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ABSTRACT
BACKGROUND: The coexistence of a-synuclein and tau aggregates in several neurodegenerative disorders,
including Parkinson’s disease and Alzheimer’s disease, raises the possibility that a seeding mechanism is involved in
disease progression.
METHODS: To further investigate the role of a-synuclein in the tau aggregation pathway, we performed a set of
experiments using both recombinant and brain-derived tau and a-synuclein oligomers to seed monomeric tau
aggregation in vitro and in vivo. Brain-derived tau oligomers were isolated from well-characterized cases of
progressive supranuclear palsy (n = 4) and complexes of brain-derived a-synuclein/tau oligomers isolated from
patients with Parkinson’s disease (n = 4). The isolated structures were purified and characterized by standard
biochemical methods, then injected into Htau mice (n = 24) to assess their toxicity and role in tau aggregation.
RESULTS:We found that a-synuclein induced a distinct toxic tau oligomeric strain that avoids fibril formation. In vivo,
Parkinson’s disease brain–derived a-synuclein/tau oligomers administered into Htau mouse brains accelerated
endogenous tau oligomer formation concurrent with increasing cell loss.
CONCLUSIONS: Our findings provide evidence, for the first time, that a-synuclein enhances the harmful effects of
tau, thus contributing to disease progression.

Keywords: Alpha-synuclein, Oligomeric complexes, Seeding, Strain, Tau oligomers, Toxicity

https://doi.org/10.1016/j.biopsych.2017.12.018
The misfolding of tau and a-synuclein is a key initiation event in
a large group of neurodegenerative disorders. Compelling
evidence suggests that misfolded proteins may seed the
conformational change of other amyloidogenic proteins in a
prion-like manner. The discovery of tau and a-synuclein ag-
gregates in the same cell suggests that protein seeding may
occur in vivo (1). This could explain why tau and a-synuclein
aggregates coexist in pathologies such as Alzheimer’s disease
(AD) (2–4), Down syndrome (5), Parkinsonism dementia com-
plex of Guam (6), Lewy body dementia (LBD) (7–10), and
Parkinson’s disease (PD) (11).

Studies from transgenic mice support the hypothesis that
a-synuclein influences tau deposition. The overexpression of
mutant human a-synuclein (A53T) in mice was associated with
abundant tau-positive threads, grains, spheroids, and pre-
tangles in several brain regions (12), and mice overexpressing
human wild-type a-synuclein spontaneously developed tau
pathology in an age-dependent manner (13). In addition, re-
combinant tau and a-synuclein are capable of inducing fibril-
lization of each other (12), and the exposure of cells in culture
to exogenous fibrils of recombinant tau and a-synuclein leads
to the development of large inclusions (14,15).

Remarkably, large inclusions composed of tau and a-synu-
clein do not correlate with disease progression, and this casts
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doubt on the toxicity of stable fibrils and highlights the oligo-
meric forms of both proteins as being responsible for neuronal
and synaptic loss (16,17). Moreover, both tau and a-synuclein
oligomers have been described in PD and LBD (11,18,19), while
tau oligomers are an established component of tauopathies,
including AD (20–22) and progressive supranuclear palsy (PSP)
(23). However, the pathological consequences of the synergy
between tau and a-synuclein oligomers have yet to be
determined.

To investigate the role of a-synuclein in the tau aggregation
pathway, we performed a set of experiments using recombinant
tau and a-synuclein oligomers to seed tau aggregation, brain-
derived tau oligomers isolated from PSP (a pure tauopathy),
and brain-derived complexes of a-synuclein/tau oligomers from
PD cases. Our findings revealed that seeds of a-synuclein
potentiate tau oligomer toxicity in SH-SY5Y and CV-1 cells
overexpressing tau while promoting spine retraction in primary
neurons. Surprisingly, seeds of a-synuclein induced a distinct
toxic tau oligomeric strain that avert tau fibrillization. Meanwhile,
PD-derived a-synuclein/tau oligomers administered into Htau
mouse brains accelerated endogenous tau oligomer formation
and neuronal loss when compared with the injection of
PSP-derived tau oligomers. In summary, our findings suggest
that a-synuclein shifts the tau aggregation pathway while
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potentiating tau oligomer toxicity, thereby driving disease pro-
gression and spread of pathology.

METHODS AND MATERIALS

Aggregation Assay

Recombinant wild-type 2N4R tau (tau 441) and a-synuclein
were expressed in Escherichia coli and purified as described
previously (24,25). Under standard conditions, recombinant
full-length tau 441 AA (4–8 mM) was incubated with seeds of
preformed tau oligomers, seeds of preformed a-synuclein
oligomers, or heparin in assembly buffer (10 mM HEPES, pH
7.4, 100 mM NaCl, and 5 mM dithiothreitol) at either room
temperature or 37�C for 3 to 6 hours. Three independent
replications were performed for each experimental setting.

Human Samples

Brain tissue from patients with PSP and PD were provided by
Juan C. Troncoso (Johns Hopkins University School of Medi-
cine, Baltimore, MD) and the Brain Resource Center at Johns
Hopkins University with patient consent and handled under
protocols approved by the Johns Hopkins Institutional Review
Board. PD cases were obtained from the Oregon Brain Bank at
Oregon Health and Science University (Portland, OR). Tissue
use conformed to Oregon Health and Science University Insti-
tutional Review Board–approved protocols. Neuropathological
assessment conformed to National Institute on Aging/Reagan
Institute consensus criteria.

Isolation of oligomers from human samples, cell culture,
immunostaining, Western blotting, animal analyses, confocal
and atomic microscopic imaging, and statistical analyses are
all described in the Supplement.

RESULTS

Seeds of a-Synuclein Enhance Tau Oligomer
Toxicity in Cells in Culture

Unlike a-synuclein, which is prone to aggregate in the absence
of inducers, monomeric tau does not spontaneously misfold
(26). Therefore, to investigate the role of a-synuclein in the tau
aggregation pathway, we used a homogeneous preparation of
recombinant a-synuclein oligomers (a-synO) and tau oligomers
Figure 1. Seeds of a-synuclein enhance tau oligomer (tauO) toxicity in cells in
a-synuclein oligomers (a-synO) to 8 mM tau monomer in 13 phosphate-buffered s
tau seeded with (A) preformed tau oligomers (Tau/tauO) or (B) preformed a-synO
arranged in a chain, suggesting the formation of tau protofibrils (Tau/tauO; dott
transfected with human tau linked to yellow fish (YFP-tau) plasmid treated with
seeding (Tau/tauO) (D, H, K, N) or cross-seeding (Tau/a-synO) (E, I, L, O). Seeds o
demonstrated by the reduced number of viable cells after treatment. The graph
adenosine triphosphate. Bars represent the mean and SEM (one-way analysis of
experiments; tau/a-synO, **p, .006, F6 = 12; Tau/tauO, *p, .03, F6 = 12). (G–O) R
(green), and T22 (red) antibodies. Cross-seeded tau (Tau/a-synO) induces abnor
primary neurons derived from Htau mice treated with (P, S, V) vehicle, (Q, T, W
preformed Tau/a-synO for 6 hours. (P–X) Immunofluorescence staining using pos
showed that cells exposed to tau cross-seeded with a-synO have a dramatic d
treated with (P) vehicle and (Q) seeded tau (Tau/tauO). (Y) Quantification of pos
treatment with Tau/a-synO (**p , .001; Tau/tauO, *p , .02, F11 = 12.5; error bars
multiple comparisons test). Scale bar = 5 mm.
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(tauO) as seeds to induce monomeric tau aggregation (8 mM) in
13 phosphate-buffered saline (PBS) at a ratio of 1:140 (weight/
weight) (Figure 1A, B). Atomic force microscopy images
showed that seeds from both a-synO and tauO induced the
conversion of monomeric tau into oligomers. Tau seeded with
preformed tauO (Tau/tauO) revealed oligomers arranged in a
chain, which may represent the initial steps of protofibril
assembly (dotted area in Figure 1A and Supplemental
Figure S1F), whereas a-synO seeds induced a homogeneous
oligomeric population (Tau/a-synO) (Figure 1B and
Supplemental Figure S1G). Western blot analyses with T22 (to
detect tau oligomers) and Tau5 (to visualize total tau) anti-
bodies showed an increase in high molecular weight tau
aggregates above 250 kDa when using seeds of tauO but not
a-synO (p , .01, n = 3; t4 = 4.7; multiple t test nonparametric)
(Supplemental Figure S1A–C).

To investigate tau oligomers strains’ properties, CV-1 cells
that do not express endogenous tau (27) were transfected with
full-length human tau linked to yellow fish. Live cell imaging of
CV-1 cells revealed that a-synO seeds induced a distinct tau
oligomeric strain that altered cell morphology and increased
cell death compared to tau seeded with preformed tauO
(Figure 1C–F). No effect was shown in cells exposed to vehicle
(PBS), monomeric tau (data not shown), or a-synuclein seeds
alone (Supplemental Figure S1D–E). The striking results found
in CV-1 cells exposed to a-synO seeds were confirmed by
measuring luminescence corresponding to adenosine
triphosphate as a measure of cell toxicity (Tau/a-synO, p ,

.006; Tau/tauO, p , .03; error bars, SEM, n = 4; one-way
analysis of variance [ANOVA], Tukey multiple comparisons
test) (Figure 1F). Immunocytochemical analyses using tubulin
and T22 antibodies confirmed a reduced number of cells and
abnormal cellular morphology (Figure 1G–O) after treatment
with tau cross-seeded with a-synO. No evidence of intracel-
lular deposition was observed in any of the treatments.

We next investigated the toxicity of tau oligomeric strains
on the human neuroblastoma cell line SH-SY5Y differentiated
with retinoic acid. As expected, we found increasing cell
death in cells exposed to both tau oligomer preparations
(TauO/tauO, p , .0004; TauO/a-synO, p , .0001; n = 4; one-
way ANOVA, Tukey multiple comparisons test) (Supplemental
Figure S1I).
<
culture. Tau strains were generated by adding seeds of preformed tauO or
aline at a ratio of 1:140 (weight/weight). Atomic force microscopy images of
(Tau/a-synO). Scale bar = 100 nm. (A) Seeded tau showed some oligomers
ed area). (C–E) Live cell imaging and (G–O) confocal images of CV-1 cells
vehicle (phosphate-buffered saline) (C, G, J, M), or 1 mM tauO obtained by
f a-synuclein induced tau assembly into a distinct toxic oligomeric strain, as
(F) shows the relative luminescence units (RLUs) of CellTiter Glo to cellular
variance, Tukey multiple comparisons test; F ratio = 17.5, n = 4 independent
epresentative confocal images showing the merge (yellow), between tubulin
mal cell morphology. Scale bar = 12 mm. Representative images of cortical
) 1 mM tauO seeded with preformed tau oligomers (Tau/tauO), or (R, U, X)
tsynaptic density protein 95 antibody to visualize synaptic spines and Mapt2
endritic spine reduction after treatment (white arrows) compared with cells
tsynaptic density protein 95 puncta revealed a decrease in dendrites after
, SEM, n = 5 independent experiments, one-way analysis of variance, Tukey
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To further investigate the effects of tau aggregates, primary
cortical neurons obtained from Htau mouse embryos were
exposed to vehicle (PBS) and tau oligomeric strains (seeded
Biological Ps
with tauO or with a-synO) for 24 hours (Figure 1P–X). Live cell
imaging revealed a dramatic dendritic spine retraction in cells
treated with tau oligomers induced by a-synO seeds but not
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tauO seeds or vehicle (data not shown). Immunofluorescence
staining using postsynaptic density protein 95 antibody to
visualize synapses confirmed the reduction of dendritic spines
(postsynaptic density protein 95 puncta; Tau/tauO, p , .02;
Tau/a-synO, p , .001; n = 5; one-way ANOVA, Tukey multiple
comparisons test) (Figure 1P–R, Y).

Seeds of a-Synuclein Shift the Tau Aggregation
Pathway, Extending the Lifespan of the Toxic Tau
Conformation

To further investigate the ability of a-synuclein oligomers to
induce tau fibrillization, we performed kinetic analyses using
thioflavin S (Figure 2). Fluorescence intensity from thioflavin S
(Figure 2A) and dot blot analyses (Figure 2B) showed that tau
seeded with tauO or a-synO remained in oligomeric confor-
mation for up to 192 hours. Surprisingly, while tau seeded
with tauO continued to assemble into fibrils beyond 192 hours
(Tau/tauO, p , .001; green line), tau induced with a-synO
averted fibril formation (Tau/a-synO; blue line; bars represent
the mean and SEM; two-way ANOVA, Bonferroni post hoc
comparisons test). Dot blot analyses using T22 antibody
(Figure 2B) showed a decrease in tau oligomers in Tau/tauO
with time parallel to the increase in fibrils. No change was
observed in tau induced with a-synO seeds. Atomic force
microscopy images taken 360 hours after seeding showed
that tau seeded with tauO assembled into short fibrils ranging
from approximately 150 to 300 nm in length (Figure 2C, F),
while tau induced with a-synO formed aggregates less than
approximately 50 nm in length (Figure 2D, G). Heparin was
used to induce tau fibrillization as a control (Figure 2E, H). We
next compared the toxicity of tau aggregates obtained at 360
hours using CV-1 cells (human tau linked to yellow fish)
(Supplemental Figure S2A–D). Surprisingly, we found that tau
cross-seeded with a-synO retained its toxicity as demon-
strated by the reduced number of viable CV-1 cells trans-
fected with human tau linked to yellow fish compared with
tauO or PBS (p , .006 and p , .03, respectively; one-way
ANOVA, Tukey multiple comparisons test) (Supplemental
Figure S2A–D). As we previously reported (28), tau fibrils
had a minimum effect on cells in culture (data not shown).
Furthermore, cells exposed to tau/a-synO appeared to exhibit
cell membrane retraction as indicated by their compact
shape, possibly preceding cell death (Supplemental
Figure S2E–M). These findings suggest that seeds of oligo-
meric a-synuclein induce a stable distinct toxic oligomeric tau
strain, thereby forming a kinetic trap and preventing tau fibril
formation.

Complexes of a-Synuclein/Tau Oligomers Isolated
From PD Cases Accelerate Endogenous Tau
Oligomer Formation in Htau Mouse Brain

A strong argument in PD and LBD is that a-synuclein
influences tau misfolding, suggesting a possible interaction
between them. We have recently shown that a-synuclein
and tau oligomers exist in complex in PD and LBD cases
(11). However, whether these complexes can propagate tau
misfolding and contribute to disease progression has not
yet been investigated. To gain further insight into the syn-
ergism between tau and a-synuclein, we isolated oligomers
502 Biological Psychiatry October 1, 2018; 84:499–508 www.sobp.org
of a-synuclein in complex with tau oligomers from PD brain
cases (PD a-synO/tauO) and compared them with tau
oligomers isolated from PSP, a pure tauopathy (PSP tauO)
(Supplemental Table S1). Brain-derived tau oligomers were
immunoprecipitated using our anti-tau oligomer antibody,
T22, while PD oligomeric complexes were immunoprecipi-
tated with the anti–a-synuclein oligomer antibody, F8H7, as
well as T22, as previously described (11). One-month-old
Htau mice were administered bilateral injections of 0.5 mg
of PD a-synO/tauO (n = 8), PSP tauO (n = 8), or PBS (n = 8)
into the hippocampus (Figure 3A). At 7 (8 months old) and
14 (15 months old) months after injection, spatial memory
and strength were evaluated using Y-maze and grip
strength tests. Htau mice develop cognitive deficits at
around 12 months of age; however, even at 15 months of
age, mice receiving PD-derived a-synO/tauO were signifi-
cantly impaired compared with the PBS control group,
while PSP-derived tauO did not have the same level
of toxicity (spatial memory: 7 and 14 months postinjection,
p , .02 and p , .01, respectively; Hind limb grip strength: 7
[p , .02] and 14 [p , .01] months postinjection for PSP
tauO; p , .005 for PD a-synO/tauO; n = 8; one-way
ANOVA, Bonferroni post hoc comparisons test)
(Supplemental Figure 3).

Studies from our group and others have shown that the
injection of brain-derived oligomers from AD cases exacer-
bates tau pathology in the brain (29,30); therefore, in order
to evaluate the effects of brain-derived oligomers from PSP
and PD administered in the Htau mouse brain, immunohis-
tochemical analysis was performed using the neuronal
marker NeuN (Figure 3B, C, F, G, J, K) and immunofluo-
rescence using T22 antibody (Figure 3D, H, L). Unbiased
stereology analysis showed a significant neuronal loss at the
hippocampus in mice receiving PD a-synO/tauO when
compared with PSP tauO or PBS injection (p, .03; n = 6, one-
way ANOVA, Bonferroni post hoc comparisons test)
(Figure 3N). In contrast, levels of tau oligomers increased in
both mice injected with PD a-synO/tauO and PSP tauO (p ,

.03, n = 8, one-way ANOVA, Bonferroni post hoc comparisons
test) (Figure 3O). To further determine the levels of tau oligo-
mers and total tau in mice brain, brain homogenates PBS
soluble fractions were measured by enzyme-linked immuno-
sorbent assay analysis with T22 and Tau 5 antibodies.
Consistent with the stereology analysis, tau oligomers levels
increased in mice receiving PD a-synO/tauO compared with
vehicle (p, .03; n = 3) but not inmice receiving PSP tauO (one-
way ANOVA, Tukey post hoc comparisons test) (Supplemental
Figure 3). Total tau levels were similar among treatments (data
not shown). Our results suggest that memory impairment
and increasing cell loss depends upon PD a-synO/tauO
complexes.

Tau is known to be hyperphosphorylated in Htau mice;
therefore, we investigated the phosphorylation status of tau in
mice injected with brain-derived oligomers or PBS. Immuno-
staining analysis was performed using AT180 antibody for the
detection of tau phosphorylated at the Thr231 epitope, a
marker of early tau aggregation (Figure 3E, I, M). This analysis
revealed increased levels of phospho-tau not only at the in-
jection site and the hippocampus but also in the cortex (data
not shown), suggesting the propagation of misfolded tau in
/journal
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Figure 2. Seeds of a-synuclein shift the tau aggregation pathway, extending lifespan of tau toxic conformation. (A) Kinetic analyses of recombinant tau
protein (8 mM) incubated in phosphate-buffered saline (pH 7.2) with either preformed oligomeric tau (tauO; green line) or a-synuclein (a-synO; blue line) at a ratio
of 1:140 (weight/weight) or 10 mM of heparin (red) at 22�C for 360 hours. A tau strain induced by a-synO evades fibril formation (blue line), whereas tau readily
fibrillizes in the presence of inducers, such as heparin (red line) or seeds of preformed tau oligomers (green line). Bars represent the mean and SEM (****p ,

.0001, ***p, .001; n = 3 independent experiments; two-way analysis of variance, Bonferroni post hoc multiple comparisons test). (B) Dot blot analyses of tauO
at different time points using T22 and Tau13 antibodies. Both seeds of preformed tauO (Tau/tauO) and heparin induced tau fibril formation, while cross-seeded
tau (Tau/a-synO) remains oligomeric. Atomic force microscopy images of tau aggregates induced by (C) preformed tauO (Tau/tauO), (D) a-synO (Tau/a-synO),
and (E) heparin. (F–H) Graphs represent the length distribution of tau aggregates. Scale bar = 400 nm.
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Figure 3. Parkinson’s disease (PD) brain–derived a-synuclein oligomers (a-synO) propagate endogenous tau misfolding and neuronal loss in Htau mice.
Brain-derived tau oligomers (tauO) and oligomeric complexes of a-synO/tauO were immunoprecipitated from patients with progressive supranuclear palsy
(PSP) and PD using T22 and F8H7 antibodies. One-month-old Htau mice were intracerebroventricularly injected bilaterally with (B–E) 13 phosphate-buffered
saline (PBS) (vehicle, n = 8), (F–I) 0.5 mg of PSP brain–derived tauO (n = 8), or (J–M) PD brain–derived a-synO/tauO (n = 8) into the hippocampi. Fourteen
months postinjection, mouse brains were immunostained using the neuronal marker NeuN (B, C, F, G, J, K), T22 antibody (D, H, L), and Thr231(E, I, M).
Images show increased neuronal loss in mice receiving PD a-synO/tauO at the injection site compared with mice injected with PSP tauO or PBS (C, G, K, N).
Stereological quantification of (N) NeuN1 cells (*p , .03, F14 = 4.7, n = 6), (O) T221 cells (*p , .03, F17 = 4.3, n = 8), and (P) Thr2311 cells (*p , .04, F9 = 3.02,
n = 4). One-way analysis of variance Bonferroni post hoc comparisons test. (Q–S) Western blot analyses of brain homogenate from mice injected with PBS,
PSP tauO, and PD a-synO/tauO probed with T22 and reprobed with caspase-3. (R–S) Graphs represent the protein band intensity relative to actin (T22, **p ,

.003, *p , .02, F6 = 15.7, n = 3 independent experiments; caspase-3, **p , .006, F6 = 14.6, n = 3 independent experiments). One-way analysis of variance
Tukey multiple comparisons test. Immunohistochemistry analyses of the hypothalamic brain region from mice injected with (T) PBS (vehicle), (U) PSP tauO,
and (V) PD a-synO/tauO using LB509 antibody. Mice injected with PD a-synO/tauO developed PD-like Lewy body deposits (arrow). (W) Stereological quan-
tification of LB5091 cells (Lewy body–like deposits) (*p, .01, F12 = 5.9, n = 5; one-way analysis of variance, Tukey multiple comparisons test). Scale bar = 50 mm.
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mice injected with brain-derived oligomers compared with
vehicle (p , .04; n = 4, one-way ANOVA, Bonferroni post hoc)
(Figure 3P). Tau oligomers are known to be early aggregates
responsible for the spread of pathology (29). To further
analyze these findings, a Western blot analysis of brain ho-
mogenate using T22 antibody confirmed increased levels of
504 Biological Psychiatry October 1, 2018; 84:499–508 www.sobp.org
tau oligomers in mice injected with PD a-synO/tauO
compared with PSP tauO and control treatment (p , .003 and
p , .02, respectively; one-way ANOVA, Tukey multiple
comparison test) (Figure 3Q, R). We then investigated
neuronal loss in mice injected with PD a-syn/tauO using
Western blot by measuring active caspase-3 levels, which
/journal
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have been shown to be involved in the development of tau
neuropathology (31). Increased caspase-3 levels were found
in PD a-synO/tauO when compared with PSP tauO and PBS
treatments (p , .006, n = 3; one-way ANOVA, Tukey multiple
comparison test) (Figure 3Q, S). Thus, increased tau oligo-
mers correlated with increased cell loss in PD-derived olig-
omer-treated mice.

PD-like Pathology in Htau Mice Injected With PD
Brain-Derived a-Synuclein/Tau Oligomers

Previous studies have shown that the injection of recombinant
fibrils of a-synuclein induce PD-like aggregates in wild-type
mice (14,32,33). These observations prompted us to investi-
gate the formation of PD-like pathology in Htau mice injected
with a-synuclein oligomers. We conducted a nonbiased ste-
reology analysis of brain sections that were immunostained
with LB509, a pan–a-synuclein antibody (Figure 3T–W). De-
posits of a-synuclein were found in Htau mice receiving PD
a-synO/tauO outside the injection site, the hypothalamus,
resembling a Lewy body inclusion in a human diseased brain
(Figure 3V). Although several sections from different brains
were analyzed, few Lewy body–like deposits were found (p ,

.01; n = 5, one-way ANOVA, Tukey multiple comparisons test).
Our findings suggest that PD brain–derived a-synO/tau olig-
omer complexes might initiate endogenous a-synuclein
deposition into Lewy body–like inclusions. However, we
cannot ignore the possibility that seeds of a-synuclein could
have been dissociated from these complexes, promoting the
formation of large intracellular deposits.

PD Brain–Derived a-Synuclein/Tau Oligomer
Complexes Delayed Neurofibrillary Tangle
Formation

To evaluate fibrillar tau, we measured the neurofibrillary
tangle (NFT) load in Htau mice postinjection with vehicle,
PSP tauO, or PD a-synO/tauO. Immunohistochemistry and
immunofluorescence analysis with AT8 antibody (Figure 4A–G)
Biological Ps
as well as Gallyas silver staining (Figure 4H–J) were performed.
Mice injected with PSP tauO showed increased AT8 immu-
noreactivity compared with the control group. Surprisingly,
mice injected with PD a-syn/tauO had fewer neurons con-
taining NFTs in the cortex and hippocampus (p , .03; n = 5,
one-way ANOVA, Bonferroni post hoc) (Figure 4D). These
findings prompted us to investigate the levels of fibrillar tau in
brain fractions of mice receiving vehicle, PSP tauO, or PD a-
synO/tauO. PBS-insoluble material was extracted with 70%
formic acid and measured using enzyme-linked immunosor-
bent assay analysis with PHF-13 antibody. Mice receiving PSP
tauO had increased levels of fibrillar tau compared with PD a-
synO/tauO (p , .04; n = 3). No difference was found between
PSP tauO and vehicle (one-way ANOVA, Tukey post hoc)
(Supplemental Figure 3). All of these findings suggest that
while PSP tauO increased tau deposition in Htau mice brain,
PD a-syn/tauO may delay or evade NFT formation in vivo.
DISCUSSION

Oligomeric tau and a-synuclein appear to play an important
role in the pathogenesis of a group of neurodegenerative dis-
eases including PD and AD. The overlap between tau and a-
synuclein in several brain pathologies suggests that protein
seeding may be involved. While the toxicity of tau and a-syn-
uclein is well-documented in cell culture (23,29,34) and rodents
(30,35), the pathological consequences of the interaction be-
tween the two proteins remain unknown.

This study provides evidence, for the first time, that a-syn-
uclein potentiates tau oligomer toxicity in vitro and in Htau
mouse brain. Our findings show that oligomeric a-synuclein
induces tau misfolding into a unique oligomeric toxic strain that
averts tau fibril formation.

Exogenous fibrils of recombinant tau or a-synuclein can be
taken up in cells and seed the fibrillization of tau and a-synuclein,
respectively. Tau enhances a-synuclein toxicity in cells in culture
(14,36), while having devastating effects in fruit flies (37). In
addition, a-synuclein oligomers disrupt microtubule stability,
Figure 4. Parkinson’s disease (PD) brain–derived
a-synuclein/tau oligomers (a-synO/tauO) delayed
neurofibrillary tangle formation. Immunostaining of
cortical brain sections from mice injected with (A)
phosphate-buffered saline, (B) progressive supra-
nuclear palsy (PSP) tauO, or (C) PD a-synO/tauO
probed with AT8 antibody. (C) Mice injected with PD
a-synO/tauO showed fewer neurofibrillary tangles
(brown). PSP tauO showed an increased immuno-
reaction to AT8 compared with mice injected with PD
a-synO/tauO or phosphate-buffered saline. (D) Ste-
reological quantification of AT81 cells. (E–G) Immu-
nofluorescence staining with AT8. Scale bar = 25 mm.
(H–J) Gallyas silver staining for the detection of
neurofibrillary tangles (red arrow) and neuropil
threads (arrowhead). Scale bar = 25 mm. *p, .03, n =
5, one-way analysis of variance, Bonferroni post hoc
comparisons test.
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affecting the transport of cargo proteins through the microtubule
network (38). In our study, the deleterious effects of tau aggre-
gates induced by a-synuclein oligomers in cultured cells do not
rely ona-synuclein seedsdirectly, because treatment of cellswith
an equivalent amount of a-synuclein oligomers alone was not
sufficient to alter cell morphology. A possible explanation for the
differences in toxicity between both tau oligomer preparations is
the fact that tau seeded with preformed tau oligomers contained
some prefibrillar oligomers arranged in a chain, which is not the
case in tau cross-seeded with a-synuclein oligomers, implying
that self-protein interaction may facilitate fibril formation. Previ-
ous data showed that 3R-tau can seed 3R-tau but not 4R-tau
fibril formation, suggesting that homogenous protein populations
are prone to assemble into large aggregates, while cross-species
proteins are not (39,40).

Our findings propose that a tau strain induced by a-synuclein
oligomers averts fibril formation. Recently, Fang et al. (41)
showed that TDP-43 oligomers can cross-seed amyloid-b mis-
folding into oligomers, but not fibrils (41). Interestingly, in our
study we did not observe large intracellular aggregate formation
in any of the cell lines used, which may imply that fibril formation
follows a different aggregation pathway or may require a longer
exposure time. Remarkably, while the toxicity of fibrils is ques-
tioned, it has become more accepted that oligomers may play a
role in the spread of disease pathology and neurodegeneration.
A recent study using a biosensor cell line showed that tau
seeding occurred before the accumulation of insoluble tau (42).
Moreover, we have shown that brain-derived tau seeds can
spread tau pathology throughout the brain, inducing the mis-
folding of endogenous tau (29,30). These observations demon-
strated that oligomeric forms of tau can propagate pathology.

In this study, we found that 14 months after intra-
cerebroventricular injections of Htau mice with brain-derived
PSP tau oligomers or PD oligomers containing complexes of
a-synuclein and tau, the mixed oligomer populations induce
neuronal loss and behavioral deficits. Our previous findings
have shown that brain-derived tau oligomers induced cognitive
decline and synaptic and mitochondrial dysfunction in wild-
type mice while accelerating endogenous tau misfolding in
Htau mice (43). Here, we found that PD brain–derived oligo-
mers containing complexes of a-synuclein and tau induced
neuronal loss and increased tau oligomer levels, coinciding
with the onset of cognitive decline and motor deficits in Htau
mice. Furthermore, PD brain–derived oligomeric complexes
accelerate endogenous tau aggregation, implying that these
brain-derived complexes are likely responsible for disease
onset. While evidence has suggested that the onset of clinical
symptoms in patients with AD and PSP correlate with elevated
levels of tau oligomers (20,22,23), it is difficult to precisely
elucidate how PD brain–derived oligomeric complexes induce
tau aggregation. In support of these findings, PD patients who
develop tau pathology are associated with dementia onset and
poor prognosis (44), suggesting that a synergy between tau
and a-synuclein may enhance clinical phenotype. In our study,
a-synuclein/tau oligomer complexes seem to be more stable
and pathologically relevant, given the capability to propagate
endogenous tau oligomer formation and cell death in Htau
mouse brain. Previous reports have found phospho-tau and
a-synuclein in the same NFT, Lewy body, or neurite from pa-
tients with PD and LBD (45,46). In a recent study from our
506 Biological Psychiatry October 1, 2018; 84:499–508 www.sobp.org
group, we demonstrated that a-synuclein and tau oligomers
formed complexes in PD and LBD brains (11). In a separate
study, we showed that a-synuclein interacts with oligomers of
other proteins, such as amyloid-b, to form hybrid oligomers in
AD brains, suggesting that protein interaction at oligomeric
levels occurs broadly in the human brain (47). Our findings
propose that extending the lifespan of oligomeric tau may be a
key contributor to the spread of a toxic tau conformation and
the misfolding of functional tau. Although oligomers have been
considered intermediate to fibril formation, our data suggest
that they may follow an independent pathway.

Previous studies have shown that fibrils can seed fibril for-
mation in vitro as well as in vivo (48). Our findings demon-
strated that oligomeric assemblies of a-synuclein protein
templated tau oligomer formation and thus enhanced toxicity
and prevented tau fibril formation in vitro. These findings are
consistent with our in vivo study in which a small amount of
intracerebrally infused brain-derived a-synuclein oligomers (PD
a-synO/tauO) propagated tau oligomer formation while accu-
mulating less fibrillar tau compared with Htau mice receiving
PSP brain–derived oligomers. These observations suggest that
PD a-synO/tauO complexes may be involved in delaying tau
oligomer assembly into NFTs. The fact that PD-like a-synuclein
aggregates, the so-called Lewy bodies, were found in the hy-
pothalamus area indicated that a-synuclein/tau complexes
migrated far from the injection site.

To our knowledge, this is the first demonstration that tau
cross-seeded with a-synuclein oligomers induces tau aggre-
gation and extends the toxic lifespan of tau oligomers by
preventing them from undergoing transformation to a less toxic
state, thus facilitating the propagation of endogenous tau
protein in vivo. Overall, our findings suggest that the protein
seeding mechanism is key to enhancing disease pathology;
therefore, small doses of a-synuclein oligomeric seeds may
have grave pathological consequences in the brain.
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