclusions, but not pα-synF fibers, colocalize with Tom20, indicating their association with mitochondrial membranes. C-E. pJNK positive pα-syn*
aggregates colocalize with Tom20. Pictures show cells containing abundant pα-syn* aggregates, associated with a fragmented mitochondrial network. Pictures show
labeling for Tom20, pJNK, pα-synF or pα-syn*, and nuclear DAPI staining in green, red and blue respectively. Scale bars= 5 μm.
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Tau pathology has been shown to co-exist with α-synuclein pa-
thology in the brains of PD and DLB patients as well as in rodent models
of synucleinopathy; however the causal relationship between these
aggregates has remained enigmatic (Haggerty et al., 2011; Irwin et al.,

2013; Sengupta et al., 2015). PFFs are able to induce the formation of
tau aggregates in cell culture (Guo et al., 2013), and α-synuclein binds
tau directly via its acidic C-terminal domain (Kawakami and Ichikawa,
2015). We searched for ptau aggregates, and found them directly

Fig. 8. pTau colocalizes with pJNK positive pα-syn* aggregates in areas of mitochondrial damage.
A. Mitotracker CMXRos staining is absent at the sites of mitochondrial attachment of pJNK positive inclusions. Arrows indicate Tom20 positive areas with interrupted
Mitotracker CMXRos staining. B. pJNK positive inclusions colocalize with pACC1 and cytochrome C at the mitochondrial membrane. C. pJNK positive inclusions
colocalize with BiP and Tom20, indicating their localization to mitochondria associated ER membranes (MAMs, arrows). D. Colocalization of pJNK positive in-
clusions and ptau occurs at areas of cytochrome C accumulation indicating damaged mitochondria (arrows). Pictures show labeling for Mitotracker CMXRos/pACC1/
BiP/ptau, pJNK, Tom20/cytochrome C and nuclear DAPI staining in green, red, blue and turquoise, respectively. Scale bars= 10 μm.
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juxtaposed and/or overlapping with pα-syn* aggregates (Fig. 6). The
pα-syn*/ptau aggregates were located at the mitochondrial membrane,
specifically in areas of mitochondrial damage (shown by exquisite loss
of mitotracker CMXRos labeling in the vicinity of pα-syn*; clustering of
pACC1 that is a marker of energy deficit and mitochondrial membranes
structural damage; cytochrome C accumulation; co-localization with
BiP, a resident protein of MAMs that are recruited to initiate mitophagy,
see Fig. 8). A large proportion of pα-syn*/ptau aggregates were found

in LAMP-1 mitophagic vacuoles (Figs. 9 &10). These data suggest that
pα-syn* and ptau act in concert to induce mitochondrial dysfunction.
Consistent with this hypothesis, it has been previously proposed that
mitochondrial tau inclusions are toxic. Tau oligomers localized to mi-
tochondria after injection in mouse brains, inducing reduction of
complex I (Lasagna-Reeves et al., 2011). pTau has been shown to in-
teract with Drp1 leading to enhanced mitochondrial fission (Manczak
and Reddy, 2012). The contribution of tau oligomers to neurotoxicity in

Fig. 9. pJNK positive pα-syn* aggregates and ptau co-localize in mitophagic vacuoles.
A. LAMP1 positive vesicles contain pJNK and Tom20 staining showing that they are mitophagic vacuoles. B. Parkin labeling is associated with pJNK positive
inclusions in LAMP1 positive vesicles. C, D. pJNK positive pα-syn* aggregates colocalize with ptau and with parkin. Pictures show labeling for Tom20 or parkin,
pJNK, LAMP1 or ptau and nuclear DAPI staining in green, red, blue and turquoise, respectively. Scale bars= 10 μm.
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PD is also supported by the finding that the administration of an anti-
body directed against oligomeric tau ameliorated the neuropathological
and disease phenotype in the transgenic A53T α-syn mouse model of PD
(Gerson et al., 2018). Emphasizing the cooperation of pα-syn* and ptau
in mitochondrial toxicity, fragmentation and mitophagy induction, we
show that pα-syn*/pJNK/ptau inclusions are colocalizing with Tom20

(marker of the mitochondrial membrane) in parkin decorated, LAMP1
positive mitophagic lysosomes (Fig. 9 &10).

How does tau get phosphorylated?
Tau is a substrate for p38, JNK and GSK3β. P38 phosphorylates tau

at 21 putative tau phosphorylation sites, among which 15 are phos-
phorylated in the brains of Alzheimer's disease (AD) patients (Martin

Fig. 10. Quantitative colocalization studies.
A. Graphs showing Manders' correlation coefficients
of pJNK with pα-syn*, ptau and other kinases. pJNK
labeling tightly associates with pα-syn* labeling, but
also pMKK4 (activated), pERK5 and pp38 (≥80%
colocalization). B. Graph showing Manders' correla-
tion coefficient of pα-syn* with ptau. C. Graphs
showing Manders' correlation coefficients of pα-
syn*, pJNK and ptau with LAMP1 and parkin. A-C:
Key to statistical analyses: **p < .01; ***p < .001;
****p < .0001. In A, **** without a bar indicates
p < .0001 for pGSK3β colocalizing with pJNK sig-
nificantly less than pMKK4, pp38 and pERK5 colo-
calize with pJNK. In C, p was 0.05 for the difference
between ptau colocalization with LAMP1 and pa-
syn*/pJNK colocalization with LAMP1.

Fig. 11. Model for the molecular cascade and Tau recruitment induced by pα-syn*, leading to mitochondrial damage and mitophagy.
A. Pα-syn* aggregates associate to the mitochondrial membrane, triggering MAPK activation. Pα-syn* binds tau that is phosphorylated by these MAPKs. B. Both pα-
syn* and ptau aggregates grow in size and induce mitochondrial damage. GSK3β, which is known to bind to α-syn, contributes to tau phosphorylation in cooperation
with MAPKs. C. Pα-syn*/ptau aggregates induce mitochondrial fragmentation and recruit parkin, initiating mitophagy. D. Mitophagic vacuoles contain mi-
tochondrial debris, along with pα-syn*/ptau/MAPK aggregates.
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et al., 2013). JNK phosphorylates tau at 12 sites, all found phos-
phorylated in AD patients brains (Martin et al., 2013). GSK3β phos-
phorylates tau at 42 sites, among which 29 are found in AD brains, and
p38 also phosphorylates GSK3β (Martin et al., 2013). We found tau to
be phosphorylated at least at the S202/T205 cluster, which could be
due to GSK3β, P38 or JNK (Duka et al., 2013). Tau is extensively
modified in vivo by JNK at several conserved sites (Chang et al., 2003).
For instance, in the FBW7 phosphodegron of tau (KKVAIIRTPPKSPA),
T231 and S235 are phosphorylated by JNK in cooperation with GSK3
(Alonso et al., 2010; Cho and Johnson, 2004). JNK indeed acts as a
“master” kinase for GSK3β (which is a “slave” kinase), meaning that
some motifs on the enzyme's substrates need to be primed by JNK
phosphorylation, turning on GSK3β phosphorylation at those sites
(Sutherland, 2011). On the other hand, α-synuclein binds GSK-3β,
leading to the autophosphorylation of the kinase that also phosphor-
ylates tau at S396 (Kawakami and Ichikawa, 2015).

In the light of this knowledge, we interprete our data as follows
(Fig. 11). Pα-syn* activates MKK4, leading to JNK and p38 activation,
with both phosphorylated enzymes faithfully colocalizing with pα-syn*.
Pα-syn* directly interacts with tau, which gets phosphorylated by pJNK
and pp38 (Fig. 11A). Pα-syn* and ptau aggregate into larger inclusions
surrounding the endings of mitochondrial tubules. Concomitantly,
GSK3β, which also directly interacts with pα-syn*, contributes to fur-
ther tau phosphorylation. Pα-syn*/ptau aggregates are toxic, leading to
mitochondrial dysfunction and fragmentation (Fig. 11B). Fragmented
mitochondria surrounded by pα-syn*/ptau aggregates is tagged for
mitophagic degradation by parkin (Fig. 11C). Mitophagic vacuoles are
released, containing pα-syn*/ptau, MAPKs, parkin and mitochondrial
debris (Fig. 11D).

While it was known that JNK and p38 are biochemically able to
phosphorylate tau, we demonstrate that these kinases phosphorylate
tau in a pα-syn* dependent way, adding to the previous list of PKA,
GSK3β (Duka et al., 2009) and LRRK2 (Kawakami and Ichikawa, 2015)
known to be involved in α-synuclein-dependent tau phosphorylation
(Kawakami and Ichikawa, 2015; Tenreiro et al., 2014).

MAPKs have been previously implicated in PD pathogenesis, and so
has the coexistence of α-syn and tau pathology. Here, we were able to
directly link MAPK activation and pα-syn*/ptau aggregates with mi-
tochondrial damage and mitophagy. We propose that pα-syn* acts as
the master trigger of both kinase activation and the formation of mi-
tochondrial ptau aggregates, emphasizing the central role of pα-syn* in
the pathogenesis of Parkinson's disease and other synucleinopathies.
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